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quantum sensors register a change of quantum state caused by the interaction with 
an external system:

• transition between superconducting and normal-conducting
• transition of an atom from one state to another
• change of resonant frequency of a system (quantized)

Clarification of terms

and because the commensurate energies are very low, unsurprisingly, quantum 
sensors are ideally matched to low energy (particle) physics; nevertheless, they 
can also form natural elements of HEP detectors

(low energy) particle detectors:

}
highly sensitive and highly 
specific sensors for 
minute perturbations of 
the environment in 
which they operate

Then, a “quantum sensor” is a device, the measurement (sensing) 
capabilities of which are enabled by our ability to manipulate 


and/or read out its quantum states.

     focus on these
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Detectors Searching for Ionization
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fundamental lower limit

7/10/2024 Daniel Baxter | IDM 2024

What’s the goal? mip detection? or minute, sub-mip energy deposits?

Very low bandgap materials required to be sensitive to tiny energy deposits: milli-
charged particles, nuclear recoil from very light DM, IR photons, precise photon #

For much higher (or lower) particle masses (or better, very weak fields), other quantum 
sensing technologies are more appropriate:

Start with an example: Energy deposited in detectors by particles

M. Doser,  CERN3/31
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Potential HEP impact 

Tracking Calorimetry Timing PID Helicity

WP 1 (Quantum 
systems in traps and 

beam)
Rydberg TPC BEC WIMP scattering 

(recoil)

O(fs) reference clock for 
time-sensitive 

synchronization (photon 
TOF)

Rydberg dE/dx 
amplifiers

WP2 (Quantum 
materials: 0-, 1- and 2-

D)

“DotPix”; improved 
GEM’s; chromatic 

tracking (sub-pixel); 
active scintillators

Chromatic calorimetry Suspended / embedded 
quantum dot scintillators

Photonic dE/dx through 
suspended quantum 

dots in TPC

WP 3 (Superconducting 
quantum devices)

O(ps) SNSPD trackers 
for diffractive scattering 

(Roman pot)

FIR, UV & x-ray 
calorimetry O(ps) high Tc SNSPD

Milli- & microcharged 
particle trackers in beam 

dumps

WP 4 (scaled-up bulk 
systems for mip’s)

Multi-mode trackers 
(electrons, photons)

Multi-mode calorimeters 
(electrons, photons, 

phonons)

Wavefront detection 
(e.g. O(ps) embedded 

devices)

Helicity detector via 
ultra-thin NV optically 
polarized scattering / 

tracking stack

WP 5 (Quantum 
techniques)

Many-to-one 
entanglement detection 

of interaction

WP 6 (capacity building)

Work package

HEP function

Technical expertise of  future workforce (detector construction); broadened career prospects and thus 
enhanced attractiveness; cross-departmental networking and collaboration; broadened user base for 
infrastructure (beam tests, dilution refrigerators, processing technologies)

( under way; in preparation; under discussion or imaginable applications; long-range potential )

Applied (detectors) Fundamental physics

Improved quantum measurements

M. Doser,  CERN  Quantum Sensing School,  Nov. 20246/31
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quantum-boosted dE/dx Rydberg TPC’s

helicity detectors

Atoms, molecules, ions

Spin-based sensors

Quantum sensors for high energy particle physics

Superconducting sensors

quantum dots for calorimetry

Metamaterials, 0 / 1 / 2-dimensional materials

quantum dots for tracking

quantum-polarized helicity detection

quantum pixel ultra-sensitive tracking milli-charge trackers

chromatic calorimetry

chromatic tracking

microcalorimeters X-ray spectroscopy
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Particle detection through production of secondaries

Position (x,y,z)
Time (t)
Energy (dE/dx)

Detect:
ne

n𝛄
Ee

E𝛄

) ) )) ) )

nphonon Ephonon

invisible except at ultra-low temperatures
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4 34. Passage of Particles Through Matter
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Figure 34.1: Mass stopping power (dE/dx) for positive muons in copper as a function of —“ =
p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in kinetic energy).
Solid curves indicate the total stopping power. Data below the break at —“ ¥ 0.1 are taken from
ICRU 49 [6] assuming only — dependence, and data at higher energies are from [7]. Vertical bands
indicate boundaries between di�erent approximations discussed in the text. The short dotted lines
labeled “µ≠ ” illustrate the “Barkas e�ect,” the dependence of stopping power on projectile charge
at very low energies [8]. dE/dx in the radiative region is not simply a function of —.

