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Abstract 

We demonstrate two-dimensional photonic crystal cavities operating at telecommunication 

wavelengths in a single-crystal diamond membrane.  We use a high-optical-quality and thin 

(~ 300 nm) diamond membrane, supported by a polycrystalline diamond frame, to realize 

fully suspended two-dimensional photonic crystal cavities with a high theoretical quality 

factor of ~ 8×106 and a relatively small mode volume of ~2 (λ/n)3. The cavities are fabricated 

in the membrane using electron-beam lithography and vertical dry etching. We observe 

cavity resonances over a wide wavelength range spanning the telecommunication O- and S-

bands (1360 nm-1470 nm) with Q factors of up to ~1800. Our method offers a new direction 

for on-chip diamond nanophotonic applications in the telecommunication-wavelength range.    

  

 

  



 Photonic crystal (PhC) cavities with high quality (Q) factors and small mode volumes (Vs), 

have attracted much attention because of their ability to strongly confine light in time and space. 

The enhanced light-matter interactions offered by PhC cavities can be utilized for the study of 

cavity quantum electrodynamics [1], as well as for various photonic applications including on-chip 

optical interconnects [2], optomechanics [3], quantum information processing [4], and sensing [5]. 

Silicon (Si) is one of the leading materials to realize high-Q PhC cavities [6,7] due to its high 

refractive index, mature fabrication process, and availability of wafers on insulator. However, Si-

based PhC devices can suffer from two-photon absorption (TPA) and related free carrier 

absorption in the near-infrared region due to the relatively small ~1.1 eV bandgap of Si [8]. To 

overcome this issue, various wide gap materials such as diamond [9], SiC [10], AlN [11], and 

Si3N4 [12] have been investigated. Among them, single-crystal diamond stands out because of its 

attractive optical and physical properties: relatively large refractive index (2.4), wide transparency 

window from the ultraviolet to far-infrared, high thermal conductivity (∼2200 W ∕ m⋅K) and small 

thermo-optic coefficient (~10-5 K-1). So far, there have been many reports on PhC cavities 

fabricated in single-crystal diamond. Most of them are focused on operation at visible wavelengths 

to enhance the interaction between light and diamond color centers such as nitrogen-vacancy (NV) 

[13–16], silicon-vacancy (SiV) [17–20] and tin-vacancy (SnV) centers [21,22]. Recently, diamond 

PhC cavities operating at telecommunication wavelengths have been demonstrated and utilized for 

applications in optomechanics [23,24], but these works utilize one-dimensional (1D) PhC cavities.  

While diamond 1D PhC cavities have been the workhorse of quantum-photonics for years, 2D 

PhC cavities may offer additional advantages. For example, the highest Q PhC cavities reported 

to date are realized using 2D PhCs (Q~ 107) [7], more than an order of magnitude larger than in 

the case of 1D PhCs (Q ~ 106) [6]. For cryogenic applications, 2D PhC cavities can offer better 

thermal conductivity and heat dissipation, which is one of the challenges that 1D structures are 

currently facing, particularly when operating at mK temperatures [25,26]. For optomechanics, 2D 

mechanical crystals used as phononic shields allow increased mechanical cavity Qs [27]. 

Furthermore, 2D structures enable easier integration with other on-chip functionalities, including 

acoustic control of color centers [28]. Finally, for nonlinear optics applications, the 2D approach 

also allows more flexibility in designing cavity resonances for, e.g., the realization of ultra-low 

threshold Raman lasers [29], leveraging diamond’s strong Raman nonlinearity [30]. 

The lack of the telecom-wavelength 2D PhC cavities in diamond could be due to difficulties 

associated with the fabrication of high-quality and large-area, suspended, diamond planar 

structures. For example, angle etching [9], one of the leading fabrication approaches, is not 

compatible with the fabrication of 2D PhCs due to the resulting characteristic triangular cross-

sectional profile. Moreover, approaches based on thinning diamond plates (initial thickness of 5-

30 μm) to sub-micron-thick films by reactive ion etching (RIE) [15,16,31] often suffer from large 

thickness variations (so called “wedging”) due to non-uniform thickness of the starting, 

mechanically-polished material [15], thereby hindering large-scale fabrication of PhC cavities in 

diamond. Although ion slicing can produce large-area and uniform thin films [32–34], ion damage 



in these films and residual built-in strain induced by ion implantation are unavoidable [35]. 

