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Abstract: Diamond is a promising platform for quantum information technologies (QITs)
mainly due to the properties of color centers including spin read-out, magnetic field sensing,
and entanglement between different nitrogen-vacancy (NV) centers. High photon collection
efficiency is essential for a high fidelity optical single-shot readout of electronic spin in the
color center. To avoid total internal reflection, sculpting solid immersion lenses in the diamond
surface is an ideal natural choice. Three-dimensional (3D) microstructures can be made in a
photoresist material by a special lithography method. These structures can be subsequently
transferred into silicon, diamond or other semiconductors by plasma etching with appropriate
selectivity. However, this method cannot be directly implemented into making large height
diamond microlenses where the selectivity between diamond and the photoresist is very low. In
this work, we propose and demonstrate a dual mask method to achieve an overall high selectivity
between diamond and photoresist via the interlayer of single crystalline silicon. By tuning the
process parameters of the two etching steps, diamond micro-lenses with large variable height are
successfully demonstrated.

c© 2017 Optical Society of America
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1. Introduction

Diamond photonic structures in diamond are key to most of its application in quantum information
technologies (QITs) as well as classical technology [1–4]. The exquisite properties of diamond
color centers [5, 6] have led to the realization of solid state single photon source [7, 8], quantum
metrology [9, 10], quantum entanglement and teleportation [11–15]. The mutual requirement
of utilizing diamond color centers is the high photon collection efficiency, which is essential
for high fidelity optical single-shot readout of electronic spin in color center [16]. However,
the collection efficiencies are limited by the total internal reflection (TIR) between the high
refractive index diamond and its low-index surrounding. Many efforts are put into this area
and progresses have been made to overcome the TIR in bulk diamonds. These include solid
immersion lenses [17], vertical nanowire and pillars [18, 19], bottom up structures [20, 21],
waveguides [22–24], optical cavities [1, 25–30], and hybrid photonic structures [31–33]. Among
them, sculpting solid immersion lenses in the diamond surface is an ideal natural choice and
have been used in recent experiment of loophole-free Bell inequality violation [14].

Up to now, most of diamond solid immersion lenses are fabricated through focused ion
beam milling [17, 34–37] or mechanical polishing [38], which are not scalable for future QITs.
Large scale diamond microlens array has been fabricated through photoresist reflow and plasma
etching [39, 40]. However, due to the poor selectivity between diamond and photoresist, the
diamond lens made through this method are very shallow, typically less than 2 µm height for
lens with diameter of tens microns. Therefore, the large scale fabrication of hemisphere diamond
microlens array is critical for future quantum and classical applications. Note that nanocrystalline
diamond lenses have been realized on substrates deposited with chemical vapor deposition (CVD)
diamond thin films [41, 42]. Compared with nanocrystalline diamond, color center in single
crystal diamond has better optical properties. Using self-assembly silica-microsphere-monolayer
as hard etching mask can fabricate single crystal diamond microlens arrays [43]. However, the
sizes of microlenses are limited to silica microsphere diameters (usually only several microns).

In this work, we introduce a 3D dual-mask transfer method to fabricate single crystal diamond
microlenses. Firstly, we produced silicon mask with 3D lenses pattern via photoresist reflow
technique and fluorine-based plasma etching. Then, the silicon mask was picked up and placed
on the diamond substrate surface. Finally, the pattern was transferred into diamond substrate via
oxygen-based plasma etching. Relationship between gas mixture ratios and etching selectivity
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Fig. 1. Diagram of an ideal semi-ellipsoid.

was studied. Scanning electron microscope (SEM) and surface profiler have been used to verify
the profiles of the micro-lenses.