34.2.3 Stopping power at intermediate energies

The mean rate of energy loss by moderately relativistic charged heavy particles is well described
by the “Bethe equation” [2, 4, 5, 9],

=
≠dE

dx

>
= Kz2 Z

A

1
—2

C
1
2 ln 2mec2—2“2Wmax

I2 ≠ —2 ≠ ”(—“)
2

D

. (34.5)

Eq. (34.5) is valid in the region 0.1 . —“ . 1000 with an accuracy of a few percent. At —“ ≥ 0.1
the projectile speed is comparable to atomic electron “speed,” and at —“ ≥ 1000 radiative e�ects
begin to be important (Sec. 34.6). Both limits are Z dependent. A minor dependence on M at
high energies is introduced through Wmax, but for all practical purposes the stopping power in a
given material is a function of — alone. Small corrections are discussed in Sec. 34.2.6.1,2

This is the mass stopping power ; with the symbol definitions and values given in Table 34.1,
the units are MeV g≠1cm2. As can be seen from Fig. 34.2, dE/dx defined in this way is about
the same for most materials, decreasing slowly with Z. The linear stopping power, in MeV/cm, is
fl dE/dx, where fl is the density in g/cm3.

1For incident spin 1/2 particles, (Wmax/E)2/4 is included in the square brackets. Although this correction is
within the uncertainties in the total stopping power, its inclusion avoids a systematic bias.

2In this section, “dE/dx” will be understood to mean the mass stopping power “È≠dE/dxÍ.”

31st May, 2024
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~ keV energy deposit = n x ionization energy of atoms [O(10 eV)]
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Particle detection through production of secondaries
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Particle detection through production of secondaries
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Particle detection through production of secondaries

Position (x,y,z)
Time (t)
Energy (dE/dx)

Detect:

1~10 nm

10~100 Å

quantum
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https://www.sigmaaldrich.com/CA/en/technical-documents/technical-article/materials-science-and-engineering/biosensors-and-imaging/quantum-dots

The size of the band gap depends on the overall mass of the quantum dot. As the quantum dot gets 
smaller, the size of the conduction and valence bands decrease which makes the band gap increase.

quantum dotsDetectors Searching for Ionization

6

fundamental lower limit

7/10/2024 Daniel Baxter | IDM 2024

Anything that can 
excite a transition
(e , 𝛾) will be 
transformed into 
visible light = WLS

_
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Multicomponent dots offer an alter-
native method to tune properties 
without changing crystallite size.

Size-dependent emission properties

quantum dots

Photoluminescence of alloyed CdSxSe1-x/ZnS quantum dots of 6 nm diameter. 
The material emits different color of light by tuning the composition.

Band gap doesn’t only depend on size, but also composition

Stokes shift: (mostly) monochromatic emission
but broad-band absorption spectrum that may
overlap with the emission spectrum (in which 
case, emitted light may be re-absorbed).

Large Stokes shift = bright emission

14/31
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idea: seed different parts of a
“crystal” with nanodots emitting
at different wavelengths, such that 
the wavelength of a stimulated 
fluorescence photon is uniquely 
assignable to a specific nanodot 
position

select appropriate nanodots

UV
illumi-
nation

e.g. triangular carbon nanodots

e.m. shower

requires: 
• narrowband emission (~20nm)
• only absorption at longer
  wavelengths
• short rise / decay times

Quantum dots: chromatic calorimetry

F. Yuan, S. Yang, et al., Nature Communications 9 (2018) 2249

absorption emission

quantum dots for calorimetry
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Intensity
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Incoming
particle Shower

profile

absorption
spectrum

emission
spectrum

leftmost nanodots:
absorb wavelengths < 650 nm
emit at > 680 nm

next band:
absorb wavelengths < 590 nm
emit at > 590 nm

…

rightmost nanodots:
absorb wavelengths < 410 nm
emit at > 420 nm

if high-Z substrate transparent in 
400-700 nm, then no re-
absorption of emitted light

carbonized polymer dots

CsPbCl3 nanocrystals

triangular carbon nanodots

(shower profile via spectrometry)

Metalenses?

