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The reduction of the energy dissipation induced by defects is essential to achieve the ultrahigh-quality-factor
mechanical resonators for the applications of quantum platform and high-sensitivity microelectromechanical
(MEMS) and nanoelectromechanical system (NEMS) sensors. Single-crystal diamond (SCD) is the ideal
material for high-quality-factor mechanical resonators due to its outstanding mechanical properties and intrinsic
low-energy dissipation. To achieve mechanical resonators with extreme properties as well as high reliability, it
is desirable to develop all-SCD mechanical resonators. By using a smart-cut method and atomic layer etching
to remove the defects within the resonators, we achieve the SCD-on-SCD mechanical resonators with ultrahigh
quality factors of over one million at room temperature. The quality factors are one or more orders of magnitude
higher than those of the state-of-the-art MEMS cantilevers based on polycrystalline diamond, single-crystal
silicon, and other crystal materials. The diamond MEMS resonators would be highly promising for sensor
application as well as for the scheme for coupling with quantum centers in diamond.
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I. INTRODUCTION

Microelectromechanical system (MEMS) or nanoelec-
tromechanical system (NEMS) resonators have attracted
broad interest in sensing, signal processing, and quantum
physics [1–5]. One of the bottlenecks in MEMS/NEMS res-
onators based on the traditional materials such as silicon,
oxides, nitrides, or metals is the intrinsic material limita-
tions either in performance or reliability [6,7], due to their
intrinsic drawbacks in mechanical, physical, electronic, and
chemical properties. The quality (Q) factor, a key figure of
merit of the MEMS/NEMS resonator, determines the device
performance, for example, the minimum detectable force in
a MEMS/NEMS sensor [8] and the coupling strength of
the resonator with quantum centers [4]. Diamond has the
best figures of merits for next-generation MEMS/NEMS to
boost the performance and reliability due to its outstanding
mechanical, electronic, and thermal properties [9–12]. Com-
pared to other materials, diamond shows the lowest intrinsic
energy mechanical loss to achieve an ultrahigh Q factor.
Polycrystalline diamonds (PCDs) have been widely investi-
gated for MEMS/NEMS applications and great progress has
been achieved [13–18]. However, the grain boundaries and
sp2 content in PCDs limit the ultimate performance and
reliability of MEMS/NEMS. To achieve a MEMS/NEMS
resonator with an ultrahigh Q factor, single-crystal diamond
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(SCD) is desirable. Due to the mechanical hardness and
chemical inertness of diamond, a deep etching method as
done in single-crystal silicon MEMS has not been established
yet. Recently, encouraging results were achieved on SCD
mechanical resonators by using a diamond-on-insulator (DOI)
method [10,11]. Generally, bonding diamond to a foreign sub-
strate has the problem of the difference in thermal expansion
coefficients between diamond and the substrate in the DOI
method. Moreover, the application of the SCD MEMS/NEMS
bonded to a foreign substrate under high temperatures may
encounter poor reliability. To achieve high-performance and
high-reliability MEMS/NEMS, it is desirable to develop all
diamond MEMS/NEMS compatible with the diamond elec-
tronics for integration.