Recently, quasi-isotropic etching [36,37] has been also used to realize 2D PhC cavities in bulk 

diamond [38]. However, this method requires long etch times to completely undercut larger 2D 

slab structures, which prohibits scaling and, more importantly, could enhance the backside 

roughness and the thickness variations of the slab. 

In this letter, we fabricate and characterize telecommunication-wavelength 2D PhC cavities in 

a single-crystal diamond membrane (SCDM). We employ an ultra-thin and homogenous diamond 

membrane fabricated by a combination of ion implantation, chemical vapour deposition (CVD) 

overgrowth, and RIE [39]. With the SCDM, we develop a process, which only relies on standard 

electron beam lithography and dry etching without additional undercut etching, to fabricate a fully 

suspended 2D PhC cavity with a theoretical Q factor ~8×106 and V ~2 (λ/n)3. We measure 

fabricated PhC cavities by a resonant scattering method, finding cavity resonances with Q factors 

up to ~1800 in the telecommunication O- to S-bands. Our results show the potential of developing 

diverse diamond nanophotonic devices based on PhC cavities, especially at telecommunication 

wavelengths.  

 

 

  

Fig. 1. (a) Schematic of our suspended 2D PhC cavity in a thin diamond membrane. (b) Detailed 

depiction of the air hole shifts. The arrows indicate the shifts of the colored air holes in the y 

direction, with the magnitude of each shift color-coded (largest in dark red, smallest in bright 

yellow). The shifts are mirror-symmetrical with respect to the plane across the cavity center (white 

dashed lines). (c) Calculated electric field (Ey) profile of the fundamental cavity mode with a 

theoretical Q factor of ~8×106. 

   

Ey 1-1

(a) (b)
Cavity 

(c)

asA sB sC sD

y

x
z



We investigate a width-modulated line-defect PhC cavity [40], as schematically shown in Fig 

1(a). The PhC consists of a triangular lattice of air holes in a 300 nm-thick diamond membrane 

(slab) with a line-defect waveguide formed by a missing row of air holes along the Γ–K direction. 

The lattice constant (a) ranges from 502 to 542 nm, and the air hole radius (r) is 135 nm. We 

introduce shifts of the air holes (SA = 22 nm, SB = 16.5 nm, SC = 11 nm, SD = 5.5 nm) into the PhC 

waveguide to form a cavity, as shown in Fig. 1(b). The tapered shifts of the air hole position along 

the x-direction enable the realization of high Q factors even when the shifts are only applied to the 

air holes in the first row adjacent to the PhC waveguide [40,41]. For a = 542 nm and the slab 

thickness of 300 nm, we obtain a high theoretical Q factor of ~8×106 and a moderate V of ~2.15 

(λ/n)3 for the fundamental cavity mode (wavelength λ = 1.52 μm, refractive index of the diamond 

slab n = 2.4). Note that an increase in the slab thickness to 400 nm results in a theoretical Q factor 

of ~1.2×107 without a large change (< 1%) in V. The obtained Q and V are comparable to values 

previously reported for 2D PhC cavities in diamond [42]. Figure 1(c) shows the calculated electric 

field (Ey) distribution of the fundamental cavity mode using a 3D finite-difference time domain 

(FDTD) method. 

The cavity fabrication process is illustrated in Fig 2. A SCDM with a thickness of ~300 nm is 

prepared using a scalable fabrication technique previously reported in [39,43]. This technique 

involves a combination of He+ ion implantation and microwave plasma CVD overgrowth  to form 

a high-optical-quality, free-standing, thin membrane from a single-crystal diamond substrate 

[32,39,44]. We use a thick polycrystalline diamond frame to support the fabricated membrane to 

enable its handling. The frame is firmly bonded to the SCDM using diamond CVD overgrowth at 

the edges so that there is no stress due to differential thermal expansion during processing. The 

removal of the ion-damaged layer and thinning of the SCDM down to the desired thickness are 

made possible by oxygen-plasma RIE during the SCDM fabrication. We note that color centers 

such as NV and SiV centers can be created in the SCDM via CVD growth [39] or ion implantation 

[45].  

