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Single-photon Fourier spectroscopy of excitons and biexcitons in single quantum dots
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We report on the direct measurement of the linewidth of the exciton and biexciton emission in single
self-assembled InP quantum dots. The measurements were performed using a Michelson interferometer com-
bined with a Hanbury-Brown and Twiss correlator. The setup allowed to demonstrate single-photon emission
from single dots by detecting antibunching and to determine the coherence length of single photons emitted
from the very same dots. A charge-coupled device camera used as detector in the Michelson interferometer
allowed to determine the emission linewidth of many dots in parallel under identical experimental conditions
at different temperatures.
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The recent advances in the field of single-photon gen
tion using single quantum dots1–6 provide a key element fo
novel experiments in quantum optics such as quan
cryptography7,8 and quantum computing.9,10 In these experi-
ments, single-photon emission is usually demonstrated
detecting antibunching in a photon correlation measurem
in a Hanbury-Brown and Twiss arrangement. An importa
step forward from incoherent single-photon emission and
tection is the observation of coherent effects such as sin
photon interference.11 Here, a critical parameter is the cohe
ence length or the linewidth of the single-photon wa
packets. Linewidth measurements of single-emission li
from semiconductor quantum dots12 have been performed
using high-resolution spectroscopy,13,14 four-wave
mixing,15,16 and coherent spectroscopy in the tim
domain.17,18 Another technique which provides direct info
mation about an emitter’s line shape, linewidth, and coh
ence length is Fourier spectroscopy. Fourier spectroscop
a superior method for single-photon spectroscopy sinc
combines high precision and a possible robust setup w
very low photon losses. First attempts to establish t
method for single quantum dot spectroscopy have b
reported.19 In this paper we report direct linewidth measur
ments performed on single self-assembled InP quantum
using Fourier spectroscopy with a Michelson interferome
We also measured the photon correlation of the very sa
emission line in order to prove single-photon emission. Fr
a more fundamental point of view, our setup combines
measurement of wavelike and particlelike features of sin
photons emitted from a single quantum dot. We determ
the linewidth of the exciton and biexciton emission of se
eral dots in parallel at different temperatures.

The sample was grown by metal-organic vapor phase
itaxy and consists of a low density of InP quantum d
imbedded in GaInP. These dots can emit single photons a
ideal wavelength (;690 nm! for silicon detectors.6 When
imaging through a narrow bandpass filter, the dots are spa
by an average of several microns, making it easy to se
single dots or to image several dots simultaneously. An a
minum mirror was positioned 100 nm below the dots to
crease the extraction efficiency. All measurements were d
in a continuous flow liquid-helium cryostat. For pulsed ex
tation, the output of a Ti:sapphire laser emitting 150 fs pul
0163-1829/2004/69~16!/165307~4!/$22.50 69 1653
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with a repetition rate of 76 MHz was frequency doubled
generate pulses with a wavelength of 450 nm. F
continuous-wave excitation a HeNe laser~632.8 nm! was
used. The luminescence was collected with a 0.75 nume
aperture objective, spatially filtered with a removable p
hole and filtered through a narrow bandpass filter@1.2 nm
full width at half maximum~FWHM! of white light trans-
mission#. A unique feature of our setup is that the sign
could either be sent to a Michelson interferometer to perfo
Fourier spectroscopy or to a Hanbury-Brown and Tw
~HBT! correlator for correlation measurements. In the HB
setup, avalanche photodiodes~APDs! detect single photons
and their signal is used to start and stop a time to amplit
converter. The time resolution of the system was measure
be 800 ps. Lifetime measurements could be obtained
measuring the correlation between the signal from an APD
the HBT and from a photodiode on the laser. The Michels
interferometer consists of one arm with a fixed mirror a
another arm with a mirror mounted on a piezotranslator w
a range of 70mm mounted on a mechanical translator with
5 mm range. A charge-coupled device~CCD! was used to
record the intensity at the Michelson interferometer outpu
schematic of the setup is shown in Fig. 1~a!. By removing
the pinhole, several dots could be studied in parallel
shown in Fig. 1~b!. Conventional imaging of the sample wa
done by blocking one arm of the Michelson interferomete

