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ABSTRACT

A single-photon source capable of emitting indistinguishable photons is a key element in schemes for scalable
quantum information processing with linear optics. Whilst several groups have reported such sources, up until
now an electrically driven source capable of making these protocols technologically viable has yet to be reported.
We present the first demonstration of an electrically driven single-photon source emitting indistinguishable
photons. Our sample consists of a layer of InAs/GaAs quantum dots embedded in the intrinsic region of a
p-i-n microcavity diode. We test the indistinguishability of consecutive photons by carrying out a Hong-Ou-
Mandel-type two-photon interference experiment whereby two identical photons arriving simultaneously at two
input ports of a 50:50 beamsplitter exit together. The device was operated under two modes, continuous and
pulsed current injection. In the former case, we measured a coherence time of up to 400 ps at low pump current
- the longest reported under these excitation conditions. A two-photon interference visibility was measured,
limited only by the timing resolution of our detection system and further suggesting a 100% overlap of photon
wavepackets at the output beamsplitter. In the case of pulsed injection, we employed a two-pulse voltage sequence
which allowed us to carry out temporal filtering of photons which had undergone dephasing. The characteristic
Hong-Ou-Mandel “dip” was measured resulting in a visibility of 64 + 4%.
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1. INTRODUCTION

Quantum information science promises many advantages over classical information processing. While non-
classical elements such as entanglement and quantum interference have been readily demonstrated using para-
metric down-conversion, 2 the proposal of scalable quantum information processing® has stimulated many efforts
in finding suitable two-level systems which may act as single-photon sources. With the exception of quantum
cryptography, these schemes place a strict requirement on single-photon sources in that the photons must be in a
pure state such that consecutive photons are identical. The standard approach to testing the indistinguishability
is by carrying out a Hong-Ou-Mandel® two-photon interference experiment where photons from the source are
sent into the two inputs of a 50:50 beamsplitter. For photons that are indistinguishable in space, time, energy
and polarization, the photon wavepackets overlap perfectly ({¢1]2) = 1) resulting in a bunching behavior as
illustrated in Figure 1. Experimentally this can observed as a suppression in coincident counts at two detectors
placed in the output ports the beamsplitter.

Several groups have demonstrated the emission of indistinguishable photons from single-photon sources such
as molecules,* atoms,® ions,® and semiconductor quantum dots.” Quantum dots are of particular interest as
they can be grown to suit a particular application and can undergo fluorescence with either optical excitation or
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Figure 1. Hong-Ou-Mandel interference at a 50:50 beamsplitter. (a)-(d) show the four possible paths the photons can
take. If the photons are identical, the two-photon probability amplitudes in (a) and (b) cancel resulting in the bunching
behaviour shown in (e).
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electrical injection. Since a quantum dot is not an isolated system, phononic® ' and Coulombic
with the exciton complex can lead to dephasing. This is especially true under non-resonant electrical injection.
Jitter in the photon emission time and dephasing can both contribute to a reduction in the measured two-
photon interference visibility. Visibility can be restored by using a high-Q, low modal volume cavity to reduce
the radiative lifetime 77 to the point where the coherence time 75 is limited only by the length of the photon
wavepacket.” From the optical Bloch equations, these times are related by
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where T3 is the pure dephasing time.

In this paper we present the first demonstration of an electrically driven single-photon source capable of
emitting indistinguishable photons. We first present results where the coherence time is measured as a function
of current injection allowing us to choose the optimum operating conditions for our device. We then discuss
two-photon interference experiments where the source is driven with a fixed!® and pulsed voltage.'®

2. SINGLE-PHOTON-EMITTING DIODE

The sample considered here is a p-i-n diode'®'7 as illustrated in Figure 2. The intrinsic region consists of

a A cavity with a layer of low density InGaAs/GaAs quantum dots at its center. The cavity is sandwiched
between distributed Bragg reflectors above and below with two and twelve GaAs/Alg 9sGag.02As repeat layers
respectively. A 40 x 40 pm mesa was etched and an ohmic n-contact and top Al p-contact were patterned.
Apertures of 2 pum diameter were etched in the Al to isolate single quantum dots. Due to the large modal volume
and low Q factor of the cavity there are no measurable cavity QED effects, the sole purpose of the cavity is to
enhance the collection efficiency. Continuous wave (CW) emission can be produced by using a source measure
unit (SMU) to supply a fixed bias, or combined with a pulse generator, the bias can be regulated to give pulsed
emission.

