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ABSTRACT: We have studied optical and spin properties of near-surface nitrogen-vacancy
(NV) centers incorporated during chemical vapor phase growth of isotopically purified *C
single-crystal diamond layers. The spectral diffusion-limited line width of zero-phonon
luminescence from the NV centers is 1.2 & 0.5 GHz, a considerable improvement over that of
NV centers formed by ion implantation and annealing. Enhanced spin dephasing times (T,*
~ 90 ps, T, ~ 1.7 ms) due to the reduction of *C nuclear spins persist even for NV centers
placed within 100 nm of the surface.
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n recent years, quantum information processing (QIP) Promisingly, we find the spectral diffusion of the zero-phonon
based on nitrogen-vacancy (NV) centers in diamond has line (ZPL) is significantly improved, when compared to
seen much progress."”> The spin-dependent optical properties implanted samples. Moreover, we find that the long spin
of NV centers allow optical readout” and manipulation® of the coherence times expected for '*C diamond persist even for NV
spin states, coherent population trapping,® and entanglement centers within 100 nm of the surface. These properties indicate
between photons and the spin qubits. Since the NV center that NV centers in such thin layers are promising for
exhibits a long electron-spin coherence time,7 it is also a applications in both QIP and magnetometry.
promising system for applications in quantum memorys_10 and We used two samples named S1 and S2. The 2¢ diamond
magnetomen'}’-ll_15 layers ([**)C] = 99.99%) of S1 and S2 were deposited on
For diamond-based QIP and magnetometry, it is often synthetic type Ila (100) single-crystal diamond plates by
desirable for NV centers to be located within nanometers of the microwave plasma assisted chemical vapor deposition (CVD).
diamond surface. For QIP, near-surface NV centers enable The growth conditions are described in our Supporting
efficient optical coupling to on-chip waveguides and Information. The resulting *C layer thickness is 1000 nm for
cavities.'*™2° For nanoscale magnetometry, near-surface NV S1, and 525 nm for S2. In sample SI, nitrogen gas was
centers will reduce the sensor-sample distance, thereby introduced during the last 100 nm of growth to intentionally
improving sensitivity. The most well-studied way to create create NV centers.
near-surface NV centers is a procedure based on ion In the first experiment, we performed scanning confocal
implantation and annealing.*'~>* However, these NV centers microscopy operating at room temperature to confirm that NV
suffer from large optical spectral diffusion prohibiting efficient center luminescence originates from a single thin layer. 532 nm
spin readout and spin-photon entanglement,é'“’zs Further- laser light was used for excitation, and photoluminescence (PL)
more, the coherence times of these defects are much shorter from the negatively charged NV (NV™) phonon sidebands
than those found for NV centers formed during crystal (650—800 nm) was collected through a 0.9 numerical aperture
grovvth.26 This suggests that a promising approach to producing microscope objective.
near-surface NV centers is to incorporate the centers during the
growth of a thin epitaxial layer. In this work, we study the Received: January 27, 2012
optical and spin coherence properties of such growth- Revised:  February 25, 2012
incorporated centers in an isotopically purified 2¢C film. Published: March 9, 2012
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Figure la shows a 12 X 12 ym? scanning confocal image on
the S1 surface (xy-scan). A depth profile (xz-scan) in Figure 1b
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Figure 1. (a) Confocal PL image on the S1 surface (xy-scan). (b)
Confocal xz-scan. The light is focused on the sample surface at z ~ 0
and z > 0 denotes focal positions inside the sample. The z-axis is scaled
by the diamond refractive index (n = 2.4). The spatial resolution in the
x—y plane is approximately the laser spot size (500 nm) and that in z-
direction is 3 um. Therefore, the NV positions appear as smeared
narrow vertical lines. (c) PL spectrum from a representative NV in (a).
D1 and D2 indicate the first and second-order diamond Raman peaks.
(d) 40 x 40 um? confocal PL image on the S1 surface before etching.
Fluorescence spots correspond to NV centers. (e) Confocal images on
the S1 surface after etching the N-doped layer. The color-bar legend is
defined in terms of photon counts per millisecond.

shows that the fluorescent spots are located near the sample
surface (z = 0), while the substrate remains dark. Room-
temperature PL spectra from the individual fluorescence spots
show a peak at 638 nm corresponding to the NV~ zero-phonon
line (ZPL) (Figure 1c). We measured 150 NV centers in S1
and found that 142 NV centers were located in a plane of width
less than the z-axial resolution 3 um (Supporting
Information). By counting single NV defects in several confocal
images, we estimate that the concentration of the NV centers is
(5.0 + 2.8) x 10" ecm™.

