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We demonstrate the selective optical excitation and detection of subsets of quantum dots (QDs)

within an InAs/InP ensemble using a SiO2/Ta2O5-based optical microcavity. The low variance of

the exciton transition energy and dipole moment tied to the narrow linewidth of the microcavity

mode is expected to facilitate effective qubit encoding and manipulation in a quantum dot

ensemble with ease of quantum state readout relative to qubits encoded in single quantum dots.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4852116]

Semiconductor quantum dots (QDs) are promising for the

prospect of developing a scalable quantum computing plat-

form that would exploit rapidly advancing semiconductor and

photonic device fabrication technology and facilitate integra-

tion with classical computing hardware. This strong potential

has stimulated rapid progress in the control of fundamental

charge (exciton) and spin states in individual semiconductor

QDs using coherent optical techniques.1–12 In these experi-

ments, a variety of strategies have been developed to

overcome the formidable technical challenge associated with

the low optical response of an individual quantum dot.

Quantum state readout via detection of photoluminescence

(PL) from single QDs3,4 requires highly sensitive low-light

detectors, a constraint that has hindered progress on QDs with

emission compatible with telecommunication infrastructure.

Photocurrent detection methods2 eliminate this difficulty at

the expense of a fast carrier tunnel rate, which can limit the

qubit coherence decay time. A phase-sensitive homodyne

detection technique has recently been developed that permits

transmission-based measurements on single self-assembled

QDs,13 but the difficulty associated with the low optical signal

relative to background noise sources remains.

Encoding qubits in ensembles of QDs would greatly

simplify quantum state readout, facilitating the transition

from fundamental optical control experiments to applica-

tions. A variety of coherent phenomena have been observed

in QD ensembles, including quantum beats between spin-

polarized excitons,14,15 the generation of Raman spin coher-

ence through optical pumping of trion transitions,16 spin

mode-locking involving electrons17 and holes,18,19 and reso-

nant pumping of a dynamic nuclear spin polarization.20

Coherent qubit operations have also been demonstrated in

ensembles involving both excitons21–24 and spin-polarized

electrons25,26 in recent years. In these experiments, inhomo-

geneity in the electronic structure parameters of the QDs

(transition energy, dipole moment) was found to limit the fi-

delity of the control process. Here we investigate the efficacy

of a one-dimensional optical microcavity for reducing the

deleterious effects associated with inhomogeneity for qubit

encoding and optical manipulation in QD ensembles.

Microcavities play a central role in many solid state quantum

computing proposals because they provide a means of estab-

lishing long-range entanglement between qubits27,28 and are

central to the development of efficient single photon sour-

ces.29 We present differential transmission measurements on

an ensemble of InAs/InP QDs within an optical microcavity

based on SiO2/Ta2O5 Bragg reflectors. Our results demon-

strate that the angle dependent transmission resonance of the

microcavity permits separate excitation and detection of dis-

tinct subsets of QDs with strongly diminished variances in

exciton transition energy and dipole moment. Our findings

suggest that high-fidelity optical quantum gates on

ensemble-encoded exciton (or spin) qubits would be feasible

in this system, with greatly simplified quantum state readout

relative to qubits encoded in single QDs.

The optical microcavity investigated here was fabricated

using the methods described in Ref. 31. It contains an ensem-

ble of InAs/InP QDs within a k cavity formed from an InP

spacer layer and two SiO2/Ta2O5 Bragg stacks. The Bragg

stacks contain 8 periods of SiO2/Ta2O5 and have a stop band

200 meV wide centered on the microcavity resonance at nor-

mal incidence. A schematic diagram of the layer structure is

shown in the inset of Fig. 1(a). The QD ensemble was grown

using chemical beam epitaxy and has an estimated areal den-

sity of 2 lm�2. Results of transmission and continuous-wave

PL measurements on this structure are shown in Figs.

1(a)–1(c). For PL experiments, an 838 nm laser diode was

used to inject electron-hole pairs into the InP barriers, and

the resulting PL from the InAs QDs was resolved with a

0.75 m monochromator and InGaAs array detector. For trans-

mission experiments, the optical source was a tunable optical

parametric oscillator, and a single channel InGaAs photode-

tector was used in conjunction with the same monochroma-

tor to measure the transmitted spectrum. The microcavity

mode at normal incidence is centered at 851 meV, with a

linewidth from transmission measurements of 550 leV. The

linewidths of the PL peaks are �200 leV wider than the

measured transmission spectra due the finite angular resolu-

tion of the PL apparatus. The TE mode shifts by 65 meV

between 0� and 50�, as seen in Fig. 1(c). The PL splitting

between TE and TM modes is clearly resolved at large

angles, equal to 6 meV at 50�.
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Due to the high finesse of the microcavity, optical pulses