3. DEPHASING DUE TO ELECTRICAL INJECTION

The electroluminescence (EL) spectra observed from an aperture on the device is shown in Figure 3(a). We
identify two lines A and B which show no polarization splitting and are therefore attributed to charged exciton
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Figure 2. An illustration of our device. The p-i-n diode is formed by two distributed Bragg reflectors which are doped.
The cavity, containing InGaAs/GaAs quantum dots, acts as the intrinsic region. Single quantum dots are isolated by
etching apertures of 2 um diameter in the Al top contact.
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Figure 3. (a) Electroluminescence spectra from two charged excitons. Open circles correspond to dot A and solid circles to
dot B. (b) Variation in fringe contrast as a function of the delay in the Michelson interferometer for a current of 200 pA.
The shape of the plots are typical across the range of current studied. (c) Dependence of T> on current injection with
theoretical fits.

states. We also note that adjusting the position of the collection optics alters the relative intensity of the two
lines suggesting that they are from two spatially separate quantum dots.

Dephasing of the emitting state is measured by Fourier transform spectroscopy” and is carried out by insert-
ing a Michelson interferometer in the emission path between the sample and detector. This technique allows
accurate measurements of very narrow linewidths which are not possible with conventional diffraction grating
spectrometers. Since dephasing causes homogenous broadening of the Lorentzian line shape, one would expect
the fringe contrast C'(At) = exp(—|At|/T3) to decay at a faster rate as the temporal delay At in the interferome-
ter is increased. Figure 3(b) shows a typical measurement of the fringe contrast as a function of At with a driving
current of 200 pA. Dots A and B both show an exponential decay characteristic of a Lorentzian lineshape. In
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fact measurements at different driving current up to 400 pA all show a Lorentzian lineshape which suggests
negligible inhomogeneous broadening. The variation in coherence time is shown in Figure 3(c). Both dots show
a decrease in the coherence time with current. At a low current of 30 pA we measure a coherence time of 400
ps. This is a surprising result considering the incoherent nature of the excitation process. To explain the trend
we fit the data according to the model by Berthelot et al.''''® As current flows through the device carriers may
be trapped in impurities and defects in the wetting layer and then eventually escape. N traps in the vicinity
of the dot will give rise to a fluctuating environment which induces a time varying Stark shift A of the exciton
transition. The transition energy is randomized over a range given by the modulation amplitude

23
3 = 7"
/T /TL

where X3 = vV NA/2 is the saturation value. The fluctuations occur on a timescale 77 given by

(2)
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The carrier capture and escape rates 1/7 and 1/7, respectively, are

1 1
—=—(1+n2), (4)
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where n; = 1/(exp(E;/kpT) — 1) are the Bose-Einstein occupation factors. Subscripts 1 (2) pertain to acoustic
(optical) phonon emission or absorption which can lead to carrier capture or escape respectively. 73 is the
characteristic timescale for Auger emission and Iy is the current at which the process saturates. The fitted
curves in Figure 3(c) show the variation in coherence time Ty = h*/%27;. For the most part, since the material
system is the same, we use similar parameters as Favero et al.'® such that 7, = 200 ps, 7o = 5 ps, E; = 1 meV,
FEy = 30 meV, and § = 2 but with the fitting parameters 73 = 750 ps, Iy = 300 pA, and ¥, = 188 peV for
dot A and 73 = 550 ps, Iy = 200 pA, and X3 = 285 peV for dot B. This is reasonable since every quantum dot
experiences a different charge environment. At high pump rates a transition from a Lorentzian lineshape to a
Gaussian line is expected to occur when $7;/f > 1.1 With a current of 200 pA, which is sufficient to saturate
the quantum dot, we calculate this ratio to be 0.01 and 0.03 for dots A and B respectively further confirming
that the lineshape is Lorentzian with negligible inhomogeneous broadening.