To confirm that the NV centers are located inside the
nitrogen-doped layer of S1, we studied the NV luminescence
before and after etching the S1 sample surface. The majority of
the sample was masked with 10 nm of titanium followed by 90
nm of SiO,, leaving a region of NV centers unmasked.
Inductively coupled reactive ion etching (ICP-RIE) with Ar/O,
chemistry for 120 s was performed. The etch depth, measured
by a profilometer, varied from 80 to 140 nm over the unmasked
area. Figure 1d,e shows confocal PL images of the unmasked
area before and after the etch. The fluorescence spots in Figure
1d correspond to the NV centers, while no NV luminescence is
observed after the etch, indicated by Figure 1e. Therefore, these
measurements confirm that the NV centers are located within
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the top 140 nm of the surface and indicate that they were
incorporated during the intentional N-doped growth.

In the second experiment, we performed low-temperature
photoluminescence excitation (PLE) spectroscopy on single
NV centers in S1 to measure their zero-phonon optical
transition linewidths. In the PLE measurement, a tunable
external-cavity diode laser was scanned across the ZPL
transition (637 nm) while collecting the phonon sideband
emission (650—800 nm). The sample was mounted on the
copper coldfinger of an ultrahigh vacuum liquid-helium
cryostat. Before each scan, a 532 nm pulse was applied to
reverse photoionization which eventually occurs with 637 nm
excitation alone.”’

Figure 2a shows a series of representative PLE scans, and we
observed that the central frequency of the resonance peak was
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Figure 2. PLE results of NV centers in S1 at 1SK. (a) A series of
representative PLE scans. Before every scan, the repump laser was
applied. (b) Sum of all PLE scans in (a). Blue points and a red solid
line are experimental data and the Gaussian fit (fwhm = 0.75 GHz).
(c) Statistical data of fwhm obtained from 13 NV centers.

shifted in every scan. The single-scan line width is ~100 MHz,
while the central frequency is observed to shift several hundred
megahertz between subsequent scans. The shifts of the central
frequency make a cumulative full width at half-maximum
(fwhm) line width of 0.7S GHz as shown in Figure 2b. Figure
2c shows a histogram of results from a similar analysis applied
to PLE data from 13 NV centers in S1. We find with the
scanning speed of 12 GHz/sec that the average line width is 1.2
GHz with a standard deviation of 0.5 GHz. To eliminate the
possibility of the local laser heating shifting the frequency, we
have changed the duration of each scan to confirm that the line
width stays the same. Typically, spectral diffusion of the zero-
phonon optical transition from near-surface NV centers formed
by ion implantation and annealing is of the order of 10 GHz.*'
Measurement-based quantum information schemes require the
efficient collection and detection of spectrally identical NV-
emitted photons. This practically requires nanoscale device
integration and thus near-surface NV centers. Our optical line
width results indicate that near-surface NV centers formed
during the growth process are promising for measurement-
based QIP schemes.

In the third experiment, we measured the time-averaged
dephasing time T§ of single NV centers at room temperature
using optically detected magnetic resonance (ODMR) spec-
troscopy.”®* The term T§ usually represents inhomogeneous
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Figure 3. (a) Energy level diagram for the NV ground state including the hyperfine splitting due to the "*N nuclear spin. There are three allowed
MW transitions (Am; = 0). The m, = —1 state is not included. (b) Pulsed-ODMR spectrum of a single NV center in S2 with 7, = 1 ys. A three-peak

Lorentzian fit (red) gives the expected 2.2 MHz "N hyperfine splitting.

