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ABSTRACT

Threading defects in diamond degrade the performance of diamond-based quantum and electronic devices. Although the disorder of the
atomic arrangement induced by the threading defects is considered to be the cause of the performance degradation, yet quantitative and
spatially resolved evaluation of the stress tensor that characterizes the magnitude of the disorder has remained challenging. In this study, we
applied the evaluation technique of the stress tensor based on nitrogen-vacancy (NV) centers to the mapping of the stress field around a
threading defect in a chemical vapor deposition diamond film. Furthermore, we compared the stress tensor measured using NV centers
with that obtained by conventional methods such as Raman spectroscopy and x-ray topography. Around the threading defect, the compo-
nents of the stress tensor Gyy, Oy, G,y and Gy, + Gyy + Gy, varied by approximately 0.2, 0.2, 0.3, and 1.2 GPa, respectively, and each compo-
nent exhibited a rotationally symmetric distribution extending over a diameter of approximately 10-20 um. We calculated the Raman shift
mapping from the stress tensor obtained using NV centers, and the Raman peak was estimated to decrease by approximately 0.9 cm™" due
to the stress tensor at the center of the threading defect. This value was comparable to the experimental result of Raman shift mapping.
These results indicate that the components of the stress tensor measured by NV centers accurately reflect the stress induced by the threading
defects. The stress tensor and x-ray topography images suggest that the threading defect measured in this study was a bundle dislocation.
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INTRODUCTION sensitive to several external fields, such as magnetic fields,
tric fields,"”'® and temperature.'”"*
Homoepitaxial chemical vapor deposition (CVD) diamond

films typically contain threading defects propagated from the sub-

Diamonds are known as one of the promising materials for
electronic” applications because diamond has excellent electronic
properties with wide bandgap, high carrier mobility, and high i S e .
thermal conductivity.” Nitrogen-vacancy (NV) centers in diamonds ~ Strate such as dislocations in the range of 10°-10"/em”, while tge}—
are color centers with unique quantum properties’® and expected eroepitaxial diamond films contain those of over 10°/cm* "'
to be applied to quantum sensors,”® networks,”'' and comput- Threading defects such as dislocations degrade the performance of
ers.”'” Regarding quantum sensor applications, NV centers are electronic and quantum applications. In electronic applications, it
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is well known that local disruptions in the atomic structure at the (a)
core of these defects induce midgap states within the bandgap, O3z
causing leakage currents.'””*™" In addition to the deterioration of
crystal quality in the threading defects themselves, we consider that
the stress fields around these threading defects can alter the semicon- (N
ductor properties of diamond and even promote the formation of Oy 7
additional threading defects. Through evaluating the stress field 1 o Y
around threading defects, we expect to clarify the influence of the }) Oyx|o xx | ::
stress field on semiconductor properties and the formation of thread- X
ing defects. In the case of quantum application, the stress alters the
energy levels of the NV centers,”> which deteriorates the properties
of the quantum network®” and computers.”® In addition, inhomoge- (b) (c)
neous energy levels of NV centers lead to a decrease in the spin
dephasing time T,* of the NV centers,” which deteriorates the sensi- red
tivity of quantum sensors.” Therefore, it is technologically essential to zz G 2
reduce threading defects in the CVD diamonds. For this purpose, the v
evaluation of the stress caused by the threading defect is important. Z
Stress in a crystal is applied along the x axis, y axis, and z axis, vz
corresponding to the x-plane, y-plane, and z-plane, respectively, in 4 1\_)
the three-dimensional space as shown in Fig. 1(a). Thus, the stress 4
in a crystal is primally presented as the following matrix, known as Oyy / /
the stress tensor: v

Cx Oxy Oy
Gy Oy Oy |. (1) (d) .
Oxz Oyz Oz 1= 1

5
N

This tensor contains six independent components including axial
stress (G Oyy> G;) and shear stress (G, Oy G, [Figs. 1(b) and 1(c)].
Thus, measuring the stress tensor is important to evaluate the stress
field in the diamond. Despite its importance, measuring the compo-
nents of the stress tensor has been a challenging task for conventional
methods including Raman spectroscopy,”’ birefringence microscopy,”'
and x-ray diffraction.” In each of these techniques, the measurement
output data related to stress are only one—such as the peak shift of
Raman emission, phase difference, or change in the diffraction angle— i= 3 i= 4
making it difficult to uniquely determine the components of the stress
tensor. Thus, in the case of Raman spectroscopy, stress in the crystal
has been evaluated assuming a hydrostatic pressure (G = Gyy = O,
Gy = Oy, = Gz = 0).

