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ABSTRACT

Cavity quantum electrodynamics provide a platform to form a quantum net-
work which connects individual quantum bits (qubits) via photon. Optical cavity,
a device which traps photons in a confined volume can enhance the interaction be-
tween photons and the qubits serves as fundamental building block for a quantum
network. Nitrogen vacancy (NV) centers in diamond has emerged as one of the
leading solid-state qubits because of its long spin coherence time and single pho-
ton emission properties at room temperature. Diamond optical micro-cavities are
highly sought after for coupling with NV centers. Fabrication of optical cavities
from nano-crystalline diamond film has been demonstrated previously. The qual-
ity factor (Q) of such devices was limited by the material properties of the nano-
crystalline diamond film. Fabrication of single-crystal diamond photonic cavities
is challenging because there is no trivial way to form thin diamond film with optical
isolation. In this thesis, we describe an approach to fabricate high quality single-
crystal diamond optical cavities for coupling to NV centers in diamond.

Single-crystal diamond membranes were generated using an ion-slicing method.
Whispering gallery modes were observed for the first time from microdisk cavi-
ties made from such material. However, the cavity Q (~ 500) was limited by the
ion damage created during processing. By using an homo-epitaxial overgrowth

method, a high quality diamond film can be grown on the ion damaged mem-
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branes. Microdisk cavities with Q ~ 3,000 were fabricated on these improved
materials. Diamond membranes with a delta-doped layer of NV can be made us-
ing a slow overgrowth process which demonstrate the position and density of NV
centers can be controlled in these membranes. Photonic crystal cavities with Q
~ 4,000 were fabricated from the delta-doped membranes with cavity resonance
near the zero phonon line of NV centers. Different color centers can also be in-
troduced during the overgrowth process, and optical coupling of an ensemble of
silicon vacancy centers is demonstrated by coupling to a diamond microdisk cav-
ity. We believe the techniques developed in this thesis could contribute to building

of a quantum photonic network using diamond as a platform.
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Introduction

1.1 OVERVIEW

The negatively charged nitrogen vacancy (NV) centers in diamond have emerged
as aleading physical system for solid-state quantum information processing (QIP)
[1,2]. The NV center possesses many extraordinary physical properties: it has a

long electron spin coherence time [3], its ground state electron spins can be op-



tically read out and polarized, and it could be the basis of a single photon source
[4, 5]. Most importantly all the above properties hold true at room temperature.
Recent demonstrations of coherent manipulation of ground state electron spins
[6], spin-photon entanglement [7], two photon interference [8, 9] and entangle-
ment of distant spins in diamond [10] further motivates building of a quantum
photonic network to entangle distant NV centers in diamond [2, 11, 12].

Several technological challenges need to be overcome in order to build a quan-
tum photonic network using NV centers. First, efficient collection of photon from
NV centers is required. Second, modification of intrinsic emission properties of
NV centers allows more photons to be emitted. Third, positioning the NV cen-
ters with high spatial resolution within an optical cavity is crucial for scaling up
the quantum network. The first two challenges could be circumvented by shaping
materials into different photonic structures, which has been demonstrated in IT1I-V
semiconductor materials [ 13 ]. The third task is very challenging even in more ma-
ture solid-state system (e.g. self-assembled quantum dots in III-V semiconductors
[14]). However, recent breakthroughs in diamond growth and material process-
ing may shed light on overcoming such challenges[ 15, 16].

In this thesis, we focus on developing fabrication techniques to make high qual-
ity diamond photonic cavities [ 17]. An ion-slicing method was developed to fab-
ricate single-crystal diamond membranes [ 18]. Photonic cavities with quality fac-
tors up to a few thousand were fabricated by improving the membrane quality us-
ing growth techniques [ 19]. Combining with diamond overgrowth methods, the

approach presented in this thesis provides an opportunities to fabricate integrated



photonic network with NV centers in controlled positions.

1.2 NV CENTERS IN DIAMOND

Diamond is a material with extreme material properties. It is well known for its
hardness which makes it popular as a cutting tool. Its bio-compatibility and chem-
ical inertness makes diamond an attractive material for bio-sensing applications
[20-22]. It is a semiconductor with a wide electronic band gap ~ 5.5 €V which
makes it suitable for high power operations. Diamond also has a high thermal con-
ductivity which makes it a good heat sink material. Besides all these extreme qual-
ities, diamond is also a material host of more than 100 different defect centers that
emit light [23]. Many of these color centers have attracted much attention in re-
cent years as solid-state based single photon emitters [24], such as the NV centers
[4, 5], the silicon vacancy (SiV) centers [25] and the chromium centers [26]. In
this section we will focus on the negatively charged NV centers in diamond which
have been most heavily investigated out of all these color centers because of their
unique spin properties.

The NV centers in diamond consist of a substitiutional nitrogen atom with a
neighboring vacancy site in the diamond lattice, as shown in Figure 1.2.1(a). The
NV centers have a symmetry axis along the <111> crystal axis. The NV centers
could be in two different charged state, the negatively charged state (NV ™) or the
neutrally charged state (NV°). In the remainder of this thesis we refer to the neg-
atively charged state as the NV center. The NV center is commonly modeled with

six electrons; three electrons from the adjacent carbon atoms, two from the sub-
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Figure 1.2.1: (a) The negatively charged Nitrogen-vacancy centers consist
of subsitutional nitrogen with a neighbor vacancy site in a diamond lattice.
(b) The ground state of NV centers is a spin triplet, the excited states are~
1.945 eV above the ground state. There is a singlet dark state in between the
ground states and the excited states which is responsible for the ISC and lead to
ODMR and optical spin polarization. Figure 1.2.1(a) is adapted from [24] with
permission.

stitutional nitrogen atom and an extra electron, making it negatively charged.

The electronic levels of NV centers are shown in Figure 1.2.1(b). The ground
state of NV centers is a spin triplet with a zero-field splitting of 2.88 GHz between
the spin state mg = o and the spin states mg = &1, quantized along the symme-
try axis, the <111> crystal axis [27]. The excited states are ~ 1.945 eV above the
ground state with a singlet dark state ~ 40 meV below the excited states [28]. The
energy of NV center ground state is 2.6 eV below from the conduction band and
2.94 eV above from the valence band which makes it well protected from thermal

fluctuation even under room temperature environments [29].



1.2.1 SPIN PROPERTIES

The first optically detected magnetic resonance (ODMR) measurement from NV
centers was demonstrated in 1997 [30]. Figure 1.2.2 shows an ODMR dip mea-
sured from the NV centers in a bulk diamond grown via chemical vapor deposition
(CVD ). A 532 nm laser excitation is used to excite the electrons from the ground
states of the NV centers to the excited states. The fluorescence signal is collected
through a confocal microscope and sent to an avalanche photo-diode (APD). The
spin state-dependent fluorescence contrast occurs because of the inter-system cross-
ing (ISC), where the electrons in the excited states with spin states mg = +1 relax
into the singlet dark state preferentially, compared to the excited states with spin
state mg = 0 [27, 31]. Since the optical excitation from the ground states to the
excited states follows the optical selection rule (optical transition occurs only if
Amg = 0), the photon emission rate for the optical transitions from the mg = +1
spin state is 10 times smaller compared to the transitions from the mg = o state
[32]. The fluorescence contrast can be observed when the electrons in the ground
state are populated into the mg = 1 state by a microwave excitation. The ground
state spins can be re-initialized by using a linearly polarized laser excitation which
preferentially pumps the electrons in the ground state with spin state mg = 0 [33].
There are many different spin relaxation mechanisms. In this thesis, three dif-
ferent relaxation times are used to characterize the spin properties of NV centers
in the diamond membranes. The first one is the spin-lattice relaxation time (T,)

which characterizes the energy relaxation mechanism. The T, time determines



Counts per Seconds (fs)

75 ,:E " S . + 5 4
gim S . h ;tf:frf'l-'.',. '.,ll%-;-‘ﬂ""-
" i ' N A » "
Tep 4 W ey AN AT
¢ s !
T4} ' -
7
.
7L ' | J
i ;
68} 1o i
]
B8} o .
* 1
1 :
a4l ' -
%
8.2 1 1
e 285 ) 255

fequency (GHe)

Figure 1.2.2: ESR dip could be observed from NV centers by applying an AC
magnetic field with varying frequencies. When the frequency of the oscillating
magnetic field was in resonance with the zero-field splitting of the ground state
levels, electrons were populated in the mg = +1 state, reduced fluorescence
from NV centers due to inter-system crossing (ISC) would occur and caused the
fluorescence dip. This measurement was performed on a CVD diamond from
Element Six™ in Amir Yacoby's lab with Patrick Malentinsky and Sungkun

Hong.



how long an electron can stay in the spin state and the change of spin state nor-
mally occurs through interactions with lattice vibration (phonons). The T, time
sets the upper limit for the spin coherence time (T,) which is a phase relaxation
time. The T, time allow us to know how long the electron spin states can keep their
phase for a single spin. The T, time can be measured from an ensemble of spins
using the Hahn echo techniques by first letting the spin state freely precess for a
given time 7 then apply a 7-pulse which turn the spins 180° about the axis nor-
mal to the plane of precession and let the spin freely evolve for time 7, therefore,
the inhomogenous distribution of the precession rates for different spins will be
compensated. The T, time needs to be much longer than the manipulation time
of electron spin for quantum error correction [ 34]. The third relaxation time scale
is the transverse inhomogeneous dephasing time (T}) which is described in equa-
tion 1.1. The T} determines how fast the phase of the spin randomized during free
evolution. Therefore, the manipulation time needs to be greater than T’ for high
fidelity control over the spin.
1 1 1
T_j = E + m (1.1)
Diamond is an ideal material host for the spin defects because the weak spin-
orbit interaction and the nuclear-spin free environment (naturally abundant **C is
98.9%). Electron spin coherence time (T,) on the order of 1 ms was observed at
room temperature in a **C isotopically purified diamond [3]. Coherent manipula-

tion of the ground state electron spins in a single NV center was first demonstrated

in 2004 by using an oscillating magnetic field [6] and recently demonstrated by
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Figure 1.2.3: (a) The room temperature PL spectrum of NV centers measured
using a confocal microscope with 532 nm laser excitation. The spectrum consists
of a zero phonon line centered at 638 nm for the NV~ state and a broad phonon
side band extended to 800 nm. (b) PL spectrum of NV centers was measured at
40 °K. ZPL of both NV° (centered at 575 nm) and NV~ (centered at 638 nm)
were observed. Phonon side band was still observed even at low temperature.

using an optical field [35]. With these unique properties, the NV centers have at-

tracted much more attention as a solid-state spin qubit.

1.2.2 OPTICAL PROPERTIES

A single NV center could be imaged by collecting the photoluminescence (PL)
signal from the NV center using a confocal microscope with 532 nm laser exci-
tation [32]. The PL spectrum of the NV centers in diamond, shown in Figure
1.2.3, consists of a zero phonon line (ZPL) transition of negatively charged NV
center (NV ™) centered at 638 nm and a broad phonon side band ranging from
638 nm until ~ 80oo nm. Even at low temperature, a significant amount of energy
still goes into the phonon side band due to the good electron-phonon coupling
(low branching ratio into ZPL, ~ 4 % at 4 °K) which is shown in Figure 1.2.3(b).

The fluorescence lifetime of NV centers is typically ~ 13 ns.



1.3 Cavity QED

Much progress has been made in semiconductor micro-cavities, due to the rapid
progress in semiconductor fabrication technology. Optical cavities with Q greater
than 10° have been fabricated in fused silica [36]. Photonic crystal cavities with
smaller modal volumes have been made to couple to a single self-assembled quan-

tum dot [37].

1.3.1  CAVITY: FIGURES OF MERIT

The quality factor (Q) of an optical cavity is described as the energy dissipation
per optical cycle [38]. The cavity Q determines how long photons can be trapped
within the cavity. Optical loss is normally described by an exponential decay in
time. Therefore, Q can be determined by looking at the full width at half maxi-
mum (FWHM) of the cavity mode resonance in the frequency domain, fitted by

a Lorentzian profile (Equation 1.2).

Q= Oear (1.2)

chav

The w,,, is the resonance frequency of the optical cavity and the Aw,,, is the
FWHM of the cavity mode resonance. The cavity Q can be limited by different
loss mechanisms including scattering loss due to fabrication imperfection and the
material re-absorption.

Another key figure of merit for an optical cavity is the modal volume (V) which



describes the spatial photon confinement in the cavity (Equation 1.3).

J e(r)[E(r)[*dPr

Ve R )

The V4. is the modal volume of the cavity mode. £(r) is the permittivity of
the material at a give position r. E(r) is the electrific field at a given position. The
smaller the modal volume the stronger the interaction strength. For dielectric cav-

ities, the modal volume is limited by the diffraction limit.

1.3.2 WEAK COUPLING REGIME: PURCELL ENHANCEMENT

All of the emitters considered in this study have physical dimensions much smaller
than the optical wavelength. Therefore, the dipole approximation is valid in gen-
eral. The Purcell enhancement can be derived using time-dependent perturbation
theory with the Hamiltonian of dipole interaction, H = d - E, where d is the op-
tical dipole moment of the emitter and E is the electric field [39]. The Purcell en-
hancement (Fp), which defines the change of spontaneous emission rate when the
emitter is coupled to a cavity mode (T',,) compared to the spontaneous emission

rate in vaccum (T',,), can be expressed as the following equation 1.4 [40].

Fcav _ i Q Acav

Fp:

) (1.4)

I_‘o 47[2 Vmode n
Where A, is the resonance wavelength of the cavity mode, assuming the cavity

mode has complete spectral overlap with the emitters it is coupling to. Additional

factors need to be taken into account to determine the coupling strength between
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the cavity mode and emitter, including: 1. spectral overlap, 2. spatial overlap, 3.
dipole orientations [41]. Since the color center emission is normally fixed, the
spectral overlap requires the cavity mode wavelength to be in resonance with the
color center emission. In most cases, the positions of NV centers are randomly
distributed within the sample, and therefore, spatial overlap between the cavity
mode and a single NV center is by chance. In order to have maximum coupling,
the dipole orientation needs to be parallel or anti-parallel to the electric field of the

cavity mode.