30—-32

The inset depicts the optical and MW pulse sequences. (c) High-

resolution pulsed-ODMR measurement of the highest-energy dip in (b) with 7, = 312 ps. A Lorentzian fit (red) to the peak yields fwhm = 8 kHz.
(d) Scatter plot of the line width and transition frequency from each of the 10 NV centers studied in S2. Red squares indicate doublet structure was
observed and the transition frequency is taken as the average frequency (see text). (e) Pulsed-ODMR line width of several NV centers as a function
of distance from the surface. Each curve corresponds to a single NV center, and we measured these single NV centers several times following etching.
A red dashed line is the lowest possible line width due to MW broadening (Supporting Information). A blue dashed line indicates the typical pulsed-

ODMR line width of NV centers in "*C diamond.”?%%°

dephasing time that is characteristic of an ensemble of spins.
However, when a single spin is measured repeatedly, it will also
suffer from temporally averaged dephasing, which can be
categorized as T5. T35 is a critical figure of merit as it
determines DC magnetic sensitivity and quantum information
storage time in the absence of refocusing techniques.
Furthermore, the transition frequency distribution for many
NV centers, Af,,, determines the broadband magnetic
sensitivity for an ensemble of NV centers. It is advantageous
to use '2C diamond for ensemble magnetometry if the
inhomogeneous magnetic resonance line width is narrower
than that of "*C.

A 7 G magnetic field was applied to sample S2 in order to
split the m, = +1 electron sublevels. As depicted in Figure 3a,
the electron sublevels are further split by the hyperfine
interaction with the '*N spin resulting in three possible
transitions (Am; = 0) between m, = +1 and m, = 0. Ten NV
centers with their NV axes aligned within 10 degrees of the
applied magnetic field were studied.

The transition line width was measured by pulsed-ODMR
spectroscopy to estimate T5.>*** A schematic of the pulsed-
ODMR experiment is depicted in the inset of Figure 3b. A
green laser pulse (532 nm, 1.5 us) is first used to optically
pump the NV center into the m; = 0 state. A MW pulse with
length 7,, corresponding to a m; = 0 — my = 1 transition on
resonance, is then applied. As this sequence repeats, the green
laser pulse is used both to read out the spin state (first 500 ns)
and to optically pump the NV center for the next cycle. In the
NV system, the fluorescence intensity under green excitation is
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dependent on the electron spin projection (brighter for m, = 0,
weaker for m; = +1). Thus, the ODMR spectrum is measured
by monitoring the readout fluorescence as the MW frequency is
tuned through the magnetic resonance manifold. In the case
where 7, << T§ we expect complete transfer from the m; = 0 to
the mg = 1 state on resonance, the maximum possible contrast
in the pulsed-ODMR spectrum, and an ODMR line width
limited by the bandwidth of the MW pulse. If 7, > T3 we
expect the contrast to decrease and the line width to approach
1/ ﬂTi“.ZS

In Figure 3b,c, we show typical pulsed-ODMR spectra for
different MW powers. In Figure 3b, a 7, = 1 ys pulse is scanned
over the m; = +1 & m, = 0 manifold. A three-peak Lorentzian
fit yields a hyperfine splitting of 2.2 MHz as expected.”*~** In
this particular spectrum the 0.6 MHz line width is limited by
the MW bandwidth. We repeat the experiment with a
significantly lower MW power (7, = 312 us) and scan over
the highest-energy resonance (Figure 3c). The measured line
width is 8 kHz, which is significantly broader than the 3 kHz
contribution due to the finite MW pulse length (Supporting
Information). To estimate T}, we used numerical simulations
based on a two-level density matrix for fitting to the pulsed-
ODMR spectra. The resulting maximum T5 is ~90 pus
corresponding to the 7 kHz observed line width. Details are
provided in our Supporting Information.

The observed linewidths and resonant frequencies for all 10
NVs are shown in Figure 3d. We note that two NV centers
exhibited two ODMR dips instead of the single dip observed in
Figure 3c. The doublet splittings observed were S0 and 20 kHz
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and are presumably due to the hyperfine interaction with a
residual *C nucleus.”** We observe variation in the pulsed-
ODMR linewidths with all but one NV center exhibiting a line
width in the 7—60 kHz range (the outlier had a line width of
~700 kHz). As discussed further below, the variation in line
width is consistent with variation in the local environment of
each NV center. Since the transition frequency distribution
Af..s is much narrower than the 7 kHz line width, such NV
centers are promising for ensemble magnetometry.