In this study, we employ a high-pressure high-temperature Type 1b single-crystal diamond 

substrate as a seed for the CVD overgrowth step. Our SCDM is supported by a 300 μm-thick 

polycrystalline diamond frame (1.2 mm × 1.2 mm) with nine circular windows (each has a 

diameter of 240 μm) [Fig. 2(a)]. The pitch of the windows is 350 μm. It is noteworthy that we can 

easily customize the size of the diamond frame and the configuration of windows (number, size, 

and shape) akin to that shown in [39]. The inset of Fig. 2(a) shows an optical microscope image 

of one of the SCDM windows before cavity fabrication. For safer handling of the SCDM and frame 

during the fabrication process, we first bond the frame to a Si substrate using hydrogen 

silsesquioxane (HSQ) [Fig. 2 (b)]. Before spin-coating an electron beam (EB) resist (ZEP 520A), 

a 100 nm-thick SiN layer is deposited on the SCDM by plasma-enhanced chemical vapor 

deposition (PECVD) [Fig. 2 (c)]. We pattern arrays of the designed cavity into the resist by EB 

lithography followed by resist development using o-xylene [Fig.2 (d)]. The SiN layer serves as a 

hard mask and is etched by inductively coupled plasma-RIE (ICP-RIE) using sulfur hexafluoride 



(SF6) and octafluorocyclobutane (C4F8) gases [Fig. 2 (e)]. After removing the EB resist, we use an 

oxygen-based ICP-RIE to fabricate PhC cavities into the SCDM [Fig. 2 (f)]. Finally, we dip the 

SCDM and frame into hydrogen fluoride (HF) to remove the SiN and HSQ layers. The final SCDM 

windows with suspended PhC cavities [Fig. 2 (g)] are completed after the frame is detached from 

the Si substrate by HF.  

Figure 3 (a) shows an optical microscope image of one of the SCDM windows with a dense 

array of 2D PhC cavities. Approximately 50 devices (typical device area is ~350 μm2) are 

fabricated in one SCDM window. We do not see any significant breakage of the SCDM window 

after the cavity fabrication, suggesting our method allows fabrication of diamond nanophotonic 

devices across the whole SCDM area. The inset of Fig. 3(a) shows an enlarged view of a PhC 

cavity and a rectangular-shaped trench which is utilized to measure the slab thickness and confirm 

that fabricated PhC cavities are still suspended after fabrication. Figures 3(b) and (c) show 

scanning electron microscopy (SEM) images of an array of the fabricated 2D PhC cavities and a 

zoom-in view of the cavity, respectively. 

 

 

Fig. 2. Process flow of the cavity fabrication using a thin diamond membrane. (a) 3D view (left) 

and the cross-section (right) of the thin membrane on a polycrystalline diamond frame. The inset 

shows an optical microscope image of one of the thin membrane windows before cavity fabrication. 

(b) The membrane on the diamond frame is attached to a Si substrate using HSQ. (c) A SiN layer 

is formed on the membrane by PECVD before spin coating of the EB resist (ZEP 520A). The 

cavity design is patterned into the thin membrane by (d) EB lithography, (e) RIE of the SiN layer 

and (f) oxygen plasma RIE using the SiN mask. (f) The diamond membrane is dipped into HF to 

remove the SiN and HSQ layers. (g) Final structure with suspended 2D PhC cavities. 

SiN mask

ZEP 520A

(a) (c)

(d)(e)(f)(g)

(b)

Si

Diamond membrane

Diamond 

frame

HSQ

240 mm



 

 

Fig. 3.  (a) Optical microscope image of an array of fabricated PhC cavities on a thin diamond 

membrane window. Inset shows an enlarged microscope image of one of the PhC cavities. 

Scanning electron microscope images showing (b) angled and (c) top-down views of fabricated 

cavities. The image in (b) is taken at 75° stage tilt. 

