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Electrical control of on-chip routing of photons emitted by a single InAs/GaAs self-assembled

quantum dot (SAQD) is demonstrated in a photonic crystal cavity-waveguide system. The

SAQD is located inside an H1 cavity, which is coupled to two photonic crystal waveguides.

The SAQD emission wavelength is electrically tunable by the quantum-confined Stark effect.

When the SAQD emission is brought into resonance with one of two H1 cavity modes, it is prefer-

entially routed to the waveguide to which that mode is selectively coupled. This proof of concept

provides the basis for scalable, low-power, high-speed operation of single-photon routers for use in

integrated quantum photonic circuits. VC 2015 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4922041]

Semiconductor photonic quantum information technol-

ogy is progressing rapidly as nanoscale photonic circuits are

being developed, in which single photon states are generated,

manipulated, and detected.1,2 Provision of controllable

single-photon sources and the distribution of their emission

into the circuit are crucial for this development. Individual

self-assembled quantum dots (SAQDs), with discrete energy

spectra due to zero-dimensional confinement, provide an

attractive option3,4 because of mature fabrication technology,

the relative ease of incorporation in advanced semiconductor

nanostructures and on-demand emission. Individual SAQDs

can deliver both an efficient on-chip source of antibunched

photons and a natural light-matter interface.

The optical properties of single SAQDs can be dramati-

cally enhanced if they are incorporated within photonic crystal

(PhC) cavities, which modify the local optical mode density

experienced by the SAQD emitter.2 This provides consider-

able opportunities for the development of components of

quantum photonic circuits. Cavities with large Q-factor in the

strong coupling regime are required for observation of funda-

mental light-matter interaction phenomena such as photon

blockade,5 which can be exploited for the development of op-

tical transistors6 and quantum gates.7 However, advances

have also been reported in the weak coupling regime, which

is achievable for cavities with a relatively low Q-factor of sev-

eral thousand. As an example, coupling of non-classical light

to low-loss waveguide modes and the subsequent distribution

of single photons in a quantum photonic circuit have been

successfully demonstrated.8–10

Nonetheless, whilst the distribution of quantum light on

a semiconductor chip has been reported, control has not yet

been demonstrated. The ability to control photon routing at

the point of generation would represent an important step-

forward in the development of semiconductor-based

quantum photonic integrated circuits. A proof-of-concept ex-

perimental demonstration of an electrically controllable on-

chip optical router using a single SAQD as an emitter is pre-

sented in this paper.

Our approach to achieve on-chip photon routing is based

on using an H1 cavity in a hexagonal PhC membrane, illus-

trated in Fig. 1(a) (discussed in detail later).11 There are two

fundamental dipole modes in an H1 cavity, nominally degen-

erate, but the degeneracy is lifted due to fabrication imper-

fections. The small mode volume of H1 cavities facilitates

efficient coupling of the emission from incorporated SAQDs

to the modes. In addition, two line-defect W1 waveguides

are incorporated in the PhC, providing two distinct propaga-

tion channels. Selective coupling of each of the cavity modes

to its respective waveguide is accomplished by waveguide

orientation in the crystal. In this case, photons can be

directed into one of two propagation channels, dependent on

which cavity mode they are coupled to.

In Ref. 11, ensemble photoluminescence (PL) from

incorporated SAQDs provided a photon source. For optical

quantum information applications however, single-photon

emission from individual SAQDs is needed. For efficient cou-

pling, a single-dot emission line should be on resonance with

a cavity mode. In order to control the resonance conditions,

tunability of either the cavity modes or the SAQD emission

(or both) is required (not needed for ensemble PL).

Moreover, the tunability should be fast, controllable, easily

reversible, and achievable at low power without affecting

other parts of the electronic and photonic circuitry. Tuning

the SAQD emission by varying the electric field satisfies

these criteria, in contrast to other methods suggested so far,

such as gas deposition12 or temperature variation.13 In the

presence of an electric field, the SAQD emission energies

change due to the quantum-confined Stark effect (QCSE).14

The electric field can be varied in a PhC membrane fabricated

from a p-i-n diode, which constitutes a technological chal-

lenge. However, successful development of PhC membranes
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with electrically tuneable SAQD emission has been

reported.15

Here, we demonstrate voltage-controllable routing of

emission from a single SAQD in a PhC membrane with an

H1 cavity and two W1 waveguides. The membrane is fabri-

cated from a p-i-n diode and by changing voltage, the dot

emission can be tuned across both cavity modes due to the

QCSE. By tuning voltage, we can selectively direct single-

dot emitted photons into one of two waveguides, enabling

voltage-controllable optical routing. This preferential chan-

neling is observed when, at a specific voltage, the dot emis-

sion line is in resonance with the mode coupled to that

waveguide. This confirms that the routing is accomplished by

resonant coupling of the dot emission to the cavity modes.