In contrast, in this study, the components of the stress tensor
were directly extracted by employing NV centers in diamond. This
method has already been demonstrated in previous studies.”” > NV
centers are a color center with a spin-1 electronic ground state, con-
sisting of one nitrogen and one vacancy in diamond. The two reso-
nance frequencies of a single NV center, i.e., differences in the energy Z [001] ‘ Carbon
levels between mg=0 and mg=+1 and between my=0 and my=1, t : Y [010]

€€110:20 G20T JoqWanoN g

can be read out by microwave irradiation and detecting the fluores- O Nitrogen

cence intensity. This scheme is called optically detected magnetic res- X [100]

onance (ODMR).”® These two resonance frequencies are varied O Vacancy

depending on the stress tensor applied to the NV center. As shown

in Fig. 1(d), the NV center arranges in four directions (i=1, 2, 3, 4) FIG. 1. (a) Schematic of the unit cell of the crystal and stress. (b) Schematic of
depending on the positional relationship between the nitrogen and the unit cell of the crystal under axial stress components (cyx, Gy ©2): A crystal
the vacancy. Thus, we can reconstruct the components subjecf(ed to axial stress, transitioning from a black to a red cell. (c) Schematic of
(Gxy» Oyz» Ozx» Oxx + Oyy + 0) of the stress tensor by reading out a the unit cell of the crystal under shear stress components (oxy 6z, 0zJ: A crystal
total of 2 x4 (directions) =8 resonance frequencies varied by the s;bmted tto sheatL st&gss un(;jergoes, ;’?nfr'}t'o?mg df.rf?m at venin B e el
stress tensor. In a previous study, components of the stress tensor (e) NV centers in the diamond arranged in the four different axes.
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induced by scratches, implantation damage, nanoindents, and devices
fabricated on diamond were measured using this technique.”**

In this study, we applied the stress tensor measurement tech-
nique based on NV centers to measure the stress tensor around a
threading defect in the CVD diamond film. The stress tensor
obtained using NV centers was compared with that obtained by a
conventional method, Raman spectroscopy, to verify the validity of
the NV-center-based measurements. Finally, the stress tensor
obtained in this study, together with x-ray topography images, was
used to clarify the structure of the threading defect.

METHODS

We characterized the threading defect in the nitrogen-doped
homoepitaxial CVD diamond film with a thickness of 20 um. A
high-pressure and high-temperature (HPHT) type-Ib (001) single
crystal with a thickness of 500 um was used as a substrate. The top
surface of the substrate was mechanically polished along the [110]
direction under a fine polishing condition. The CVD growth condi-
tion was as follows: 110 Torr reaction pressure, 1.4 kW microwave
power, 10% '>C purified methane concentration ratio (flow rate
ratio of CH, to the total gas flow), 0.2% nitrogen concentration
ratio (flow rate ratio of N, to the total gas flow), 2% oxygen con-
centration (flow rate ratio of O, to the total gas flow), and 1020-
1090 °C substrate temperature. The oxygen adding growth condi-
tion was applied because oxygen adding has a role in decreasing
the number of newly generated dislocations in the CVD diamond
films.”’ " Figure 2(a) shows the optical microscope image of the
CVD diamond film. The step-bunching feature was observed along
the [110] direction, indicating that nitrogen was doped in the CVD
diamond film."’ Figures 2(b) and 2(c) show the birefringence
images taken at the same position before (HPHT substrate) and
after CVD growth, respectively. In Figs. 2(b) and 2(c), petal-shaped
birefringence patterns were observed at the same position, confirm-
ing the presence of a threading defect that propagated from the
HPHT substrate into the CVD diamond film.

