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We have designed and fabricated a shallow-etched grating on gallium arsenide nanomembranes for

efficient chip-to-fiber coupling in quantum photonic integrated circuits. Experimental results show

that the grating provides a fiber-coupling efficiency of >60%, a greatly suppressed back reflection

of <1% for the designed wavelength of 930 nm, and a 3-dB bandwidth of >43 nm. Highly efficient

single-photon collection from embedded indium arsenide quantum dots to an optical fiber was real-

ized with the designed grating, showing an average six-fold increase in the photon count compared

to commonly used circular gratings, offering an efficient interface for on-chip quantum information

processing. Published by AIP Publishing. https://doi.org/10.1063/1.5055622

Quantum photonic integrated circuits are a promising

approach to realizing scalable quantum information processing.

Among various materials and platforms, the gallium arsenide

(GaAs) material system stands out for offering indispensable

quantum functionalities such as single-photon generation,

manipulation, and detection, which could be entirely integrated

in the same chip.1 In particular, suspended GaAs nanomem-

branes have been successfully used to construct low-loss and

high-performance devices,2,4 including highly efficient on-

demand single-photon sources with embedded indium arsenide

(InAs) quantum dots (QDs)3–7 and complex quantum photonic

devices such as on-chip phase shifters, routers, and switches.8–11

Despite the blossoming of planar GaAs quantum technolo-

gies, efficient device characterization and single-photon extrac-

tion remain a challenge due to the lack of a reliable and

reproducible method to couple light in and out of the chip. Both

in-plane and out-of-plane approaches have been developed aim-

ing at solving this issue. In-plane methods, such as end-fire

inverted tapers, spot converters,3,12 and evanescent microfiber

couplers,13–15 provide the highest coupling efficiencies; how-

ever, they are fabrication and alignment demanding. Vertical

free-space approaches using on-chip gratings are instead easier

to implement, are more convenient for cryostats having only

optical access from a top window, and allow for quicker charac-

terization of a large number of multi-port devices.

The most widely used out-coupling structure with QDs

in suspended GaAs membranes is a circular grating

(CG).3,9,16–18 It is a second-order grating with a pitch of k/

(2n), where k is the free-space wavelength and n is the

refractive index of the membrane. The grating induces

destructive interference in the planar propagation direction,

causing light to be scattered upwards to an objective lens.

Such a grating can be fabricated and etched across the mem-

brane with waveguides using a single lithographic step,2 but

the poor directionality and the non-Gaussian shape of the

out-scattered beam result in low coupling efficiency into

optical fibers. Moreover, the strong back-reflection of a cir-

cular grating adds unwanted Fabry-P�erot (FP) resonances

that ultimately degrade the device performance17 and make

the characterization of an integrated circuit (e.g., insertion

loss measurements) largely inaccurate.

In silicon-on-insulator (SOI) photonics, surface focused

grating couplers have been developed and optimized for

moderately high coupling efficiency (above 50%), large

bandwidth, low back-reflection, high polarization selectivity,

and a sufficient fiber alignment tolerance.19 These results,

obtained by optimizing diffractive gratings over more than a

decade in the mature SOI platform, suggest that much can be

gained by adapting these structures to the GaAs suspended

platform.

In this work, we demonstrate a focusing grating coupler

integrated with a suspended planar GaAs quantum circuit

which includes semiconductor QDs as efficient single-photon

sources. While gratings working at room temperature are typi-

cally characterized by direct fiber coupling,19 we characterize

our gratings in a cryostat with a micro-photoluminescence

setup for efficient single-photon excitation,20 where light is

collected vertically through an objective and then sent into a

standard single-mode fiber. Experimental results show signifi-

cant improvement of the chip-to-fiber coupling efficiency to

>60% and greatly suppressed back-reflection to <1% for the

central working wavelength of 930 nm, in good agreement

with numerical simulations. Single-photon collection effi-

ciency shows an average six-fold increase compared to circu-

lar gratings fabricated on the same sample. These results

make shallow-etched gratings (SEGs) suitable for characteriz-

ing advanced and sensitive quantum nanophotonic devices, in

particular for non-linear transmission experiments7 and inser-

tion loss measurements.