2. Design

Suppose the diamond microlens surface profile is an ideal semi-ellipsoid. As shown in Fig.1, its
surface curve can be expressed as

x2

r2 +
y2

h2 = 1 (y > 0) (1)

where r is the radius of microlens and h is the height of microlens. Suppose an NV center located
at the center of the microlens, i.e. at the coordinate origin. When the emitted photon angle
α = ±arctan( h

r
), θ reaches its maximum value. Based on ray analysis of light, in order to avoid

total internal reflection of photon emitted from NV centers occuring on the entire semi-ellipsoid
surface, parameters r and h should satisfy

1 − h2

r 2

1 + h2

r 2

<
ncladding

ndiamond
(2)

Put ncladding = 1 and ndiamond = 2.4 into Eq.(2), we can obtain the following equation

h > 0.64 · r (3)

As will be demonstrated in the following, we can tune the diamond microlens height to satisfy
Eq.(3), which is our design rule for fabricating microlenses.

3. Fabrication process and results

The fabrication process of our method includes photolithography, photoresist reflow, and plasma
etching. The key idea here is the use of a single crystal silicon layer as a 3D mask in order to
utilize the different selectivity between silicon/photoresist and diamond/silicon in appropriate
plasma etching conditions. A silicon-on-insulator (SOI) substrate with device layer of 3 µm was
cleaned in piranha and used for silicon microlens fabrication. Figure 2 illustrates the process flow
of our method. Photoresist SPR220 7.0 was spun on the Hexamethyldisilazane (HMDS)-primed
SOI substrate with a speed of 4000 revolution per minute (RPM). Photolithography was used to
define the photoresist microdisk patterns. A reflow technique was used to form the dome-shape
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Fig. 2. Fabrication process of diamond near-hemisphere microlens: (a) photoresist was
spun on an SOI substrate; (b) photoresist microdisk was patterned; (c) reflowed photoresist
microlens; (d) plasma etched silicon microlens; (e) BOE etched SOI substrate, buried
oxide layer removed; (f-g) PDMS tip-based pick-and-place transfer technique was used to
move the suspended silicon microlens array onto a diamond substrate; (h) diamond near
hemisphere microlens are etched down using silicon thin film mask.

photoresist microlens from the microdisk. Plasma etching was used to transfer the photoresist
microlens into silicon device layer. The buried oxide was removed by buffered oxide etch (BOE),
leading to a suspended silicon mask shown in Fig. 3(c). We than used Polydimethylsiloxane
(PDMS) tip to transfer the suspended silicon microlens array onto a Sumicrystal single crystalline
diamond substrate with diameter and thickness of 3 mm and 1 mm, respectively. A second
plasma etching process was used to transfer the silicon microlens structures into diamond and
thus diamond near hemisphere microlens were fabricated.

Figure 3(a) shows the optical images of photoresist microlens. The photoresist microlens was
produced by reflow technique. Firstly, the photoresist pillar was patterned by photolithography.
Then, it was baked at 140 ◦C for 20 min and the photoresist pillar was changed to dome shape
due to surface tension and gravity. Finally, the substrate was hard baked at 190 ◦C for 1 hour.
Figure 3(b) shows the measured curve of photoresist microlens surface profile, of which height
is about 7 µm and its diameter is 38 µm. The dome pattern was transferred to device layer of
the SOI substrate via plasma etching (RF power 100 W). Using O2 and SF6 as etching gases,
flow rates of O2 and SF6 were 20 and 25 sccm, respectively. Figures 3(c) and 3(d) show the
fabricated silicon microlens and its measured surface profile, respectively. The height of silicon
lens is about 2.2 µm, which can be tuned by changing ratio between O2 and SF6.

A pick-and-place method [44] using PDMS adhesive was applied to transfer the silicon
microlens onto diamond substrate as a contact etch mask. As shown in Fig.4(a), we have
successfully placed masks firmly to the diamond substrate surface. The silicon mask was 100 µm
× 100 µm in area. The silicon microlens pattern was transferred to diamond substrate using an
inductively coupled plasma (ICP) reactive-ion etching (RIE) etching with O2/SF6/Ar recipes. The
flow rates of O2 and Ar were 40 sccm and 15 sccm (a chamber pressure of 7 mTorr), respectively.
Figure 4(b) shows an SEM image of the fabricated single crystal diamond microlens with smooth
surface.