Figure 1(a) shows a schematic diagram of the device

design. A hexagonal PhC membrane incorporates an H1 cav-

ity and two W1 waveguides, denoted by X and Y, at 120� to

one another. The design was optimised by means of finite-

difference time-domain (FDTD) computational modeling

(details are available in Ref. 11) using MEEP, a freely avail-

able software package.16 The relationship between the PhC

slab height, h¼ 200 nm, and the period, a, was selected as

h¼ 0.85a (i.e., a¼ 236 nm); the hole radius, r, varied

between 0.31a and 0.34a (i.e., between 73 nm and 80 nm).

This ensured that the fundamental cavity modes spectrally

coincide with the SAQD ground-state ensemble emission. To

maximise the cavity Q-factor, the ring of holes adjacent to

the cavity centre was displaced by da¼ 0.091a away from

the cavity [shown by arrows in Fig. 1(a)] with reduced hole

radii dr¼ 0.091a.17 The separation between the cavity and

the waveguides was chosen to provide efficient selective cou-

pling without significantly compromising the cavity Q-factor.

The waveguides were designed such that each of them sus-

tains a single propagating TE-like mode in the spectral range

of the SAQD emission. The first rows of holes in each wave-

guide were displaced laterally by dW¼ 0.08a so that the cav-

ity modes do not coincide with the cut-off region of the

waveguides; in addition, the first hole in the Y-waveguide

was displaced away from the cavity by dS¼ 0.08a.

Figures 1(b)–1(d) show the results of FDTD modeling,

which illustrate how photon routing is achieved. The

modeling was performed for a device with r¼ 0.31a
(73 nm). One should note that for our approach, it is essential

that the fundamental modes in the H1 cavity are not degener-

ate. To lift the degeneracy in the model, an additional verti-

cal displacement of two pairs of holes immediately above

and below the cavity was introduced by da¼ 0.02a away

from the cavity. Figure 1(b) presents the resulting cavity

mode spectra, which were calculated from analysis of the

decay transients of cavity fields using a method of harmonic

inversion of time signals.18 The unpolarised spectrum reveals

two mode peaks split by 2.5 nm, consistent with experimen-

tal observations.

Notations X and Y, which are used for the W1 wave-

guides, reflect the orientation (at the cavity center) of the Hz

dipole for a cavity mode, which is coupled to a respective

waveguide. These modes are referred to as X- and Y-dipole

modes.19 Figures 1(c) and 1(d) show calculated Hz profiles

for the non-degenerate X- and Y-dipole modes, respectively.

The modes selectively couple to their corresponding

waveguides. The polarised spectra in Fig. 1(b), calculated

using x- and y-polarised dipole sources, demonstrate that the

longer-wavelength (x-polarised) and shorter-wavelength

(y-polarised) peaks correspond, respectively, to the Y- and

X-dipole modes.

To quantify the strength of the cavity-waveguide cou-

pling, Q-factors were calculated for each mode for an

uncoupled cavity (i.e., with no waveguides), that with only a

co-polarised waveguide and with only a cross-polarised wave-

guide present, Qu, Qco, and Qcross, respectively. The Q-factors

represent the loss rates in each case.20 From that we found the

loss rates into each waveguide and the strengths of co-

coupling, gco¼ (Qco
�1 – Qu

�1)/Qtot
�1, and cross-coupling,

gcross¼ (Qcross
�1 – Qu

�1)/Qtot
�1, where Qtot¼ (Qco

�1

þQcross
�1 – Qu

�1)�1 is the Q-factor in case of both wave-

guides present. The calculated values of gco and gcross are,

respectively, 89.5% and 2.1% for the X-dipole mode and

87.0% and 0.6% for the Y-dipole mode. The modeling results

suggest that the co-coupling strength can be expected to sig-

nificantly exceed cross-coupling in our structures.