A cross-section schematic of the focusing shallow-

etched grating coupler is shown in Fig. 1(a). The waveguide

mode propagating in the x direction is diffracted upwards by

the grating, with an emission angle of h to the vertical
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direction. The basic working principle of the grating can be

described by the Bragg condition21

b� kx ¼ m � 2p
K
;

where b ¼ 2p�neff=k0 is the propagation constant of the mem-

brane slab mode, kx ¼ 2p=k0 � sin h is the projected wave-

vector component of the diffracted light along the propaga-

tion direction, m is the order of diffraction, and K is the grat-

ing period. �neff is the average effective refractive index of

the membrane. Here, we consider only the transverse-elec-

tric-like (TE-like) mode because the QDs are in the center of

the GaAs membrane and the in-plane dipole moment only

couples to the TE-like mode.22 In the case of the aforemen-

tioned circular grating design, K is chosen so that b¼ 2p/K,

resulting in the vertical scattering of the first-order diffrac-

tion (kx¼ 0) and the backward propagation of the second-

order diffraction. To avoid back-reflection, a small emission

angle (h) is necessary. Using a fixed fill factor FF¼ 50% and

an etch depth ED¼ 50 nm, our 160 nm GaAs membrane has

an estimated �neff ¼ 2:79. The working wavelength is chosen

to be k0¼ 930 nm to match the QD emission wavelength.

We design the emission angle h¼ 10�, which gives a pitch

K ¼ k0=ð�neff � sin hÞ ¼ 355 nm.

To achieve high coupling efficiency, it is important to

ensure constructive interference of the light reflected from

the substrate and scattered upwards from the grating. The

outgoing beam shape should also be optimized to match the

fiber mode profile. For this purpose, we used commercially

available finite difference time domain (FDTD) simulation

software.23 First, a uniform grating was optimized for maxi-

mum directionality and minimum back-reflection at a wave-

length of 930 nm with a two-dimensional model. Using the

theoretical parameters calculated above, an optimal sacrifi-

cial layer thickness of 1.15 lm was found to give a maxi-

mum transmission of 68.8% and a reflection of 1.84%. Then,

a full three-dimensional (3D) model of the apodized focusing

grating was run to maximize the coupling into a single-mode

fiber. We applied the apodization by inducing a linear reduc-

tion of the FF along the propagation direction. In fabricated

devices, the ED decreases with the FF due to the loading

effect in the reactive ion etching (RIE) process.24 From the

scanning electron micrographs, we find a relationship

between the ED and the FF given by ED¼ (�6.59 � FF�1.33

þ 66.47) nm. The loading effect is taken into account in the

numerical model.

Figure 2(a) shows the main electromagnetic field com-

ponent of the TE-like mode, i.e., Ey, in the cross-section of

the grating. Most of the light is scattered upward with an emis-

sion angle h¼ 8.4� for the designed wavelength of 930 nm. As

shown by the far-field plots in Figs. 2(b) and 2(c), the outgoing

beam has good directionality and a Gaussian beam profile with

a small numerical aperture (NAx¼ 0.16, NAy¼ 0.21), facilitat-

ing free-space collection and coupling into fibers.

The wavelength-dependent transmission, reflection, and

emission angle are shown in Fig. 3. At the design wavelength

of 930 nm, the power scattered toward the objective is 76.1%,

while the transmission into the fiber reaches 74.6% with a

mode overlap of 98%. With a fixed collection angle, the grat-

ing has a 3-dB transmission bandwidth of 57 nm. By changing

the collection angle, one can optimize the transmission for

other wavelengths, e.g., 910 nm [show in Fig. 3(a)], which

gives similar efficiency and bandwidth as the transmission fea-

tures for 930 nm. We note that the drop in transmission away

from the designed wavelength is mainly due to the change in

the emission angle from the grating. Using an objective with

sufficient numerical aperture and optimizing the collection

FIG. 1. (a) Schematic cross-section of the chirped shallow-etched grating

couplers integrated with quantum photonic structures in a GaAs membrane

platform. (b) Top-view scanning electron microscopy image of the device.

FIG. 2. (a) Cross-section of the 3D optical simulation showing that most of

the light is scattered upward with an angle. (b) The far-field pattern of the

grating emission. (c) x-cut (blue dotted line) and y-cut (red dotted line) of

(b) with Gaussian fits shown by solid lines.