The fluorescence from NV centers around the threading
defect was detected using a confocal microscope as shown in
Fig. 2(d). We used a 514 nm laser with polarization aligned in the
[010] direction. Figure 2(e) shows the fluorescence image in the
cross section (XZ plane) of the CVD film using the confocal micro-
scope. The high intensity region in Fig. 2(e) indicated the CVD
diamond film with NV centers. Figure 2(f) shows the fluorescence
images in the XY plane of the CVD diamond film at a depth of
approximately 10 um from the surface of the CVD diamond film.
The threading defect observed by the birefringence image was
located near the center of this image. The continuous-wave ODMR
measurements were performed at the laser power of approximately
4mW. The copper wire with a diameter of 20 um was used for
microwave irradiation. The wire was placed so as to be parallel to
the [010] direction, and all ODMR measurements were performed
at approximately 30 dBm. Figure 2(g) shows the ODMR spectra
measured at positions P and Q in Fig. 2(f). Position P indicates the
measurement location close to the threading defect, while point Q
represents the location farther from the defect. The resonance fre-
quencies were varied by approximately 1-3 MHz between locations
P and Q. This change in frequencies was due to the change the

ARTICLE pubs.aip.org/aip/jap

stress tensor between the positions P and Q. The eight resonance
frequencies (fy;) (i=1,2,3,4) were determined by fitting the
ODMR spectrum with eight Lorentzian functions. Here, i denotes
the number corresponding to the direction of the NV center, as
shown in Fig. 1(d). We defined S; as

5 — Sfri 'zi'f—i. @)

We determined the three shear stress components (Gyy, Gy,
0,x) and trace of the stress tensor (Gxy + Gyy + G,,) using the follow-
ing equations:™*

S1—-5H-8+8

= 3
Oxy 82, (3

Si+85—-8—-S8
=——2_3 4
Oyz 84, 4

Si—=8%+8-S
Oy =2 2T (5)

8(12
S1+8+8+8,
4 - (6)
Oxx + 0y +0, =
a;
where the stress susceptibility —parameters are a;=4.86,
a,=-3.7 (MHz/GPa). (The derivation of these equations was
described in the supplementary material). The measurement error
of the components of the stress tensor was calculated using the
equation shown below:

Sierror(i = 1,2, 3, 4) = [ (f1i, )} + (f=i, )12, 7)

O xy-€ITOI = Oy, €ITOI = Oy €ITOr =

4
Z (Sierror)z/sab (8)
i=0

4 2
IS4 (S
Oy + Oy + 0 _error = || == (4 o) lay, 9

where f; and f_; were the fitting error of the resonance frequen-
cies (f1);. Here, compressive stress and tensile stress were defined
as positive and negative, respectively. Finally, by scanning the
sample stage with respect to the laser irradiation position and mea-
suring the resonance frequency at each sample position according
to the procedure described above, the mapping of the stress tensor
components around the threading defect was obtained. The acqui-
sition time per pixel, as well as the pixel dwell time, was 3 min. We
measured the stress tensor at 40 x 40 points over a region of 30 um
along the X = [100] axis and 25 um along the Y = [010] axis around
the threading defect. Thus, the total acquisition time was approxi-
mately 80 h.
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FIG. 2. (a) Optical microscope image
of the CVD diamond film. (b) and (c)
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RESULTS AND DISCUSSION

Mapping of stress tensor

Figures 3(a-1)-3(a-4) show the spatial map of components of
the stress tensor, Gyy, Oy, G, and Gy + 0y, + 04, around the
threading defect, respectively. The variation in the magnitude of
the stress of the components, Gyy, Gy, G and Gy + 0y, + 0o,
was approximately 0.2, 0.2, 0.3, and 1.2 GPa, respectively. Thus, we
found that the trace of the stress tensor (Gy + Oy, +G,,) was the
dominant stress induced by the threading defect. The distribution
of the components of shear stress, oy, Oy, O, exhibited a
point-symmetric stress distribution with respect to the center of the
threading defect. As described in the supplementary material, the
stress tensor of a single dislocation has a petal-like symmetrical dis-
tribution. In addition, the variation in signal contrast in the bire-
fringence image is sensitive to the distribution of the in-plane shear
stress component of 6,."" The spatial variation in signal contrast
observed in the birefringence image of the diamond CVD film
shown in Fig. 2(c) was comparable to the distribution of oy,

measured using NV centers, as shown in Figs. 3(a-1). Thus, it is
reasonable that such a symmetrical stress distribution was observed
around the threading defect in this study. It should be noted that
the birefringence image reflected the stress integrated from the sub-
strate up to the surface of the CVD film, whereas the stress tensor
shown in Figs. 3(a-1)-3(a-4) presented the in-plane stress at a
depth of approximately 10um from the surface of the CVD
diamond film.