M. Khorasaninejad 
& F. Capasso, 
Science 358, 6367 
(2017)

Monochromators + PD?

Y.T. Lin & G. Finlayson, 
Sensors 23, 4155 (2023)

quantum dots for calorimetry
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C H RO M AT I C  C A L O R I M E T RY : T WO  O P T I O N S

• Two Design Approaches: Exploring direct embedding of quantum dots in high-Z materials and a hybrid design 
combining inorganic and organic scintillators.
• Working with specialized labs to develop suitable inorganic crystals for direct embedding.

• Hybrid Design Feasibility: Utilising organic scintillators like nanocomposite scintillators (nano scintillators embedded 
in a host polymer matrix) or like PbF2 as absorber -no emission, transparent than PWO, no scintillation-ideal case)

• Key Parameter Determination: Assessing quantum dot concentration, transparency, radiation hardness, time response, 
and light yield in various combinations.
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This slide courtesy Devanshi Arora, CALOR’24

SIMULATION
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C H RO M AT I C  C A L O R I M E T RY : S I M U L AT I O N

         D. Arora, CALOR, 23 May 202415courtsey  Y. Haddad, N U, Boston, USA 

reconstruction of energy is possible, as energy 
increases-shower moves inside the calo 
module,reconstruction of energy using chromatic 
info is proven

“Chromatic” energy measurement

OUTCOME

quantum dots for calorimetry
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“Chromatic” energy
  measurement

“Chromatic” electron - 
  pion discrimination

GAGG [radiation length = 1.51 cm (for 1 cm length, 1.32 X0)]

BGO    [radiation length = 1.2 cm (for 3 cm length, 2.7 X0)] 
-> in the shower max

LYSO  [radiation length = 1.1 cm (for 2 cm length, 1.8 X0)]

PWO is used for adding X0 without compromising the 
transparency of the crystals’ emission

         D. Arora, CALOR, 23 May 2024

GAGG
BGO

PWO

LYSO

PWO

BEAM
SPS(north area,CERN) TB 2023

18

MATERIALS: CHROMATIC CALORIMETRY: TB 2023

24cm

• seeding/embedding of QDs in the calo module 
is not feasible at the moment

• the first iteration of chromo calo, validating the 
relevance of this method

• utilizing standard inorganic bulk scintillating 
materials having different emission spectra, and 
PWO was chosen as an absorber although it is 
not ideally transparent 

16          D. Arora, CALOR, 23 May 2024

24cm

C H R O M AT I C  C A L O R I M E T R Y:  P R O O F  O F  C O N C E P T,  
T E S T- B E A M  2 0 2 3

G
A

G
G

   

GAGG BGO LYSOPWO PWO

photodetector

Multianode PMT (MAPMT, Hamamatsu R7600-M4) from Hamamatsu 
Active area 18x18 milli-meter.  
A light mixer was used to spread the light between LYSO and the 
filters

filters
long pass for the GAGG light: FELH0550 from Thorlab. 
short pass for the LYSO light: FESH0450 from Thorlab. 
bandpass for the BGO: FB490-10 from Thorlab. 

         D. Arora, CALOR, 23 May 2024

GAGG
BGO

PWO

LYSO

PWO

BEAM
SPS(north area,CERN) TB 2023

19

Measurements
25-100 GeV electrons
100 GeV pions
150 GeV muons

D E T E C T I O N  D E TA I L S :  C H R O M AT I C  C A L O R I M E T R Y:  T B  2 0 2 3

24cm24 cm

MaPMT

         D. Arora, CALOR, 23 May 2024

Scatter plots illustrating the relationship between the signal 
amplitudes measured in GAGG and LYSO for electrons (e−) and 
positively charged pions (π+) at 100 GeV. 

Each point represents an event, with the x-axis indicating the signal 
amplitude measured in GAGG and the y-axis in LYSO.
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A N A LY T I C A L  D I S C R I M I N AT I O N  S T U DY  

G
A
G
G

Beam test results (SPS) 2023

This slide courtesy Devanshi Arora, CALOR’24

Light filters

A(yellow) A(yellow) A(yellow)

( 86% “chromatic” 
  electron - pion 
  discrimination )

quantum dots for calorimetry
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quantum dots for calorimetry

OK, so how does one get quantum dots?