4. TWO-PHOTON INTERFERENCE

Measurements of the two-photon interference visibility were made using the Mach-Zehnder setup shown in Figure
4. The sample was driven with a fixed or pulsed bias at 4K. A polarizing beamsplitter (PBS) is used to select
horizontally polarized photons which were then filtered using a spectrometer with a resolution of 88 peV (not
shown). By rotating a half-wave plate (HW Py) the polarization of the emission can be aligned to the birefringence
axis of the polarization-maintaining single-mode fiber. Emission is coupled into the fiber and split at the first
fiber coupler C;. It is then sent along two arms, one with a delay A7, and the other with a second half-wave
plate HW P,. This waveplate can be adjusted to make the paths distinguishable or indistinguishable. A photon
taking the long path is then able to interfere with a second photon emitted a time A7 later and taking the
short path at second fiber coupler C5. This leads to a suppression in coincident counts at the two Si avalanche
photodiode detectors Dy and Ds. AT is chosen to be much greater than the coherence length of the photons so
that only fourth-order interference occurs at Cs. Single-mode fiber allows the spatial modes to be easily matched
at the final coupler.

Proc. of SPIE Vol. 7224 72240X-4

Downloaded from SPIE Digital Library on 30 Oct 2009 to 159.226.100.225. Terms of Use: http://spiedl.org/terms



Lens

Figure 4. A simplified schematic of the setup. The diode is driven using a SMU for CW emission or combined with a pulse
generator for pulsed emission. Two-photon interference is carried out using a fiber-coupled Mach-Zehnder interferometer.
A polarizing beamsplitter (PBS) allows horizontally polarized photons selected. Half-wave plate (HW P;) aligns the
polarization to the axis of the polarization-maintaining single-mode fiber. A spectrometer (omitted for clarity) located
between HW P; and the lens is used to filter the emission. The emission is then coupled into the fiber and split at the first
coupler C. The two arms can be made distinguishable or indistinguishable by rotating HW P,. For indistinguishable
photons interference occurs at the final coupler C2 resulting in a suppression of coincident counts at the two Si avalanche
photodiode detectors D; and Dso.

4.1 Fixed bias operation

Here we describe CW two-photon interference measurements with the device operating at a fixed bias. Measure-
ments were taken using dot A as the long coherence time would allow us to partially resolve the interference.
The device was driven with a current of 100 A at which point the intensity was at half the saturated value.
This corresponds to a coherence time of ~ 325 ps and a Lorentzian linewidth of 4 peV.

For a single photon emitted at a time o and undergoing pure dephasing described by ¢(¢), the wavefunction
has the form -
) o / e—(t—to)/T1+i¢(t)ée—i(k~r—wt)af|0> dt . (6)

to

It can be shown that for photons arriving in the same spatial mode |(¢1|1h2)]* = cos?(8)e2I71/T2 where 7 is the
delay between detecting the photons. The form of this expression is derived from the fact that the quantum
dot emits photons with a Lorentzian energy spectrum. For a dot emitting well below saturation, the pertinent
equations describing our experiment are

gD(r) = F(r) @ (1-e /M) (7)
(2) _ 2 2 (2)
giton(1.0) = Fo(r)@ {4 (T8 + RY) RaTag®(7)
+4R Ty (ng(Q)(T — A7)+ R%g@)(T + AT)) (1 — C052(9)672|T|/T2> } , (8)

where ¢(®)(7) is the correlation measured using a Hanbury-Brown Twiss (HBT) interferometer'® and F,(7) is
the impulse response function (IRF) of our detection system. In Equation 8, R and T are the reflection and
transmission intensity coefficients and 6 is the difference in polarization between the two photons. The IRF was
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Figure 5. Hanbury-Brown and Twiss and two-photon interference results. In (a) to (c) dashed lines show ideal curves with
perfect system response and solid lines model the effect of finite system response. The data is fitted with 73 = 800 ps
and T» = 325 ps. (a) Hanbury-Brown Twiss correlation, ¢ (7). (b) g(f)(T) = ggéM(T,O = 7/2), dotted line indicates

the classical limit. (c) gﬁ2>(7) = gﬁng(T,e =0).

