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Effect of defects on Q factors of single-crystal diamond MEMS resonators
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ABSTRACT

A resonator with a high Q factor is generally pursued in the single-crystal diamond (SCD)
microelectromechanical system (MEMS) for high-performance sensors. In this report, we
investigate the oxygen etching effect of SCD on the Q factors of the SCD resonators by using
the Raman spectroscopy spatial mapping. We aim to establish the etch pit effect on the Q
factors of the SCD MEMS resonators. The 2D Raman imaging technique discloses the dislocations
and the local stress in the SCD MEMS resonators in microscale. It is observed that the full width
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half maximum (FWHM) of the Raman spectra of the SCD resonators has marked relationship
with the Qfactors of the SCD resonators. The etch pits resulted from the dislocations have weak

influence on the Q factors of the SCD resonators.

1. Introduction

Single-crystal diamond (SCD) is a promising material
for microelectromechanical system (MEMS) techniques
by virtue of its superior electronic properties, outstand-
ing mechanical properties, the highest thermal conduc-
tivity, and chemical inertness [1-5]. SCD MEMS
resonators have potential applications in various fields
ranging from physical and chemical sensors to biological
disease diagnosis [2, 6]. The quality (Q) factor, a key
figure of merit of a MEMS resonator, is defined as the
ratio of the measure of energy loss per oscillation to the
total energy of the resonator [7]. High Q factor is gen-
erally desirable, which makes a device more efficient,
less susceptible to mechanical noise [8], more sensitive
to the minimum detectable force [4, 9] and highly stable
to harsh conditions [10, 11]. For a SCD MEMS resonator,
the Q factor is determined by the multiple dissipation
mechanisms [7, 12]. Particularly, the bulk defects effect,
dominated by the SCD crystal quality and defects, has a
critical impact on the Q factor [13].

The crystal qualities of the homoepitaxial SCD films,
grown on the SCD substrates by using the chemical vapor
deposition (CVD) technique, depend on the growth con-
ditions and the substrate quality [14, 15]. Nowadays,
impurities incorporation such as nitrogen or boron is well
controlled, while the dislocations are still inevitable in the
CVD SCD epilayers [15, 16]. These dislocations defects
stem from (i) the dislocations induced by the substrate
surface state and the mechanical polishing and (ii) the

growth dislocations from defects in the substrate such as
stacking faults. The dislocation density robustly affects
the crystal quality and hence the performance of the SCD
MEMS resonators. Having a better understanding of the
relationship between the dislocation and the Q factor is
in favor of developing high-Q factor SCD resonators.

Recently, many efforts had been devoted to develop-
ing high Q factors of the SCD resonators via the fabri-
cation method [4, 17] and the slow chemical etching
[13]. The diamond-on-insulator (DOI) method was
proposed to achieve high Q factors for the SCD resona-
tors. A smart-cut method was developed to achieved
SCD-on-SCD MEMS resonators based on the ion
implantation [3, 12, 18, 19]. By using oxygen etching to
remove the ion-implantation induced defects, the Q fac-
tor was effectively improved over 1 million [13, 20].
However, the oxygen etching also induced the etch pits
on the SCD MEMS resonators due to the existence of
dislocations. The effect of the local dislocations on the
Q factors of the SCD resonators need to be clarified to
further improve the Q factors.

In this work, we analyzed the crystal quality effect on
the Q factor of the SCD MEMS resonators by using the
2D Raman spectroscopy technique. The precise disloca-
tion positions and the dislocation-induced local stress of
the SCD epilayer were visualized through the 2D Raman
imaging technique. Through the SCD MEMS resonators,
the dependence of the full width half maximum (FWHM)
of the Raman spectra on the Q factors was disclosed,
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indicating a low FWHM resulted in achieving high Q  and the vertical (X-Z plane) spatial resolutions were set
factor. To some extent, the numbers of the etch pits  tobe0.4um and 0.1 um, respectively, during the measure-
resulted from the dislocations have tiny impact on the Q =~ ment. All measurements were performed at room tem-
factors. perature. The mechanical resonance performances of the
SCD cantilevers without and with the etching treatment
were measured by the optical readout system with the
Laser Doppler Vibrometry (LV 1710) system. The reso-
A high-pressure and high-temperature (HPHT) type-I ~ nance performance tests were performed in a vacuum
b (100) SCD substrate was utilized to grow the homoepi- chamber with a pressure less than 107*Pa. A micro-probe
taxial SCD film via a microwave plasma CVD (MPCVD,  Pplaced above these SCD cantilevers, was connected to a
SEKI TECHNOLOGY, AX2115) system. The SCD sub- RF signal to actuate the resonance vibration. A lock-in
strate was processed by the ion implantation and cleaned ~ amplifier system was utilized to read out the optical sig-
in a boiling mixture-acid of H,SO, and HNO, before the nals of the SCD cantilevers due to their harmonic
CVD growth. The growth parameters of the MPCVD vibrations.