1

2

Buy them: many (!) suppliers

Make them in your kitchen 

https://www.mesolight.com/
https://www.cd-bioparticles.com/ https://quantumdotz.com/

www.sigmaaldrich.com

19/31
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https://www.instructables.com/DIY-Quantum-DotsNanotech-in-Your-Kitchen/

quantum dots for calorimetryOK, so how does one make nanodots?

1. Combine 1 of cup water, 80 grams of cane sugar, 
and ¼ cup of vinegar in a bowl and microwave 
for 5 mins.

2. After microwaved, slowly pour in 20 grams of 
baking soda into the solution. This makes the 
sugars start to form the quantum dots.

3. Microwave for another 5 mins. The added heat 
speeds up the quantum dot formation process.

4. Once microwaved, dilute the quantum dots in 
water and shine a UV light onto the solution.

5. The solution should glow a blue colour, 
indicating the quantum dots have been 
synthesized.

Disclaimer: This is as dangerous as making candy. This is simply cooking, be safe and use 
common sense, molten sugar is the worst thing to burn yourself with.

Equipment Needed

Microwave
Tempered Glass bowl(I prefer Borosilicate but we aren't rapidly changing temperatures)

Heat resistant gloves(perhaps with silicone for grip)
A few containers for your samples
Plastic Pipettes
Glass vials to store
UV or Blacklight
Supplies

Water(I used tap water)
Baking soda(Sodium Bicarbonate)
Cane sugar(Sucrose)
White Vinegar(Acetic Acid)

https://lanyutachandran.medium.com/synthesizing-my-own-colour-changing-nanomaterial-quantum-dots-36640e4a5d7c

20/31
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https://www.instructables.com/Make-Quantum-Dots-Cadmium-Selenide-Type/

quantum dots for calorimetryOK, so how does one make nanodots?
Disclaimer: This experiment uses toxic and carcinogenic reagents and directly handles extremely hot liquids. Gloves, protective 
clothing and a fume hood should be used. This should be performed by, or under the direct supervision of, an experienced chemist.

Make trioctylphosphine selenide solution:
Combine 30mg of pure selenium powder, 5mL of 1-octadecene and 0.4mL of trioctylphosphine. Gently heat it until all the selenium dissolves into a clear liquid. 
Once it's ready, take off heating, seal it and let it cool.

Make quantum dots:
Combine 13mg of cadmium oxide, 0.6mL of oleic acid and 10mL of 1-octadecene. Heat the mixture until the cadmium oxide completely dissolves to form cadmium 
oleate. After the cadmium oxide dissolves keep heating until the mixture hits 225 degrees celsius.

Inject 1mL of the trioctylphosphine selenide solution from before and shake. Quickly withdraw small ~0.5mL portions of liquid and quench by placing it into vials 
at room temperature. A more narrow particle size distribution can be obtained if the vials are cooled on dry ice. The first several portions should be removed as fast 
as possible. The remaining portions may be withdrawn when there is a visible color change.

What's happening is the cadmium oleate is reacting with the trioctylphosphine selenide to form cadmium selenide. These particles start small but grow in size the 
longer the solution reacts. Now this growth only continues if the temperature is maintained so withdrawing it at regular intervals and placing it in a room 
temperature vial stops the reaction and locks the particles into their current size. The oleic acid surrounds, or "caps", the particles and keeps them from aggregating.

21/31
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Active scintillators (QWs, QDs, QWDs, QCLs)

standard scintillating materials are passive
• can not be amplified 
• can not be turned on/off 
• can not be modified once they are in place

is it possible to produce active scintillating materials?
• electronically amplified / modulable
• pulsed / primed 
• gain adapted in situ

existing QD’s, QWD’s are elements of optoelectronic devices, typically running at 10 GHz

growth through molecular beam epitaxy (MBE) or metal-organic chemical vapor deposition (MOCVD)
Appl. Sci. 2020, 10, 1038 5 of 27
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Figure 1. Schematic representation of InGaAs structures of di↵erent dimensionalities—self-organized
Stranski–Krastanow quantum dots, QDs (a); quantum well-dots, QWDs (b); and quantum wells,
QW (c).

