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We developed a new approach to test the single-photon emissions of semiconductor quantum dots (QDs) in
the optical communication band. A diamond-anvil cell pressure device was used for blue-shifting the 1.3 mm
emissions of InAs/GaAs QDs to 0.9 mm for detection by silicon avalanche photodiodes. The obtained g(2)(0)
values from the second-order autocorrelation function measurements of several QD emissions at 6.58 GPa
were less than 0.3, indicating that this approach provides a convenient and efficient method of
characterizing 1.3 mm single-photon source based on semiconductor materials.

A
s an excellent single-photon source, single self-assembled semiconductor quantum dots (QDs) with
emissions in the optical communication band, i.e. from 1.3 to 1.5 mm, are attractive candidates for the
future fiber-based applications of quantum communication1–8. Single-photon sources can only be stat-

istically confirmed from the anti-bunching measurement of their luminescence2, and the results largely depend
on the testing setups, especially the performance of the single-photon detectors used. However, as a major single-
photon detector employed in the near-infrared spectral range, commercial Peltier-cooled InGaAs avalanche
photodiode (APD) has a much higher dark count rate and lower quantum efficiency than silicon APD2,3, which
makes it difficult to study 1.3–1.5 mm single-photon sources and obtain exact g(2)(0) value. To solve the single-
photon detecting problem in the optical communication band, many researchers have proposed meaningful
solutions. To our knowledge, these attempts can be classified into the following three categories: (1) creating
micro-structures (such as micro mesas or micro pillars) around single QDs to enhance the collection of their
luminescence to offset the low detection efficiency of InGaAs APDs and to improve the signal-to-noise ratio
(SNR)2,4–8; (2) using superconducting single-photon detectors (SSPDs)3,9–12, which have higher detection effi-
ciencies and much lower dark count rates than InGaAs APDs10 and (3) converting the emissions of QDs from the
near-infrared range to the visible range, to permit the emissions to be directly detected by more powerful silicon
APDs based on the periodically poled LiNbO3 (PPLN) waveguide quantum frequency up-conversion (QFUC)
technology3,13–17. Although these methods have successfully permitted the characterization of semiconductor
single-photon sources and obtained credible results, several problems remain in terms of practical use. The micro
fabrication of semiconductor QD samples can be cumbersome, which requires subtle fabricating equipment and
processing technology. The SSPDs can be costly and require cryogenic operation environment3,10. For the QFUC,
the key problem is that a PPLN waveguide with fine structure is not easy to obtain. In addition, a certain PPLN
always corresponds to certain conversion frequencies13, which make it less flexible in detecting different wave-
length emissions from single QDs. Consequently, there are still many areas require improvement in the detection
of near-infrared single-photon sources and to make the process more convenient and efficient.

Here, we present a new approach to perform anti-bunching measurements of the optical communication band
emissions from semiconductor QDs using both a diamond-anvil cell (DAC) and silicon APDs. InAs/GaAs QDs
are used as single-photon sources with 1.3 mm emissions at 0 GPa. Their emissions are successfully shifted from
1.3 to 0.9 mm under high pressure and detected by silicon APDs. The measured g(2)(0) values are less than 0.3 for
single QD emissions. The measurement technique is demonstrated to be an effective detection and character-
ization approach for optical communication band semiconductor non-classical light sources.
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Results
The studied InAs/GaAs QD samples with 1.3 mm emissions and
various dot densities were all obtained from a wafer grown using
the molecular-beam epitaxy method, see Methods for details.
Fig. 1b shows the DAC pressure device used for blue-shifting the
QD photoluminescence (PL). Condensed argon was used as the
pressure-transmitting medium in the DAC. The quasi-hydrostatic
pressure can be adjusted at room temperature by driving screws and
can be determined in situ using the ruby R1 fluorescence line shift18,19.
Fig. 1a presents a schematic diagram of our experimental setup: the
QD sample in the DAC was cooled to 4 K using a cryostat of
Montana Instruments and excited by a pulsed diode laser at a wave-
length of 640 nm, a pulse width of 63 ps and a maximum repetition
frequency of 80 MHz. The excitation laser was focused to a ,2 mm
spot on the sample using a microscope objective (NA: 0.5). The PL
was collected using the same objective and separated from the pump-
ing laser using a dichroic mirror and a long pass filter. To accurately
detect the PL in various spectral ranges, the longer (. 1 mm) or
shorter (, 1 mm) wavelength PL was switched to a 0.3-m focal length
monochromator equipped with a liquid-nitrogen-cooled InGaAs
linear photodiode array (PDA) or a 0.5-m focal length monochro-
mator equipped with a Peltier-cooled silicon charge-coupled device
(CCD), respectively, using a movable mirror. For second-order auto-
correlation function g(2)(t) measurements of emissions from the QDs
at high pressure, a standard Hanbury-Brown and Twiss (HBT)
setup20 equipped with two silicon APDs (SPCM-AQR-14: detection
efficiency at 0.9 mm ,35% and dark counts ,100 cps) and a time-
correlated single-photon counting (TCSPC) board were used. The
high-pressure PL decay measurements were also performed with the
pulsed diode laser and the TCSPC. The PL decay and g(2)(t) of a InAs/
GaAs QD with a 1.3 mm emission line at 0 GPa were measured by a
similar system equipped with two InGaAs APDs (id 201 of ID
Quantique).

