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Integration of fiber coupled high-Q SiNy microdisks with magnetostatic atom chips
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Micron scale silicon nitride microdisk optical resonatéabricated on a silicon wafer are demonstrated with
Q = 3.6 x 1 (finesse= 5 x 10%) and an effective mode volume of @/n)® at wavelengths\ ~ 852 nm
resonant with the D2 transition manifold of cesium. A dilbhgarofluoric wet etch is shown to provide sensitive
tuning of the microdisk optical resonances, and robust riogrof a fiber taper provides efficient fiber optic
coupling to the Sily microdisk cavities while allowing unfettered optical assédor laser cooling and trapping
of atoms. Initial measurement of a hybrid atom-cavity chigi¢ates that cesium adsorption on the surface of the
SiNy microdisks results in significant red-detuning of the diskanances. A technique for parallel integration
of multiple (10) microdisks with a single optical fiber tapealso demonstrated.
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Atom chip technolog¥l1l12] has rapidly evolved over the [EF8 /
last decade as a valuable tool in experiments involving the 48
cooling, trapping, and transport of ultra-cold neutralnato
clouds. During the same period there has been significant a
vancement in microphotonic systeﬂs[3] for the guiding anc
trapping of light in small volumes, with demonstrations of
photonic crystal nanocavities capable of efficiently tiagp
light within a cubic WavelengtE[4] and chip-based silica mi
crotoroid resonators[5] with photon lifetimes well over810 (d)  wiror—
optical cycles. Poised to significantly benefit from these de
velopments is the field of cavity quantum electrodynamics
(cavity QED)B], in which strong interactions of atoms with
light inside a resonant cavity can be used to aid in quantur
information processing and in the communication and distri
bution of quantum information within a quantum netwérk[7].
Integration of atomic and microphotonic chﬂm, 10ko#
several advancements to the current state-of-the-artyFabr
Perot cavity QED systen@ll], most notably a scalable plat-

form for locally controlling multiple quantum bits and anin FIG. 1: (a) Scanning electron microscope (SEM) image of aSiN

creased bandwidth of operation. In this Letter we demonzayity coupled to an optical fiber taper. The fiber taper isqzerently

strate the suitability of silicon nitride (Sifjifor high-Q, small  aligned a few hundred nanometers from the microdisk cirenenfce

mode volume microcavities resonant at near-visible wavewith epoxy microjoints to Silsupports. (b) Side-view SEM image

lengths necessary for cavity QED with alkali atoms, and deof a 9um diameter mircodisk. (c) FEM calculated field distribution
i i i i i (IE[ of am= 50, p =1, TE-like mode of the microdisk in (b). (d)

scribe a robust mounting technique which enables the iategr A ] ' ° !

tion of a permanently fiber-coupled microdisk resonatohwit Schematic of the integrated atom-cavity chip.

a magnetostatic atom chip.
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In addition to the obvious benefits of the fabrication ma-
turity of the silicon(Si)-silicon oxide(Si¢) materials system, of light. The high refractive index of SiNmakes possible
recent work has shown that high quality atom chips can be crehe creation of a variety of wavelength scale microcavity ge
ated from thermally evaporated gold metal wires on thin ox-ometries such as whis ering-gallefﬂ[ﬁl 16] or planar pho-
ide coated Si wafers[l2]. Integration with a §ibptical layer tonic crystal structur 7], with a small intrinsic ratitia
provides a path towards a monolithic atom-cavity chipwithi loss. Combined with a lower index Sj@ladding, waveg-
tegrated atomic and photonic functionality. Indeed, owimg uiding in a SiN, layer can be used to distribute light within
its moderately high index of refraction & 2.0-2.5) and large  a planar microphotonic circuit suitable for high-densitye-
transparency window (Am > A > 300 nm)EB ], SiNis  gration. The low absorption loss across the visible and-near
an excellent material for the on-chip guiding and localat IR wavelengths, on the other hand, allows Sitd be used



with a diverse set of atomic and atomic-like (colloidal quan within the regime of strong couplinig[6]. Here an FEM cal-
tum dots, color centers, etc.) species. Beyond the particieulated value ofy ~ 0.3 was used to relate the electric field
lar focus of this work on cavity QED experiments with cold strength at the SifNdisk surface that a Cs atom might expe-
alkali atoms, highR SiNk microcavities are also well suited rience to the actual maxima inside the disk. Although much
to experiments involving moderate refractive index enviro smaller microdisks can be fabricated, FEM simulations show
ments, such as sensitive detection of analytes containad inthat the intrinsic radiatio® drops rapidly below the Fdevel
fluid solution[18,.19] or absorbed into a low index polymer as the diameter becomes smaller tham®
cladding[20].