  

Next, we characterize the fabricated cavities at room temperature using a resonant scattering 

method [6,46]. The simplified optical setup is depicted in Fig. 4 (a). We use a supercontinuum 

laser with a spectrum that spans from 410 nm to 2400 nm. The optical output power of the laser is 

fixed to ~20 mW. The laser light is focused onto the sample by an objective lens (OL) with a 100× 

magnification and a 0.5 numerical aperture. The reflected light from the sample is collected via 

the same OL and sent to an optical spectrum analyzer (OSA, resolution ~0.2 nm). In order to 

extract the cavity signals from the reflected light, we use two linear polarizers that are set to be in 

front and behind a beam splitter. After fixing the polarization of the laser light by the front polarizer, 

the reflected light is polarized orthogonal to the input light by the other polarizer, which eliminates 

the backscattered laser light. Figure 4(b) shows the reflectance spectrum of a fabricated cavity with 

lattice constant a = 542 nm. The sharp resonance at 1470.1 nm likely originates from the PhC 

cavity mode spatially localized at the cavity center, which is confirmed by varying the location of 

laser excitation. To further investigate the observed cavity mode, we measure the a-dependence of 

the resonance wavelength. Figure 4 (c) shows the summary of the measured peak wavelength for 

PhC cavities with a varying between 502 and 542 nm. We observe cavity resonances over a broad 

range of wavelengths from 1360 to 1470 nm. As expected from simulation (shown later), the 

resonance wavelength increases as a becomes larger, which is consistent with observations from 

other PhC cavities [47,48]. Moreover, the experimental data is well-matched to the calculated 

resonance wavelengths of the fundamental cavity mode. The calculation is accomplished by FDTD 

simulations considering the measured air hole radius and slab thickness by SEM. These results 

suggest that the observed resonance originates from the cavity mode shown in Fig 1(c). To evaluate 

Q factors for our fabricated cavities, we fit the observed spectra with a Lorentzian function, as 

shown in Fig. 4(b). While typical Q factors of our fabricated cavities are less than 103, the cavity 

shown in Fig. 4(b) supports our highest-measured Q factor of ~1800. This value is still much lower 

than our simulated value (~8×106), likely due to light scattering by structural imperfections and/or 
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optical absorption. By including variations in the air hole positions (~5 nm standard deviations of 

x- and y-positions) and radii (~2.5 nm standard deviation) extracted from the SEM image [46] into 

our FDTD simulations, we find the predicted Q factor reduces to ~8×104, which is still higher than 

the experimentally measured Q factors. This suggests that other fabrication imperfections, such as 

the sidewall roughness and tilt of the air holes likely play a significant role [49]. We also noticed 

that there are tiny etch pits and undetermined contamination on the surface of the thin membrane, 

as seen in Figs. 3 (a)-(c). We suspect that this could induce additional undesired scattering loss 

and optical absorption. We believe that further optimization of the fabrication process and the use 

of surface cleaning techniques [50] can improve experimental Q factors in the future. 

 

 

Fig. 4.  (a) Illustration of the optical measurement setup. OL: objective lens; BS: beam splitter; 

OSA: optical spectrum analyzer. (b) Measured reflectance spectrum of the fabricated cavity with 

a = 542 nm (black squares), overlaid with a fit using a Lorentzian function (red curve). (c) 

Extracted cavity resonances by fitting (blue dots) as a function of lattice constant a. The black 

solid line shows the simulated resonance wavelengths by the FDTD calculations.   
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In summary, we demonstrated telecommunication-wavelength 2D PhC cavities in a thin single-

crystal diamond membrane. The 2D diamond PhC cavities can support a high theoretical Q factor 

of ~8×106 and a relatively small V of ~2 (λ/n)3. We developed a fabrication process using only 

standard EB lithography and top-down RIE for fabricating the cavities on the suspended thin 

diamond membrane. By resonant scattering spectroscopy, we observed cavity modes at 

wavelengths between 1360 and 1470 nm (telecommunication O- and S-band) with Q factors up to 

1800. Our fabrication technique using thin diamond membranes could enable large-scale 

fabrication of nanophotonic devices for various diamond-based photonic applications, involving 

nonlinear optics, optomechanics and sensing. In particular, high-Q diamond 2D PhC cavities at 

telecommunication wavelengths could lead to low-threshold Raman lasers [29,30], optical 

parametric oscillators [51], or optical frequency converters [52].   
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