Note that the etching pits occur in the open area around the lens. They usually have a round
shape. These round etching pits are different from the pyramidal or triangular etch pits [45]. It is
relatively common in diamond deep plasma etching [46]. One possibility is that such etching
pits are produced through micro-masking and trenching in the plasma etching process. Small
portion of the hard mask is etched away and redeposited on the open area. Subsequently, those
redeposited micro-masks are severed as etching masks and form round-shape trenching. The
trenching generally occurs close to the bottom of diamond microlens/waveguides when etching
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Fig. 3. Photoresist microlens and silicon microlens: (a) optical image of photoresist mi-
crolens; (b) measured surface profile of photoresist microlens; (c) optical image of silicon
microlens; (d) measured surface profile of silicon microlens.

Fig. 4. Fabricating diamond microlens: (a) silicon mask on diamond substrate; (b) fabricated
diamond microlens.
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Fig. 5. Etching rate of silicon and selectivity between diamond/silicon under different gas
mixtrues.

with a strong bias [47]. In the open area, the surface experiences a much longer etching time,
thus resulting in a higher percentage of etching pits.

Selectivity between diamond and silicon can be as high as 40 as reported in literature [44].
Increasing flow rate of sulfur hexafluoride (SF6) can reduce the diamond/silicon selectivity so
that we can tune the diamond/silicon selectivity by only changing the SF6 flow rate. As shown in
Fig.5, we have studied the influence of SF6 flow rate to silicon etching rate and diamond/silicon
selectivity quantitatively. By varying the etching gas mixtures, we have found various recipes
that give selectivity from 7 to 13 between diamond and silicon. In the meantime, the silicon
etching rate varies from 20 nm/min to 38 nm/min.

As shown in Fig.6, by changing the SF6 flow rate we have fabricated diamond microlens with
height varying from 10 µm to 19 µm. Ellipsoid curve has been used to fit the surface profile
measurement data sets and the h/r varies from 0.69 to 1.15. The overall fitting is satisfactory.
The disparity on the feet of the diamond microlens is relatively large which is mainly due to the
measurement error of the surface profiler tip. Since all the h/r values are larger than 0.64, it thus
can be concluded that the maximum value of θ is smaller than the total reflection critical angle.

As diamond microlens height increases, its diameter increases from 36 µm to 40 µm, while
keeping the smoothness of its surface. Atomic force microscope (AFM) measurement is taken at
the top of the diamond microlens using PeakForce Tapping mode of Bruker Dimension FastScan
model. The AFM image (raw data) is shown in Fig. 7(a) and the flattened result is shown in
Fig. 7(b). The values of mean roughness and root mean square roughness can be estimated to
2.1 nm and 1.6 nm at the top of the measured diamond microlens with area of 2 µm × 2 µm,
respectively.

4. Conclusion

In summary, we have successfully fabricated single crystal diamond microlenses with smooth
surface via a 3D mask transfer method. We have systematically study the relationship between
gas mixture ratio and diamond/silicon selectivity. We have derived the condition that is required
to meet in order to avoid total internal reflection, in which the height of diamond microlens should
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Fig. 6. Diamond microlens with various heights [(1) SEM images and (2) surface profile
measurements with ellipsoid fitting results]: (a) height: 10 µm, SF6 flow rate: 6 sccm; (b)
height: 12 µm, SF6 flow rate: 5 sccm; (c) height: 19 µm, SF6 flow rate: 3 sccm.
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Fig. 7. AFM measurement on top of a diamond microlens: (a) the scanned result showing a
curved microlens surface; (b) flattened result where the microlens curve surface (reference
background) has been subtracted.

be larger than 0.64 times its radius. Our method utilizes standard cleanroom microfabrication
processes including photolithography, photoresist reflow, and plasma etching. Thus this scalable
approach could also be used to fabricate other diamond microstructures, such as spiral phase
plate and negative X-ray refractive lens.
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