2. Growth and Structural Properties

The formation of QWDs takes place during the MOCVD deposition of a lattice-mismatched
InGaAs thin film on the GaAs substrate. Structures have been grown on exact oriented (100) and vicinal
(4–6� o↵) GaAs substrates using an MOCVD installation with a low pressure (100 mbar) horizontal
reactor. Metal alkyls (trimethylgallium, trimethylaluminum, trimethylindium) and arsine were used
as precursors. GaAs and AlGaAs layers were deposited at 700 �C, the ratio of molar flows of V to
III group precursors is about 30, and 0.4 nm/s growth rate. InGaAs QWDs are formed at lowered
growth temperatures 500–550 �C, the ratio of molar flows of V to III group precursors is about 30 and
0.2 nm/s growth rate. Compositional and thickness modulations appear due to surface migration of
In atoms in the lateral strain fields. In other words, the appearance of In-rich islands is energetically
favorable because of partial strain relaxation. On the one hand, elastic strain should be strong enough
to cause such modulations. On the other hand, it should not be too high in order to avoid the
transition to the Stranski–Krastanow growth mode and formation of conventional self-organized QDs.
The strain energy depends both on the thickness and composition of the lattice-mismatched epitaxial
material (i.e., the In content), and both parameters should be optimized. The most direct method to
study the structural properties of InGaAs nanostructures is transmission electron microscopy (TEM).
The combination of cross-section and plan-view TEM images allows one to determine the size, shape,
and density of in-rich islands.

Let us consider the growth of InxGa1�xAs layer of di↵erent In concentrations (x) on GaAs substrate.
Deposition of In0.2Ga0.8As results in the formation of a planar uniform layer. If the indium concentration
exceeds 60%, the growth occurs in Stranski–Krastanow mode via the formation of the wetting layer on
the top of which large-sized pyramid-shaped islands are formed. In both cases of low and high In
contents, QWDs are not observed in TEM images. The window of In composition to grow QWDs is
from 30 to 50%.

Figure 2 illustrates the impact of indium composition on structural properties of InGaAs layers
formed on 6� misoriented GaAs (100) substrates. The strain fields caused by variation of indium
composition are visualized as black-and-white contrast. Plan-view TEM images reveal the formation of
islands with a higher In composition as compared to the In concentration in the surrounding InGaAs
layer (residual QW). It is these islands that we refer to as quantum well-dots. The QWDs are aligned
along the [1–10] direction, have a round or oval shape and lateral size (in case of In0.3Ga0.7As) of 10–20 nm.
The islands tend to form nanowire-shaped clusters along the [1–10] direction, which corresponds to the
direction of atomic steps [33,34]. This tendency is weakening with increasing the indium composition.
The nanowire-like objects show periodicity in the [110] direction with a period of 20–40 nm. Note that
the length of monolayer steps for 6� misoriented GaAs (100) surface is about 3 nm. The larger value of
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Schematic representation of InGaAs structures 
of different dimensionalities—self-organized 
Stranski–Krastanow quantum dots, QDs (a); 
quantum well-dots, QWDs (b); and quantum 
wells, QW (c).
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Carrier di↵usion and correspondingly surface non-radiative recombination is activated with
temperature increase. At room temperature, the carrier concentration in the continuum states is
enhanced, and the PL intensity of QD structure drops by about two times when the mesa diameter
decreases down to 0.2 µm. In the case of mesas with QWD, the photoluminescence intensity (both at 77
and 290 K) exhibits faster deterioration with decreasing the mesa diameter as compared to QDs. This is
explained by the fact that QWDs provides weaker carrier localization. The smallest mesa size showing
detectable PL was 1 µm (at room temperature) or 0.3 µm (at liquid nitrogen). In the case of mesas with
QW, photoluminescence was observed only in 6–10-µm in diameter mesas, whereas in the mesas with
smaller sizes the luminescence was not detected. We conclude that carrier di↵usion lengths in QWD
structures are much shorter than in QW structures, which is in agreement with the suppressed carrier
di↵usion in disordered QWs [52]. This makes QWDs very advantageous for their use as an active area
in compact nanophotonic devices (this will be discussed in more detail in Section 3.5).