Regarding the components of the trace of the stress tensor,
Oxx + Oyy + G, shown in Fig. 3(a-4), we found that the tensile stress
of approximately 1.2 GPa was applied at the center of the threading
defect comparing the maximum and minimum value of the stress.
The volumetric change rate of the CVD diamond ( AV/V) caused
by the stress tensor can be delivered from the sum of the trace
of the stress tensor (Gyy + Gyy +0y,), as shown in the following
equation:

AV V-V
vV Vv

= —(on+ Oyy + Oz) (s11 + 2812) » (10)
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FIG. 3. (a-1)-(a-4) Spatial map of the stress tensor components (o, Gy;, Gz, Oy * Oy + G,,) Of stress tensor components around the threading defect, respectively.
(b-1)~(b-4) Spatial map of measurement error of stress tensor components (cxy_error, oy, error, c,_€rror, oy, + o,y + c,,_error) around the threading defect, respectively.
(c-1)~(c-4) ODMR spectra measured at the positions of A, B, C, and D shown in (b-4), respectively. (d) Experiment result of the diamond Raman peak shift around the
threading defect. (e) Calculation result of the diamond Raman peak shift caused by the stress tensor around the threading defect.

where V is the initial volume and V' is the final volume through
deformation due to stress applied, and s;; = 0.952 x 10~* and
s12 = 0.099 x 107> GPa™! are compliance constants** (the deriva-
tion of this equation is described in the supplementary material).
The tensile stress of 6,y + Gyy + 6, = —1.2 GPa was applied near the
center of the threading defect. This means that the volume of the
diamond crystal was increased approximately 6 x 107% near the
center of the threading defect.

Figures 3(b-1)-3(b-4) show the spatial map of the measure-
ment error of the stress tensor, Oxy» Oyz> Ozx and oy + Oy + 0z
around the threading defect, respectively. The measurement error

of Gyy, Oy Gy and Gyy + Oyy + G, Was approximately under 0.025,
0.025, 0.025, and 0.05 GPa, respectively, in most areas, although
regions with measurement error exceeding 0.1 GPa were observed,
as shown in Figs. 3(b-1)-3(b-4). The areas with high measurement
errors of approximately 0.1 GPa correspond to regions where
step bunching occurs on the CVD diamond film, as indicated
by the optical microscope (OM) image and PL image shown in
Figs. 2(a) and 2(f). Figures 3(c-1)-3(c-4) show the ODMR spectra
at positions A, B, C, and D, as indicated in Fig. 3(b-4). Compared
to position A, which had low measurement error, the baseline indi-
cated by the red line in Fig. 3(c-1) was curved on the ODMR
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spectra at points B, C, and D, leading to high fitting errors and
high measurement error of stress. Decreasing the measurement
error is essential for evaluating smaller stress variations below
0.1 GPa, such as the stress tensor of a single dislocation. Although
we have not clarified the reason why the baseline of ODMR was
curved induced by step bunching, we considered that the introduc-
tion of the Ramsey sequence” is effective for reducing measure-
ment errors. In the Ramsey sequence, the difference (or ratio)
between the off resonance and on-resonance intensities of the
ODMR signal can be determined, leading to improved baseline
accuracy (the measurement error of the stress tensor in this study
was discussed in detail from the viewpoints of the stability of the
conversion matrix from NV frequencies to the stress tensor and of
error propagation in the supplementary material).

Next, to verify the reliability of the stress tensor obtained in
this study, we compared the stress tensor measured by NV centers
with stress measured by a conventional method, Raman spectro-
scopy. (The experimental method was described in detail in our
previous study.””) The change in the wavenumber of the diamond
Raman peak indicated that stress was caused near the center of the
threading defect. Figure 3(d-1) shows the Raman peak shift image
near the threading defect. Subsequently, we calculated the Raman
shift mapping from the stress tensor obtained using the NV
centers. Typically, a given stress tensor modifies the phonon modes
of diamond, changing the two transverse optical (TO) phonon
modes and one longitudinal optical (LO) phonon mode to shift. As
a result, the Raman peak of diamond—the frequency of the triply
degenerate phonon—splits into three peaks. Please note that, in our
experimental setup, only the LO phonon mode was detected based
on the Raman selection rule (details are provided in the
supplementary = material).  Assuming  hydrostatic  pressure
(Oxx = Oyy = Gy, = (Oyx + Oyy + G,,)/3) and using the component of
shear stress (Gyy, Oy, ) measured by the NV centers, we calcu-
lated the Raman shift of the LO phonon mode, and the result is
shown Fig. 3(e) (the detailed calculation procedure is provided in
the supplementary material). Near the step-bunching region, where
the measurement error of the stress tensor exceeded 0.1 GPa, a dif-
ference of approximately 0.4 cm™' was observed between the exper-
imental and calculated Raman shifts. In contrast, around the
threading defect, the area in which the Raman shift was calculated