In this work, we demonstrate ultrahigh Q factors and
highly reliable SCD-on-SCD mechanical resonators fabri-
cated by using a smart-cut method. In the smart-cut method,
an ion beam with high energy larger than 100 keV [19] is
impinged on the SCD substrate and induces phase transi-
tion within the diamond as the sacrificial layer. An atomic
layer etching (ALE) combining with a controllable high-
quality diamond growth technique is adopted to remove
the defects within the SCD mechanical resonators with a
thickness accuracy less than 1 nm, and, in turn, reduces
the intrinsic energy dissipation in the resonators. As a re-
sult, all-SCD nature MEMS resonators with ultrahigh Q
factors over 1 000 000 are achieved. The Q factor is supe-
rior to those of the state-of-the-art MEMS cantilevers based
on PCDs, single-crystal silicon, and other crystal materials
[7,19,20].
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FIG. 1. (a) The schematic diagram of the fabrication process of SCD cantilevers. The fabrication started from (I) a high-pressure, high-
temperature (HPHT) type-Ib SCD (100) substrate with 3° off angle; (II) a 10-µm SCD layer about growth by MPCVD. (III) ion implantation;
(IV) a second diamond layer (1.6 μm) growth; (V) photolithography, etching, and release of the SCD cantilevers; (VI) ALE etching. The 2D
Raman mappings of the homoepitaxial diamond film with spatial distribution of (b) wave number and (c) FWHM. The color bar showing the
variation of wave number with reference of 1332 cm−1 and FWHM with reference of 2.8 cm−1. (d) Optical image of the SCD cantilevers after
the ALE treatment. Dotlike structure: implanted region in diamond.

II. EXPERIMENT

The fabrication of the SCD cantilevers was based on
the ion-implantation induced phase transition (IPT) within
diamond, which was previously used for the fabrication of
freestanding SCD structures and NEMS switches [19,21–25].
The fabrication schematic of our SCD cantilevers is depicted
in Fig. 1(a). The process includes (i) a first 10-µm-thick SCD
layer growth on a high-pressure, high-temperature (HPHT)
type-Ib SCD (100) substrate with a 3° off angle to obtain
a high-quality diamond epilayer with a flat surface [26] by
a microwave plasma chemical vapor deposition (MPCVD)
apparatus [27–31]; (ii) carbon ion implantation at an energy
of 180 keV, a dose of 1016 cm−2, and an off angle of 7°,
(iii) a second growth of 1.6-μm-thick diamond layer; and
(iv) release of the SCD cantilevers. The SCD cantilevers
contain basically two SCD layers: the second homoepitaxial
layer and the bottom ion damaged epitaxial layer, as illus-
trated in Fig. 1(a) (I–VI). During the MPCVD growth, a
buried graphitelike carbon (GLC) layer was formed in the
ion-implanted region. Two-dimensional (2D) Raman spectral
mapping (spatial resolution: 2 µm) was used to investigate the
crystal quality of the diamond epilayers and cantilevers. The
Raman spectrum in Fig. 1(b) reveals the high quality of the
SCD epilayers with a full width at half maximum (FWHM) of
2.8 cm−1. The 2D images of the Raman spectra show the good
homogeneity of the SCD layer with a wave number/FWHM
variation of around 0.1003 and 0.1829 rel.1/cm, respectively,
centered at 1332 cm−1 [Figs. 1(c) and 1(d)]. To remove the
defects within the SCD resonator, ALE treatment was con-
ducted in a vacuum chamber at 500 °C with filled oxygen at a
pressure of 0.2 atm for different durations up to 400 h. A H2

plasma treatment of the cantilevers was further conducted to
remove the defects by MPCVD at a temperature of 800 °C, a

pressure of 80 Torr, and a H2 flow rate of 500 SCCM (denotes
cubic centimeter per minute at STP).

The resonance frequencies of the SCD resonators were
measured through a laser Doppler vibrometer (LDV, LV-1710)
in a high-vacuum (10−3 Pa) chamber at room temperature.
The frequency resolution of the LDV is above 1 Hz. A
piezoceramic material was used to actuate the cantilevers by
rf signal. The frequency spectra were measured by a lock-in
amplifier (LA) with a step of 0.1 Hz or more. The decay
times of the SCD cantilevers were obtained by the ring-down
method [8,10], in which the vibration amplitudes of the can-
tilevers at the resonance were recorded by switching on/off the
rf signal. Careful attention was paid to exclude the effect of the
driving piezoceramic as well as the time constant of the LA."