1.4 D1iAMOND QUANTUM PHOTONICS

There has been much progress in fabricating photonic structures on diamond [ 12,
42—44). Fabrication of nano-pillar structures [45 ] and solid immersion lens [46]
from diamond have enabled 10-fold enhancement in photon collection efficiency
from NV centers. In the mean time, single-shot readout of electron and nuclear
spins from the NV centers with high fidelity have been demonstrated [47, 48].
With the fine tuning of the NV ZPL using the Stark effect [49], two photon in-
terference from distant NV centers has been achieved [8, 9]. With engineered
photonic structures and better control over the optical and spin properties of NV
centers in diamonds, heralded entanglement of distant spins in diamond has been
recently realized [ 10]. Such results promote the NV centers into one of the leading
candidates for solid-state quantum information processing (QIP) [11, 50, 51].
Despite the many successful proof of principle demonstrations, there are still

many technological challenges to overcome. First, even with the 10-fold enhance-
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ment of photon collections from the engineered photonic structures, the NV cen-
ters still suffer from the low branching ratio (~ 4%) into the NV ZPL. One way to
resolve this problem is by building diamond optical cavities to resonantly enhance
the NV ZPL transition. Microdisk cavities and photonic crystal cavities have been
fabricated from nano-crystalline diamond thin films [ 52, 53]. However, the cav-
ity Q s limited mainly by the absorption from defects in the grain boundaries and
the poor polycrystalline material quality. Therefore, fabrication of photonic struc-
tures from high quality single-crystal diamond material is desirable to improve the
device performance. Fabrication of photonic structures out of single-crystal di-
amond still remains challenging. Until today, there has been no demonstration
of heterogeneous growth of high quality single-crystal diamond over a large area
(mm-scale). Such technological constraints limit the possibility to use a heteroge-
neous sacrificial layer to create a suspended air-dielectric-air geometry that is re-
quired for optical confinement. With the recent breakthrough in creating diamond
membranes that are 5-20 ym thick using a laser ablation methods (from Element
Six™), high Q cavities could be fabricated by thinning the diamond membranes
down to few hundred nanometers [ 54-57]. Such breakthrough have enabled first
demonstration of resonant enhancement of NV ZPL in membranes using micro-
ring resonators [ 54], photonic crystal cavities [ 6], and integrated photonic struc-
tures [55, 57, 58].

Another challenge to scaling up the diamond photonic network is controlling
the position of NV centers. There have been efforts on placing the NV centers

with high spatial resolution through nitrogen implantation [ 15, 59]. However, the
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quality of the NV centers degrades using such an approach, due to the ion dam-
age. There has been a recent breakthrough by introducing a sheet of NV centers
with good spin coherence properties in a controlled position by growing a nitro-
gen delta-doped layer on bulk diamond [16]. Such growth techniques have en-
abled magnetic field sensing of NMR signal from protons in an organic polymer
[60]. Hopefully by controlling the position of the NV centers and by fabricating
high quality diamond photonic devices, a quantum network could be built using

a diamond chip.

1.5 CONTRIBUTION AND ORGANIZATION OF THIS WORK

In this thesis, we developed processing techniques to fabricate high quality dia-
mond cavities on single-crystal diamond membranes. The diamond membranes
were fabricated using a variation of the ion-slicing method developed in the 1990’s
[61]. This technique produced suspended microdisk structures [62] and micro-
ring structures [63 ], but with no observation of optical modes. Such results, lead
to our investigation which is described in chapter 2. By lifting off the diamond
membranes from the bulk diamond, the material quality of the diamond mem-
branes can be probed independently by using Raman spectroscopy and PL mea-
surements. Through our study, the influence of ion damage to the diamond mem-
branes is revealed by a broadened, shifted first order diamond Raman line [18].
Microdisk cavities were fabricated on the lifted-off membranes. Whispering gallery
modes (WGM:s) were observed for the first time using the ion-slicing approach

and the cavity Q was limited to ~ soo, which is comparable to the microdisk cav-
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ities made in nano-crystalline diamond film [52]. The cavity Q limitation was
thought to be due to the ion damage during processing. This result led us to find
other ways to improve the material quality of diamond membranes. In chapter 3,
we describe a way to fabricate high quality diamond membranes by performing a
diamond overgrowth on the lifted-off membranes using plasma-enhanced chem-
ical vapor deposition (PECVD). The overgrown material showed a narrower Ra-
man line (~ 2.5 cm ™) compared to the ion damaged membranes (~ 9.9 cm™*).
Microdisk cavities fabricated from the overgrown material showed higher Q (~
3,000) compared to the cavities fabricated from the ion damaged membranes. These
encouraging results further allowed the demonstration of high quality photonic
devices using the ion-slicing method.

Strong NV luminescence was observed from the overgrown membranes. The
spin properties of NV centers in the overgrown membranes was characterized by
Bob Buckley and Christopher Yale in David Awschalom’s lab at UCSB. The T, spin
coherence time observed (~ 3us) was good for ensemble measurement. SiV cen-
ters can also be incorporated during the growth by placing diamond membranes
on a different holding substrate (e.g. Si). With the improved cavity performance
and incorporation of the SiV centers, evidence of optical coupling of WGM (Q ~
2,500) with the SiV centers was observed from a diamond microdisk cavity.

In order to couple the cavity mode with a single NV center, the NV density
needs to be controlled. In chapter 4, in collaboration with the UCSB group, di-
amond membranes were grown with and without introduction of nitrogen. The

un-doped membrane exhibited no NV fluorescence and a Raman linewidth as

14



narrow as the bulk CVD diamond. From the nitrogen-doped membranes, strong
NV fluorescence was observed. This demonstrated that NV density could be con-
trolled by adjusting growth conditions using a good PECVD reactor. Microdisk
cavities with Q ~ 2,900 were fabricated on the un-doped membranes suggesting
high quality photonic devices could be made from these tailor-made membranes.
With recent advances in diamond growth techniques, diamond membranes with
a N delta-doped layer were grown on ion-implanted bulk diamond substrate by
Kenichi Ohno at UCSB. The *N delta-doped membranes exhibited narrow Ra-
man characteristics and NV fluorescence. In chapter 5, undercut photonic crystal
cavity structures were fabricated by bonding the diamond membranes to PMMA.
Photonic crystal cavities with Q ~ 4,000 and V ~ 0.47 (1/n)? were fabricated on
the *N delta-doped membranes. This result proves that high quality devices could
be fabricated from the engineered material.

We believe the process techniques developed in this thesis pave the way to fab-
ricate high quality diamond membrane with predetermined NV position. This
could lead to building a platform for integrated quantum network using NV cen-

ters in diamond.
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Fabrication and characterization of

single-crystal diamond membranes

2.1 INTRODUCTION

Microdisk cavities and photonic crystal cavities have been fabricated from nano-

crystalline diamond thin film [ 52, 53]. However, the cavity Q is limited mainly by
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the absorption from defects in the grain boundaries and the poor material qual-
ity due to its polycrystalline nature. Therefore, fabrication of photonic structures
from high quality single-crystal diamond material is desirable to improve the de-
vice performance. Fabrication of photonic structures out of single-crystal diamond
still remains challenging. Until today, there has been no demonstration of het-
erogeneous growth of high quality single-crystal diamond. Such technological
constraints limit the possibility to use a heterogeneous sacrificial layer to create
a suspended air-dielectric-air geometry that is required for optical confinement. A
promising approach to make high quality diamond photonic devices is to fabricate
single-crystal diamond membranes that are few hundred nanometers thick using
ion slicing methods [61, 64]. The single crystal diamond membranes can be put
on a dielectric substrate with lower refractive index compared to diamond in order
to preserve the optical confinement.

In this chapter we describe the experimental studies on the material quality of
single-crystal diamond membranes fabricated using the ion slicing method. Dia-
mond membranes with ~ 1.7 yum thickness were fabricated first using ion implan-
tation with sufficient ion dose to create a heavily damaged layer buried in diamond.
The heavily damaged layer was then selectively removed using an aqueous elec-
trochemical process that has been reported previously [62]. The diamond mem-
branes were lifted off by complete removal of the heavily damaged layer and subse-
quently transferred to different dielectric substrates for device fabrication or opti-
cal characterization. The influence of the ion damage to the diamond membranes

was characterized using Raman and micro-photoluminescence (y-PL) measure-
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ments. By etching different sides of the diamond membranes, the regions that
experienced different amounts of ion damage can be characterized independently
[18]. The near surface diamond membrane experienced lession damage and showed
bright N'V-like luminescence and narrower first order diamond Raman line (~ 10
cm ') compared to the more damaged layer. However, the first order diamond
Raman line was still broader compared to bulk diamond and no electron spin reso-
nance (ESR) signature of NV centers was observed from the diamond membranes.
Whispering gallery modes (WGM) were observed from microdisk cavities fab-
ricated from the lifted off diamond membranes, where the more damaged layer
was etched away. Microdisk cavities fabricated from such diamond membranes
showed Q ~ soo. Further improvement of the cavity Q can be made by improv-

ing the material quality of the diamond membranes.

2.2 FABRICATION OF DIAMOND MEMBRANES

2.2.1 HISTORY USING ION SLICING METHOD

Fabrication of large sheet of single-crystal diamond membranes (mm-scale in lat-
eral dimension) from bulk diamond samples was first demonstrated in the 1990’s
using a high energy (4-5 MeV) ion implantation followed by a thermal annealing
process [61]. The high energy ions penetrate into the diamond lattice and create a
heavily damaged layer near the end of the ion range via nuclear collision processes
[65]. It is known that once the ion dose exceeds a certain threshold (critical dose),

the ion damaged layer exhibits a mixture of sp* and sp* bonding upon thermal
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annealing [66]. The ion range and critical dose are determined by implantation
energy, ion dose, ion species, and implantation temperature. The ion damaged
layer could be selectively removed using various methods including electrochem-
ical etching [64], oxygen annealing [61, 67]and boiling acid treatment [61].
Different photonic structures have been fabricated using the ion slicing meth-
ods. Suspended optical waveguide structures were fabricated by first using a high
energy (2 MeV) helium ion implantation to create the heavily damaged layer, then
focused ion beam (FIB) patterning, followed by selective etching using boiling
acids [68]. Because of the high energy and light mass ions that were chosen, the
damaged layer was ~ 3.5 ym below the surface which left the device layer too thick
for single mode operation. Thin diamond micro-rings (~ 200 nm) were fabri-
cated using double helium implantations (1.8 MeV and 2.0 MeV) to create a thin
layer sandwiched between two ion damaged layers that were ~ 200 nm apart [63 ].
However, no optical resonance was observed from those devices. Suspended mi-
crodisk structures were fabricated on a 180 KeV Boron implanted bulk diamond
(~ 150 nm below surface) followed by an overgrowth of ~ 295 nm thick diamond
epitaxial layer. Undercuts were made by selective removal of the heavily damaged
layer using an electrochemical etching process [ 62 ]. With the overgrown process,
ahigh quality diamond layer was expected to grow on the device layer, however, no
optical resonance was observed. Two reasons were suspected: one, the ion dam-
age in the microdisk degraded the optical performance of the devices; second, the
short (~ 100 nm) cavity-substrate separation compromised the light confinement

due to evanescent coupling of the cavity field to the substrate. Multiple implanta-
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Figure 2.2.1: Microdisk resonators with large cavity-substrate separation (~
700 nm) was fabricated. Four carbon ion implantation were applied to the bulk
substrate with implantation energies 385 KeV, 700 KeV, 850 KeV and 1 MeV
. The sample was annealed at 950 °C for 2 hours under nitrogen flow. An
electrochemical etching was used to undercut the structure.

tions were explored to increase the cavity-substrate distance to ~ 700 nm, and no
optical cavity mode was observed. A scanning electron microscope (SEM) image
of the suspended microdisk resonators are shown in Figure 2.2.1.

All the efforts described above demonstrated that ion slicing could be used to
fabricate photonic structures. But the fact that no optical resonance was observed
lead us to investigate the optical properties of the device layer alone. In order to
measure the device layer alone, we went back to the initial approach developed in

the 19990, lifting off the diamond membranes.
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2.2.2 PROCESS FLOW

Figure 2.2.2 depicts the process flow to fabricate diamond membranes from bulk
diamond samples using the ion slicing method. Diamond membranes were formed
from a type Ila chemical vapor deposition (CVD) diamond sample with dimen-
sions 4 mm X 4 mm X o.s mm and (100) crystal orientation purchased from
Element Six ™ with nitrogen concentration < 1ppm which still has substantial
NV luminescence. The first step was creating a heavily damaged layer in bulk di-
amond using a 1MeV helium ion beam, with a dose of 5 X 10 He™/cm? and an
ion current of 2 yA (UDH tandem accerlerator ion implanter, National Electro-
statics Corp.). Ion implantation was performed at 7° to normal angle to avoid ion
channelling. Post implantation samples were annealed for 2 hours at 950°C under
nitrogen flow to facilitate the electrochemical etching/lift-off [69]. Photolithog-
raphy was used to pattern a ~ 200 nm thick SiO, hard mask, deposited by plasma-
enhanced chemical vapor deposition (PECVD) (Surface Technology Systems).
The mask patterns was etched into the diamond sample using oxygen inductively
coupled plasma reactive ion etching (O,-ICP-RIE) (Unaxis Shuttleline), yielding
250 pm square mesas. An electrochemical etching process was used to selectively
remove the heavily damaged layer by using two tungsten probe tips in ultra-pure
water (Millipore) under a DC voltage bias at least 10V [62, 70]. The positively bi-
ased tip contacted the heavily damaged region while the negatively biased tip was
positioned slightly above the substrate (Figure 2.2.2). The electrochemical etch
enabled the removal of individual diamond mesas (membranes), which were col-

lected in a water droplet and transferred to a SiO,-on-Si substrate via drop-casting.
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Figure 2.2.2: To fabricate single-crystal diamond membranes, the ion damaged
layer was first defined by ion implantation followed by thermal annealing at 950
°C for 2 hours. The samples were patterned into mesas using photo-lithography
and inductively coupled plasma reactive ion etching using SiO, as hard mask.
The ion damaged layer was selectively removed using electro-chemical etching.
The membranes were transferred to low index dielectric substrate by drop-casting
using a pipette tip. Optical microscope image of the diamond membranes with
dimension 250 um x 250 um were shown.