measured by performing a HBT measurement using a mode-locked Ti-Sapphire laser tuned to 940 nm and can
be approximated by a Gaussian function of FWHM, I' = 428 ps . A HBT measurement was taken to determine
g (1) of the source (Figure 5(a)). By plotting Equation 7 (solid line) and assuming a perfect single photon
source with 77 = 800 ps, we obtain a good fit to the data. We also plot g(?) (1) for a perfect system response
(dashed line).

In Figures 5(b) and (c) we present detailed plots of the correlations around 7 = 0 ns for photons with
mutually orthogonal and parallel polarizations, respectively. The data is fitted with gﬁQ) (r) = ggg) w(7,0=0)

and g(f) (r) = ggz) v (7,0 = m/2) and Ty = 325 ps, also shown for comparison are curves for a perfect system

response (dashed lines). For photons with parallel polarization, we observe a dip at 7 = 0 ns below the limit where
classical correlations occur, i.e. where coincident detections occur 50% of the time, as indicated by the dotted
line. For orthogonally polarized photons the dip no longer goes below 50%. We also observe two dips to 75%
at 7 = £10 ns, due to the delay in the interferometer. Equality of these two dips suggests that Ry = To = 0.5.
In the absence of any fitting parameters, our fits are in strong agreement with the measured data. To quantify

the effect we observe, we define the two-photon interference visibility as Vigom(7) = (g(f) (1) — gﬁ2)(r)> / 95_2)(7').
We measure a visibility of 0.33 = 0.06, consistent with the assumption that interference is entirely limited by the
resolution of the detection system and that there is perfect overlap of the photon wavefunctions at Cs.

Finally, we consider ways in which we may post-select a higher visibility. Using Equation 8 and a Gaussian
system response, we are able to estimate the visibility of interference (Figure 6) as a function of coherence time
(T' = 428 ps) or system resolution (T2 = 325 ps). For the correlations we have performed, a narrow IRF and long
coherence time are favorable such that the ratio 2I'/7T5 is minimized. From the fitted data in Figure 3(b) we
expect the coherence time to reach a saturated value of ~ 420 ps at very low pump currents which corresponds to
a visibility of ~45%. It is clear that there is a far greater advantage to be had in improving the timing resolution.
For example, if I" ~ 100 ps one should be able to measure a visibility greater than 70%. This could be achieved
using superconducting single-photon detectors,?? for example.

4.2 Pulsed bias operation

In this section we report a new technique in obtaining indistinguishable photons from a triggered quantum dot
single-photon source. We now turn our focus over to dot B which is the brighter of the two dots. In Figure 7(a)
we show a voltage trace where the device is operated in the conventional way by applying a bias below threshold
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Figure 6. Numerical simulation showing the variation in Viiom with (a) system resolution I' (7> = 325 ps) and (b)
coherence time T (I' = 428 ps). A larger gain in visibility can be achieved by improving the detection resolution of the
system.

and applying a series of pulses (nominally 300 ps long) to inject carriers into the device. The change in electric
field causes the line to Stark shift into a spectral window where the emission is collected (Figure 7(b)). Here,
carrier injection and collection of the emission occurs at the same time. This led to a multiphoton emission
probability of ¢ (1) = 0.25 4 0.03 (Figure 7(c)).