Now we proceed to the experimental results. A sche-

matic diagram of the sample, grown using molecular beam

FIG. 1. (a) Schematic diagram of the photonic crystal design, showing the H1 cavity and two W1 waveguides, X and Y. For device optimisation, holes adja-

cent to the waveguides and to the cavity (denoted by crosses and dots, respectively) are displaced, as indicated by arrows; in addition, the radius of the ring of

holes adjacent to the cavity centre is reduced. (b)–(d) Results of modelling for waveguide-coupled non-degenerate cavity modes. (b) Cavity mode spectra for

non-polarised, x- and y-polarised dipole sources (solid black, dashed red, and dashed-dotted blue, respectively). The non-polarised spectrum is offset for

clarity. X and Y denote X- and Y-dipole modes, see discussion in the text. (c) Normalised Hz profile for the X-dipole mode. A linear red-white-blue colour

scale represents field strength in the range from �92% to 92%, with positive and negative values shown by red and blue, respectively. Magnitudes below

�92% and above 92% are shown by saturated colours. (d) The same as (c) for the Y-dipole mode.
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epitaxy (MBE) on an undoped GaAs substrate, is shown in

Fig. 2(a). A 200 nm thick p-i-n diode structure was grown on

top of a 1 lm thick n-doped Al0.6Ga0.4As sacrificial layer

and a 1 lm thick n-doped GaAs contacting layer. A layer of

nominally InAs SAQDs was grown in the middle of the

diode using In-flush techniques21,22 with a GaAs partial cap

height of 2.5 nm and estimated density below 1010 cm�2. The

dot layer was sandwiched between 5 nm GaAs spacer layers,

50 nm Al0.3Ga0.7As barriers, and a 45 nm Si-doped n-type

GaAs contact layer at the bottom and a Be-doped p-type

GaAs contact layer at the top of the diode structure. The bar-

riers were introduced to suppress tunnelling out of carriers in

the electric field, enhancing the voltage tuning range over

which SAQD emission could be observed.23 The wafer was

used to fabricate mesa diode devices of 400 lm diameter.

Within each mesa, a number of suspended 200-nm thick PhC

cavity membranes were fabricated using electron beam li-

thography and inductively coupled plasma etching, followed

by etching away of the AlGaAs sacrificial layer in 40% HF.

Each hexagonal PhC incorporated an H1 cavity and two W1

waveguides at 0� and 120�, which were terminated with

Bragg outcouplers. An electron microscopy image of a typi-

cal PhC membrane is shown in Fig. 2(b).

Micro-PL experiments with spatially resolved excitation

and collection were performed in a continuous-flow liquid

He cryostat at 5 K using a confocal-microscope setup. He-Ne

laser excitation was provided to the cavity using a �50

microscope objective and focused to a spot of 1–2 lm diame-

ter. Emission was collected selectively either from the cavity

or from one of the waveguide outcouplers, using the same

objective and a single-mode optical fibre of 4.7 lm core di-

ameter. The emission was dispersed by a 30 cm spectrometer

and recorded using a liquid N2 cooled CCD. Current-voltage

characteristics at 5 K, typical for a p-i-n diode, showed clear

rectifying behavior with the current onset at a forward bias

of approximately 1.1 V. This value is slightly lower than

expected for a planar GaAs diode; the reason for this is cur-

rently unclear, though it is in agreement with results reported

in Ref. 15.

Under reverse bias (or at small forward bias), PL emis-

sion from the SAQD is typically not observed because the

electric field causes photoexcited electrons and holes to tunnel

out of the dot. At higher forward biases, however, tunneling

out is suppressed, which leads to an increase of the SAQD PL

emission. At high excitation power, ensemble dot emission is

observed in reference spectra from unprocessed areas of the

diodes. In the PhC structures, spectra collected from the cav-

ities are dominated by cavity modes. In our sample, the typi-

cal splitting of the modes is 1–4 nm and the Q-factor is

1000–2000. Figure 2(c) shows a PL spectrum from one of the

cavities at high excitation power. Two well pronounced cavity

modes are observed at 899.3 nm and 901.7 nm. This PhC cav-

ity has r¼ 0.34a (80 nm), resulting in cavity modes that are

blue shifted compared to the modelled spectra.

At low excitation power, exciton emission lines from

individual SAQDs can be readily resolved in the cavity-

collected spectra, as demonstrated in Fig. 2(d). With increas-

ing voltage up to 1.1 V, the lines are blue shifted due to the

QCSE. The typical range of the observed Stark shift is up to

5 nm, i.e., larger than the typical splitting of the cavity

modes. It is worth noting that even when no individual dot

emission lines are in resonance with the modes, the modes

still dominate the cavity spectra at high excitation power due

to cavity-feeding effects.24–26

Figure 2(d) shows a series of spectra from the same cav-

ity as in Fig. 2(c) at low excitation power at various voltages.

With voltage changing from 0.5 V to 1.0 V, a single-dot line

(highlighted in the spectra) undergoes a blue shift from

approximately 903 nm to 898 nm, crossing both modes.