There are several factors that could contribute to the
measured transition linewidths. One possibility is dipole—
dipole interaction with surface paramagnetic surface defects.
We thus studied the ODMR transition line width as a function
of NV distance from the surface. The NV depth was
determined by etching the sample surface and studying the
NV luminescence.”’ The majority of the sample was masked
with 130 nm of SiO, deposited by e-beam evaporation leaving
the region containing the NV centers unmasked. The sample
was then etched in 20—30 nm steps by ICP-RIE. An Ar/Cl,
etch chemistry for 20 s followed by an Ar/O, chemistry for 75 s
was used for each 20—30 nm step. After each etch step, the
mask thickness was measured by ellipsometry and the total etch
distance was measured by a profilometer. Next, confocal
microscopy was performed to determine whether each NV was
still optically active. After every 4 etch steps (~100 nm),
pulsed-ODMR measurements were performed on each NV
center to determine the resonance line width. As shown in
Figure 3e, we observe no significant dependence of the ODMR
line width on the NV depth for NVs at least 70 nm from the
surface (the minimum distance for an NV in this experiment).
This is strong evidence that surface spins are making a
negligible contribution to the pulsed-ODMR linewidths.

Interaction due to paramagnetic defects within the crystal is
the most probable cause of the line width distribution we
observe. When a paramagnetic impurity such as nitrogen is
located approximately 15 nm (30 nm) from the NV center,
dipole—dipole interaction generates 100 kHz (10 kHz)
linewidths.'">'* Even the narrowest lines observed, 7 kHz, are
most likely limited by interaction with paramagnetic impurities.
The broadening due to the residual 0.01% '*C is expected to
contribute only 1 kHz.'>'**> Magnetic field drift and
fluctuations due to the magnet current supply should
contribute less than 0.1 kHz to the linewidths. To minimize
temperature dependence of the ODMR center frequency, the
diamond sample was temperature stabilized to within 0.01 C
with a Peltier cooler which corresponds to <1 kHz
contribution.”*

Finally, we performed spin echo measurements on a single
NV center in the S1 sample at room temperature by using the
following MW-pulse sequence; n/2—7—n—7—m/2. A 532 nm
excitation pulse was applied for the spin polarization before the
MW sequence, and the spin echo sequence was repeated for a
range of free spin evolution periods (7). The final MW pulse
(7/2) in the sequence was used to project a superposition state
between mg = 0 and m, = 1 states into a population difference,
which is detected through the spin-dependent luminescence.
The green excitation pulse was then applied for the detection of
the spin states and repolarization and then the sequence was
repeated.

Figure 4 is the spin echo result as a function of 7. From fitting
a Gaussian dependence, exp[—(27/T,)?],” we estimate T, = 1.7
+ 0.1 ms. Since this is much longer than the coherence time of
NV centers in high-purity natural abundance diamond (T, =
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Figure 4. Spin echo results from a NV center in the S1 sample. Black
filled circles are experimental spin echo data, and each error bar is
estimated by shot noise. Average over first 10 data points is used for
normalization. A red curve fitted by exp[—(27/T,)*] gives T, = 1.7 +
0.1 ms.

350 us),*® our spin echo results show that the enhanced spin
coherence lifetimes observed in bulk *C samples can be
observed as well for NV centers placed within 100 nm of the
surface.

In summary, we have studied optical and spin properties of
NV centers in a thin isotopically controlled '>C diamond layer.
The spectral diffusion-limited optical linewidths of the NV
centers are significantly narrower than those of NV centers
formed by implantation and annealing. Our pulsed-ODMR
spectroscopy has found that variations in the local magnetic
environment around single NV centers result in a distribution
of dephasing times up to T§ ~ 90 ps. For magnetic sensing
applications, this corresponds to a DC field spin-projection-
noise limited sensitivity of 1.9 nT Hz /27" Thus, we
envision using NV centers in intentionally doped, isotopically
pure CVD diamond for for nanoscale magnetometry, to obtain
simultaneously high spatial resolution and sensitivity.">
Furthermore, our spin echo results show that a near-surface
NV center has electron-spin coherence T, enhanced due to the
13C-free nuclear environment. This, combined with the
relatively small spectral diffusion of the optical transitions
observed in this material, make it appear promising for
photonics-based QIP and magnetometry.
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