An optical micrograph of a lifted off membrane (250ym X 250ym X 1.7 ym) is

shown in Figure 2.2.2.

2.2.3 IMPLANTATION DAMAGING PROCESS

The implantation energy (1 MeV) and helium ion was chosen in our experiments
to minimize ion damage near the surface, because the lighter mass of the helium
ion allowed it to penetrate deeper into the diamond lattice. A Monte Carlo based

software program, Stopping Range of Ion in Matters (SRIM), was used to predict
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Figure 2.2.3: The position of the ion damaged layer could be predicted by
SRIM simulation. The ion damaged layer was created by a 1MeV helium ion
beam with ion dose 5 x 10" He™ /cm*. The dark layer in the SEM viewgraph
was the ion damaged layer, its position agreed with the vacancy distribution
calculated by SRIM simulation.

the ion damage (vacancies) profile. Figure 2.2.3 shows a comparison between the
experimental observed position of the heavily damaged layer compared to the ion
damage profile based on SRIM simulation. The location of the heavily damaged
layer can be seen using SEM. The good agreement between the ion damage pro-
file based on SRIM simulation and the experimental observation suggests that the
ion damaged layer is ~ 1.7 ym into the diamond surface. This result also shows
that SRIM simulation can be used to predict the position of the ion damaged layer
which determines the thickness of the diamond membranes.

Diamond membranes with different thicknesses can be fabricated by choosing

the ion species and the implantation energy. SRIM simulation provided an estima-
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tion of the position of the heavily damaged layer which determines the thickness of
the membranes. Although there have been several demonstrations of membrane
lift-off using the ion slicing method and even on the influence of ion damage using
cross section Raman measurements [71], there has been no study on the influ-
ence of ion damage on the lifted off membranes alone. In the next section we will

describe the optical characterization performed on the lifted-off membranes.

2.3 INFLUENCE OF ION DAMAGE ON DIAMOND MEMBRANES

Raman and PL spectra of the membranes were collected using 532 nm laser exci-
tation in a confocal Raman microscope (LabRAM ARAMIS, Horiba Jobin-Yvon)
with typical spatial resolution on the order of 1 ym, but with confocal depth of
focus greater than the membrane thickness. The membranes were strongly fluo-
rescent, exhibiting a broad emission band centered at about 677 nm. The PL is
similar to that of the bulk diamond, but without the characteristic signature of
the NV~ center, shown in Figure 2.3.1(b). The position and width of the first
order diamond Raman line can provide information about residual stresses and
ion damage [71] in the diamond membranes. The bulk diamond sample exhib-
ited a Raman line centered at 1333.5 &+ 0.1 cm™* with a full-width half-maximum
(FWHM) of 2.3 £ 0.1 cm™*. The Raman spectrum of the membrane, shown
in Figure 2.3.1(c), exhibited a broad peak (FWHM = 13 + 1 cm™") centered at
1329.6 £ 0.1 cm™* which is best fit with two peaks (see Figure 2.3.3). From the
shifted Raman signal it is apparent that there is residual optical and structural dam-

age in the diamond membranes. To remove the most heavily damaged material,
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Figure 2.3.1: (a) Mesas are lifted off the substrate via electrochemical etching
and transferred to a Si substrate coated with 1 ym SiO,. Sample A is ori-
ented with the damaged material on the surface, and sample B is oriented with
the damaged material facing the SiO, /Si substrate. (b) Luminescence and (c)
Raman signals from lifted-off membrane (black) and bulk diamond (red).

the diamond membrane was systematically thinned by an O,-ICP-RIE process.
In order to gain more insight into the distribution of the damage within the mem-
branes, we compared samples that were flipped, placing the most heavily damaged
material at the surface (A), to samples where the exposed surface was the original
surface of the bulk diamond (B), as depicted in Figure 2.3.1(a). These membranes
were incrementally thinned by O,-ICP-RIE, resulting in thicknesses of 800, 400,
and 200 nm, respectively. The membranes were etched in 30 sccm of O, at s mTorr
pressure; the O,-ICP-RIE power was 600 W and the bias power was 100 W.

After each thinning step, Raman and PL spectra were recorded to study the

damage and optical emission from A and B. Prior to thinning, the PL and Ra-
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man signatures were similar for the unthinned samples A and B. As sample A was
thinned, removing the most heavily damaged material, the PL spectrum more closely
approached that of the bulk diamond. Figure 2.3.2 shows the room temperature
PL spectrum of sample A, thinned to 200 nm. Given the changes in the total
volume of material being excited, the total luminescence of the thinned sample
was commensurate with that of the unthinned sample. The spectral signature of
the N'V-center, with peaks at 576.1 (FWHM: 7.0 nm) and at 641.1 nm (FWHM:
6.3 nm), corresponding to the neutral and the negatively charged NV centers was
clearly observed. Also evident are the peaks corresponding to phonon replicas of
the 641.1 nm NV~ ZPL present at 662.9, 682.5, and 713.1 nm, each separated by
close to the 65 meV energy phonon in diamond. In contrast, the corresponding
thinned 200 nm sample B membrane showed luminescence intensity decreased
by about 2 orders of magnitude, compared to the unthinned sample.

The Raman peak for the unthinned membranes was best fit with two Voigt curves
with a linear baseline: one centered at 1327 + 0.1 cm™* (designated low wave
number, LWN) and the otherat 1330 £ 0.3 cm ~* (designated high wave number,
HWN), seen in Figsure 2.3.3(a) and (b). The optimal fit to two peaks may arise
from the overlapping Raman signatures of the material closest to the peak of the
implantation damage and also the material at the surface, furthest from the peak
damage. As membrane A is thinned, the Raman signal collapses to a single peak at
1331.0 £ 0.2 cm™ " with a 9.9 3= 0.4 cm™* FWHM, approaching the peak position
and linewidth of bulk diamond, shown in 2.3.3(a). After etch removal of about 1

um of sample A, there is no longer a LWN component of the Raman spectrum,
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Figure 2.3.2: Luminescence from the thinned A (blue) and B (red) membrane
samples. The thinned A sample exhibits strong, broad-band luminescence similar
to that of bulk diamond with peaks at 576.6 nm and 641.1 nm, corresponding
to NV°and NV, respectively. Phonon replica separated by ~ 65 meV appears
at 662.9, 682.5, and 713.1 nm. The luminescence of B (red) is significantly
weaker and blue-shifted, still exhibiting a peak at about 576 nm (NV°) but no
NV~ peak. The spectra were offset for clarity.

shown in Figure 2.3.3(c). Sample B exhibits a two-peak Raman fit only until 800
nm of material remains, as seen in Figure 2.3.3(d). The HWN peak (closest to the
signature of bulk diamond) is absent in the 400 nm thick membrane B, and the 200
nm thick membrane B demonstrates a single Raman peak at 13174+ 2 cm™ witha
27 £+ 4 cm™* FWHM, shown in Figure 2.3.3(c). With further thinning of sample
B to below 100 nm, the 1317 cm ™ Raman line disappeared, and the Raman spec-

!, corresponding

trum is dominated by two broad bands at 1336.4 and 1589 cm™
to the D-and G-bands, respectively, peaks characteristic of graphite.

Thus, the changes in Raman signatures of samples A and B provide a comple-

mentary profile of the effective range of damage in the diamond membranes: Fig-
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Figure 2.3.3: The shift in the first-order diamond Raman line as the A (a) and
B (b) membranes are thinned. The Raman signal of the bulk diamond sample
(dotted blue) is shown for comparison. The membrane thickness is indicated
above each curve. The Raman signal was deconvoluted into two Voigt peaks,
(red and green curves), shown for the 1.7 ym membrane. The change in the
center frequency is shown for each Voigt peak for membranes A (c) and B

(d).

As A is thinned (c), the LWN component rapidly disappears, and the

HWN component shifts towards the bulk Raman signal. Analogously, as B is
thinned (d) the HWN component disappears after the removal of about 1.2 ym
of material, and the center frequencies shift significantly towards LWN.
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ure 2.3.3(a) for sample A suggests that removal of the material within one micron
of the peak of the implant results in greatly improved material whose Raman signa-
ture essentially does not change with further thinning. Figure 2.3.3(b) for sample
B provides further detail on the damage profile. The disappearance of the HWN
component in the 400-800 nm of material closest to the end of range, coupled
with the significant shift and broadening of the Raman peak to LWN are indica-
tive of the significant damage to this region of the membrane. Thus, in addition
to having poor luminescence, the material closest to the end of ion range has sig-
nificantly degraded Raman character, indicating the removal of this portion of the

membrane is important to fabricating a high-quality diamond photonic structure.

2.4 OBSERVATION OF WHISPERING GALLERY MODES FROM SINGLE-

CRYSTAL DIAMOND MICRODISKS

In this section, we describe the first observations of WGMs from microdisk cavi-
ties made from the lifted-oft membrane obtained using ion-slicing methods. The
diamond membrane is flipped and thinned using ICP-RIE to remove the more
damaged layer. By placing the diamond membranes on a low refractive index di-
electric material (SiO,, n ~ 1.46), optical confinement can still be maintained.
The lifted-off diamond membrane was transferred to a 1 ym SiO,-on-Si sub-
strate using a droplet of water with a pipette tip. The surface near the heavily dam-
aged layer were facing up. The more heavily damaged layer was removed using an
argon chlorine (Ar-Cl,) based ICP-RIE followed by an O,-ICP-RIE. The mem-

brane was thinned down to ~ 300 nm. A 300 nm thick SiO2 hard mask was de-
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Figure 2.4.1: The diamond membranes were placed on a 1ym SiO,-on-Si sub-
strate. The unwanted heavily damaged regions was etched away using a combi-
nation of Ar/Cl, based ICP-RIE and O,-ICP-RIE process. A 300 nm thick SiO,
hard mask were deposited using PECVD. The microdisk patterns were defined
using e-beam lithography followed by a fluorine based ICP-RIE to first etch the
SiO, hard mask, and a O,-ICP-RIE to etch the diamond layer. The remaining
SiO, hard mask layer was removed by an etch back using fluorine based ICP-RIE.
The low refractive index SiO, (n ~ 1.46) underneath layer provided sufficient
optical confinement.

posited using PECVD. The pattern were defined using 100 KeV electron-beam
lithography (Elionix 7000), with poly-methyl methacrylate (PMMA) as the e-
beam resist. The patterns are transferred by first etching the SiO, hard mask using
fluorine based ICP-RIE process and then a O,-ICP-RIE process to etch into the di-
amond. The hard mask was removed by an etch back procedure using the fluorine
based ICP-RIE (Fig2.4.1). The resulting device was a diamond micro-disk on top
of alower index (n ~ 1.46) 1 ym SiO,-on-Si substrate, shown in Figure 2.4.2(a).
Figure 2.4.2(a) shows a 2 ym diameter diamond disk-on-SiO, fabricated from
the lifted-off diamond membranes. The Raman peak from the diamond mem-

brane after thinning was fitted with a single Voigt profile. The Raman peak was
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Figure 2.4.2: (a) The SEM image of 2um diameter microdisk made from lifted-
off membranes. The diamond microdisk cavities on top of a 1ym SiO2-on-Si
substrate. (b) WGMs were observed from the microdisk cavities, the Q ~ 500.

centered at 1330.5 cm ™" with a ~ 8.2 cm™ FWHM which indicated the device
layer was the less damaged part of the membranes. WGMs were observed from
microdisk cavities made from the lifted-off membranes using y-PL measurement
with a confocal microscope and 532 nm laser excitation (Figure 2.4.2(b)). The
WGM exhibited Q as high as ~ soo, where the disk material was the less dam-
aged region from the diamond membranes. The Q of the 2ym diameter diamond
disk-on-SiO, were simulated using finite difference time domain (FDTD) simu-
lation using a commercial software (Lumerical Inc.). Q ~ 250,000 was deduced
from WGMs with transverse electric polarization and zeroth order in the radial di-
rection which was much higher compared to the experimental value. We believe
the main limitation of Q is the optical losses to defects in the membrane, resulting
from residual damage from the ion implantation process. Such residual damage is

evident from the Raman characterization described in the previous section.
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2.5 SUMMARY

Single crystal diamond membranes with 1.7 ym thickness were fabricated using
the ion slicing method. Strongly luminescent diamond membranes with 200 nm
thickness were fabricated by removing the damaged area of alifted-off single-crystal
diamond membranes. The correlation between luminescence in the membrane
and the Raman shift clearly emphasize the importance of further processing of the
lifted-oft diamond membranes to remove the heavily damaged material. Microdisk
cavities were made out of the less damaged material, and showed Q as high as ~
500. The main limitation of the Q factor is believed to be due to the residual dam-
age in the membranes. Therefore, diamond cavities with high Q are expected by

improving the material properties of the lifted-off diamond membranes.
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Homo-epitaxial diamond overgrowth on

diamond membranes

3.1 INTRODUCTION

In the previous chapter, we have demonstrated a technique to lift off single-crystal

diamond membranes from bulk diamond using an ion-slicing method. Microdisk
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cavities were fabricated from lifted-oft diamond membranes. However, the qual-
ity of the membranes was degraded by the ion damage during processing and the
Q of the microdisk was limited to ~ 500. In order to fabricate diamond mem-
branes that are useful for photonics applications, the material quality needs fur-
ther improvement. In this chapter, we describe the formation of high quality di-
amond membranes by performing a homo-epitaxial overgrowth using the lifted-
off diamond membranes as the template layer. The overgrown layer showed im-
proved material quality with a narrow Raman linewidth ~ 2.5 cm™*. In contrast to
the template material, nitrogen vacancy (NV) centers were observed using micro-
photoluminescence (p-PL) measurements and electron spin resonance (ESR) tech-
niques. Ensemble NV centers in the overgrown layer showed good spin coherence
properties comparable to natural N'Vs in type Ib diamond [72] and shallow im-
planted N'Vs in a high purity bulk diamond [ 15, 73]. Different color centers were
incorporated in the overgrown layer during growth by putting the template mem-
branes on different substrates (e.g. silicon, bulk diamond). Silicon vacancy (SiV)
centers were observed in the overgrown layer. Microdisk cavities made from the
overgrown layer showed higher Q (~ 3,000). Optical coupling of the SiV centers
with a whispering gallery mode (WGM) with Q ~ 2,500 was observed. By com-
bining the ion-slicing technique with diamond overgrowth method, high quality

diamond membranes were fabricated for photonics applications.
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3.2 DIAMOND OVERGROWTH

There has been much progress on diamond growth using the chemical vapor de-

position (CVD) method [74]. The growth process is a kinetic process, where car-

bons are deposited onto the diamond surface with the supply of methane plasma

and the atomic hydrogen preferentially removing the sp> bond carbon on the sur-

face which sp? bond carbon were deposited on surface. Homo-epitaxial overgrowth
onimplanted diamond was demonstrated in the 1990’s. Diamond films were grown
on ion implanted bulk diamond which were subsequently lifted-off. The over-

grown layers showed a narrow Raman line ~ 2.5 cm™ [75]. Millimeter-size dia-

mond membranes were fabricated using such approaches [61]. The substrate can

be re-used for many times also make this approach economical [67].