3.3. Dynamic Characteristics of QWDs

The quantum dimensionality naturally influences carrier relaxation and recombination processes
in low dimensional structures. In this section, we compared results of time-resolved PL studies for 0D
InAs/InGaAs/GaAs quantum dots [51], 2D InGaAs/GaAs quantum wells, and InGaAs/GaAs QWDs
nanostructures of mixed (0D/2D) dimensionality.

The PL spectra at the CW excitation are demonstrated in Figure 9a. The spectrum of the QD sample
contains a dominant peak at 1270 nm due to the emission from the ground-state optical transition as
well as weaker peaks at higher energies due to the emission from the first and second excited-state
transitions. The spectra of QWD- and QW-samples show intense peaks of the ground-state optical
transition and weaker shoulder from the higher energy states. All the samples show high optical
quality: the drop in integrated PL intensity with temperature increase from 78 K to 300 K is 3.2, 1.6,
and 1.3 for QDs, QWDs, and QWs, respectively.
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Figure 9. Normalized PL spectra (a) and temporal evolution of PL signal at its spectral maximum (b) 
for quantum dots (blue), quantum well-dots (green), and quantum well (red). 

QWD PL intensity temporal dependence can be fitted by a mono-exponential expression, which 
is ascribed to the absence of discrete high energy levels involved in carrier relaxation processed to 
the ground state. The PL decay time at 1/e level for ground-state transition is about 6 ns.  

The QW structure shows the slowest PL decay with a characteristic time of 20 ns. This value is 
comparable with carrier radiative lifetime measured for QWs in the temperature range 150–250 K 
[59]. At higher temperatures, PL decay time is limited by non-radiative lifetime and is decreasing 
rapidly. Taking into account extremely high optical quality of the structures under study, which 
demonstrates room-temperature PL intensity comparable to the one at 78 K (to compare, in contrast, 
in [59], PL intensity degradation in the temperature range 10–250 K is higher than two orders of 
magnitude), one can suppose that non-radiative recombination processes are still not significant even 
at room temperature, and PL decay time corresponds to radiative recombination time. 

Summarizing, the presented data show, that the carrier radiative recombination time is affected 
by structure dimensionality. The localization of charge carriers in QWDs results in the attraction of 
the carrier of opposite electrical charge and facilitates faster radiative recombination as compared to 
QWs. 

3.4. Edge Emitting Lasers 

In this section, we describe properties of edge-emitting lasers based on QWDs.  
The active area of semiconductor laser diodes, as well as device design, should be optimized for 

certain applications. For instance, high power QW lasers usually contain one or two QWs in the active 
area because the devices should have low internal losses. In the case of QD lasers, more QD layers 
(typically 5–10) are required to avoid gain saturation and switching to excited state lasing at high 
injection currents [60]. QWDs are an intermediate case between QWs and QDs, so the number of 
QWDs layers in the active area should be optimized.  

The laser wafers with different numbers of QWDs in the active region (from 1 to 10) were grown 
by MOCVD on the GaAs substrates misoriented on 6° toward [111] direction. Each QWD layer was 
formed by the deposition of 8 ML of In0.4Ga0.6As. The QWD sheets were separated with 40 nm thick 
undoped GaAs spacers. The laser structures have undoped GaAs waveguides with a thickness of 
0.68 µm not exceeding the third mode cut-off. The active region locates in the center of the waveguide, 
which ensures lasing on the fundamental transverse mode. The waveguide was sandwiched between 
p-type and n-type Al0.4Ga0.6As claddings having the thicknesses of 0.75 µm and 1.5 µm, respectively. 
For reducing the internal loss, the claddings doping levels of 2 × 1018 cmƺ3 were reduced down to 7 × 
1017 cmƺ3 in the vicinity of the waveguide. The wafers were processed into broad-area lasers with 100-
µm-wide shallow-mesa ridges with etching through the p-contact and partly through the p-cladding 

Figure 9. Normalized PL spectra (a) and temporal evolution of PL signal at its spectral maximum (b)
for quantum dots (blue), quantum well-dots (green), and quantum well (red).