tuned to the ground state optical transition of the QD ensem-

ble will only excite QDs for which the exciton transition

energy is in resonance with the microcavity mode. The

microcavity therefore provides a means to selectively

address a subset of QDs with a substantially reduced var-

iance in the exciton transition energy (determined by the

microcavity mode linewidth rather than the inhomogeneous

width of the ground state transition for the full ensemble

(50 meV)). Here we verify this selectivity by performing

pump probe differential transmission experiments with pump

and probe beams that are either collinear (exciting and

detecting the same QD subset) or non-collinear (exciting and

detecting different subsets). The apparatus used for these

experiments is shown schematically in Fig. 1(d). The optical

source was a 250 kHz optical parametric amplifier producing

130 fs pulses (70 nm bandwidth) tuned to the cavity mode. A

rotary stage was used to control the angle of the probe beam

relative to the sample normal, and the angle between the

pump and probe beams was either 0� (collinear geometry) or

12� (non-collinear geometry). The spot size of the pump and

probe beams at the sample was 45 lm, corresponding to a

lower estimate on the number of quantum dots resonant with

the microcavity mode of 130 (�1% of all quantum dots

within the laser focus). The differential transmission signal

was spectrally resolved using a 0.25 m monochromator and

detected using a single channel InGaAs photodiode and

lock-in techniques. All experiments were carried out with

the sample at room temperature.

Results of differential transmission measurements for

collinear pump and probe beams at normal incidence are

shown in Fig. 2(a). The contour plot indicates the pump-

induced change in transmission ðDT � T � T0Þ as a function

of the time delay between the pump and probe pulses and the

probe detection wavelength, where T0 (T) is the transmission

of the probe pulse in the absence (presence) of the pump

pulse. The overlaid plots indicate T0 (dashed curve) and T at

10 ps delay (solid curve). The dominant influence of the

pump pulse is an increase in the transmission of approxi-

mately 10% at the peak of the microcavity mode. We attrib-

ute this to state filling of excitons in QDs resonant with the

microcavity mode, consistent with the slow decay of the

bleaching signal (Fig. 2(b)). The carrier lifetime is �100 ps

at room temperature and is limited by nonradiative recombi-

nation, likely assisted by carrier re-emission into wetting

layer and barrier states32 (We note that even at low tempera-

tures at which radiative recombination is expected to domi-

nate, Purcell enhancement effects are weak in a

one-dimensional k cavity such as that considered here due to

emission into laterally propagating modes, leading to a
FIG. 1. (a) QD photoluminescence as a function of detection angle relative

to the sample normal. The rapid decay of the PL emission strength is due to

the reduced spontaneous emission rate for large angles in a 1D k microcav-

ity.30 Inset: Schematic diagram of the sample structure. (b) PL emission

with resolved polarization modes at a detection angle of 50�. (c) Angle-

resolved peak cavity transmission (curves) and PL (symbols) with TE (trian-

gles) and TM (squares) mode dispersion. (d) Schematic diagram of the dif-

ferential transmission experimental apparatus. A polarizing beam splitter

cube (PC) and quarter-wave plate (QWP) change the pump beam polariza-

tion from TM to TE. Another PC is placed before the monochromator to

block the pump beam and transmit the TM polarized probe.

FIG. 2. (a) Results of spectrally resolved collinear differential transmission

experiments at normal incidence, showing DT versus probe detection wave-

length and probe pulse delay. Overlay: T0 (dashed curve); T at a probe pulse

delay of 10 ps (solid curve). The average power in the pump beam is 7 mW,

corresponding to a pulse fluence of 400 lJ/cm�2. Power-dependent experi-

ments (data not shown) indicate that DT is proportional to the average pump

beam power, verifying that the experiments are carried out within the v3 re-

gime. (b) Differential transmission signal at normal incidence, averaged

over the linewidth of the microcavity mode. (c), (d) Same as (a), but with

incident angles of 4� and 12�. The absolute magnitude of the differential

transmission response for different incident angles reflects conditions of

equal absorbed power taking into account measured variations of transmis-

sivity and reflectivity with incident angle.
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reduction of the radiative lifetime by only a few per-

cent33,34). In addition to the bleaching response on reso-

nance, the microcavity mode is red shifted (tied to a transient

increase in the index of refraction) by an amount that is

barely detectable within the spectral resolution of the pump

probe apparatus but nevertheless produces a significant posi-

tive (negative) differential transmission response for wave-

lengths above (below) resonance. This transient refractive

index-induced redshift is the cause of the asymmetry in DT
about the center of the microcavity mode. These general fea-

tures are reproduced in the collinear differential transmission

results for angles of incidence of 4 and 12� (Figs. 2(c) and

2(d)). The state-filling signal tracks the wavelength shifts of

the microcavity mode with angle, reflecting pump excitation

of QDs with increasing exciton resonance energies.