However, all the earlier reported diamond membranes reported had overgrown
layer thicknesses from 10 ym to 70 ym which are too thick for photonics appli-
cations. In this chapter, we describe our approach to fabricate high quality thin
diamond membranes (200 nm - 300 nm) for photonics application using homo-
epitaxial growth on lifted-off dlamond membranes.

The original single crystal diamond membranes were first cleaned using a mixed
(1:1:1 sulfuric—perchloric-nitric) acid and put into a Seki Technotron AXso010-
INT PECVD reactor. The chamber was evacuated below 0.1 mTorr and flushed
with Hz gas. After the plasma ignition (only hydrogen ambient), it took approxi-
mately 8 minutes for the temperature and the pressure to stabilize, at which time

the methane was introduced. The growth conditions were: microwave power 950
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W, pressure 60 Torr, 400 SCCM of 1:99 CH4 (99.999 %)/H2(99.999%) for 5
minutes. No external heating source was used and the temperature was ~ 850°C
as read by a pyrometer. We note that our growth conditions are not typical of those
used for homo-epitaxial, single-crystal diamond growth, which often requires higher
microwave power densities (~ 2—4 kW) and higher pressure (~ 150-250 Torr)[74,
76].

The structural properties of the overgrown membrane were characterized us-
ing scanning electron microscopy. Figures 3.2.1(b),(c) show the top view and the
cross sectional SEM images of the original membrane, 1.7ym in thickness. Fig-
ures 3.2.1(d),(e) illustrate the overgrown material after 5 minutes of growth. The
single crystal material, with a top (100) facet, was clearly observed on top of the
original membrane. No indications of polycrystalline material, grain boundaries
or surface defects (e.g., hillocks) were observed. The pits in the regrown layer were
transferred from the original membrane, which was pitted. In principle, this could
be avoided through the use of smooth, dislocation-free, single crystal diamond as
a starting material. Importantly, the undamaged regions of the overgrown mate-
rial were very smooth. Atomic force microscope (AFM) scans revealed that the
root mean square (RMS) surface roughness was only 4 nm (Figure 3.2.1(d)). In
comparison, the RMS surface roughness of a typical commercially available CVD

single crystal diamond (Element Six, Inc) was on the order of 2—3 nm.
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Figure 3.2.1: (a) Schematic illustration of the regrowth process of the diamond
membrane using a PECVD reactor. (b) SEM side view and (c) top view of the
original diamond membrane before the regrowth. (d) SEM side view and (e)
top view showing a ~ 300 nm overgrowth of a single crystal diamond. The pits
observed on the surface were transferred from the original membrane. (f) AFM
scan of a 5 ym strip demonstrated the smoothness of the top membrane surface.
The surface roughness was measured to be 4 nm.



3.3 OPTICAL PROPERTIES OF THE RE-GROWN FILMS

3.3.1 IMPROVED RAMAN CHARACTERISTICS

Raman spectroscopy provides information on the crystal quality of the diamond
membranes. The material quality of the overgrown layer was characterized using
optical methods such as Raman spectroscopy and p-PL measurements. The best
diamond template showed a Raman peak at 1331 cm™" with a full width at half
maximum (FWHM) of 9.9 cm™ (after removing the most damaged region but
without annealing or overgrowth treatment)[18]. However, it was still broader
compared to the Raman peak measured from bulk diamond which was centered

1

at 1333.5 cm™ ' with a FWHM 2.3 cm™*. After a diamond overgrowth on the
less damaged side of the diamond template, the composite overgrown membrane-
plus-template was flipped and thinned using O,-ICP-RIE to remove the heavily
damaged region from the template material. The Raman line of the composite
overgrown membrane-plus-template gave a peak value of 1332 cm ™ witha FWHM
of 6.6 cm™*. These values were a convolution of the Raman peak from the over-
grown material with that of the diamond template, and accounted for the best fit to
two Voigt peaks, shown in Figure 3.3.1(a). The broader peak at lower wave num-
ber corresponds to the Raman peak from the template material (green curve in
Fig. 3.3.1(a), centered at 1329.6 cm ~* with a FWHM of 8.1 cm™*) and the nar-
rower peak corresponds to the Raman peak from the overgrown material (blue

curve in Fig. 3.3.1(a), centered at 1332.9 cm™* witha FWHM of 4.3 cm ™). After

further thinning, a narrower Raman line was observed from the overgrown mem-
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Figure 3.3.1: Improved Raman signature was observed from the overgrown
membrane. (a) The Raman line of a composite overgrown membrane-plus-
template is best fit to two peaks, one correspond to the template material (green
curve), the other correspond to the overgrown membrane (blue curve). (b) The
Raman character of the overgrown membrane was revealed by measuring the
Raman line from the overgrown membrane only (after removing the template
material completely with ICP-RIE etching). The Raman line is best fit to a
single peak and the linewidth is ~ 2.5 cm™*, which is narrower compared to the
template material (~ 9.9 cm™).

brane centered at 1334.2 cm™* witha FWHM of 2.5 cm ™" which was very close to
the Raman line measured from bulk diamond.

To further gauge the influence of the template quality on the properties of the
overgrown diamond, material was overgrown on the template material where the
less damaged material was removed by ICP-RIE process (Figure 3.3.2(b)). Even
with a heavily damaged template material, the epitaxially grown material exhibited
superior Raman characteristics with linewidth of ~ 3 cm™*, approaching the qual-

ity of a bulk single crystal diamond, despite the shifted and much broader Raman
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Figure 3.3.2: The Raman linewidth of the overgrown film was narrower com-
pared to the Raman line of the ion damaged membranes. (a) SEM cross section
of the diamond membranes before growth and after growth. (b) The overgrown
layer was on a heavily damaged diamond template where the less damaged layer
was removed using ICP-RIE. (c) The Raman line of the composite overgrown
membrane-plus-heavily damaged template was best fit by two peaks. A narrow
Raman line from the overgrown membrane was measured (blue curve, centered
at 1332.0 cm™* with a FWHM of 2.8 cm™") despite a shifted and broader Raman
line from the template membrane (green curve, centered at 1325.6 cm™* with a
FWHM of 19.4 cm™).
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signature of the template, as seen in the green curve of Figure 3.3.2(c). This is con-
vincing evidence that the overgrown diamond film has much improved structural
properties over its highly-damaged, highly-strained diamond template. Thisis con-
trary to conventional epitaxial growth of other semiconductors (e.g., GaAs) where
the defects in the template are manifested in the properties of the overgrown mate-
rial and often reduces its quality[ 77]. However, strain fields do exist in our grown
material, as is suggested by the double dip in the optically detected magnetic res-

onance (ODMR) measurements (Figure 3.3.3(b)).

3.3.2 NITROGEN VACANCY CENTERS IN OVERGROWN MATERIAL

In the previous chapter, strong NV-like fluorescence was observed from the less
damaged lifted-off membranes, however, no ESR signal of NV centers was ob-
served [18]. In this study, the overgrown membranes were characterized using p-
PL measurement under §32 nm excitation at room temperature and by ESR mea-
surements. Bright fluorescence and the spectral signature of NV centers was ob-
served on one of the overgrown samples where the template membrane was etched
away using an Ar-Cl, based ICP-RIE followed by a O,-ICP-RIE shown in Figure
3.3.3(a). The existence of NV centers in the overgrown membrane was confirmed
by the observation of the ESR dips as shown in Figure 3.3.3(b). The diamond
sample was measured using a confocal microscopy setup with a 100 X objective
with a 532 nm laser for photoexcitation. A microwave magnetic field was cou-
pled to the NV centers through a metal wire loop connected to power amplifier

and the PL from NV centers was collected through the same objective with no ap-

41



—
O
~

(a)

= 12000

c - =

5 10000 NV-ZPL £ 22

.E .

5 8000 g 218

2 60001 NVOZPL > 216

I =

c 4000 @

o l S 214

€ 2000 €

a \ - 212

o T T T T T 1 — T T T
550 600 650 700 750 800 2.86 2.87 2.88

Wavelength (nm) Frequency (GHz)

Figure 3.3.3: NV centers were incorporated into the overgrown membrane
during growth. (a) PL spectrum of the overgrown membranes showed bright
fluorescence, zero phonon line of NV° and NV~ was observed. (b) ESR signal
of NV centers was observed in the overgrown membranes, confirmed presence of
NV centers in the overgrown membranes. There were no external magnetic field
applied during the measurement. The peak splitting of the ESR signal suggests
existence of strain in the overgrown membranes. The ESR measurement was
performed by Bob Buckley and Christopher Yale in David Awschalom’s lab at
UCSB.

plied magnetic field. The two ESR dips observed are thought to be due to strain
in the membranes. We note that there was no nitrogen incorporated during the
diamond growth; the nitrogen source was due to residual gas in the chamber. The
observation of the ESR dips from the NV centers in the overgrown membranes
motivated further investigations of the spin coherence properties of NV centers
in diamond. The spin coherence measurements were made in the lab of Professor
David Awschalom at UCSB, with the help of Bob Buckley and Christopher Yale.
The spin coherence time determines the number of operations can be performed
on a quantum bits before the information is lost. The ground state spins were first
initialized using a 532 nm laser pulse of sms. Microwave magnetic fields were then

applied using an arbitrary waveform generator for spin manipulation. The sample
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PL was measured by an APD which was gated in time for time-domain spin co-
herence measurements. In figure 3.3.4, after a laser pulse that initialized the spin
state, a single microwave magnetic field pulse whose frequency is resonant with the
NV center’s Sz-Sx transition. The microwave "z” pulse flips the NV centers elec-
tronic spin state from the Sz to Sx. The ensemble spin state is then measured with a
second 532 nm “readout ” laser pulse via PL intensity. The measurement was per-
formed as a function of delay time (7,) between the initialization and readout 532
nm laser pulses. To normalize the PL and determine the spin contrast between
Sz and Sy, the resulting PL was subtracted from a similar sequence without the
spin-flipping microwave « pulse. The resulting subtracted data is plotted in Figure
3.3.4 as a function of time. Fitting to an exponential decay reveals a spin-lattice
relaxation time of T, = 5 ms for the NV center ensemble.

The transverse homogeneous spin coherence was measured with Hahn-echo
sequences. The spin was first initialized into S state with an initialization pulse
of 3 us. Then, a Hahn echo sequence was applied using microwave field pulses
resonant with Sz-Sx NV center spin transition. The Hahn echo began with a /2
microwave pulse which rotated the spins onto the equator of the Bloch sphere.
The pulse was followed by a 7 pulse after a time 7,/2. The final 77/2 pulse, a time
7,/2 after the « pulse, flipped the spins back to the poles of the Bloch sphere for
spin readout. Finally, the ensemble spin state was read out via PL using a 532 nm
“readout” laser pulse. The free precession time, 7,, was varied. To compensate for
pulse errors, the center 7 pulse was 90° out of phase from the 7/2 pulses. The

spin contrast is plotted in plotted in Figure 3.3.5 as the difference in PL intensity
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Figure 3.3.4: Spin lattice relaxation time, yielding T, ~ 5 ms. The red curve is
a single exponential fit of the data. The red curve is a single exponential fit of
the data. The sequences applied to measure the spin properties are schematically
depicted. The data are recorded at room temperature with no applied magnetic
field. The Spin coherence measurement was performed by Bob B. Buckley and
Christopher Yale in David Awschalom'’s lab at UCSB.
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between flipping and not flipping the sign of the final 77/2 pulse relative to the initial
7/2 pulse. Fitting this subtracted data to a single exponential decay determined T,
= 3.5 s.

The transverse inhomogeneous spin coherence time was determined with a Ram-
sey timing sequence (Figure 3.3.6). The spin was initialized into Sy state with a
laser pulse of 3 ys. The Ramsey sequence consists of two 7/2 pulses separated
by a time 7}, which was varied. Like the Hahn echo sequence, the spin contrast
is the difference in PL intensity between whether the sign of the last 7/2 pulse
is flipped or not, relative to the initial 7/2 pulses. Ramsey sequences were typi-
cally performed with a detuned microwave frequency, and in this sequence, the
microwave were detuned by 25 MHz from the Sy resonance in order to induce os-
cillations in the data. We observed beating of four frequencies (two frequencies
per spin resonance peak), which suggested a small magnetic field or asymmetric
strain may play a role in splitting the Sx and Sy spin sub-levels of NV centers. The
data, plotted in Figure 3.3.6, was fit to four beating frequencies with a single expo-
nential decay envelope revealed T; = 158 ns for this ensemble of NV centers.