Optimum performance is achieved by superimposing a two-pulse sequence on a DC bias of ~1.45 V (Figure
7(d)). To begin each cycle a positive-amplitude, 300 ps long, pulse injects carriers into the quantum dot.
Immediately following, a second negative-amplitude pulse Stark shifts the emission line by 0.15 nm (200 peV)
into a spectral window where the photon is collected (Figure 7(e)). In contrast to the single-pulse method,
injection and collection are separated in time. The temporal jitter can be reduced by applying a narrower
negative-amplitude pulse, but with a reduction in count rate. This particular scheme serves two main purposes.
As we saw in Section 3, current flowing through the device results in a shorter coherence time. With our
technique the photon is collected when the diode is biased below threshold. Secondly, by carefully choosing the
pulse amplitudes we are able to eliminate refilling of the dot. The negative-amplitude pulse also depopulates other
emitting states which may contribute to multi-photon emission. As before, we perform a HBT measurement to
test the quality of the single-photon source. From the data in Figure 7(f) we find that ¢ (7) = 0.0340.01 which
is a vast improvement on the single-pulse scheme and is on par with quantum dot sources under quasiresonant
excitation.”

Using the same interferometer arrangement as before and the two-pulse scheme, two-photon interference
experiments were carried out driving the source with a repetition period of 79 = 1.98 ns. However, this time the
delay in the interferometer was set to A7 = §7p . By tuning the source repetition rate we are able to produce the
characteristic HOM “dip” (Figure 8). The minimum is reached when A7 = §7y. The raw two-photon interference
visibility is 60 & 4%, while subtracting the dark counts the visibility increases to 64 4+ 4%. For spatially mode-
matched photons this value is equal to the wave-function overlap |<¢1|¢2>|2.21 Since this visibility is greater
than 2¢()(0) it should be possible to generate polarization entangled photons?! from this source. The dip is
fitted using the theory by Legero et al.?? In their original model the photons are described as a superposition
of single-frequency modes and a Gaussian energy spectrum. We follow the same approach but for photons with
a Lorentzian energy spectrum. We also incorporate a Gaussian jitter in the photon emission time and the effect
of a time-varying Stark shift of the emitter. However, only the jitter in the emission time has a significant effect
on the shape and depth of the dip. We obtain a very good fit if we assume that the jitter occurs within 31 ps.
We also assume that T = 60 ps, which was confirmed by an independent measurement. For 77 = 800 ps we
estimate T3 = 62 ps. Finally if a we consider pulsed optical excitation with the source held at a fixed bias we
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Figure 7. (a) Voltage trace when operating the device with a single pulse. The device is biased below threshold and a
pulse is applied to inject carriers. (b) Contour plot showing the time-varying Stark shift of the emission. Injection and
collection occur at the same time. (c¢) HBT correlation, g‘® (7) = 0.25 £ 0.03. (d)-(e) two-pulse operation of the diode.
(d) The positive-amplitude pulse injects carriers into the quantum dot, and a negative amplitude pulse is applied 300 ps
later. The sequence is applied with a period d79. (e) Time-varying Stark shift of the emission, injection and collection
are temporally separated. (f) HBT correlation, ¢ () = 0.03 & 0.01.
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can estimate the visibility as T/2T7 = 4%.23 With this new technique we are able to achieve a much higher
visibility without cavity QED effects.

5. CONCLUSION

In this paper we have demonstrated the first electrically driven single-photon source capable of emitting indis-
tinguishable photons. Such a source is a step towards for compact, fast, and relatively cheap devices for scalable
quantum information processing. We hypothesize that the low impurity and defect density of our sample gave
rise to long coherence times up to 400 ps at low pump current, despite the incoherent nature of our scheme. By
operating the device at a fixed bias a two-photon interference experiment was carried out without synchronizing
the arrival of photons at a beamsplitter. The post-selected visibility in this case was limited only by the response
of our detection system. By improving the detection system it should be possible to post-select a visibility above
70%. Alternatively, using a two-pulse scheme to select photons from a narrow time range it is possible to generate
triggered single photons that have been emitted before dephasing takes place. The visibility of interference, from
measurements of the HOM-“dip”, is 64 &+ 4% after dark count subtraction. The visibility may be improved by
using a shorter negative-amplitude pulse or a source with a longer coherence time. With these improvements
this source may be suitable for applications such as tests against local realism?* and entanglement swapping.2®
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