Figures 3(a) and 3(b) show, respectively, the dot line wave-

length and intensity as a function of voltage at the same

power; horizontal dashed lines indicate wavelengths of the

cavity modes, while vertical dashed lines indicate the corre-

sponding voltages, 0.67 V and 0.88 V, respectively, at which

the dot line is in resonance with either mode. One can see

that at both resonances, clear intensity peaks are observed.

These are due to, first, Purcell enhancement of the spontane-

ous emission,15,27 and second, preferential collection of the

far-field emission from the cavity by the PL setup,28 i.e., in

both cases due to coupling of the dot emission to the cavity

modes in the weak coupling regime. The intensity at the

lower-voltage resonance (901.7 nm) is smaller, most likely

because a significant fraction of photoexcited carriers tunnel

FIG. 2. (a) Schematic diagram of the sample wafer. The contacts are shown

by red semi-circles. (b) An electron microscope image of a typical photonic

crystal membrane with an H1 cavity. X and Y denote W1 waveguides termi-

nating by Bragg outcouplers. (c) and (d) Photoluminescence spectra from

the cavity. (c) Spectra at high excitation power of 35 lW and bias of 1.1 V.

X and Y denote X- and Y-dipole modes. (d) Series of spectra at low excita-

tion power of 1 lW at various biases. Spectra are offset for clarity. A single-

dot peak which crosses both cavities is highlighted by grey vertical bars.

Vertical dashed lines indicate wavelengths of the cavity mode maxima.
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out of the dots at this voltage, while at the higher-voltage res-

onance (899.3 nm), tunneling out is suppressed.

In order to demonstrate routing, the outputs of the out-

couplers were measured using the same low excitation

power. Emission from the same single dot is observed in the

spectra collected from both outcouplers, while laser excita-

tion is provided to the cavity. To verify this, the line posi-

tions are followed as a function of voltage in the spectra

collected both from the cavity and each of the outcouplers.

These are presented in Fig. 4(a); it is clear that for the three

collection geometries, the line positions coincide.

Figure 4(b) shows the intensity of the same QD line as a

function of voltage for collection from the X and Y outcou-

plers. Results for cavity collection from Fig. 3(b) are also pre-

sented for comparison; the plots are normalized to their

respective maximum values. (In absolute terms, the maxi-

mum emission intensity for the X outcoupler is approxi-

mately 5 times larger than for the Y outcoupler and is 10% of

that for cavity collection.) One can see that for collection

from the X outcoupler, the line intensity peaks at the reso-

nance with the X-mode at 899.3 nm. On the contrary, in the

spectra collected from the Y outcoupler, the maximum inten-

sity is observed at the resonance with the Y-mode at

901.7 nm, while at the resonance with the X-mode, the line

almost vanishes, even though it is at its maximum value in

the spectra collected from the cavity. Comparison of absolute

values of intensities provides estimates of branching ratios

(i.e., ratios of co-coupling to cross-coupling) at resonances

with both modes. We obtain a good branching ratio of 12:1

for the resonance with the X-mode and a moderate ratio of

3:1 for that with the Y-mode. Clearly, these ratios are signifi-

cantly lower than predicted by theoretical calculations. This

is most likely due to fabrication imperfections of PhC mem-

brane structures. Fabry-Perot modes in the waveguides may

also contribute.

These observations unambiguously demonstrate electri-

cally controlled selective routing of the single-dot emission

to the waveguides. They provide convincing evidence that

the mechanism of routing is based on a combination of two

types of coupling: first, resonant coupling of single-dot emis-

sion to the cavity modes, which is tunable by means of the

QCSE, and second, preferential coupling of the cavity modes

to the respective waveguides, which is achieved by the PhC

cavity design.

To conclude, we have demonstrated that photonic crys-

tal nanocavities with incorporated waveguides can be

employed for voltage-controlled selective routing of emis-

sion from single quantum dots. This proof of concept pro-

vides the basis for scalable, low-power, high-speed operation

of on-chip single-photon routers for use in integrated quan-

tum photonic circuits.

This work was funded by EPSRC Grant No. EP/
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FIG. 3. Single-dot line wavelength (a) and intensity (b) as a function of bias

in the spectra collected from the cavity. Solid lines are guides for the eye.

Horizontal dashed lines indicate the wavelengths of the cavity X- and Y-

mode maxima; vertical dashed lines indicate the voltages at which the dot

line is observed at these wavelengths.

FIG. 4. Single-dot line wavelength (a) and intensity (b) as a function of bias

in the spectra collected from the cavity, X and Y outcouplers (grey squares,

red circles, and blue triangles, respectively). Line intensities are normalized.

The meaning of the dashed lines is the same as in Fig. 3.
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