It should be noted that transverse spin coherence is sensitive to the surrounding
spin bath, originating from the presence of other electron and nuclear spins as well
as magnetic fluctuations on the surface. The measured values of T, and T for the
overgrown material are comparable with both natural NVs in type Ib diamond[72]
and shallow implanted N'Vs in a high purity bulk diamond[15, 73] (T, 1-20 ps)

and are higher than typical coherence times found in nanodiamonds (T, ~ 1 ps)
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Figure 3.3.5: Hahn-echo sequence of the transverse homogeneous spin coher-
ence time resulting with a T, ~ 3.5 ys. The red curve is a single exponential fit
of the data. The sequences applied to measure the spin properties are schemat-
ically depicted. The data are recorded at room temperature with no applied
magnetic field. The Spin coherence measurement was performed by Bob Buck-
ley and Christopher Yale in David Awschalom’s lab at UCSB.
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Figure 3.3.6: Ramsey sequence to determine transverse inhomogeneous spin
coherence precession decay time, yielding T, = 158 ns. Error bars are smaller
than data markers. The sequences applied to measure the spin properties are
schematically depicted. All the data are recorded at room temperature with no
applied magnetic field. The Spin coherence measurement was performed by Bob
Buckley and Christopher Yale in David Awschalom's lab at UCSB.
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[78]. Nevertheless, T, = 3.5 ps is still shorter than for the isotopically pure single
crystal diamond (T, ~ 1 ms) [3]. Remarkably, good spin behavior exists in the
overgrown material despite the fact that the original template did not show any
ODMR signal and the overgrown membrane is only a few hundred nanometers
thick. The spin properties of the overgrown membrane further confirm the good
quality of the thin, single crystal diamond membrane and indicate promise for ap-
plications in nano-magnetometry and QIP.

The spin properties of the overgrown diamond membranes can be significantly
improved by growing material in a purer environment, resulting in fewer paramag-
netic defects such as substitutional nitrogen. Additionally, growing with **C iso-
topically purified methane has the promise to achieve millisecond T, coherence
times, as the nuclear spin of *C can significantly reduce the NV spin coherence[3 ].
Furthermore, additional experimental steps such as high temperature annealing[ 73 ]

may also improve the coherence times of NV centers in the grown material.

3.4 WHISPERING GALLERY MODE BASED CAVITIES FROM OVERGROWN

MEMBRANES

Microdisk cavities fabricated from the template membranes showed limited Q (~
500). The limitation of Q was due to the ion damage during processing. By fabri-
cating optical cavities from overgrown material, we show that with the improved
material quality from the overgrown membranes, the Q of the cavities also im-
proved.

Microdisk cavities were made from overgrown membranes to compare with
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Figure 3.4.1: Microdisk and ring cavities were made out of overgrown mem-
branes. The diamond membranes were placed on a 1pm SiO2-on-Silicon sub-
strate. After the growth, the composite overgrown membrane-plus-template was
flipped and thinned using an Ar/CI2 based ICP-RIE followed by oxygen ICP-RIE.
SiO2 is deposited on the membranes as a hard mask using PECVD. Electron
beam lithography is used to pattern with PMMA as resist. The patterns were
transferred by etching the SiO2 hard mask and diamond using ICP-RIE.

devices made from template membranes. The overgrown membrane were first
flipped and thinned using an ICP-RIE process. An 8o nm thick silicon dioxide
mask was deposited by PECVD. The ring/disk cavities were patterned usinga 100
KeV electron beam lithography (Elionix) with poly (methyl methacrylate) (PMMA)
as the resist. The patterns were then transferred by a fluorine based ICP-RIE step to
etch into the silicon dioxide hard mask, followed by a O,-ICP-RIE step to transfer
the pattern to the diamond membrane (Figure 3.4.1).

A SEM image of a microdisk cavity made from the overgrown diamond is shown
in Figure 3.4.2 (a). The diameter of the microdisk was 3 ym with thickness of ~
170 nm. The WGMs were observed using a y-PL measurement with a confocal

microscope (LabRAM ARAMIS, Horiba Jobin-Yvon) and 532 nm laser excitation
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Figure 3.4.2: Microdisk cavities fabricated from overgrown material show Q
~ 3,000. (a) SEM viewgraph of a diamond microdisk resonator made from
overgrown membranes (b) WGMs were observed from the microdisk cavity using
u-PL measurement. The WGMs were decorated by the NV fluorescence from
the membrane. The device shown in the SEM is a similar device.

(Figure 3.4.2(b)). The WGMs were decorated by NV fluorescence in the cavity
medium that were excited by the 532 nm laser. The excitation and signal collection
went through the same objective with numerical aperture (NA) = 0.9 and magni-
fication 100X which results in spatial resolution ~ 1 ym. WGMs with Q as high
as 3,000 were observed from disk made out of overgrown membranes which was
better compared to the disk made from template membranes. This result showed
that with improved material quality, the device performance also improved.

Ring cavities with outer diameter 3.5 ym and inner diameter 2.3 ym and thick-
ness of ~ 170 nm were fabricated from the overgrown membrane shown in Figure
3.4.3(a). WGMs with better signal to noise contrast was observed compared to

the microdisk cavities as shown in Figure 3.4.3(b).
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Figure 3.4.3: Ring resonators fabricated from overgrown material show Q ~
3,000. (a) SEM viewgraph of a diamond ring resonator made from overgrown
membranes (b) WGM were observed from the ring resonator using y-PL mea-
surement. The device shown in the SEM is a similar device.

3.5 OPTICAL COUPLING TO SILICON VACANCY CENTERS

3.5.1 SILICON VACANCY CENTERS IN OVERGROWN MEMBRANES

Besides NV centers in diamond, there are also various different color centers in
diamond which have unique physical properties. Intense research efforts on indi-
vidual color centers in diamond over the past decade have yielded significant in-
sight into the photo-physics of defects in diamond. In particular, there is a growing
interest in utilizing color centers that exhibit a narrow luminescence band, short
excited state lifetime, and single photon emission at room temperature[25, 26].
Such defects are extremely attractive photon sources for quantum key distribution
or optical quantum computation [79].

Different color defects can also be incorporated during the overgrowth process
by controlling the template on various substrates, e.g,, silicon or other bulk dia-

mond. We have demonstrated this by incorporating a different color center, SiV
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Figure 3.5.1: (a) Room temperature PL curves recorded from the membrane
immediately after regrowth (blue curve), after a subsequent removal of ~ 1.4
um of the original template (green curve) and a final thinning to 300 nm thick
membrane (100nm:200nm original template:overgrown layer). A pronounced
ZPL from the SiV centers was observed as the original template is removed. The
FWHM of the ZPL is ~ 6 nm. (b) Low temperature PL measurement recorded
from the membrane after removal of ~ 1.4 mm of the original membrane. The
FWHM of the ZPL of SiV centers at 9 K is ~ 3 nm.

centers, into the overgrown membranes. The SiV centers consist of a silicon atom
in the split-vacancy configuration [80]. The PL of the membranes is presented in
Figure3.s.1, where the ZPL (at 738 nm) of SiV centers was observed. We believe
that during the growth the plasma slightly etches the substrates, whose elements
are subsequently incorporated into the growing diamond lattice[81]. Therefore,
incorporating different color centers in diamond membranes using the overgrowth
method opens opportunities to integrate different single photon source (NV, SiV,
Cr) in diamond devices.

Figure 3.5.1(a) shows the room temperature PL spectra of the diamond mem-
brane before thinning (blue curve) and after the removal of ~ 1.4 ym (green curve)
and ~ 1.6 ym (red curve) of the original diamond template. Broadband lumines-

cence obscured the luminescence of SiV centers before the membrane was thinned
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(Figure 3.5.1(a) blue curve). The broadband luminescence was further reduced
through the removal of the original diamond template using ICP-RIE (Figure 3.5.1(a)
green and red curves). A pronounced ZPL at 738 nm attributed to the SiV was
clearly seen after most of the original template was etched away. The FWHM of
the ZPL was measured to be ~ 6 nm at room temperature. At low temperature
(18 K) the FWHM was reduced to ~ 3 nm (Figure 3.5.1(b)), however, the fine
structure of the defect (Fig. 1(b)) was not resolved [81, 82] due to a high con-
centration of the emitters and their inhomogeneous broadening due to the strain
fields.

Using the overgrowth technique, different color centers could be incorporated
in the diamond membranes. The overgrown membranes showed narrower Ra-
man linewidth compared to the template layer, which suggested improved material
quality from the overgrown membranes. These results opened up opportunities to
couple different color centers in diamond photonic devices made from overgrown

membranes.

3.5.2 OPTICAL COUPLING

With the improved device performance, and the ability to incorporate different
color centers in the overgrown membranes,we explored the possibility to couple
different emitters in diamond to the cavity modes.

Microdisk cavities with a diameter of 2.5 ym and a thickness of 500 nm were
fabricated from a composite overgrown membrane-plus-template. The fluores-

cence of SiV centers was observed from the overgrown membrane. WGMs were
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Figure 3.5.2: (a) SEM image of 2.5 ym diameter disk fabricated from single-
crystal diamond. (b) FDTD simulation of the field intensity (Hz) profilein log
scale for the TE mode with zeroth order in radial direction (TEZ?=2°). The red
color indicates higher field intensity, and the white circle indicates the periphery
of the microdisk.

observed using y-PL measurement (Figure 3.5.3(a)). By comparing the free spec-
tral range of the WGMs to the finite-difference time domain (FDTD) simulations
(Lumerical Solutions, Inc.), the polarization and the order (both radial and az-
imuthal direction) of the WGMs were identified (Figure 3.5.3(b)). Quality fac-
tors, Q, of these modes were determined to be ~ 2200. The modal volume of the
zeroth order WGM in the radial direction with transverse electric (TE) polariza-
tion was ~ 0.273 ym? (9.6 (1/n)?) calculated using FDTD simulations.

A high resolution spectrum of the TE mode centered at 736.5 nm is shown
in Fig. 3.5.4(a). The mode was found to be zeroth order in the radial direction
(TEX=*° ) with Q ~ 2200 and overlaps spectrally with the SiV ZPL emission.
To investigate the emitter-cavity system further, lifetime measurements were per-

formed. A frequency-doubled pulsed Ti:Sapphire laser at 460 nm with a 76 MHz
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Figure 3.5.3: (a). Room temperature PL spectrum recorded from the microdisk
cavity with 20 mW laser excitation. The WGMs were observed. The zeroth order
radial TE mode had a Q of ~ 2200. (b). Assignment of the WGM was made by
comparing the experimental measurement of the free spectral range (FSR) of
the whispering gallery modes to FDTD simulation. The PL spectrum measured
from a 2.5 ym diameter disk showed similar FSR to the simulation but the
resonances were shifted slightly.

repetition rate and pulse width less than 70 femtoseconds was used to excite the
SiV emitters. The 18K measurement was made with the sample in a cryostat ( Ja-
nis) with excitation and signal collection passing through the same NA = 0.5 ob-
jective, with 100X magnification and 1 mW laser excitation power. The laser light
was reflected by a dichroic mirror and the collected PL signal was filtered by aband
pass filter (747 nm & 17 nm) and directed onto an APD (Micro Photonic Devices,
jitter time ~ 50 ps). The spectral window includes both the enhanced part and
non-enhanced luminescence from the SiV centers. The cavity mode linewidth is
~ 0.336 nm and the linewidth of the SiV ZPL is ~ 3 nm. Therefore, we approxi-
mated ~ 10% of the SiV centers were coupled to the cavity modes, taking into ac-
count that the Debye-Waller factor is ~ 80% as reported in the literature [5].The

results of the lifetime measurements are shown in Fig. 3.5.4(b) and are best fit
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with a bi-exponential decay. The lifetime of the SiV centers coupled to the mi-
crodisk was measured to be ~ 1.48 & 0.04 ns while the lifetime measured from
the membrane outside of the disk is ~ 1.83 = 0.09 ns. The second part of the
bi-exponential fit accounted for the fast decays which were measured to be 0.66
=+ 0.02 ns from the membrane and 0.43 £ 0.01 ns from the cavity due to other
defects in the membranes. The lifetime reduction was in reference to a diamond
membrane having the same thickness and having undergone exactly the same fab-
rication process as the microdisk cavities. Hence, other reasons for lifetime reduc-
tion, e.g. non radiative channels or surface defects, if present, would be the same in
both the membrane and the microdisk. Therefore, we believed that the only reason
for the observed lifetime reduction was the modification of the density of states of
the emitters due to coupling to the cavity modes. The Purcell enhancement based
on lifetime modification was estimated to be ~ 1.3. The reduced lifetime value
could be regarded as an averaged lifetime of multiple different exponential decay
curves, which represented different SiV centers in the disk coupled to the cavity
mode. Additionally, an enhanced photon count rate from the APD was observed
from the microdisk (~ 40,000 counts/s) compared to the diamond membrane (~
3000 counts/s) under identical excitation conditions. The microdisk cavity could
increase the far-field collection through geometrical effects that enhanced photon
extraction and scattering from the disk. Thus the lifetime provided a more accurate
picture of the cavity enhancement of the emitters while the enhanced collection
rate resulted from a combination of increased collection efficiency and enhanced

spontaneous emission from SiV centers.
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Figure 3.5.4: (a) Room temperature PL spectrum of the 1st order radial TE
mode (TE?=*° ). The spectrum was background corrected. The Q factor was
~ 2200 and spectral overlap with the ZPL of SiV centers was observed. The
solid curve is the spectrum measured, the dashed curve is a Lorentzian fit of
the cavity mode, and the dotted curve is a Lorentzian fit of the ZPL of SiV
center. (b) Fluorescence lifetime measurement of SiV centers within microdisk
resonators showed lifetime reduction from 1.83 ns to 1.48 ns, compared to the
SiV centers in the diamond membrane, recorded at 18 K. The lifetime was fit
to a bi-exponential decay (dashed lines) where reduction for both the fast and
slow decay channel were observed.
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The quality factors of ~ 2200 measured from the microdisks were comparable
with values recently reported for a single crystal diamond micro-ring resonator
[54] and a significantly higher value than devices made of nanocrystalline dia-
mond [53] or milled by using a focused ion beam [83]. Examination of the PL
data of Figure 3.5.1(a) showed the SiV peak sitting atop a broad band of lumines-
cence, which was successively diminished as the composite diamond membrane
was thinned. The broad band luminescence was likely due to other impurities
within the membrane and could lead to material reabsorption and hence limited
the Q of the cavity. Removal of that central region may also provide an increase in
the observed Q as has been seen in other material systems [84].