(a) (b) (c)

g=[224]

9=[044]

ARTICLE pubs.aip.org/aip/jap

to change was comparable to the measurement results shown in
Fig. 3(d-1). Furthermore, comparing the maximum and minimum
Raman shift values, the Raman shift was calculated to be decreased
about 0.9cm™! at the center of the threading dislocation, which
was comparable to the experimental results. Therefore, we consid-
ered that the components of the stress tensor measured by NV
centers accurately reflect the stress induced by the threading
defects. In other words, in this study, we were able to extract com-
ponents of the stress tensor that could not be distinguished by con-
ventional measurement techniques.

Structure analysis

This threading defect was analyzed in detail by combining the
stress tensor obtained in this study with data obtained from x-ray
topography, in order to clarify its structure. Figures 4(a)-4(c) show
the x-ray topography images near the threading defect. The diffrac-
tion vector g of x-ray topography images in Figs. 4(a)-4(c) was
g = [224], [044], and [404], respectively. When the Burgers vector
of a dislocation is denoted as b, the dislocation image disappears
when b-g =0, whereas it becomes visible when b-g# 0. The black
lines in Figs. 4(b) and 4(c) disappeared when g was [224]. This
result confirmed that these lines were dislocations with Burgers
vector of b = [110], as shown in Fig. 4(d). Kato et al. have also
reported that edge dislocations with b = [110] dominantly exist in
(001) CVD diamond films,"’ making this result consistent with our
result. On the other hand, the diameter of the darker area of the
threading defect measured in this study, indicated by the red circle,
was larger than that of dislocation with a single Burgers vector. In
addition, the image of the threading defect does not disappear
under any g vectors. These results means that this threading defect
was not a single dislocation. We compared the stress field of this

threading defect to that of single edge dislocation. In elasticity °
theory,44 the trace of the stress tensor (Gy + Gyy + G,,) generated by

single edge dislocations is applied in the range diameter of approxi-
mately 4um from the center of the dislocation in diamonds (the
image of the stress tensor around single edge dislocation estimated
by elastic theory is shown in the supplementary material). As
shown in Fig. 3(a), the area affected by the trace of the stress tensor
(Oxx + Oyy +6,,) was approximately 10-15um diameter from the

(d)

/’ Dislocation

9=[404]

FIG. 4. (a)-(c) X-ray topography images near the threading defect. The diffraction vector g of each image was g = [224], [044], and [404], respectively. (d) The schematic

of the positions of threading defects and dislocations.
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center of the threading defect. Thus, the area affected by the stress
of the threading defects was approximately three to four times
larger than that by single dislocation. Furthermore, Ichikawa et al.
have reported that the Raman peak position shifted by approxi-
mately 0.1 cm™" near the center of a single dislocation.”” As pre-
sented in Fig. 3(d), comparing the maximum and minimum
Raman shift values, the Raman peak position near the center of the
threading defect decreased by approximately —0.9 cm™'. These
results mean that the threading defect measured in this study had
greater stress than a single dislocation. These results suggest that
this threading defect was bundle dislocation.

CONCLUSION

We demonstrated the spatial imaging of the stress tensor
around the threading defect propagated from the HPHT substrate
in the nitrogen-doped CVD diamond film. We found that the dis-
tribution of the shear stress components, Cyy> Oy Ozo exhibited a
point-symmetric stress distribution with respect to the center of the
threading defect. In addition, the dominant component of the
stress tensor induced by the threading defect was tensile stress with
a magnitude of approximately 1.2 GPa. This tensile stress increased
the volume of the diamond crystal near the center of the threading
defect by approximately 6 x 1072%. The magnitude and the spatial
distribution of stress tensor components measured by the NV
center were consistent with the Raman peak shift image. The stress
tensor obtained in this study and x-ray topography images suggest
that this threading defect was a bundle dislocation.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details of the experi-
ment method, measurement errors, calculation method of Raman
peak shift caused by stress tensor, stress tensor of a single edge and
screw dislocation, and benchmark of experiment specification in
this study comparing that in the previous studies.
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