Fig. 2a–e present the micro-PL spectra from 5 different locations
on the QD sample with low dot densities, which exhibit typical
spectroscopic fingerprints of single QD emissions. Resolution-lim-
ited sharp emission lines can be observed from 1305 to 1335 nm, one
of which is perfectly coincident with the minimum loss wavelength of
1310 nm (indicated by the dashed line) in the O-band (1260–
1360 nm) of the optical fiber.

Note that the luminescence of InAs/GaAs QDs can be blue-shifted
by applying high pressure due to the increase of the C-point band-
gap21–25. First, we should verify that our method is feasible, and
determine which pressure values are suitable for the subsequent PL
decay and g(2)(t) measurements by silicon APDs. Under certain pres-
sures, due to the mismatch of the QD emission wavelength to the
cavity mode (centered at 1320 nm) and the lower detecting ability of
the InGaAs PDA (used here to detect PL wavelengths longer than
1 mm), the shifted PL of single QDs often became too weak to detect.
Therefore, we selected a location on the QD sample with higher dot
density and observed the luminescence evolution of QD ensemble
along with the increasing pressure. Fig. 2f summarizes the pressure
dependence of the PL peak energy of the QD ensemble. The upper
inset clearly reveals that the PL emission peak (1320 nm) at 0 GPa.
In the lower inset, the PL peak was almost shifted to 900 nm at
6.52 GPa, where the QD emissions would be more easily detected
by silicon APDs (the other detailed spectra under different pressures
between 0 and 6.52 GPa are shown in the Supplementary Informa-
tion, Fig. S1). Note that no other obvious luminescence peaks were
observed at wavelengths longer than 940 nm at 6.52 GPa. The solid
red line in Fig. 2f represents the result of a linear fit to the experi-
mental data, and the obtained pressure coefficient is 62 meV/GPa. It
is consistent with the reported value of 65 meV/GPa for ,1240 nm
ensemble InAs/GaAs QDs emissions23. It sounds better if we could
apply further pressure to the sample and shift its luminescence to an
even shorter wavelength range corresponding to the maximum
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Figure 1 | Schematic of experimental setup and details of high pressure device. (a) Sketch of the experimental setup for time-resolved PL and
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detection efficiency of silicon APDs (,65% at 700 nm). However,
the PL intensity dropped significantly as the pressure was increased
above 7 GPa, mainly due to the zincblende to rocksalt transition
(occurs between 7 and 8 GPa) for bulk InAs23.

Note that the uniaxial or biaxial stress generated by an integrated
piezoelectric unit can be another effective approach to tune the emis-
sions of the semiconductor QDs21,22,25–28, whereas the limited spectral
tuning range (the largest one is ,8 nm27,28) would not meet the
demand of a large wavelength shift for this work.

A QD sample with 1.3 mm emissions as shown in Fig. 2a–e was
selected to be placed into the DAC chamber, and a pressure of
6.58 GPa was applied at 4 K. Single QD emission lines from the
sample are shown in the left panels of Fig. 3a–c. Time-resolved PL
spectra of the 901.5, 896.6, 883.2 and 882.6 nm emission lines are
shown on the upper right side of Fig. 3a–c. The lifetimes obtained by
single-exponential fits after deconvolution with the measured
TCSPC (equipped with silicon APDs) setup response function
(SRF, see Supplementary Information, Fig. S2) were 1.27, 1.10, 1.36
and 1.05 ns, respectively, which are typical values for the radiative
lifetimes of exciton recombination in InAs/GaAs QDs. However, the
external pressure would change the Coulomb Integral Jeh and thus
influences the dipole strength and radiative lifetime. To figure out the
evolution of QD luminescence lifetime with pressure, we measured
two InAs/GaAs QDs (with emissions of ,0.9 mm at 0 GPa and the
QD sample without top and bottom DBRs) PL decay curves at dif-
ferent pressures from 0 to 3.25 GPa. The results show that the life-
times slightly decrease with increasing pressure (see Supplementary
Information, Fig. S3).