The SiN; microdisk resonators in this work were fabricated @ 8621 —_

from a commercially available Si wafer with a 250 nm thick ;% T \ r"“\I f Ba ““"-x,x_g?_\_ Fdt=-114nm/ min
stoichiometric Si (n = 2.0) layer grown on the surface by g soerirec | \ 5 s 9

low pressure chemical vapor deposition (LPCVD). Fabrica-~ ffu'L'S';a’fiéJ;m ' e “"'“--m._....‘
tion of the microdisk resonators involved several steps, be 8335 83359 853363 ¥R redusetmny
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transfer the resist etch mask into the giblyer as smoothly e °';
as possible. This was followed by a potassium hydroxide we =~ ®23  s2do1 | 852397 e

etch to selectively remove the underlyiqt00) Si substrate
until the SiNc microdisks were supported by a small micron FIG. 2: (a) Wavelength scan of the fiber taper transmissiorafo
diameter silicon pillar. A final cleaning step to remove or- p =1 TE-like mode of a Qum diameter SilN microdisk, prior to

ganic materials from the disk surface was performed using &F etch tuning, and (b) after HF wet etch tuning of the resosan

H,SOs:H,0, wet etch. A SEM image of a fully processed wavelength showing no degradation(n (c) Resonance wavelength
microdisk is shown in Fifl(a,b) (Ao) of the p=1 TE-like mode of an 11um diameter microdisk as a

. . . ) . function of HF etch time. The wet etch was interupted at timetof
The optical modes of the fabricated microdisks were effi-g4ch data point for the measurementgf (d) Shiftin thep— 1 TE-

ciently excited via an optical fiber taper waveguide[22,.23] like resonance wavelength as a function of time exposed diice
A swept wavelength source covering the 840-856 nm wavevapor (partial pressure 10~° Torr) in a UHV chamber.
length band was coupled into the fiber taper waveguide and
used to measure the fine transmission spectra of the mikrodis
resonators at wavelengths close to the D2 transition ofioesi ~ Using the fabrication procedure described above, the reso-
(Cs). Details of the fiber taper measurement set-up can beance wavelength of the microdisk modes could be positioned
found in Ref/21l. FigurEl2(a) shows a typical measured wavewith an accuracy of roughly one part in a thousand, corre-
length scan of the lowest radial ordgr£ 1) TE-like mode sponding to variations in the average disk radius of about 10
of a 9 ym diameter SilN microdisk. The resonance has an nm from disk-to-disk. In order to finely tune the resonance
intrinsic linewidth of 026 pm, corresponding to a quality fac- wavelength X.) into alignment with the D2 atomic Cs transi-
tor Q = 3.6 x 10°. The doublet structure in the transmission tion a series of timed etches in 20:1 diluted 49% HF solution
spectra is due to mode-coupling between the clockwise andiere employed. By slowly etching the LPCVD Silhe reso-
counter-clockwise modes of the disk due to surface roughnesiance wavelength of the higQdisk modes was shown to blue
induced backscatteririgl24]. In addition to this hi@mode,  shift at a rate of 1 nm/min (Fig.2(c)). With this technique
the 9pum microdisks also support a low€r higher-order ra-  the cavity resonance could be positioned with an accuracy of
dial mode in the 850 nm wavelength band. The free spectrat-0.05 nm without degrading th@ factor (Fig. [2(b)). Further
range between modes of the same radial order but differeffine tuning can be accomplished by heating and cooling of the
azimuthal numbem() was also measureable, and found to besample; a temperature dependena#qf/d T ~ 0.012 nny°C
5.44 THz (13 nm) for these small microdisks. The resultingwas measured for the= 1, TE-like microdisk modes.
finesse of these cavities #s = 5 x 10%. Tests of less surface  After initial device characterization and tuning)ef. a fiber
sensitive larger diameter microdisks showed reduced @bubl taper and microdisk chip were integrated with an atom chip.
splitting but no reduction in linewidth, indicating th& is A brief outline of the integration procedure follows. The-mi
most likely limited by intrinsic material absorption21]. crocavity chip is first aligned and then bonded to the desired
Finite-element method (FEM) simulations[21] (FIg. 1(c)) location on the atom chip using polymethyl methacrylatee Th
show that the effective optical mode volume, definded byfiber taper is supported in a self-tensioning “U” configurati
Vet = [ M2(r)E2(r)dr /|n?(r)E3(r)|max, is as small as 15 [25] by a glass coverslipx 200um thickness), as illustrated
(A/n)3 for the 9um diameter mirodisks. The corresponding in Fig.[l(d). The taper is aligned with the microdisk using a
parameters of cavity QED, the Cs-photon coherent couplinghree-axis DC stepper motor stage with 50 nm encoder resolu-
rate @), photon decay ratef, and Cs transverse decay rate tion. Adjustment in the lateral gap between the taper and the
(yLp) are[g,K,y, ] /2= [1.3,0.05,0.003 GHz, indicating that microdisk is used to obtain the desired level of cavity |oagli
these SiN microdisk cavities are capable of operating well owing to the excellent phase matching of the fiber taper glide