for the SCD epilayer were: a CH, flow of 10sccm, a H,

flow of 500 sccm, a chamber pressure of 80 Torr, a micro- 3, Results and discussion

wave power of 1000 W, a substrate temperature around )

950°C, and a growth duration of 1h. After the CVD In the sme&rt-cr.lt methoq, anon-dlamor?d la?fer, resuljced
epilayer growth, the as-grown SCD sample was utilized from the jon-implantation treatment, inevitably exists

to produce the SCD MEMS cantilevers. The fabricated in the as-fabricated SCD cantilevers, which is detrimen-
' tal to the Q factors. The oxygen etching offers a prom-

2. Experimental

method was described in details in our previous works

[3,12, 18, 19]. The fabrication process of the SCD MEMS ising .strat(.egy to remove the s1.1rface layers (the
cantilevers is described in Figure S1 (Supporting defective-diamond layer and the diamond layer) and

Information). Then, the as-fabricated SCD sample with other defects, which exhibit the great influence on the
cantilevers was annealed at 650 °C for 20 hrs, 20 hrs, and Qfactors of the SCD cantilevers [14, 21, 22]. The etching
10 hrs (totally 50 hrs) in a tube furnace with an oxygen mechanism of the SCD in an oxygen ambient is described
ambient in detail in Figure S2. Figure 1(a) shows the schematic
The surface morphologies of the SCD sample were diagram of the etching treatment process for the SCD
investigated by using an atom force microscopy (AEM, cantilevers. The oxygen etching for the SCD sample was
Bruker). The 3D profiles of SCD cantilevers were exam- carried out in the tube furnace. The etch pits appear on
ined by using a 3D laser optical microscopy (VK-9710). the SCD cantilever due to the oxygen etching treatment,
The crystal quality of the SCD sample was examined by 2 indicated in Figure 1(b). For a rectangle mechanical
a confocal Raman system (WITec a-300r). The wave- resonator, the harmonic vibration characteristics were
length and power of the excitation laser were 532 nm and e)g)ressed by thefEuler—Ber.noulh beam theory [2, 18, 23].
20 mW, respectively. The spectrometer was equipped with The resonance frequency is expressed as,
a 1800 Lmm™ monochromator grating and a cooled
charge-coupled device detector. In order to achieve a 2D —k i3
f=k=
Raman image with high resolution, the lateral (X-Y plane) L

(a) (b) ’ As-fabricated
0, gas (’ SCD
| > antilever
= E : Etched for 50 h
{ A .=
| & 20 pm

E
p

1)

(c) (d) )
- = T T =T T 478549 — . . . —126
o L=160 mm —20h |~ _—j : 3 P3P -s- Resonance frequency
N s b = o N ¢ -124
2 Etching time increasing _3:: : F—sv B Ta7s.548) -9- O factor ,,;
= o ey B < 22 3
2 2 E H 2z =
= = F 2 4 2478547 o ’S o—2 20 H
= = F o ° ° o—9 S
= &b = 118 =
g Ef $478.546 |- S
< < s 416
L v L - 478.545—L L ; L L—14
487.5 494.5 508512 522 4784 4785 4786  478.7 2 4 6 8 10
Frequency (kHz) Frequency (kHz) Voltage (V)