Fourier spectroscopy with the Michelson interferome
was done by recording a film with the CCD while the mirro
i.e., the arm length of one interferometer arm, was scann
The integration time for each frame was 500 ms. This
abled us to perform single-dot measurements in para
~typically about ten dots!. Long scans (70mm) were per-
formed to measure the exact wavelength and line shapes
short scans were done at widely different distances ove
mm to measure the visibility defined asV5(I max
2I min)/(I max1I min) whereI max and I min are the maximum
and minimum measured dot emission intensities, resp
tively. The dependence of the intensity on the interferome
armlength was then extracted by measuring the recorded
tensity of a single dot through all the frames, resulting in
tracelike one shown in Fig. 1~c!. The background was sub
tracted from the signal by measuring the noise level o
nearby region of the CCD with the same area where no
©2004 The American Physical Society07-1
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was detected. A sinusoidal fit was then used to extract
visibility value for each measurement. This enables us
extract the emission linewidth directly without making a
assumption.

The power dependence of the lines was used to iden
the exciton and biexciton emission lines. The exciton em
sion intensity shows a linear dependence on the excita
power while the biexciton line intensity follows a quadra
power dependence. Cross correlations between the ex
and biexciton emission20–22have also been measured on th
sample to identify the emission lines, and these results
be reported elsewhere.23 Typical single-dot spectra ar
shown in Fig. 2~a!. The top two spectra were taken by filte
ing the exciton and biexciton emission while the botto
spectrum was taken without any filter. All spectra were o
tained with 300 ms of integration time. A time-resolved me
surement done on the exciton emission at a temperatur
10 K is shown in Fig. 2~b!; an exponential fit reveals a ra
diative lifetime of 1.2 ns60.4 ns for the exciton emission i
agreement with previous time-resolved studies on single
dots.24 Fourier spectroscopy was then performed individua
on each line by filtering with the narrow bandpass filter. B
fore each interferometry measurement, photon correlat
were measured to confirm the antibunched nature of
quantum dot emission.

Figure 2~c! shows the visibility of the exciton emissio
measured over a 5 mmscan at a temperature of 6 K. Th
inset shows photon correlations measured on the filtered

FIG. 1. ~a! Experimental setup. Flippable mirrors~FM! are used
to direct the luminescence either to a spectrometer, to a Miche
interferometer, or to a Hanbury-Brown and Twiss correlator. T
later two are built around nonpolarizing beam splitters~BS!. A re-
movable pinhole~RP! can be used to select a single dot. A narro
bandpass filter~F! is tilted to transmit single spectral lines.~b!
Images taken through the Michelson interferometer showing sev
dots with varying intensity as the mirror is scanned.~c! Single-dot
photoluminescence intensity for the dot marked by an arrow in~b!
as a function of mirror position. The circles indicate the three po
tions where the images were taken.
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citon emission under the same conditions and on the s
dot with 444 s of integration time. The normalized area
the peak at zero time delay is far below 0.5 which demo
strates predominant single-photon emission.6 The solid line
in Fig. 2~c! is a fit of the form 1/@exp(t/t)1exp(2t/t)#
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FIG. 2. ~a! Single quantum dot spectra, the exciton~X! and
biexciton (X2) emission lines, are indicated. The top two spectra
taken through a narrow bandpass filter centered on the exciton
biexciton emission. The bottom spectrum was taken on the same
without any filtering.~b! Time-resolved measurement of the excito
emission. The dotted gray line is an exponential fit.~c! Interference
visibility for the exciton emission and for the biexciton emissio
~log scales!. ~d! The squares represent visibility measurements d
on a continuous wave laser. The insets show correlation meas
ments done under the same conditions. All measurements w
done at 6 K.
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expected for the case of a Lorentzian spectral linesha
There are two regimes characterized by two different ex
nential slopes. Similar to measurements on InAs s
assembled quantum dots16 this behavior corresponds to
narrow emission line~zero-phonon line! on top of broader
shoulders. In our measurements, the shortest coher
length or the broadest width of the shoulder in the cor
sponding spectrum is set by our narrow bandpass filter.
checked experimentally that the emission of a white lig
source filtered by a narrow bandpass filter of 1.2 nm FWH
resulted in a coherence length of 0.3 mm which is in go
agreement with the observed short coherence length. E
sion of the wetting layer and barrier material predominan
contribute to this incoherent background in our experime
In the following we concentrate on the coherence length
linewidth of the zero-phonon line.