mode to the whispering-gallery modes of the microdisk[26]
critical coupling was possible with a load€l~ 10°. The
fiber taper and microdisk are then permanently attached u
ing UV curable epoxy (supplied by Dymax) in two regions:
(i) microscopic glue joints between the fiber taper and litho
graphically defined SiNsupports, shown in Fifl] 1(a), fix the
position of the taper relative to the disk; (ii) macroscaglice
joints between the taper support slide and the atom chip,
schematically shown in Fi@l 1(d), fix the position of the tape
support relative to the chip and serve as stress relief poin
for the fiber pigtails. The entire fiber taper mount must lie be
low the plane of the optically trapped and magnetically gdid
atoms ¢ 600 um). A sufficiently low-profile is achieved by
aligning and bonding the taper support glass coversliplpara ' 827 Wavelengt?\i%r?\} s
lel to and below the plane of the microdisk chip top surface.
During the taper mounting procedure the taper-microdisk co FIG. 3: (a) Top-view optical image of a fiber taper alignednnd
phng is monitored by measuring the resonance Wavelengtﬁ.rray of 10 minOdi.SkS (the remaining 4 microdisks are outhef )
and transmission contrast, with no noticable change bding o fi€ld of view of the image). (b) SEM image of the array of 10 mi-
served during the curing of the epoxy joints. The micro glue.crOd.'Sks' (C). Fiber taper transmission vs. wavelength whgnap_er
. . . is aligned with the microdisk array in (a). Letters matchcsfiemi-
joints incur a taper diameter dependent amount of broadbanggisks in (a) with the corresponding resonances in (c).
insertion loss; for the taper diameters used herd um) an
approximate 10-15% optical loss per joint is typical. Post-
cure, the fiber-cavity alignment is extremely robust, with-
standing all of the vacuum installation procedures desdrib sorption. A shiftA\, of the disk resonances can be related to
below. a surface film thickness kg~ A\o/ (Ao(ns — 1)T), wherel's

The integrated atom-cavity chip was installed in anrepresents the fraction of modal energy in the film ayid the
ultra-high vacuum (UHV) chamber designed for perform-refractive index of the film. From finite element simulations
ing atom chip waveguiding experiments. Vacuum-safe fibeof the microdisk,l " = 0.0026 nnt?! for the p = 1 TE-like
feedthroughs were fabricated from teflon inserts within amode. Assuming a film index of refraction equal to that of
swagelock compression fitting|27] and used to pass the fibeSiNy, the measured wavelength shift at the longest measured
pigtails out of the chamber. The chamber was evacuated usirtgne ( = 450 h) corresponds to roughly a half-monolayer cov-
turbo and ion pumps and baked at P&for 24 hours so that erage of Cs on the disk surface (monolayer thicknestA
a background pressure of 108 Torr was reached. Initial [29]).
experiments with the integrated system involved the tragppi  As a future method of compensating for resonant detuning
of Cs atoms in a mirror-MOT[1] above the gold mirror re- of the microdisk mode due to variation in fabrication or the
gion in the illustration of Fig[l1(d), and transfer of atones t time-dependent Cs surface coverage, and as an initial demon
a micro-U-MOT [1] just above the mirror surface using mi- stration of the scalability of the fiber-coupled microdisk
crowire currents on the atom chip. The extremely low-profileconcept, we show in FiguEé 3(a) a single fiber taper coupled in
of the fiber taper mounting was shown to provide excellent opparallel to an array of 10 nominally identical microdisksyF
tical access for atom trapping, cooling, and imaging. The mil§(b)). The resulting transmission spectrum through the fibe
crodisk resonance wavelength and transmission contrast wetaper is shown in Fidl3(c). Over a®nm wavelength range
continuously monitored during these procedures. The resdahe fiber taper couples to 5 of thee= 1, TE-like modes. The
nance contrast remained constant during the chamber pumpaverage spacing between modes.lE20nm, a gap which can
down, bake-out, and atom trapping, demonstrating the tobusbe spanned by a modest G of temperature tuning. Each
ness of the fiber-cavity mounting. However, after the chambeof these resonances is due to coupling to a unique microdisk,
bake Ao, was red shifted @1 nm from the pre-bake value and as verified by imaging the scattered light from the microslisk
was found to increase logarithmically with exposure time toduring the sweep of the fiber taper transmission wavelength.
the Cs vapor as shown in FIg. 2(d). Coupling to the remaining 5 disks occured for resonant wave-

The shift incurred during the initial bake is likely due to an lengthst1 nm outside the range shown here.
accumulation on the disk surface of material desorbed from In conclusion, we have shown that wavelength-scale kigh-
the chamber walls. Subsequent bakes did not significantly afmicrocavities can be realized from Sildt near-visible wave-
fectAo. Also, with the Cs source closed (for periods as longlengths, and have demonstrated a method for integratiisg the
as 2 weeks), was found to remain constant. The logarithmic devices with atom chips. The resulting optical fiber taper in
time dependence of, suggests that the cesium coverage ofterface to the hybrid atom-cavity chip provides sufficiept o
the microdisk surface is saturating in a “glassy” manhel;[28 tical access for chip-based atom trapping and cooling while
interactions between deposited atoms quench the rate of agroviding highly efficient optical coupling to single, onsil-
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