The g(2)(t) for these emission lines from QDs at 6.58 GPa were
measured using an HBT setup equipped with silicon APDs, as
described in Fig. 1. In the experiments, single QDs (detected by
silicon CCD) with an average count rate larger than 3000 cps were
selected for the g(2)(t) measurements and each integration time was
2 h. The obtained autocorrelation histograms are shown, respect-
ively, in the lower right panels of Fig. 3a–c as black lines. The strong
suppression of correlation peaks at zero time delay provides evidence

of the anti-bunching behavior of the quantum light emission from
these QDs. To obtain the exact values of g(2)(0), we fit the experi-
mental data using a formula for non-resonant pulsed excitation29:

N{1 Bz
X

n

an exp {
t{n:Trep

�� ��
te

� �( )
ð1Þ

where N, B, te, an and Trep are the normalization factor, baseline
value, lifetime of the emitter, correlation peak height of the nth
excitation cycle (0#a0#1, an?0 , 1), and repetition period of the
excitation pulses, respectively. The fitting results are displayed as red-
solid lines in Fig. 3, and all the g(2)(0) values are less than 0.3.

We also have directly measured the PL decay and g(2)(t) of a single
QD at 0 GPa with InGaAs APDs for comparison. To facilitate the
measurements, we selected a single emission line with the highest PL
intensity (,8000 cps, as measured by the InGaAs PDA under satu-
rated excitation by the diode laser with a repetition frequency of
80 MHz) from the ones we strived to find around the cavity mode
of 1320 nm as shown in Fig. 4a. Based on the parameter settings of
InGaAs APDs in Reference (8), we measured the PL decay of the
single QD under 1 MHz laser excitation. The lifetime 1.23 ns of the
1331.9 nm line, obtained by single-exponential fits to the PL decay
data after deconvolution with the SRF (see Supplementary Infor-
mation, Fig. S4) of the TCSPC equipped with InGaAs APDs, which
is consistent with the reported values4,5,8. For g(2)(t) measurements, a
laser repetition frequency of 2 MHz was selected, and the excitation
power was adjusted to attain the best SNR. The InGaAs APDs
worked in a gated mode with a 5-ns gate time and were well syn-
chronized with the trigger signal from the diode laser. The detection
efficiency of the APDs was set to 15%. Two different detection results
were obtained by setting the dead time of the InGaAs APDs to 1 and
10 ms, respectively, with the accumulation time being set to 10 h.
Fig. 4c and d demonstrate that even g(2)(t) has a clear anti-bunching
dip, and the obtained g(2)(0) values are relatively large at 0.6360.04
and 0.5160.05, respectively (the raw data and background of the
g(2)(t) measurements can be found in Supplementary Information,
Fig. S5).

Figure 2 | Photoluminescence spectra of single InAs QDs at 0 GPa and evolution of photoluminescence peak position of ensemble InAs QDs via
hydrostatic pressure. (a)–(e) Different emission lines of low-temperature PL from different locations on InAs/GaAs single QD samples at 0 GPa. (f) PL

peak energy of InAs/GaAs QD ensemble as a function of pressure (black squares: experimental data; red line: linear fit). The two insets are PL spectra of

QD ensemble at 0 and 6.52 GPa.
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Note that the relatively large-dark counts and the after-pulses of
InGaAs APDs may lead to higher g(2)(0) values. To attain better
results, a shorter gate time, lower detection efficiency, longer dead
time and smaller excitation repetition frequency would be ideal.
However, these settings may also cause the loss of some useful
counts, and the measurements would be time consuming.
Compared with the inherent dark counts of InGaAs APDs, the
after-pulse effect may be more harmful to the g(2)(t) measurements
because the effect of dark counts can be statistically removed by
background subtraction; however, the after-pulses can confuse the
noise with useful signals and thus cause them to be not well sepa-
rated. By selecting a longer dead time 10 ms instead of 1 ms, the
obtained g(2)(0) value decreases from 0.6360.04 to 0.5160.05, indi-
cating that the after-pulse effect of the InGaAs APDs is really an

important factor for altering the g(2)(t) measurements. Unfor-
tunately, too long of a dead time could not be selected for real mea-
surements. The use of a tunable band pass filter and the creation of a
micro-structure around a single QD were also reported to enhance
the collection efficiency and SNR of g(2)(t) measurements2,4–8.
However, the g(2)(t) measurement proposed using DAC and more
powerful silicon APDs was demonstrated to be a more effective
approach to characterize the single-photon emission of QDs at
1.3 mm. In fact, it will also be possible to extend this method to
characterize QDs with single-photon emissions at 1.55 mm.