Coupling of SiV defects to an optical cavity marks pivotal progress towards the
realization of scalable diamond-based quantum photonics networks. Although
demonstrated with an ensemble in this work, coupling of single emitters should
also be possible using the techniques described here. Our approach enables the
formation of optically thin single crystal membranes with good optical and struc-
tural properties. Such membranes can serve as the basis for microdisks and pho-
tonic crystal cavities as well as enable the construction of an integrated photonic
network of coupled diamond cavities and waveguides[ 55 ]. The approach provides
flexibility in both the formation of color centers, as well as flexibility in the ge-
ometry of optical cavities formed around those centers. We believe that further
optimization of the fabrication steps, such as the use of high temperature anneal-
ing or further reduction of impurity absorption will produce high Qs and stronger

emitter-cavity coupling. These initial results represent an important milestone in
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the achievement of diamond-based cavity quantum electrodynamics.

3.6 SUMMARY

Fabrication of high quality diamond membranes were demonstrated by perform-
ing a homo-epitaxial overgrowth on a template diamond membrane made using
ion-slicing method. NV centers were incorporated in the overgrown membranes
and showed good spin coherence properties. Other color centers could also be
incorporated in the overgrown membranes by using different growth substrates.
For example, SiV centers was observed in the overgrown membranes. With im-
proved material quality, the device performance also improved (Q ~ 3,000 from
microdisk made from the overgrown membranes compared to Q ~ soo from mi-
crodisk made from template layer). The improved device performance allowed
us to observe optical coupling between SiV centers with WGM. The overgrowth
methods on diamond membranes together with fabrication of photonic devices
served as a crucial step toward building a QIP platform using diamond. By using
implantation techniques and further improvement in material growth could en-
able us to gain control over the concentration of color centers and the position
of the color centers in diamond membranes [ 15, 16] and move toward integrated

quantum photonic network.
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Further control of material growth

4.1 INTRODUCTION

High quality diamond membranes were fabricated by performing homo-epitaxial
overgrowth on the lifted-off diamond membranes. The overgrown membranes ex-
hibited narrower Raman line (~ 2.5 cm™*) compared to the lifted-off membranes

which were ion damaged duringlift-off process. Microdisk cavities fabricated from
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the overgrown membrane also showed better Q (Q ~ 3,000) compared to mi-
crodisk cavities fabricated from the ion damaged membranes (Q ~ 500). The
NV centers were incorporated in the overgrown membranes during growth. Spin
coherence times were measured from ensembles of NV centers in the overgrown
membranes. However, the concentration of the emitters was not controlled and
the position of the NV centers were randomly distributed for the experiments de-
scribed in chapter 3. In order to couple a single NV center to optical microcavities,
we would like to have sample with diluted NV density. Therefore, having control
over the NV density is crucial. In order to achieve this goal, we need a reactor with
good isolation. Fortunately, through the collaborations with David Awschalom’s
and Ania Bleszynski Jayich’s groups at UCSB, such a growth reactor was available.
In this chapter, we describe our effort to control the NV density of diamond mem-
branes by adjusting the growth condition.

Diamond growth with a NV delta-dopedlayer near the surface has been demon-
strated recently by the UCSB group [16]. Such growth control opens opportuni-
ties to place the emitter (N'V centers) at the field maximum of the cavity mode. In
the second part of this chapter, we show fabricated diamond membranes with a
NV delta-doped layer. The *NV delta-doped membranes were characterized us-
ing Raman spectroscopy and PL measurements and showed good material quality.
These results are important steps toward deterministic placement of NV centers in
diamond membranes so that maximum spatial overlap of a single NV center with

cavity mode may be achieved.
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4.2 (GROWTH WITH HIGH MICROWAVE POWER

4.2.1 DIAMOND GROWTH WITHOUT NITROGEN DOPING

In the previous chapter, high quality diamond membranes were grown using the
lifted-off diamond membranes as a template layer [ 19]. NV centers were observed
from the overgrown diamond membranes despite there being no nitrogen flow
during the overgrowth process. The incorporation of nitrogen was thought to be
due to chamber leakage, which led to uncontrollable NV density in the overgrown
membranes. In order to gain control of the density of NV centers, a diamond
growth reactor with better isolation from the atmosphere was required. Such a dia-
mond growth reactor was available through the collaboration with David Awschalom’s
group at UCSB. To test the cleanness of the growth chamber, a diamond thin film
was first grown without the introduction of nitrogen gas.

Lifted-off diamond membranes were placed on a bulk diamond substrate be-
fore being put into the growth reactor. The growth condition is described in Table
4.2.1, and the total growth time was 16 minutes and 40 seconds. A SEM image
of the growth surface is shown in Figure 4.2.1(a). The total membrane thickness
was measured to be ~ 2.8 ym using SEM. This corresponded to an overgrown
layer thickness ~ 1.1 ym and a growth rate ~ 66 nm/min. The diamond surface
remained smooth after growth, the r.m.s surface roughness of the growth surface
was measured to be ~ 5 nm using AFM (Figure 4.2.1(b)).

The membrane was then flipped and placed on the SiO,-Si substrate. The tem-
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Table 4.2.1: Growth condition of diamond membranes without nitrogen doping

Microwave power Pressure CH,/H,  Growth rate

3000 W 165 torr 4% ~ 66 nm/min

(b)

0 um 1 2 3 4

Figure 4.2.1: (a) A SEM image of the diamond membranes without nitrogen
doping after diamond growth. (b) An AFM image of a 5 ym x 5 ym area on
the overgrown membranes without nitrogen doping. The r.m.s surface roughness
was measured to be ~ 5 nm.

plate layer was etched away using a combination of Ar/Cl, based ICP-RIE followed
by an O,-ICP-RIE processes. The overgrown membrane showed no NV fluores-
cence (red curve in Figure 4.2.6) which indicated the growth reactor was indeed
clean. The Raman peak exhibited narrow linewidth fitted using a Voigt function
with FWHM of ~ 2.5 cm™" indicating that the material quality of the overgrown
material was as good as the bulk diamond (Figure 4.2.2). Microdisk cavities were
fabricated from the overgrown membranes by first depositing a 80 nm thick SiO,
hard mask using PECVD. The devices were patterned using a 100 KeV electron
beam writer with PMMA as the electron beam resist. The patterns were transferred

using a SF based ICP-RIE process to first etch the SiO, mask layer, followed by a
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Figure 4.2.2: After removing the template layer, the Raman line of the over-
grown material without nitrogen incorporation was measured. The Raman peak
is fitted using Voigt profile and the FWHM of the Raman peak is measured to
be ~ 2.5 cm™ which was closed to the bulk value.

O,-ICP-RIE to etch through the diamond membranes. The remaining SiO, mask
layer was removed using a SF4 based ICP-RIE. The resulting microdisk cavity is
shown in Figure 4.2.3. The disk was ~ 2ym in diameter and 300 nm thick.

The PL signal was collected using a confocal microscope with a §32 nm laser
excitation. Whispering gallery modes were observed from the microdisk cavities.
Since no NV fluorescence was observed, the WGMs were decorated by the back-
ground fluorescence from the diamond membrane (red curve in Figure 4.2.6). The
WGMs were fitted with a Lorentzian profile with Q as high as 2,900 (Figure 4.2.4).
Therefore, high quality optical micro-cavities could be fabricated from overgrown

membranes without nitrogen doping.
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Figure 4.2.3: An SEM image of microdisk cavities fabricated from the over-
grown membrane without nitrogen doping showed the cavity dimension with 2
um diameter and thickness ~ 300 nm.
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Figure 4.2.4: (a) Whispering gallery modes were observed from the microdisk
cavities fabricated on overgrown membrane without nitrogen doping. (b) High
resolution spectrum of the cavity modes showed Q ~ 2,900, which was compa-
rable to the microdisk cavities fabricated from overgrown material mentioned in
chpater 3.
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4.2.2 DIAMOND GROWTH WITH NITROGEN DOPING

In the previous subsection, high quality diamond membranes with diluted NV
density were fabricated by performing an overgrowth without introduction of ni-
trogen gas. Ultimately, we would like to incorporate NV centers in the overgrown
layer with controlled nitrogen doping. In this section, we characterized different
growth conditions with nitrogen flow during growth.

Initially the same growth condition as the un-doped growth were applied for 8
minutes, a pulse of 0.1 sccm of nitrogen gas was injected for 4 seconds, then nor-
mal diamond growth was continued. The residual nitrogen gas from the pulsed
N, flow became the nitrogen dopants for subsequent growth. Figure 4.2.5 shows
SEM images of samples with varying time of diamond growth after pulsed N, flow.
The surfaces of the membranes were roughened and therefore a different growth
condition was required with nitrogen doping.

Diamond membranes with better surface properties were grown by reducing
the CH, /H, concentration to 1% and the microwave power from 3000 W to 2000
W with nitrogen flow throughout the growth process (Table 4.2.2). The PL sig-
nal from the nitrogen doped membranes showed more intense NV luminescence
compared to the membranes without nitrogen doping. The Raman linwidth from
the nitrogen doped membranes was still narrower (~ 3 cm™*) than the template
material (~ 9.9 cm™).

The ability to grow high quality diamond membranes with and without nitrogen
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Figure 4.2.5: The SEM image of diamond surface with varying nitrogen in-
corporation. Clockwise from top right corner, the growth times after pulsed
nitrogen flow were 16 minutes, 5 minutes, 1 minutes, and 2 minutes. Sur-
face morphology was rough on all four samples, therefore, a different growth
condition was needed.
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Figure 4.2.6: PL spectrum shows NV luminescence is much stronger from

membranes with nitrogen doping (black curve) compared to membranes without
nitrogen doping (red curve, 10x signal).
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Table 4.2.2: Growth condition of diamond membranes without nitrogen doping

Microwave power Pressure CH,/H, Nitrogen flow

2000 W 16§ torr 1% 0.1 sccm

doping was an important step toward controlling the spatial distribution of NV
center via growth methods. In the following section, we will introduce growing

diamond thin film with a nitrogen delta-layer.

4.3 DELTA-DOPING: TOWARD CONTROLLED COUPLING

There are several requirements for achieving maximum coupling between a cavity
mode and an emitter. First, the cavity mode resonance needs to have spectral over-
lap with the emitter. Resonant enhancement of the ZPL of color (single NV center
or SiV centers) by tuning the cavity modes using Xe gas adsorption in cryogenic
environment [54] or by using oxdiation methods [85] have been demonstrated.
Second, the field maximum of the cavity mode needs to have spatial overlap with
the emitter. Therefore, to have control over the position of the emitter is critical
toward maximizing the coupling between a emitter and the cavity mode. There
has been previous effort to created a N delta-doped layer in diamond using ni-
trogen implantation [15, 59]. However, ion damaged introduced during nitrogen
implantation turns out to degrade the quality of NV centers created this way.

In this section, we describe our effort to fabricate diamond membranes with
"N delta-doped layer incorporated in the middle of the membrane. The **N delta-

doped layer was incorporated using a growth method, which should be aless dam-
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aging way to introduce N into diamond [16]. We also changed strategies to grow
diamond film on anion-implanted bulk diamond sample instead of on the lifted-oft
membranes. This modification allows us to generate many more diamond mem-
branes with a single growth. This modification also improves the stability during
handling because the overgrown layer is attached to the bulk diamond during the
growth process. The diamond membranes with **N delta-doped layer were lifted-
off from the bulk substrate using the electrochemical etching described in chapter
2. The N delta-doped diamond membranes showed r.m.s surface roughness of 1
nm and narrow Raman linewidth. We believed this is a first step toward controlled
spatial coupling between the NV centers and the cavity mode by controlling the
vertical position of the NV centers.

The starting material was an electronic grade type II-a CVD diamond sample
with [N] < 5 ppb from Element Six™. A 1 MeV He " implantation with ion dose
5 X 10" He'/cm? was performed on the bulk diamond sample. The surface of
the bulk substrate was smooth with r.m.s surface roughness ~ 0.2 nmina 1oym X
10 ym area (see figure 4.3.2(a)). A buffer layer was first grown on the implanted
sample with isotopically purified *CH, (99.999%). The growth rate was ~ 8.2
+ 3.2 nm/hour [16]. A nitrogen doped layer was then grown by adding 10 sccm
N, gas (98% isotopically purified) for 40 minutes, resulting in a ~ 6 nm thick *N
delta-layer. A cap layer was grown on the **N delta-layer using identical condition
as the buffer layer. To create NV centers, vacancies were generated via electron
irradiation (2 MeV energy with electron dose 10** cm™*), and the sample was an-

nealed in forming gas at 850 °C for 2 hours. The surface was oxygen terminated
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Figure 4.3.1: (a) The starting material is a bulk CVD diamond. A 1 MeV He™
implantation was performed on the bulk diamond sample. Diamond membranes
could be lifted off from the substrate using electrochemical etching process as
described in chapter 2. (b) A SEM image of the lifted-off membrane transferred
to a Si substrate.

by an acid process (H,SO,:HNO,:HCIO, = 1:1:1 at 200 °C for 30 minutes) in
order to stabilize the NV centers in the negatively charged state. A 300 nm thick
SiO, layer was deposited on the diamond samples using PECVD as a hard mask
layer. The samples were then patterned with 400 yum X 400 ym mesas using photo-
lithography. A SF based ICP-RIE was applied to etch the SiO, hard mask layer,
then an O,-ICP-RIE was used to transfer the patterns by etching into the diamond
sample. The SiO, hard mask was removed using a buffered oxide etchant (BOE)
solution. We noted the surface after growth (r.m.s roughness ~ 0.35 nm) was still
smooth but it became slightly rougher compared to surface before growth, see Fig-

ure 4.3.2(b).
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Figure 4.3.2: Surface roughness measurement before and after diamond over-
growth with delta-doped layer. (a) The r.m.s surface roughness before growth
is 0.21 nm. (b) The r.m.s surface roughness after growth is 0.35 nm over a 10
pum x 10 ym area.