Figure 1. (a) The simplified treatment process for the chemical etching of the SCD cantilevers in an oxygen ambient. (b) Optical
images of a 160 um-long SCD cantilever without and with the etching treatment. (c) Resonance spectra shifts of the SCD cantilever
with the etching duration increasing. (d) The typical resonance frequency spectra of a 160 um-long SCD cantilever suffered from the
oxygen etching for 20 hrs. The inset shows that the peak amplitude linearly increases with the actuation voltage. (e) Resonance fre-
quencies and Q factors as a function of the actuation voltages.
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where k is 0.162 for the first vibration mode of the res-
onator. t and L are the thickness and the width of the
resonator, respectively. E is the Young’s modulus and p
is the mass density of materials. For the resonator with
the multilayers, the Young’s modulus and the mass den-
sity are defined as the effective Young’s modulus and the
effective mass density, respectively. The parameters uti-
lized in Eq. (1) are the dimensions and material proper-
ties, which depend on the resonator material. The
resonance frequency spectrum shifts downward with the
etching duration increasing, as shown in Figure 1(c).
Figure 1(d) shows the resonance frequency spectra of
the resonators after the etching treatment for 20 hrs asa
function of the RF actuation amplitude. The peak ampli-
tudes of resonance spectra linearly increase with the
driving voltages (the inset of Figure 1(d)). The depen-
dences of the resonance frequencies and Q factors on the
driving voltages are exhibited in Figure 1(e), indicating
the driving voltage has little impact on the resonance
frequencies and the Q factors of the SCD cantilevers.
The dependences of the resonance frequencies on the
lengths of the SCD cantilevers after the etching treat-
ments with various durations are depicted in Figure 2(a).
The rule of resonance frequencies and lengths of these
cantilevers strictly follows the law of Eq. (1). The etching
treatment leads to the reduction in the resonance fre-
quencies of the SCD cantilevers due to the reduction of
the thickness (Figure S3). The reduced thicknesses of
the SCD cantilevers due to the etching treatment can be
calculated through the Eq. (1). In views of the both sides
for a SCD cantilever, the average etching rate of the SCD
cantilevers is evaluated as 2.2 nm/h at 650 °C. This etch-
ing rate in the pure oxygen ambient make it a difficulty
in measuring the accurate etching value by using the
traditional methods, such as the step height profiler [24]
and the low-coherence interferometry technique [25].
Figure 2(b) shows the variations of Q factors of the SCD
cantilevers under the etching treatments with various
etching durations. It can be seen that the Q factors of the
SCD cantilevers increase with the etching durations as
the etching durations lower than 40hrs. The Q factors
of some SCD cantilevers appear to decrease with the
etching durations extending to 50 hrs. For a cantilever
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beam, the Q factor was significantly determined by the
various energy dissipations [12]. In this work, the SCD
cantilevers were fabricated by the smart-cut method. The
smart-cut method produces an ion-implantation dam-
aged layer, which is defective and degrades the Q factors
of the as-fabricated SCD cantilevers. A bilayer model
was proposed to describe the impact of the ion-implan-
tation damaged layer on the Q factors of SCD cantilevers
consisting of a damaged layer and a high-quality
homoepitaxial layer [26],

1 1 1 1
—= | — 4B — 2
Q 1+ﬂ(eri+ﬁQion\J ( )

wherein Q is the quality factor of the overall cantilever.
Q,,; represents the quality factor of the epilayer. Q,,, is
the quality factor of the ion-implantation damaged layer.
B is defined as B = E,t;,,/E,t, Ej, and E,,; are the
Young’s modulus of the ion-damaged layer and the epil-
ayer, respectively. #;,, and f,,; are the thicknesses of the
ion-damaged layer and the epilayer, respectively. When
E,,,and E,, are assumed to be equal, 8 is simply expressed
as t;,,/t,,. The reduced  indicates the ion-damaged layer
is gradually eliminated. The previous research shows
that the Q,,,, of the ion-damaged layer alone is generally
less than 1000 [18]. The Q,,,; of the high crystal quality
epilayer, which is toward 105, is far larger than the Q,,,
[13]. Thus, the overall Q factor of the SCD cantilever is
mainly determined by the ion-damaged layer (defective
diamond layer). Through the etching treatment in an
oxygen ambient, the surface layers are removed by the
oxygen at high temperatures. The structure of the dia-
mond layer is more stable than that of the defective-di-
amond layer, which leads to a higher etching rate for the
defective diamond layer. According to Eq. (2), the Q
factors of the SCD cantilevers can be greatly enhanced
through the reduction of the defective diamond layer.
Furthermore, the removal of the dislocations on the SCD
epilayer via the oxygen etching also helps to reduce the
defects-related energy dissipation, resulting in the
increase in Q factor. In Figure 2, the etching treatment
within 40hrs to 50 hrs leads to the reduction in the Q