FIG. 3. (a) Simulated transmission spectrum to the Gaussian mode at 10 K,

considering an adjustable collection angle optimized for each wavelength

(continuous line) or fixed collection angles optimized for 930 nm (red

dashed line) and 910 nm (blue dashed line), respectively. (b) Simulated

reflection increases at longer wavelengths as the light emission angle

reaches zero.
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angle for each wavelength, the achievable collection effi-

ciency is shown by the solid black line in Fig. 3(a). Figure

3(b) shows the intrinsic reflection and emission angles of the

designed grating, which are independent of the collection

scheme. At longer wavelengths, the back-reflection increases

as the emission angle approaches zero (perfect vertical emis-

sion), which can be explained by the increased in-plane com-

ponent of second-order diffraction back into the membrane.

We also analyzed theoretically the effect of under-/over-

etching of the grating grooves, which is the most sensitive

parameter. Simulation shows that the transmission will drop

by 3-dB at the design wavelength for an over-etching of

27 nm. The back-reflection would be further reduced in the

case of under-etching, but it is quite sensitive to over-etching,

increasing to 10%, 20%, and 60% for over-etching of 10 nm,

20 nm, and 30 nm, respectively.

The devices were fabricated on a 160-nm-thick GaAs

membrane containing a layer of InAs QDs in the center,

grown on top of a 1150-nm-thick Al0.75Ga0.25As sacrificial

layer. The layers are grown by molecular beam epitaxy on a

(100) GaAs wafer. The fabrication process consists of two

electron beam lithography steps followed by dry etching. In

the first step, the grating grooves are defined and etched using

low-power BCl3/Ar RIE. The shallow-etched grooves show a

loading effect (RIE lag) which resulted in a size-dependent

reduction of the etch rate in the grooves. In the second step,

the waveguides and focusing tapers, aligned within 50 nm tol-

erance to the grooves, are written and deeply etched using

BCl3/Cl2/Ar inductively coupled plasma RIE (ICP-RIE). To

achieve the required alignment tolerance, Ti/Au alignment

marks are patterned and lifted off beforehand. Finally, the

membrane is released by etching the Al0.75Ga0.25As layer in a

10% solution of hydrofluoric acid followed by a residue

removal procedure discussed in Ref. 2.

To measure the efficiency of the fabricated structures,

we use a device consisting of two identical gratings con-

nected by a suspended single-mode nanophotonic wave-

guide, shown in Fig. 4(a). The sample is mounted in a

He-flow cryostat and measured at both room and cryogenic

(10 K) temperatures. We illuminate one grating from free-

space with a broadband laser source (SuperK EXTREME)

and collect from the other via a single objective (Nikon 40X,

NA¼ 0.6). The collected light is coupled into a fiber through

a zoom-fiber collimator (Thorlab ZC618APC-B) with an

adjustable focal length to match the emission beam size and

sent to a spectrometer. The in- and out-coupling angles from

the gratings and the focal length of the fiber collimator are

manually adjusted to maximize the transmission signal Itot.

As a reference power for normalization, Iref, we use the

reflected light from the surface in a homogeneous, unpat-

terned part of the same sample. The normalized transmission

through the whole device is given by Ttot¼ (Itot/Iref)RGaAs,

where RGaAs is the reflection coefficient from GaAs bulk and

RGaAs ¼ ðnGaAs � 1Þ2=ðnGaAs þ 1Þ2 � 0:31 for normal inci-

dence. Neglecting the waveguide loss and assuming that the

two gratings are identical, the efficiency of a single grating is
ffiffiffiffiffiffiffi

Ttot

p
, which gives a lower bound estimation of the grating

efficiency. The value of
ffiffiffiffiffiffiffi

Ttot

p
is plotted in Figs. 4(b) and

4(d) for room and cryogenic (10 K) temperatures, respec-

tively. The fringes at the long wavelength side of the

transmission spectrum indicate back-reflection from the grat-

ing, which interferes with the forward propagating light and

forms standing waves in the nanobeam waveguide. In this

case, a FP cavity model is needed to extract an accurate

transmission and reflection spectrum of a single grating. The

cavity model of the intensity transmission through the device

is given by

TtotðkÞ ¼
T2ðkÞ

jRðkÞei2bðkÞL � 1j2
;

where T(k) and R(k) are the transmission and the reflection

of a single grating, respectively, b(k)¼ 2png/k is the propa-

gation constant of the waveguide mode, and L is the length

of the waveguide.