Finally, to further confirm the feasibility of the proposed
approach, we traced the g(2)(t) evolution of a single QD (with a
emission line of ,900 nm at 0 GPa) under pressure from 0 to
3 GPa, herein the g(2)(t) was measured using silicon APDs. The

Figure 3 | Photoluminescence spectra, time-resolved spectra and single photon emissions of single InAs QDs at high pressure. (a)–(c) Several emission

lines of low temperature PL that were observed from the different locations on the sample at 6.58 GPa (left panels), their PL intensity decay curves

(upper right panels), and their second-order autocorrelation function measurements (lower right panels).

Figure 4 | Photoluminescence spectrum, time-resolved spectrum and single-photon characterization of a InAs QD at 0 GPa. (a) PL emission line of a

single InAs/GaAs QD at 0 GPa. (b) PL intensity decay curve of emission line in (a). Second-order autocorrelation function measurements of the QD

emission by InGaAs APDs with dead times of 1 ms (c) and 10 ms (d) (the error bars are obtained from the mean square errors of correlation peak heights

without the one at zero time delay).
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results indicate that the single-photon emission mechanism of the
QD remains well under different pressures (see Supplementary
Information, Fig. S6). In addition, it was found that the tuned QD
emission line is reversible as a function of pressure.

Discussion
In summary, we have introduced a new approach that can efficiently
characterize the single-photon emission property of semiconductor
QDs with wavelength in the optical communication band at 0 GPa.
By combining a DAC and a micro PL system, we have obtained a
pressure coefficient of 62 meV/GPa for 1.3 mm ensemble InAs/GaAs
QDs, and determined the suitable pressure range (,6.5–7.0 GPa) for
g(2)(t) measurements of luminescence from single QDs. By applying
quasi-hydrostatic pressure on single InAs/GaAs QDs, we success-
fully shifted their emission lines from 1.3 mm (at 0 GPa) to ,0.9 mm
(at 6.58 GPa). The second-order autocorrelation function of the
emission lines from single QDs could be better measured at high
pressure by silicon APDs, and the obtained results (g(2)(0) , 0.3)
confirmed that these single QDs correspond to single-photon
sources in the 1.3 mm range at 0 GPa. Through a comparison with
the conventional anti-bunching measurements of a 1.3 mm emission
line from an InAs/GaAs QD at 0 GPa by InGaAs APDs, the advant-
age of the new approach is demonstrated.

Note that the effect of quasi-hydrostatic pressure on the QD sam-
ple is mainly to enlarge the band-gap energy, i.e., to blue-shift the PL
peak energy. Moreover, for bulk GaAs, the energy of the direct C
point band gap increases with pressure while the energy of the X-like
minimum is lowered, leading to a direct to indirect band gap cross-
over at about 4.2 GPa25. Then the QD luminescence intensity will
decrease with a further increasing pressure due to the fact that the
capture ability of QDs for the carriers (generated by laser) from GaAs
host material decreases after GaAs becomes an indirect band semi-
conductor23–25. It would be a drawback for the detection of QD emis-
sions at high pressure. However, based on the experimental results
reported here and in References (24) and (25), we argue that the
pressure-induced luminescence quenching effect can be weakened
for large dots. Therefore, we consider that the method proposed here
can be helpful for characterizing the single-photon properties of QDs
with emissions in the optical communication band using more reli-
able silicon APDs.

Methods
Samples preparation. The studied InAs QD samples with 1.3 mm emissions and
various dot densities were all obtained from a wafer grown using the molecular-beam
epitaxy method on a (001) GaAs substrate. In detail, they consist of, in sequence, a
200 nm GaAs buffer layer, a 20-period GaAs/AlAs (each l/4 period consists of a
96.06 nm thick GaAs layer and a 112.8 nm thick AlAs layer) distributed Bragg
reflector (DBR), a layer of 96.06 nm GaAs, a 2.42 monolayers (ML) of InAs, a layer of
8 nm GaAs, a QD layer with 1.3 mm emission and various dot densities formed by
nominal 2 ML of InAs (during the QD layer growth, GaAs substrate stops running in
order to obtain various QD density distributions) and capped by a 5 nm
In0.15Ga0.85As strain-reducing layer followed by a 192.12 nm GaAs layer and a 4-
period GaAs/AlAs DBR with the same period as the bottom. To fit the QD samples
into the diamond-anvil cell chamber, the samples were mechanically thinned to a
thickness of approximately 20 mm and then cut into pieces approximately
1003100 mm2 in size.

Calibration of the ruby pressure gauge under quasi-hydrostatic condition. The
values of quasi-hydrostatic pressure applied to QD samples were determined in situ
using the ruby R1 fluorescence line shift18,19. For our experiment, concentrate pressure
values were calculated by the followed equation:

P~
1904

B
| (

l

l0
)B{1

� �
ð2Þ

where P is the pressure in GPa, l0 is the wavelength of ruby R1 at zero pressure andl is
the wavelength of the ruby R1 line at some certain pressure which want to be known, B
is a constant with the value 7.665.
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