Length (um)

Figure 2. Dependences of (a) resonance frequencies and (b) Q factors of the SCD cantilevers under the etching treatment with vari-

ous durations on the cantilever length L.
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Figure 3. Surface morphologies of (a) and (b) the SCD substrate and (c) and (d) the SCD epilayer after the etching for 50 hrs.

factors of some SCD cantilevers, which discloses that the
ion-damaged layer is completely removed and the etch-
ing on the surface has the critical impact on the Q factors
during this term. The reduction in the Q factors of some
SCD cantilevers after the etching for 50hrs may be
attributed to the damage of the boundary integrity.
The surface morphologies of the SCD substrate and
the SCD epilayer are measured by the AFM technique, as
shown in Figure 3. After the etching treatment, the SCD
substrate and the SCD epilayer still exhibit a smooth sur-
face with a tiny root-mean-square (RMS) of roughness
lower than 2.2 nm. In addition, for the SCD epilayer, the
dislocation density can range from 10 to 10’ cm™2, which
depends on the crystal quality of the initial substrates, as
well as the growth conditions [14, 27]. The SCD cantile-
vers have a few dislocations in view of the cantilever
dimensions. The dislocation defects with high energies
on the surface of the SCD epilayer are most susceptible
to be etch by the oxygen [15, 21, 22, 28]. The etch pits
appear on the area with the dislocations after the oxygen
etching treatment, as shown in Figure S4. The etch pits
resulted from the dislocations exhibit the circle charac-
teristics. The propagation of the oxygen along the dislo-
cations is in favor of the vertical etching of the SCD
epilayer, which results in the pits on the surface.
Although the common techniques including x-ray
topography (XRT), cathodoluminescence (CL), and
birefringence microscopy have been used to investigate
the dislocation in CVD diamonds [29-32], the 2D
Raman imaging technique makes it possible to accu-
rately evaluate the position and the local strain of a dis-
location in the SCD epilayer. The 2D Raman imaging of
the SCD was described in detail in previous work [32].
The peak position, P,,,, was obtained by the Lorentz

peak®
function fitting of the Raman spectra of each measured

point. The FWHM was achieved as a dispersion of the
Raman spectra with the Lorentz function. The average
P, and the average FWHM were calculated as the P, ,
histogram and FWHM histogram by using Gauss func-
tion fitting, respectively.

Figure 4 exhibits the 2D Raman mapping images in
the X-Y plane of an area of 50x50 um? on the SCD epil-
ayer after the oxygen etching for 50 hrs. The 2D images
of the Raman P, and the FWHM of this area are dis-
played in Figure 4(a) and (c), respectively. The histo-
grams of the P, and the FWHM are shown in Figure
4(b) and (d), respectively. The color bars in Figure 4(a)
and (c) represent the value ranges of the P, and the
FWHM, respectively. It is shown that there are three
dislocations appeared in this area, which are marked by
the green arrows in Figure 4(a) and (c). In order to
investigate the difference in P, and the FWHM
around a dislocation, the line A-B and the line A’-B’
across the area with one dislocation in Figure 4(a) and
(), respectively, are marked for the clear view, while the
line C-D and the line C'-D’ is for the area without a
dislocation, as shown in Figure 4(a) and (c), respec-
tively. Figure 4(e) and (g) show the variations of the P,
with the distance from A point to B point and the dis-
tance from C point to D point, respectively. It is dis-
closed that there is a large shift in the P, around a
dislocation, while the weak difference in the P,
appears for the area without a dislocation. The differ-
ence in the P, AP, between the measured area and
the SCD substrate reveals the internal stress in the mea-
sured area. By the assumption of the biaxial stress in the
SCD epilayer, the stress, 0 was evaluated in the following
expression [32, 33],