III. RESULTS AND DISCUSSION

Compared to the DOI method, the IPT method favors the
integration of diamond MEMS with diamond electronics [32]
operated under harsh environments due to the all-SCD nature.
However, it is well known that ion-implantation induced
defects severely degraded the Q factors of the resonators at
the level of 1000 or less [9,33]. Therefore, it is necessary
to remove the ion-implantation damaged layer to achieve
ultrahigh-Q-factor SCD resonators. Our approach to reduce
the effect of the damages is to grow a high-quality homoepi-
taxial layer above the ion-implanted layer. Consequently, the
defective layer under the homoepitaxial layer is reduced or
removed by the ALE method.

In order to understand the details of the structure of the
SCD resonators we performed TEM (A JEOL JEM-2100F)
and high-resolution TEM (HRTEM) observation on another
SCD epilayer grown on the ion-implanted HPHT-SCD sub-
strate. This sample was not released. Therefore, the sandwich
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FIG. 2. (a) TEM image revealing the layered structure containing
the HPHT SCD substrate (bottom part), buried GLC, SCD substrate
(top part), and the SCD epilayer. (b) HRTEM images of (b) the GLC
adjacent to the top-part SCD substrate and (c) of the SCD epilayer
close to the top-part SCD substrate.

structure of the HPHT SCD substrate containing the bottom-
part diamond, GLC, and the top-part diamond can be clearly
observed, as shown in Fig. 2(a). The epilayer with different
contrast from the top-part diamond of the substrate is also
revealed. The thickness of the GLC is around 200 nm and that
of the top-part diamond of the substrate is around 100 nm.
The GLC nature is disclosed by the HRTEM image shown in
Fig. 2(b). The single-crystal nature of the substrate diamond
and the adjacent SCD epilayer is realized [Fig. 2(c)]. How-
ever, crystalline imperfection is observed at the interface be-
tween the GLC and the top-part diamond substrate. Therefore,
it is expected that the bottom layer of the SCD cantilever is
defective.

We conducted the ALE treatment in an oxygen ambient
at 500 °C to reduce/remove the ion-irradiated defects located
at the bottom of the cantilevers. The length-dependent res-
onance frequency of the as-released SCD cantilevers (Fig.
S1, Supplemental Material [34]) follows well with the classic
Euler-Bernoulli theory as

f = k
t

L2

√
E

ρ
, (1)

where k is 0.162 for the first resonance mode of a rectangle
cantilever; t , L, E, and ρ stand for the thickness, length,
Young’s modulus, and the mass density of the cantilever,
respectively. The Young’s modulus of the SCD cantilever
was evaluated to be around 1100 GPa. The Q factors of the
as-released SCD cantilevers were usually at the level of 104

or less (Fig. S2, Supplemental Material [34]). The defective
layer due to ion implantation makes a significant contribution
to the energy dissipation [35].

FIG. 3. (a) Resonance frequency spectrum of SCD cantilever S8
with a length of 100 µm and a width of 6 µm. Frequency step:
1.6 Hz, interval time of each step: 3 s. Red line: Lorentzian fitting. (b)
Raman spectrum of the SCD cantilever. Inset: 2D Raman mapping
throughout the cantilever. (c) Variation of Q factor as ALE duration
for cantilever S8. (d) Ring-down measurements of cantilever S8 as
released and after ALE for 380 h.

The Q factors of the SCD cantilevers are greatly improved
by the ALE process. We characterized nearly 100 cantilevers
with different dimensions with length from 40 to 160 μm and
width from 6 to 10 μm. Figure 3(a) shows a typical resonance
frequency spectrum of S8 with a centered frequency around
432.56 kHz after ALE-treating the SCD cantilever for 380 h.
The resonance frequency spectra from other SCD cantilevers
after the ALE in comparison with the same devices as released
can be found in Fig. S3 (Supplemental Material [34]). The
high crystal quality and crystal uniformity of the SCD can-
tilever were confirmed by a Raman spectrum with a narrow
FWHM of 2.70 cm−1 with a deviation less than 0.3 cm−1