The growth conditions are listed in table 4.3.1 following an established growth
recipe from the AIST group [86]. We noted the microwave power used here was
much lower compared to the growth condition described previously. This was be-
cause the growth rate described in the previous sections (~ 66 nm/min) was much
too high if we want to control the position of the N delta-layer very precisely. By
reducing the CH, /H, ratio from 1% to 0.025%), the growth rate was slowed down
to ~ 8.2 = 3.2 nm/hour [16].

Table 4.3.1: Growth condition of delta-doped diamond membranes

Microwave power Pressure CH,/H,  Growth rate

750 W 25torr  o0.1/400 ~ 8 nm/hour

The N delta-doped membranes were lifted-off from the bulk diamond samples
by applying a 13 V bias using tungsten probe tips in ultra-pure DI water. The N

delta-doped membranes were than transferred to Si substrates as shown in Figure

71



—
2
—
O
~

_ 1388' = —— Raman Peak
= c === Fitted Curve
5 1200 = 1500
Qo
% 1000 S
> 8004 £ 1000
0 >
£ 600 2
£ 4004 c 500
& w 3

2001 £

(O o L L R SR WL B | 01
550 600 650 700 750 800 1320 1325 1330 1335 1340 1345
Wavelength (nm) Wave number (cm-!)

Figure 4.3.3: The delta-doped membranes exhibited NV luminescence and
narrow Raman linewidth. (a) NV luminescence was observed from the delta-
doped membranes. (b) The Raman peak from the delta-doped membranes was
fitted with a Voigt profile, the FWHM was ~ 2.2 cm™*.

4.3.1(b). The template layer was etched off using an Ar-Cl, based ICP-RIE step
followed by an O,-ICP-RIE process. NV luminescence was observed from the N
delta-doped diamond membranes (Figure 4.3.3(a)) after thinning. The *N delta-
doped diamond membranes also exhibited a narrow Raman peak fitted using a

Voigt profile with FWHM ~ 2.2 cm ™" as seen in figure 4.3.3(b).

4.4 SUMMARY

In this chapter we report the various growth conditions that were tried in an at-
tempt to create diamond membranes with controlled NV density and controlled
position of NV centers. The first experiment showed diamond membranes grown
without nitrogen flow showed no NV luminescence and a Raman line as narrow as
the bulk diamond (FWHM ~ 2.5 cm™*). Then membranes with nitrogen doping
was grown and the sample did show strong NV luminescence and narrow Raman

line. This result showed that controlled NV density could be achieved. Microdisk
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cavities fabricated from the un-doped membrane showed Q ~ 2,900 which was
comparable to the cavities fabricated previously on the high quality overgrown
membranes. This result was encouraging because devices can be fabricated from
membranes with controlled density of NV centers. Finally, to maximize the cou-
pling strength, we would like to control the position of NV centers to have maxi-
mum spatial overlap with the cavity mode. Using recently demonstrated growth
techniques [16], *N delta-doped membranes were grown on bulk ion implanted
diamond samples. The *N delta-doped membranes were lifted off successfully
from the bulk substrate. These delta-doped membranes grown at UCSB have smooth
surface roughness (r.m.s roughness ~ 0.35 nm), narrow Raman linewidth and ex-
hibit NV fluorescence.

Table 4.4.1: Raman characteristics of diamond membranes

Sample Raman peak (cm™) Raman linewidth (cm™)
Bulk CVD diamond 1333.5 = 0.33 2.3 to.1
undoped membrane 1333.79 £ o.12 2.54 o0.12
nitrogen doped membrane - -
delta doped membrane 1334.05 £ 0.09 2.17 + 0.03
ion damaged diamond membrane 1331.0 0.2 9.9+ 0.4

Diamond membranes with different growth conditions have been character-
ized. We summarize the Raman characteristics of these membrane in table 4.4.1.
It seems that most of the overgrown material exhibit Raman line as narrow as the
bulk diamond, especially for the delta-doped membranes. These results further

motivate us to fabricate optical cavities from the delta-doped membranes.
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Single-crystal diamond photonic crystal

cavities

5.1 INTRODUCTION

In previous chapters, we fabricated microdisk cavities with Q ~ 3,000 on over-

grown diamond membranes. In order to further enhance coupling, we would like
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to fabricate photonic crystal cavities which have smaller modal volumes compared
to the WGM based cavities with similar cavity Qs. We have developed a technique
to mechanically stamp diamond membranes onto PMMA which stabilized the
membranes for further processing. Suspended structures could also be fabricated
by selectively removing the PMMA layer underneath the cavity. Photonic crys-
tal nano-beam cavities have been fabricated with Q ~ 4,000 and V ~ 0.47 (1/n)3
in the near the NV ZPL emission (~ 640 nm) using a N delta-doped diamond
membrane described in chapter 4. Building photonic crystal cavities on diamond
membranes with the N delta-doped layer opens up opportunities to enhance op-
tical coupling via deterministic spatial overlap between NV centers and the field
maximum of the cavity mode. Cavity mode tuning on a diamond nano-beam cav-
ity was also demonstrated using gas adsorption methods. The results in this chap-
ter serve as an initial effort to achieve deterministic coupling both spectrally and

spatially.

5.2 FABRICATION OF PHOTONIC CAVITIES FROM DIAMOND MEMBRANES

To fabricate the photonic crystal cavities, a suspended structure is required be-
cause the cavity Q is very sensitive to the surrounding environment. Mechanically
stamping the diamond membranes onto PMMA enables us to create suspended
structure. Bonding of the diamond membranes onto PMMA also enhances the

process stability.
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§5.2.1 BONDING OF DIAMOND MEMBRANES

In the process of fabricating diamond membranes from bulk substrates, the lifted-
oft membranes experienced certain ion damage. The influence of ion damage was
manifested in its broadened and shifted Raman peak [ 18]. The residualion damage
in the lifted-off membranes produced a built-in strain, which resulted in curving of
the lifted-off membranes (Figure 5.2.1(a)). The large curvature of the diamond
membranes often prevented further processing, including thinning of the mem-
brane and the uniform removal of the damaged material. To minimize membrane
curvature, the membrane was mechanically stamped onto a PMMA spin coated
substrate (typically SiO2 or Si). The PMMA acted as a glue layer and held the
membrane flat. A schematic diagram of the bonding process is shown in Figure
5.2.1(b). A flat membrane that has been stamped onto a PMMA layer and fol-

lowed by a ICP-RIE thinning process is shown in Figure 5.2.1(c).

5.2.2 UNDERCUT STRUCTURES

Suspended structures could be fabricated by selectively removing the PMMA layer
underneath the cavity. In this subsection, we used a 2D diamond photonic crystal
cavity as an example. The diamond membranes were bonded to a PMMA layer and
thinned using an ICP-RIE process. SiO, layer was deposited on the sample using
PECVD and acted as a hard mask layer. The pattern was defined using electron-
beam lithography with PMMA as the electron beam resist followed by an O,-ICP-

RIE process to etch into the diamond membranes. We noted that after etching
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Figure 5.2.1: (a). Diamond membrane exhibiting curvature. (b) A schematic
diagram of the stamping process. The diamond membrane is mounted on a
sample holder and stamped onto a substrate coated with PMMA. (c) A stamped
and thinned diamond membrane exhibiting uniform thickness without noticeable
curvature.
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Figure 5.2.2: Undercut structure could be fabricated by selectively removal of
PMMA underneath the cavity by immersing the sample in MIBK solution after
etching. (a) SEM image of a photonic crystal cavity before undercut process.
(b) SEM image of a photonic crystal cavity after undercut process.

the PMMA layer underneath the cavity still remains, which degrades the cavity Q
(Figure 5.2.2(a)). In addition, the PMMA layer underneath the cavity region was
also exposed during electron beam writing. Therefore, undercut structures could
be fabricated by an extra developing step in methyl isobutyl ketone (MIBK) as the
PMMA layer underneath the cavity was exposed after the ICP-RIE etching. An

undercut structure was fabricated as can be seen in Figure 5.2.2(b).

5.3 PHOTONIC CRYSTAL CAVITIES FABRICATED ON DELTA-DOPED MEM-

BRANES

We would like to build photonic crystal cavities on the **N delta-doped mem-
branes. Photonic crystal cavities were chosen because of their high Q/V ratio

[87, 88] which leads to enhanced light-matter interaction [89].
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5.3.1 DESIGN OF NANO-BEAM CAVITIES

The choice of cavities in this section were 1-D photonic crystal nanobeam cavities.
There has been many experimental demonstrations of nanobeam cavities with high
Q/Vratioin Si [90] and even in materials with relatively low index contrast such as
Si;N, [91]. The nanobeam cavities consist of a tapered region and a Bragg mirror
region. High Q designs have been demonstrated by reducing the mode mismatch
between the mirror Bloch mode and the waveguide mode [92]. The design prin-
ciple used in this work is linearly tapering the lattice constants to achieve gradual
conversion of the Bloch mode profile and reduce mode mis-match [93-95].

The nanobeam cavity presented here consists of a tapered region sandwiched
between a Bragg mirror region with 10 cells on each side. The tapered region has
4 cells on each side that are mirror symmetrical along the y-axis with no missing
hole. The lattice constants of each cell were linearly tapered from a to 0.84 a (Fig-
ures.3.1(a)). The beam width (w = 1.25 a) and r/a (r/a = 0.32) ratio were fixed
for both the tapered region and the Bragg mirror region. The holes in the tapered
region were elliptical because the lattice constants were linearly tapered while the
r/a ratio were maintained which made the hole radius in the minor axis (y-axis)
linearly reduced while the hole radius in the major axis (x-axis) remained the same
(ry=0.322).

A FDTD simulation was performed using a commercial software (Lumerical
Solutions). By looking at the x-z field intensity profile of the cavity mode, we noted

the field maximum was in the middle of the device layer in the z-direction which
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Figure 5.3.1: (a) The nano-beam cavities consisted of a Bragg region and
a cavity region on each side that are symmetrical in the y-axis. There was
no missing hole inbetween the cavity regions. The nano-beam width and the
r/a ratio for each hole was fixed. In the cavity region, the lattice constant
was linearly reduced from a to a,,;, therefore, the holes in the cavity region are
elliptical as the hole diameter in the minor axis reduced with the lattice constant.
(b) Electric field intensity profile of the cavity mode. The modal volume of the
cavity mode was ~ 0.47 (1/n)3.
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overlapped with the **N delta-layer. The cavity Q ~ 270,000, with modal volume
~ 0.47 (1/n)? was calculated using FDTD simulation. We only used 4 linear ta-
pered cells on each side because we wanted a compromise between fabrication er-
ror and theoretical Q (diameter in the minor axis varied by 7.3 nm between each
layer). The Q of the cavity can be higher by using linear tapered structures with
finer variation of the lattice constants (e.g. cavity layers with 8 linearly tapered lat-
tices showed Q ~ 9 X 10°%, where the diameter in the minor axis varied by 3.2 nm
between each layer) as shown in table 5.3.1.

Table 5.3.1: Design parameters of nanobeam cavities

a r/a  w/a Dtgper  NBragg Q St
213nm  0.32  1.25§ 4 10 270,000 3.65 nm
217nm  0.32  1.2§ 8 10 931,000 &+ 49,000 1.6nm

5.3.2 FABRICATION OF NANO-BEAM CAVITIES

Figure 5.3.2 describes the processing steps to fabricate delta-doped membranes.
The starting material was a diamond film grown on an He™t-implanted bulk di-
amond sample described in Chapter 4. A 65 nm buffer layer was grown on the
bulk substrate followed by a **N delta-doped layer growth that was ~ 6 nm and
a 65 nm cap layer was grown on top of the **N delta-doped layer. The diamond
membranes were lifted off from the bulk substrate using the electrochemical etch-
ing method described in chapter 2. The diamond membrane was transferred to a
Si substrate. The membrane was then mechanically stamped onto a PMMA spin

coated Si substrate. The membrane was thinned to ~ 250 nm thick using an argon-
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Figure 5.3.2: Photonic crystal cavities were fabricated on the nitrogen delta-
doped membranes. The starting material was a bulk diamond with 1 MeV
He't implantation (dose 5 x 10*® Het/cm?). Diamond growth with N delta-
layer was performed using a PECVD reactor. The diamond membranes were
then lifted-off using an aqueous electrochemical etching process. The diamond
membranes were flipped and stamped onto a double layer of PMMA on Si that
was ~ 1.2 ym thick. The template layer was facing up. The membranes were
thinned to ~ 250 nm using an Ar-Cl, based ICP-RIE process followed by an
0,-ICP-RIE process. Electron beam lithography was employed to pattern the
cavities using a floating oxide as the e-beam resist. The HSQ based resist served
as the hard mask and the pattern was subsequently transferred using O,-ICP-
RIE. The remaining hard mask was then removed by dipping the sample in
buffered oxide etchant.

chlorine based ICP-RIE followed by an O,-ICP-RIE. The pattern was written us-
inga 125 KeV electron-beam writer (Elionix-F125) with a negative tone hydrogen
silsesquioxane (HSQ) based resist (XR-1541, Dow Corning). The HSQ based re-
sist was then used as the hard mask for subsequent O,-ICP-RIE to define the nano-
beam patterns. The residual hard mask was removed using a BOE solution. The
SEM images of the device are shown in Figure 5.3.3, where the thickness of the
device was measured to be ~ 250 nm. We note that the cavity to substrate separa-

tion was > 1 ym as the 2 layer PMMA underneath the beam was etched by the O,
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Figure 5.3.3: Nano-beam cavities with lattice constant a = 213 nm and thick-
ness ~ 250 nm were fabricated. The SEM image shows the tapered cavity region
and the Bragg layers.

plasma during the etching process and formed the undercut structure.