Figure 9b compares the temporal evolution of PL signal for the QD, QWD, and QW structures [53].
In case of QDs, the PL intensity temporal evolution can be well fitted by bi-exponential expression
PL(t) = A1exp(⌧1/t) + A2exp(⌧2/t). The decay of PL signal is characterized by the fast component
(⌧1 = 1.1 ns) and slow component (⌧2 = 7 ns). This agrees with previous estimations of PL decay
time about 1 ns made for self-organized In(Ga)As QDs by several research groups [54,55]. The slow
component is attributed to carrier radiative recombination from the QD ground state. It is generally
believed that at room temperature, the carrier lifetime in semiconductors is limited by non-radiative
recombination [56]. The obtained large value of PL decay time can be explained by carrier recapture in

Active scintillators (QWs, QDs, QWDs, QCLs)

QD’s are radiation resistant

Emission in IR! Silicon is ~transparent at these wavelengths…
Can this IR light be transported through a tracker to outside PDs?

R. Leon et al., "Effects of proton irradiation on luminescence emission and carrier dynamics of self-assembled III-V 
quantum dots," in IEEE Transactions on Nuclear Science, 49, 6, 2844-2851 (2002), doi: 10.1109/TNS.2002.806018.
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https://www.sil-tronix-st.com/en/news/
High-transmission-silicon-for-infrared-optical-applications
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N. Sobolev, https://doi.org/10.1016/B978-0-08-046325-4.00013-X : ”The QD heterostructures and QD 
lasers are generically more resistant to radiation damage than their bulk and two-dimensional (2D) 
counterparts, which is caused not only by the localization of the wavefunction of the confined carriers 
but also by the expulsion of the mobile defect components to the surface/interface of the 
nanocrystals.”
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The (In,Ga,Al)As material 
system allows design and 
fabrication of single-
photon emitters within a 
wide spectral range 
between ~900 nm 
(InGaAs/GaAs QDs) and 
~1.55 μm (InAs/InGaAs 
QDs); lower wavelengths 
are however also 
possible…

1300 nm: telecoms band
1555 nm: optical telecoms C-band

https://www.sil-tronix-st.com/en/news/High-transmission-silicon-for-infrared-optical-applications
https://www.sil-tronix-st.com/en/news/High-transmission-silicon-for-infrared-optical-applications
https://doi.org/10.1016/B978-0-08-046325-4.00013-X
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InAs/AlGaAs Stranski-Krastanov QDs fabricated by molecular beam epitaxy (MBE). 

In these structures, the shift of the emission wavelength towards shorter wavelengths as compared with the 
most studied InAs/GaAs QDs arises from a combination of the larger barrier band gap and possible 
interdiffusion of Al into the QD material. 

Particular focus on the practically important range 630–750 nm, which corresponds to the region of the 
highest sensitivity of modern single-photon avalanche diodes (SPAD), with timing resolution of 7.5-100 ps.

https://www.nature.com/articles/s41598-018-23687-7

SPAD

*

* remote / contactless Time-of-Flight measurement?

quantum dots for TOF?
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quantum dots for tracking

Active scintillators (QWs, QDs, QWDs, QCLs): 
switching on/off
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Active scintillators (QCLs, QWs, QDs, QWDs)

https://www.laserfocusworld.com/test-measurement/spectroscopy/article/16556856/quantumcascade-lasers-qcls-enable-applications-in-ir-spectroscopy

Emitted light is IR~THz, normally mono-chromatic but tunable from 3 μm ~ 12 μm

+
+

+ -
-
-

Couple bulk semi-
conductor to electron 
injection layer: 
    ne           msteps x nγ

(msteps)

Radiation resistant (Radiation Physics and Chemistry 174, 2020, 108983)
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https://www.laserfocusworld.com/test-measurement/spectroscopy/article/16556856/quantumcascade-lasers-qcls-enable-applications-in-ir-spectroscopy
https://www.sciencedirect.com/journal/radiation-physics-and-chemistry
https://www.sciencedirect.com/journal/radiation-physics-and-chemistry/vol/174/suppl/C
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Quantum dots and wells:

DoTPiX

= single n-channel MOS transistor, in  
   which a buried quantum well gate
   performs two functions: 

• as a hole-collecting electrode and 

• as a channel current modulation gate

submicron pixels

https://arxiv.org/abs/2202.11828

quantum dots for tracking
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(quantum Dot pixel)

https://ieeexplore.ieee.org/document/7867862

Electron-hole (e-h) pairs generated in the active 
volume, under the buried gate, are separated: as 
electrons flow to the substrate, holes flow to the 
buried gate and become localized in the valence 
band QW, for a lapse of time much more than 1 
μs at room temperature (with a valence band 
well of 0.35 eV deep). 