throughout the cantilever [Fig. 3(b)]. In addition, the peak
position of the Raman spectra shows little shift, suggesting
a small strain in the cantilever. The quality factor Qlor can
be calculated by fitting the resonance frequency spectra using
the Lorentzian function. The typical relationships between
the Qlor values and the ALE treatment time were plotted
in Fig. 3(c). An increase of the Qlor was observed as the
ALE duration is prolonged. Due to the frequency resolution
limit or time comsumed in the frequency sweep (Fig. S4,
Supplemental Material [34]), more accurate Q factors were
deduced by the ring-down measurement. The time constant of
the demodulator was set to be 1 ms, much less than the decay
times of the cantilevers. Figure 3(d) shows the ring-down plots
of cantilever S8 as released and after ALE of 380 h. The decay
time of the cantilever increases markedly from 20 to 321 ms
after ALE for 380 h. The Q factors were calculated by

Q = πτf0, (2)

where τ is a characteristic decay time of the cantilever.
Table SI (Supplemental Material [34]) lists the resonance
performance of 15 SCD cantilevers with different dimensions
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FIG. 4. (a) The relationship between resonance frequency and
ALE duration for cantilever S8. (b) The resonance frequency shift
of cantilever S8 after ALE treatment. (c) The dependence of reso-
nance frequency on the cantilever length after ALE treating for 10,
230, and 380 h. (d) The linear fitting of the resonance frequency
with 1/L2.

after ALE for 380 h. The Q factors of the SCD cantilever
are more than one order of magnitude higher than those of
the as-released ones. The Q factor as high as 434 000 is ob-
tained by the ring-down method, corresponding to a minimal
force detectivity Fth as low as around 2.6 × 10−16 N/Hz1/2.
Table S1 (Supplemental Material [34]) reveals the Q factors
ranging from 213 000 to 434 000, which presents a high
reproducibility of the ALE method to fabricate high-Q-factor
SCD cantilevers.

To investigate the effect of the ion-implantation induced
defect in the SCD cantilever on the Q factor, the ALE was per-
formed by several steps with a total duration from the initial
10 h to 30, 70, 130, 230, 330, and final 380 h. The resonance
frequency and the Q factors were analyzed after each ALE
step. In order to elucidate the dramatic improvement of the
SCD resonator’s Q factors, the variation of resonance frequen-
cies with the ALE duration is plotted in Fig. 4(a). The ALE
induces an obvious redshift of the resonance frequency from
484.358 kHz (after 10-h ALE) down to 432.560 kHz (after
380-h ALE) for cantilever S8, as displayed in Fig. 4(b). Such
a frequency shift occurs for all the SCD cantilevers (Fig. S5,
Supplemental Material [34]). Based on the frequency shift, the
reduction of the SCD cantilever thickness can be calculated
from Eq. (1), which was estimated to be about 180 nm after
380-h ALE. Therefore, the corresponding etching speed of the
cantilever is estimated to be around ∼0.5 nm/h (0.25 nm/h for
one side). Considering that the ALE etches both the surface
and the bottom of the SCD cantilevers, the etched thickness
of the ion-damaged SCD layer is ∼90 nm. This thickness is
similar to that of the top-part diamond observed in Fig. 2(a).
We note that, as shown in Fig. 3, the Q factors of the SCD
cantilevers are markedly improved after ALE for 330 h and
increase further after 380 h. The significant improvement of
the Q factors is due to the etching of most of the defects by ion
implantation at the bottom of the SCD cantilever. Note that the

FIG. 5. (a) Dependence of Q factor on the cantilever length and
(b) relationship between the product f0Q and resonance frequency
after 380-h ALE treatment. (c) Dependence of Q factor on the
cantilever length after treatment by H2 plasma. Dashed lines: the-
oretical anchor loss. The different symbols showing the cantilevers
of each group at different locations. (b) Sketch of bilayer model
and theoretical fitting curve. tdef : thickness of the mostly defective
layer in the ion-implanted layer. Tion: thickness of the ion-implanted
SCD layer. For a certain length, several SCD cantilevers were
measured.