Differential transmission measurements were also per-

formed with the pump pulse at normal incidence and the

probe pulse at 12�. In this configuration, the pump and probe

beams are addressing QDs with exciton transition energies

approximately 4 meV apart, much larger than the 550 leV

width of the microcavity mode. The results of these experi-

ments are shown in Fig. 3(a). The large state filling signal in

Fig. 2(d) for collinear excitation conditions is suppressed in

the non-collinear results in Fig. 3(a), demonstrating the

angle-selectivity of excitation and detection via the micro-

cavity mode.

The shift in the mode observed in the collinear excita-

tion geometry persists in the non-collinear results of Fig.

3(a) although with a smaller magnitude. This shift decays on

the same time scale as the bleaching response for collinear

excitation and is therefore tied to excited QDs within the

structure. DT is plotted in Fig. 3(b) for both the collinear and

non-collinear experiments. The dispersive structure reflects

the small shift in the microcavity mode towards longer

wavelengths associated with a pump-induced increase in the

index of refraction, as discussed above. For an isolated opti-

cal resonance, a nonlinear index of refraction extends over a

larger energy range than the corresponding nonlinear bleach-

ing signal, a feature that is useful for non-destructive quan-

tum state readout.35 Together with the relatively low spectral

resolution of the pump probe apparatus, this suggests that

the residual shift detected in the mode centered at 855 meV

in Fig. 3(a) may be tied to a transient refractive index

response associated with the resonantly excited quantum

dots at 851 meV. A small bleaching component is also visi-

ble in the noncollinear results (3� smaller on resonance in

Fig. 3(a) than Fig. 2(d)). This suggests that a small fraction

of the QDs centered at 855 meV may have been excited indi-

rectly, possibly through carrier escape and recapture into

other quantum dots assisted by wetting layer transitions.32,38

One could diminish these effects by working at lower

temperatures.

The reduced variance of the exciton transition energy

(or the trion transition energy for a similar structure contain-

ing charged QDs6–8,25) enabled by the microcavity mode

improves the prospect of high fidelity optical control for a

qubit stored in the quantum dot ensemble. For excitons,

ultrafast single qubit gates are carried out using Rabi

rotations,1–4,21 together with phase control via the optical

Stark effect.5,9 For single carrier spin qubits, full control is

possible using stimulated Raman transitions,6,7,25,26,36 for

which the pulse center frequency and area must be carefully

selected to ensure that optical control is unitary within the

single-spin subspace. Inhomogeneities in the resonance

energy and dipole moment of the associated optical transi-

tion (exciton or trion) have been shown to limit the fidelity

of optical control using the above approaches in QD ensem-

bles.21,26,36 Since the microcavity will lead to a substantial

reduction in the variance of both the exciton transition

energy and dipole moment (as they are both tied to variations

in the quantum dot size36,37), these deleterious effects of

inhomogeneity on the fidelity of optical control will be

reduced considerably. We note that controlled detuning of

the optical gate pulse relative to the exciton transition could

be achieved for qubits encoded using the structure consid-

ered here by exploiting the angle dependence of the micro-

cavity mode energy.

Mode-locking of spin precession using periodic laser

excitation17–19,39 provides an alternative approach to mitigat-

ing inhomogeneity for qubit storage in an ensemble of quan-

tum dots. The mode-locking process reduces the influence of

variations in the g-factor and the effective magnetic field

associated with the nuclei, leading to a dramatic enhance-

ment of the ensemble spin dephasing time.17 The fidelity of

optical control of such spin qubits is nevertheless limited by

inhomogeneities in the transition energy and dipole

moment,26 in contrast to the approach considered here.

In summary, we have applied pump probe differential

transmission experiments to investigate the utility of a one-

dimensional optical microcavity for reducing the deleterious

effects of inhomogeneity on the storage and manipulation of

qubits in ensembles of semiconductor QDs. Our results indi-

cate that the microcavity mode enables the selective excita-

tion and detection of subsets of QDs that could be used for

qubit encoding. The substantial reduction in the variance of

the dipole moments and transition energies for the selected

subset will further the objective of high-fidelity optical quan-

tum gates on ensembles while drastically reducing the tech-

nical challenge associated with quantum state readout

relative to qubits encoded in individual quantum dots. The

angle-dependent resonance energy of the microcavity mode

would in principle permit storage of several qubits in differ-

ent quantum dot subsets, the number of which being deter-

mined by the details of the implementation. The expected

FIG. 3. (a) Results of pump probe differential transmission experiments in

the non-collinear excitation geometry. The contour scale and line plots are

the same as in Fig. 2. (b) DT at 10 ps for the collinear (Fig. 2(d)) and non-

collinear pump probe geometries. In both cases, the probe beam is incident

at 12�.

253109-3 Gamouras et al. Appl. Phys. Lett. 103, 253109 (2013)



improvement in fidelity of single-qubit gates enabled by the

microcavity mode would also facilitate the implementation

of decoherence mitigation40–42 for ensemble qubits in the

structure considered here.
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