o =-061AP, 3)
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Figure 4. Raman imaging in the X-Y plane of an area of 50x50 pm? in the SCD epilayer after the etching treatment for 50 h. (a) 2D
image of the Raman peak position (P,,,) distribution of the Raman spectra. Dislocations are marked by the green arrows. The line A-B
goes cross the area with one dislocation, while the line C-D goes cross the area without one dislocation. (b) Histogram distribution of
Raman P, (c) 2D image of full width at half maximum (FWHM) distribution of the Raman spectra. Dislocations are also marked by
the green arrows. The line A’-B’ goes cross the area with one dislocation, while the line C'-D’ goes cross the area without one disloca-
tion. (e) and (g) Dependences of P, on the distance from A point to B point and the distance from C point to D point, respectively,
marked in (a). (f) and (h) Dependences of FWHM on the distance from A’ point to B’ point and the distance from C point to D point,

respectively, marked in (b).

When the SCD epilayer suffers from a compressive
stress, 0 is positive, while a negative value of ¢ indicates
a tensile stress. In addition, the P, of the SCD substrate
is measured as 1332.54 cm™! (Figure S5). In Figure 4(e),
it can be obtained that around the dislocation, the largest
value of the P, reaches 1332.60 cm™', while the smallest
value of the P, is 1332.46cm™". According to Eq. (3),
the largest values of the compressive stress and the
tensile stress around the dislocation are calculated to be
~—36.6 MPa and ~48.8 MPa, respectively. The dislocations

act as the weakest part to be etched in the oxygen ambi-
ent. The dependences of the FWHM on the distance
from A’ point to B’ point and the distance from C’
point to D’ point are exhibited in Figure 4(f) and (h),
respectively. It is revealed that the FWHM shows a large
increase from 1.76cm™ to 1.87 cm™ around the dislo-
cation along the line A’-B' point, while the FWHM along
the line C'-D’ point without the dislocation is around
1.77 cm™! with little change. The local area around the
dislocation has a higher FWHM, which means a worse


https://doi.org/10.1080/26941112.2023.2221280

6 (&) Z ZHANGETAL.

crystal quality in this area. Therefore, the 2D Raman
imaging technique with the statistic measurements and
the data fitting can visualize the precious dislocation
position, the dislocation-induced local stress, and the
crystal quality variation. The existence of the disloca-
tions on the SCD cantilevers have a negative influence
on the crystal qualities, thereby affecting the Q factors.

The Raman technique offers a facile and effective
method to evaluate the crystal qualities of the substrate
and the epilayer. The surface stress of the SCD canti-
levers were investigated in our previous work [34],
which had little impact on the resonance properties. In
this work, the dependence of the Q factor on the crystal
quality of the SCD cantilevers after the oxygen etching
treatment are observed via the Raman spectroscopy.
In order to comprehensively investigate the crystal
qualities and the structures of the SCD cantilevers,
Raman spectra were measured in the X-Y plane and in
the X-Z plane, respectively. The 2D Raman images in
the X-Y plane of an area of 170x18 um?* around the
160 pum-long SCD cantilever after the oxygen etching
for 50 hrs are shown in Figure 5. The image with the
Raman peak intensity is exhibited in Figure 5(a), show-
ing a cantilever with the etch pits, consistent with the
optical image in Figure 5(b). The 2D Raman images of
the P, distribution and the FWHM distribution of
this measured area are displayed in Figure 5(c) and (e),
respectively. The histograms of the P, and the FWHM

ea

@

X

30 pm

440 CCD cts

1332.67 rel. 1/cm

1332.47 rel. 1/cm

1.5 rel. 1/cm

1080 CCD cts

2 rel. 1/cm

are shown in Figure 5(d) and (f), respectively. Although
the measured area contains a tiny area of the defective
SCD epilayer, the average P, of the measured area are
1332.58 cm™. The crystal quality of the epilayer can be
evaluated by the FWHM of the Raman spectra. In
Figure 5(f), the average FWHM of the measured area
is calculated to be 1.75cm™!, which is lower than that
of the SCD substrate of 1.88 cm™! (Figure S5).