The extracted coherence length from our fit to the ze
phonon line for the exciton emission is 2.1 mm, yielding
exciton emission linewidth of 186meV ~FWHM! for a
Lorentzian line shape. Figure 2~d! shows the visibility of the
biexciton emission measured on the same dot under the s
conditions. Here again, the inset shows a photon correla
measurement demonstrating single-photon emission from
biexciton recombination with an integration time of 666
The coherence length of the biexciton is 3.5 mm which c
responds to a linewidth of 112meV.

We want to stress here that our method allows to clea
identify emission lines from single quantum dots by study
the single-photon emission. Additionally we are able to p
form measurements in parallel on several dots in a given
under exactly the same experimental conditions. We co
thus determine a typical width of the distribution of the lin
width of single quantum dots. In order to demonstrate th
we have performed similar measurements over a doze
dots. The results of a parallel coherence length measurem
on the emission from eight dots are shown in Fig. 3 wh
the integration time for each frame was 150 ms. The visib

FIG. 3. Result of a parallel coherence length measurement
formed on several dots at a temperature of 6 K. The bars indi
the coherence length of the single photons emitted from each
responding dot. Thex-y plane displays a CCD camera image.
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ties of these eight dots were extracted from one mirror sc
Variations in the single-photon coherence lengths betw
1.2 and 3.2 mm are observed. Because these different re
are obtained simultaneously at the same energy under
same excitation conditions, the variations in coheren
length reveal intrinsic differences in the dephasing mec
nisms from quantum dot to quantum dot.

In our sample we typically obtained linewidths whic
were up to two orders of magnitude broader than wha
expected from the measured radiative lifetime of 1.2 ns. T
shows that decoherence processes are at work in these q
tum dots even at low temperatures. Similar measurem
done under HeNe excitation to avoid exciting the barrier m
terial yielded similar results. This indicates that the deph
ing mechanisms in these quantum dots do not originate f
an interaction with excitons in the barrier material. It h
been speculated that the linewidth broadening in InP dot
due to charging effects and fluctuating charge traps in
barrier material.25 Although we could not detect blinking o
spectral diffusion on a time scale longer than 10 msec on
dots we investigated, we could not exclude that these eff
are present on a much faster time scale leading to the
served linewidths.

The temperature dependence of the exciton emission
herence length is shown in Fig. 4~a! for a typical quantum
dot measured with 100 ms of integration per frame. T
measurements were performed on the same dot from 7 K up
to 40 K and show an increasing linewidth with increasi
temperature attributed to increasing thermal phonon pop
tion. The extracted temperature-dependent linewidth for
exciton and biexciton emission is presented in Fig. 4~b!. We
also plotted the measured results for the biexciton emiss
from another dot. For exciton and biexciton emission fro
the same dot we typically found similar linewidths, as d
cussed for the results displayed in Figs. 2~c! and 2~d!. The
fits in Fig. 4~b! are based on an exponential function with
activation energy of 11.5 meV for both fits. This value is
good agreement with measurements of the transve

r-
te
r-

FIG. 4. ~a! Temperature dependence of the visibility of the e
citon emission. An offset was added to each trace for clarity.~b!
Exciton and biexciton~from another dot! emission linewidth as a
function of temperature.
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acoustic phonon energy in InP dots embedded in GaInP.26

We have measured the linewidth of the exciton and bi
citon emission from several single InP quantum dots in p
allel. A typical coherence length between 2 and 5 mm co
sponding to linewidths between 50meV and 250meV was
found at 7 K. In our setup, we used Fourier spectrosc
together with photon correlation measurements. This dem
strates the possibility of combining two very sensitive sp

*Present address: Quantum Photonics, ETH, CH-8093 Zu¨rich,
Switzerland. Electronic address: zwiller@phys.ethz.ch
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