We fit the model to the data assuming that T(k) and

R(k) are described by Gaussian functions, i.e., TðkÞ
¼ T0e�ððk�kTÞ=rTÞ2 and RðkÞ ¼ R0e�ððk�kRÞ=rRÞ2 . The fits are

shown as dotted red lines in Figs. 4(b) and 4(d), while the

extracted spectra for T(k) and R(k) are shown in Figs. 4(c)

and 4(e). The transmission spectrum with a peak T0¼ 62.5

6 0.3% at a central wavelength kT¼ 958.5 6 0.1 nm and a

3-dB bandwidth of 48.5 6 0.6 nm is obtained for room tem-

perature data. At cryogenic temperatures, the transmission

peak shifts to shorter wavelengths (kT¼ 937.2 6 0.2 nm and

T0¼ 62.2 6 0.5%) due to the reduction of the material refrac-

tive index. The 3-dB bandwidth slightly reduces to 43.7

6 0.9 nm. The back-reflection at the central wavelength is

<1% and negligible for shorter wavelengths as expected

from numerical analysis. The theoretical T(k) and R(k) spec-

tra are shifted to the experimental central wavelength for

ease of comparison. The discrepancy between the numerical

analysis and the measured data is likely due to loss in the

waveguide, fabrication errors, or alignment issues.

For the application of efficient single-photon collection,

we replace the shallow-etched grating at one end of the

FIG. 4. (a) Nanobeam waveguide with in- and out-port gratings for charac-

terization. Experimental and fitted transmission at (b) room temperature and

(d) 10 K. The fitted T and R values are compared with simulated values at

(c) room temperature and (e) 10 K with wavelength-shifted design curves.
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waveguide in Fig. 4(a) with a photonic crystal (PhC) mirror,25

as shown in Fig. 5(a). The QDs were excited from free-space

by a pulsed laser at 805 nm (above the GaAs bandgap) with a

repetition rate of 76 MHz. A typical spectrum of QD emission

collected from a shallow etched grating device is shown in

Fig. 5(b). To validate the single-photon nature of the collected

light, an auto-correlation measurement shown in Fig. 5(c) was

performed on a bright emission line at 907.8 nm. The data

show a rather low multi-photon emission probability of

g2(0)¼ 1.9 6 0.3% at zero time delay, indicating a high-level

of pure single-photon emission from the device.

Since circular gratings are commonly used for out-

coupling of single-photons in a suspended GaAs plat-

form,3,9,16–18 it would be interesting to compare the photon

collection efficiency from shallow-etched gratings to circular

gratings. To quantify statistically the collection efficiency

improvement, we measured on 10 and 15 QDs from devices

with circular gratings and shallow-etched gratings on the

same chip, respectively. As shown in Fig. 5(d), photon count

rates from emitters (at saturation) coupled to shallow-etched

gratings are on average 5.9 times larger to those coupled to

circular gratings, in good agreement with the transmission

measurements. The collected count-rate value from different

QDs or devices has a large variation, which can be attributed

to various reasons, such as the position-dependence of the

QD emission efficiency in nanostructures20 and blinking due

to the unstable charge environment in the vicinity of the

QD.22,26 With the designed grating, the highest single-

photon rate we measured is 1.3 MHz in the optical fiber (cor-

rected to the spatial filter efficiency of 0.7 and an avalanche

photodiode efficiency of 0.32).

To conclude, we have shown a shallow-etched grating

coupler on a GaAs membrane system for highly efficient out-

of-plane fiber coupling. Using a 3D FDTD solver, the gratings

are optimized to give 74.6% transmission to the fiber and a

greatly reduced back-reflection of 0.85%. We have experimen-

tally measured >60% coupling efficiency with a 3-dB band-

width of >43 nm and <1% reflection on the fabricated

structures at both room and cryogenic temperatures, making

the designed gratings promising for high performance classical

and quantum photonic circuits. As an example, we show that

the single-photon collection efficiency from embedded GaAs

QDs is greatly improved using the designed grating by a factor

of 6 compared to conventional circular gratings on the same

chip. The proposed grating enables a fast and accurate charac-

terization of quantum photonic devices and offers an efficient

interface for on-chip quantum functional devices.
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