In order to obtain the cross-section view of the SCD
cantilever, the SCD sample was examined by the Raman
mapping in the X-Z plane. The 2D Raman mapping of
an area of 170x10 um? after the oxygen etching for 50 hrs
in the X-Z plane are shown in Figure 6. The slight down
bending of the SCD cantilever is disclosed in Figure 6(a),
which is consistent with the results of 3D optical images
(Figure S6). The histogram distribution of the Raman
peak intensity, corresponding to Figure 6(a), is shown
in Figure 6(b). The 2D Raman images of the P, distri-
bution and the FWHM distribution of this measured
area are displayed in Figure 6(c) and (e), respectively.
The histograms of the P, and the FWHM are shown
in Figure 6(d) and (f), respectively. The etch pits are
observed in the cross-section view with the bright color
in Figure 6(c) and (e). It is disclosed that there are two
peaks for the P, distribution histogram (Figure 6(d)).
The average P, at 1332.54cm™ is resulted from the
SCD substrate, and the larger average P, at 1332.64cm™
stems from the SCD cantilever. Therefore, the stress of
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Figure 7. Dependences of Q factors of various SCD cantilevers after the etching treatment for 50 hrs on the resonance frequencies.
The SCD cantilevers are marked by (a) different Raman P, and FWHM, and (b) etch pit number.

the SCD cantilever exhibits a compressive state, which
is also confirmed by the results in Figure 5. The histo-
gram distribution of the FWHM can also be fitted by
two peaks, corresponding to those of from the cantilever
and substrate, respectively.

In addition, in order to disclose the effect of the
crystal quality on the Q factors of the SCD cantilevers,
we performed the Raman 2D mapping in the X-Y plane
on the SCD cantilevers. Totally 12 SCD cantilevers with
different lengths and Q factors were characterized. In
the data process, the non-SCD cantilever area was
cropped to avoid the measured deviation. The P, and
the FWHM of each cantilever were obtained. Figure 7

presents the Q factor variations of various SCD canti-
levers after the etching for 50 hrs with the different
resonance frequencies. The labels in Figure 7(a) repre-
sent the P, and the FWHM, respectively. It is dis-
closed that the Q factors of the SCD cantilevers show
weak dependence on the P, value, while low FWHMs
are in favor of high Q factors. The low FWHM means
the high crystal quality of a SCD cantilever, which con-
tributes to realizing a high Q factor. The effect of the
crystal quality on the Q factors of the SCD cantilevers
was firstly revealed through the Raman mapping tech-
nique. After the oxygen etching treatment for 50 hrs,
the surface defects, especially for the dislocations, were
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Table 1. The pit numbers of various SCD cantilevers with different
Qfactors.

Length (um) f Q Pit number
160 487942.2 109221.20 >10
160 472551.7 59546.89 8
160 458299.8 119831.70 2
140 629258.9 64717.82 3
140 613669.9 7795.89 6
140 601698.4 108546.50 >10
120 849158.4 39874.74 3
120 803872.9 85826.13 >10
100 1203308.3 5668.56 6
100 1219657.4 70481.04 1
60 3034364.8 5057.29 5
60 2968147.4 36667.12 3

removed to form the etch pits. The labels in Figure 7(b)
exhibit the numbers of etch pits resulted from the dis-
locations for each SCD cantilever. The SCD cantilevers
with various Q factors and different etch pit numbers
are also summarized in Table 1. It is revealed that the
Q factors of the SCD cantilevers have a weak relation-
ship with the numbers of the etch pits. Although the
existence of the dislocations weakens the crystal quality
of the SCD epilayer, the dislocations are removed by
the oxygen etching treatment. Therefore, the oxygen
etching treatment provides an effective and facile
approach to reduce the defects of the SCD cantilevers
to achieve high Q factors.

4, Conclusions

In a summary, we examined the effects of SCD crystal
quality and the etch pits on the Q factors of the SCD
cantilevers. Due to the introduction of ion-damaged
layer in the substrate layer, the Q factors of the SCD
cantilevers were limited. The etching in an oxygen ambi-
ent provided an effective approach to remove the
ion-damaged layer and the surface dislocation defects
and, in turn, improve the Q factors of the SCD resonators
from thousands up to 120 000. Through the 2D Raman
imaging technique, the precise dislocation positions and
the dislocation-induced local stress of the SCD epilayer
were visualized. The relationship between the FWHM
of the Raman spectra and the Q factors was realized,
showing that a low FWHM of the SCD resonator con-
tributed to a high Q factor. Although the dislocations
were etched to form the etch pits, it was noted that there
was no obvious dependence of the Q factors on the num-
bers of the etch pits on the SCD resonators.
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