5.3.3 OPTICAL CHARACTERIZATION OF NANO-BEAM CAVITIES

The resulting nano-beam cavities were characterized using a confocal microscope
with a 100 X, 0.95 numerical aperture objective with a 532 nm laser excitation at
room temperature. The photoluminescence signal was collected through the same
objective normal to the substrate. The cavity mode was fitted with a Lorentzian
profile and Q as high as 4,000 was observed. Cavity mode (Q ~ 2,900) with spec-
tral overlap was measured from a different cavity. Such results suggested high Q/V
ratio diamond cavity structures with spectral overlap to the NV ZPL could be fab-

ricated on the delta-doped membranes.
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Figure 5.3.4: Photoluminescence was measured using a confocal microscope
with 532 nm laser excitation. The cavity mode resonance was fitted with a
Lorentzian profile with Q ~ 3,800. The ZPL of NV~ was observed as well.

The Raman peak measured from the nano-beam cavities was best fitted with a
2 Voigt profile. One peak centered at 1333.36 cm™* with FWHM = 2.23 cm™
corresponded to the Raman peak from overgrown membrane and another peak
centered at 1331.98 cm™* with FWHM = 5.39 cm™* correspond to Raman peak
from the template material. This result was not surprising because the membrane
thickness (~ 250 nm) was thicker than the overgrown membrane (designed to be
~ 136 nm thick). Therefore, the cavity was a composite of the overgrown mem-
brane and the template material. The long growth process (~ 25 hours) at high
temperature (850 “°C) could serve as a long annealing process which restores the

less damaged part of the template material. Therefore, the composite material can

still exhibit cavity Q ~ 4,000.

84



250 -
— Raman peak

200 Peak 2 A
— Peak 1

g
5 150
g
<
2
3 100
g
=

50 -

0

S e e LI B s e e ey
1320 1330 1340

Wave number (cm"1)

Figure 5.3.5: The Raman peak measured from the nano-beam cavities was
best fitted with two Voigt profiles. Peak 1 is centered at 1333.36 cm™" with
FWHM = 2.23 cm™* (green curve). Peak 2 is a broad peak shifted to the lower
wave number centered at 1331.98 cm™* with FWHM = 5.39 cm™* (blue curve).
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5.3.4 CAVITY MODE TUNING WITH GAS CONDENSATION

The ability to tune the cavity is crucial in order to have the cavity mode in res-
onance with the ZPL emission of the NV centers because it is rare to have fab-
ricated cavities with the exact same resonance wavelength matching the emitter.
Resonance enhancement of NV~ ZPL has been achieved in both diamond micro-
ring resonators [ 54 ] and photonic crystal cavities [ 56] using Xe gas adsorption in
a cryogenic environment. Here, we present our initial attempt for cavity tuning us-
ing a similar concept by gas adsorption using nitrogen. Nitrogen gas was injected
into a liquid helium cooled environment such that the temperature of the device
was lower than the freezing point of nitrogen. Therefore, nitrogen gas near the de-
vice condensed and adsorbed onto the surface of the device. The addition of extra
material on the cavity increased the cavity volume and caused the cavity mode to
shift to longer wavelengths.

In this experiment, the cyrostat ( Janis) was modified by Kasey Russell and Alex
Woolf in our lab. A small hole was punched through the top cover of the cryostat
and a small gas tube was connected. The gas tube was mounted in a position such
that it would be near the sample and nitrogen gas was fed through a flow controller.
We looked at a nano-beam cavity with cavity mode at 602 nm with Q ~ 1,000 and
cooled it down to 8 K. Cavity mode tuning to as far as ~ 626 nm was achieved
with adsorbed nitrogen (Figure 5.3.6). However, the cavity Q degraded to ~ 500
near 626 nm and the mode was not observable with further tuning. After warming

up the sample back to room temperature, cavity mode with Q ~ 1,000 was still
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Figure 5.3.6: The cavity mode could be tuned using nitrogen adsorption in a
cryogenic environment. The sample was first cooled to 8 K and then nitrogen
gas was injected through a needle near the sample.
observed with no noticeable resonance shift.

In order to tune the cavity mode closer to the NV~ ZPL, we either need to etch
the diamond with an O, plasma to blue shift the cavity mode or deposit SiO2 via
atomic layer deposition to red shift the cavity mode. Then the gas adsorption tech-

nique described above could be applied for fine tuning of the cavity mode.

5.4 SUMMARY

Fabrication of suspended cavity structures was demonstrated by mechanically stamp-
ing the diamond membranes on a PMMA layer which was selectively etched. Di-
amond photonic crystal cavities with Q ~ 4,000 and modal volume ~ 0.47 (1/n)?

were fabricated on N delta-doped membranes and are an encouraging first step
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towards coupling diamond cavities with NV centers in predetermined positions.
Cavity tuning using nitrogen adsorption was demonstrated. These results are im-
portant steps towards enhanced coupling between photonic crystal cavity modes

and NV centers.
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Conclusion and Future works

6.1 CONCLUSIONS

Much progress has been made in the field of diamond photonics since the start of
this thesis [ 12, 42]. Engineered photonic structures have enabled enhanced light
collection efficiency from NV centers [ 45, 46]. Fabrication of high quality single-

crystal diamond photonic devices have enabled observation of resonant enhance-

89



ment of NV ZPL [ 54, 56] and integrated photonic structures [57, 58]. Much of
these progresses relies on the better understanding on material processing in dia-
mond.

Most of the proof of principle demonstrations until now were done in NV cen-
ters in synthetic diamond that are randomly distributed. In order to build a scaled-
up system using NV centers in diamond, it is important to have control over the
position of the NV centers. Controlling the position of NV centers with nm-scale
resolution was demonstrated using ion implantation approach and lithographic
masking [15]. More recently, controlling the position of NV centers using dia-
mond growth was also demonstrated [ 16]. Such tailored material may serve as an
important step toward having good NV centers with controlled position.

In this thesis, we presented a method to fabricate high quality single-crystal dia-
mond membranes through an ion-slicing method combined with a homo-epitaxial
diamond growth [18, 19]. Optical micro-cavities with Q (~ 3,000) similar to the
ones exhibited resonant enhancement of NV ZPL are fabricated using such ap-
proach further demonstrate the viability of this technology. The key advantage of
the approach we developed here is that the membrane material can be tailored to-
wards specific needs. One example is by growing diamond membranes with incor-
porated SiV centers, evidenced by observing optical coupling of SiV centers with a
microdisk cavity [17]. By fabricating a thin diamond membrane (~ 1.7um thick)
and overgrowing diamond membranes with controlled NV positions. Photonic
crystal cavities with Q ~ 4,000 were fabricated from such material which serves

as an exciting first step to make a scalable diamond photonic network using such
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approach.

6.2 OUTLOOKS

With the tremendous progress that has been made in the field of diamond pho-
tonics, the field of diamond photonics is still at an early stage compared to silicon
photonics or photonics using III-V semiconductors. Improvements in better ma-
terial processing and the better understanding of the material growth are required
to achieve what people dream up this system to be. We would like to point out

some future directions using the techniques developed in this thesis.

6.2.1 TOWARD INTEGRATED DIAMOND QUANTUM PHOTONICS

One important issue towards scalability is to deterinisitically positioning of the
NV centers. Deterministic positioning of a single NV center and a photonic crys-
tal cavities has been demonstrated in using the hybrid approach, which use optical
cavities made from other material to couple to the NV centers. Techniques were
developed by attaching a nano-diamond on an AFM tip which provide a versatile
tool to position the NV centers in the x-y directions. Using such techniques ex-
periments has been done [96]. Other approach by scanning the photonic crystal
cavities to have spatial overlap with the NV centers has also been demonstrated
[97]. However, such schemes relied on optical coupling between a single NV cen-
ter with the evanescent field of the cavity which limits the coupling strength.
Fabrication of single-crystal diamond cavities with the NV centers embedded

within offer opportunities to achieve maximum spatial overlap between a single

91



NV center and the cavity mode. As illustrated in figure 6.2.1, by first fabricating
a NV delta-doped membranes with diluted **NV and the >NV delta-layer in the
middle of the membranes in the z-direction (same as the membranes fabricated
in chapter 4), the x-y position of the isolated NV centers can be identified using a
scanning confocal microscope. The NV centers in the delta-doped layer can be
distinguished using ESR measurements because the ESR frequency of "NV is dif-
ferent from **NV. Photonic crystal cavities with field maximum overlapping with
the isolated NV can be fabricated by aligning and writing with electron beam
lithography. Similar approach has been achieved in GaAs cavity with InAs quan-
tum dot (QD) which led to strong coupling between cavity mode and a single QD
[37].

Ultimately, fabrication of an array of NV centers with precise 3 D positioning
will be desired. The NV centers in the N delta-doped membranes are formed by
first creating vacancies in the membranes using an electron irradiation followed
by a thermal annealing step to move the vacancies near the N delta-doped layer.
Therefore, we can instead performing an electron irradiation through alithographic
patterned mask similar to the previous approach using a nitrogen implantation
[15]. Such approach could allow NV centers be formed in a predetermined po-
sition defined in all three dimensions. By avoiding the nitrogen implantation, high
quality NV could be generated using this method. Cavities can then be fabricated
using approach mentioned in the previous paragraph. Such approach may further
increase the scalability of diamond photonic network.

Another goal is to fabricate diamond membranes with uniform thickness for
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Figure 6.2.1: Maximum spatial overlap could be achieve by fabricating caivties
on delta-doped membranes. (a) Diamond membranes with NV delta-doped layer
in the middle can be fabricated. (b) Isolated NV (green circle) could be identified
using scanning confocal microscopy and ESR measurement. (c) Device could be
made around the isolated NV using alignment write. Such approach is similar
to the deterministic coupling approach demonstrated by Kevin Hennessy in InAs
quantum dots system [37].
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scalable diamond photonic structures. Diamond membrane thickness can vary by
~ 100 nm across 400 ym range. This is not a problem for demonstration of a single
device, however, such variation makes it difficult to fabricate integrated photonic
network since the thickness variation will influence the resonance wavelength of
the optical cavities. The reason of the membrane thickness variation is thought
to be due to etch non-uniformity during the ICP-RIE diamond thinning process.
Therefore, by reducing the template membrane thickness less material would need
to be etched. The template membrane thickness is determined by the implantation
conditions, therefore, its thickness can be reduced by choosing a lower implanta-
tion energy and heavier ion. In figure 6.2.2, SRIM simulation indicates a template
membrane thickness ~ 400 nm can be fabricated. Diamond membranes with uni-
form thickness may be fabricated by growing on diamond with lower implantation

energy following fabrication procedures introduced in chapter 3.

6.2.2 BOTroM UrP DIAMOND PHOTONICS

High quality diamond can be grown on the diamond membranes. By perform-
ing diamond growth through lithographic patterned mask, photonic structures can
be fabricated using a bottom up approach. Devices such as photonic crystal laser
has been fabricated using such approach in III-V semiconductors [98]. The pro-
cess schematic is illustrated in figure 6.2.3(a), 2 diamond membrane is used as the
growth template, a SiO, layer is depoisted on the membrane. The pattern is de-
fined using electron beam lithography and followed by a SiO, etching. A diamond

overgrowth is then applied, the structures are then bonded to a dielectric substrate.
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Figure 6.2.2: SRIM simulation of vacancy profile of carbon implantation in
diamond with 385 KeV and ion dose 6 x 10% ion/cm*. The heavily damaged
layer is ~ 400 nm into the substrate corresponding to a template membrane
thickness ~ 400 nm.

and the template membrane is removed using ICP-RIE process. A first experiment
on diamond growth through the aperture is depicted in Figure 6.2.3(b). An array
of diamond pillar is grown on bulk diamond with patterned SiO, mask, the SiO,
was subsequently removed using BOE and diamond pillar array could be observed.
This technique can be used to grow photonic crystals, microdisks, or other pho-

tonic structures.

6.2.3 OTHER APPLICATIONS FOR DIAMOND MEMBRANES

Diamond has a high Young’s modulus and low mass density which also makes it an
interesting material for mechanical applications [99]. By using a diamond on insu-
lator structure through bonding of diamond membranes, single-crystal diamond

mechanical resonators can be fabricated and exhibit high Q factor even at room
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Figure 6.2.3: Diamond growth through a masked layer enables fabrication of
photonic structures using bottom up approach. (a) A SiO, (red) is deposited
on a diamond membrane (yellow) using PECVD. The pattern is defined by
electron beam lithography followed by a SF4 based ICP-RIE process. Diamond
overgrowth is subsequently applied to growth through patterns. The structure
is then flipped and bonded to dielectric layer and the template membrane is
removed by O,-ICP-RIE, leaving behind a diamond pillar array. (b) An SEM
image of initial effort growing an array of diamond pillars through a SiO, mask
layer. Courtesy of Igor Aharonovich.
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temperatures [100, 101]. Such results open up opportunities to incorporate NV
centers in diamond mechanical resonators for magnetic field sensing [ 102, 103],
ground state cooling [ 104 ] or mechanical control over spin state [ 105 ]. The strate-
gies to position NV centers in the diamond membranes can be applied to fabricate
diamond mechanical resonators with NV centers in desired positions.

We believe there are many other applications where high quality diamond mem-
branes can be useful, not limited only to photonic applications. We are hoping the
techniques developed in this thesis will see wide-spread applications as material

processing, physics, device fabrication of diamond get more mature.
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