Q factor of the SCD cantilever is limited by the total number
of defects induced by ion implantation. Therefore, one cannot
expect the greatest increase in Q factor at the beginning of
the ALE treatment for 10 h (∼2.5-nm etched damaged layer
from the bottom of the cantilever). The increase of Q factor
with etched thickness is consistent with the damage profile by
ion implantation observed by experiments and calculated by
TRIM [36]. The edge wall was not so much modified by ALE
treatment (Fig. S6, Supplemental Material [34]), excluding
the edge etching effect on the marked improvement of the Q
factor. Note that after the ALE for 380 h, the length-dependent
resonance frequency still follows well the Euler-Bernoulli
theory, as revealed in Figs. 4(c) and 4(d).

To further investigate the energy dissipation mechanism,
the relationship between the Q factors and the cantilever
length is examined, as shown in Fig. 5(a). The Q factor vs
length reveals three regions: The Q factor increases nearly
linearly with the cantilever length. When the cantilever length
is larger than 100 μm, the Q factor starts to saturate, and
finally decreases for longer cantilevers. On the other hand,
with increasing the resonance frequency, the Q factor is de-
teriorated. As a consequence, it is considered a challenge to
design a mechanical resonator with high Q factor and high
f simultaneously, which can be quantified by the product
of these two quantities fQ [37]. The variation of fQ vs f

is shown in Fig. 5(b). In our case, the product of fQ shows
nearly linear improvement with f , and reaches a maximum
fQ equal to 3.26 × 1011 Hz with a high Q factor of 16.3 × 104

at 2.0029 MHz. Besides, a further step of H2 plasma treatment
was conducted after the 380-h ALE treatment. Figure 5(c)
shows the Q factor vs cantilever length after H2 plasma
treating the ALE processed SCD cantilevers for 1 h at 800 °C.
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The Q factor of 550 000 is achieved. Extending the H2 plasma
treatment for another 1 h further improved the Q factor to
more than 710 000 for cantilever S9 and the maximum Q
factor after this H2 plasma treatment is 758 219. The Q factor
reaches over 1 000 000 after another 2-h H2 plasma treatment
(Fig. S7, Supplemental Material [34]). The improvement of
the Q factors by H2 plasma treatment is due to further etching
away of the defects. An additional 20-hALE treatment in
an oxygen ambient at 500 °C was also performed. It was
observed that the Q factors tended to be saturated (Fig. S8,
Supplemental Material [34]).The Q factor is comparable to the
highest value reported ever for a SCD cantilever fabricated by
the DOI technique [11]. However, the fQ product in our case
is more than one order of magnitude higher those of SCD can-
tilevers reported in Ref. [11]. The resulting force sensitivity is
around 1.6 × 10−16 N/Hz1/2. The Q factors are one or more
order of magnitude larger than those of the state-of-the-art
cantilevers fabricated from polycrystalline diamond, single-
crystal silicon, and other materials [7,18,19]. We compare
the effect of different treatments on the Q factors of the
SCD cantilevers: (1) ALE treatment for 380 h, (2) boiling
in a mixture acid solution of HNO3 + H2SO4, and (3) H2

plasma treatment for 1h. The Q factors of the SCD cantilevers
with different treatments are shown in Fig. S9 (Supplemental
Material [34]). The wet treatment in the acid degraded the
Q factor due to the enhancement of adhesion force. The
ultrahigh Q factor is recovered after H2 plasma treatment. We
have investigated 27 SCD cantilevers (already ALE treated
for 380 h) by H2 plasma treatment and found that 24 of them
had a redshift of the resonance frequency relative to the 380-h
ALE-treated cantilevers due to the etching effect. We note
that after the ALE treatment for 380 h, the surface was still
very smooth with a RMS roughness around 0.4 nm (Fig. S10,
Supplemental Material [34]). H2 plasma has little effect on the
surface morphology.

Generally, the overall Q factor depends on air damping,
anchor loss Qanch, bulk or surface loss (Qbulk or Osur), thermal
elastic damping (QTED), and others. Here we discuss the
mechanisms one by one. Air damping can be clearly excluded
since the measurements were conducted in a vacuum. For a
simple cantilever with flexural out-of-plane mode, the anchor
loss limited Q factor can be expressed as [38]

Qanch = α
L

w
, (3)

where parameter α is a material-dependent experimental fac-
tor, which is proportional to (tb/t )2; tb stands for the thickness
of the base and t is the thickness of cantilever; w is the
width of the cantilever. The clamping loss mechanism is
accounted for both of the ALE-treated and H2-plasma-treated
SCD cantilevers with short length, with α as 30 000–36 000.
This α value is reasonable considering that tb is around 500
µm. Surface states can also strongly affect the Q factor, which
is explained by a surface loss as

Qsuf = wt

2δ(3w + t )

E1

ES
2

, (4)

where δ is the characteristic thickness of the “surface layer”
and w stands for the width of the cantilever [8]. This loss

limits the Q factors of the SCD cantilevers with long length
[Figs. 5(a) and Fig. 5(c)] for each cantilever group plotted
in different symbols). Note that the Q factor of a certain
length SCD cantilever shows different values due to spa-
tial inhomogeneity. The H2 plasma treatment leads to H-
terminated diamond surface, which differs from the oxygen
annealing, or acid treatment induced O-terminated diamond
surface [39,40]. Although O-terminated diamond surface is
stable, a dry oxidation process of annealing in oxygen ambient
is better than the wet method. The TED mechanism, the result
of the transformation of elastic energy into thermal energy via
thermal currents flowing between compressed and expanded
regions of a deformed resonator [41,42], cannot explain the
linear dependence of Q factor on length. It will be discussed
later that the TED works at elevated temperatures.

The Qlor factors of the SCD cantilevers before and after the
ALE treatment up to 330 h were also investigated (Fig. S11,
Supplemental Material [34]). Different from those cantilevers
treated by the ALE for 380 h, the overall Qlor factor shows
little dependence on the length. This suggests that the defects
limit the Q factor due to an insufficient reduction of the bottom
damaged layer in the SCD cantilevers. We thus fit the Q
factors by the bilayer model [35],

1

Q
= 1

1 + β

(
1

Qepi
+ β

1

Qdef

)
, (5)

where Qepi is the quality factor of epilayer diamond alone and
Qdef represents the quality factor of the most defective layer
by ion implantation at the bottom of the cantilever. The factor
β is determined by

β = Edef tdef

Eepitepi
, (6)

where Edef and Eepi are assumed to be equal and then β is
simplified to tdef/tepi, the ratio of ion-damaged layer thickness
and epilayer. The fitted curve from this equation is plotted in
Fig. 5(d), where Qepi is substituted by 1 000 000 and Qdef

is set to be 1000, respectively. With β close to 0, which
corresponds to the elimination of the mostly defective layer,
the Q factors show abrupt improvement. Therefore, the bulk
loss by the defective layer dominates the energy loss for both
the as-fabricated SCD cantilevers and the cantilevers with
insufficient ALE treatment.

IV. CONCLUSIONS

In summary, we demonstrated SCD-on-SCD mechani-
cal cantilever-type resonators with ultrahigh Q factors over
1 000 000 by using a smart-cut method and atomic scale
etching within 1-nm accuracy. One significant advance or
feature of the present concept is the capability for the mono-
lithic integration of SCD MEMS/NEMS with SCD electronics
and quantum centers [31]. This work opens the avenue to
develop the next-generation integrated MEMS/NEMS and
optomechanical systems with markedly boosted performance
and reliability for ultrasensitive sensing, low-loss rf signal
processing, scanned microprobes, and quantum sciences.
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