1622 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 64, NO. 4, APRIL 2017

Fig. 8. Cut view of the pixel device with a 2.5-µm thickness, showing
the active silicon (fiducial) layer (yellow) and the SiGe buried gate. Note
that the buried gate is very close to the channel and the silicon/silicon
dioxide interface.

Fig. 9. Simulated response of the device versus average number of e–h
pairs generated in a device (proportion of Ge in the buried gate >95%).

device (Fig. 5). The gate-oxide thickness is set to 5 nm, which
is a value compatible with that used in standard similar CMOS
processes.

A. Carrier Lifetime Reduction
The lifetime of the carriers can be significantly reduced

by the introduction of defects due to irradiation. The lifetime
reduction down to 100 ps for both electrons and holes does not
significantly change the magnitude and the time constant of
the output signal (Fig. 6). With a velocity of 107 cm · s−1, the
carriers may drift along a length of 10−3 cm in 100 ps, which
is of the order of the thickness of the device sensitive volume.
This makes the detector potentially rad-hard to non-ionizing
energy loss (bulk damage) if it is almost fully depleted.
This is achievable here at the bias voltages of < 5 V. The
tolerance to total ionizing dose depends on the layout and the
oxide/insulator used in the process.

B. Linearity of the Device
The response of the device is simulated from very low levels

up to > 600 e–h pairs.

Fig. 7 shows the different transient signals originating from
an input stimulus corresponding to the generation of a charge
ranging from 20 to 640 e–h pairs in the fiducial (detecting)
volume. The device simulated is similar to the one shown
in Fig. 8.

The pixel exhibits a pseudologarithmic response shape
(Fig. 9), making it usable for signals with a larger dynamic
while retaining a good sensitivity to low levels of charge
generation. The memory effect is still important 50 µs after
the charge generation signal.

IV. CONCLUSION AND OUTLOOK

Key figures for this device have been obtained in this study:
the CVF can be expected to reach 20 nA/e, (or hole) leading
to a value of >60 µV/e better than the figure obtained on
CMOS MIMOSAs [11]. The equivalent noise charge (ENC)
depends on the transistor transconductance and the pixel
capacitance [12], and is expected to be better than that of
CMOS sensors (15 e/h) and DEPFETs. This improves as
the dimension of the pixel reduces (1 T versus 3 T). In the
detection mode, as the sensitive volume is almost depleted,
the carrier collection time has been evaluated as being <1 ns
(using Silvaco TCAD ATLAS), which is a significant improve-
ment compared with standard CMOS minimum ionizing par-
ticle detectors (∼100 ns of collection time). The size of this
1-T pixel is <1 µm squared, which is much smaller than 3-T
(or more) CMOS pixels (25 µm × 25 µm) used for charged
particle detection. It may compare favorably with the present
CMOS pixel technologies (back-illuminated sensors), as it can
be scaled further down.

The dynamic range is limited by the ENC (10 e-) and
the maximum signal (1000 e-), and is ∼100 at least. This
is largely sufficient for charged particle detection, because a
binary detection is chosen here.

Note that the point-to-point resolution value is derived from
the size of the device and should be ∼1 µm without the
need of performing center of gravity pixel cluster calculations.
The simulations of the design that have been discussed here
show that a metal–insulator–semiconductor (MIS) pixel can
be reduced to a single MOS device with a SiGe charge
collection buried gate that modulates the channel current.
Being a 1-T device, it is only possible to reduce its size
by following current downscaling to advanced technological
nodes. The sensitivity is improved by pixel-size reduction.
A limit is then set for charge particle detection applications,
which impose a lower limit in pixel thickness and, hence,
set the ratio (area/thickness). Given the pixel’s dimensions,
another limit is related to the wavelength of the particle to be
detected, and the dimensions given here are compatible with
visible-light imaging at very low level and high speed. Many
simulations have been made for the processing of the device,
demonstrating that the design is sound. A standard CMOS
process can be used with the addition of a few technological
steps, such as a Ge epilayer. Structures (material with no
terminals for an SOI technology) similar (100-nm length) to
the one described here have been fabricated and characterized
[13, Fig. 11]. These structures comprise a shallow trench
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Status of the DoTPiX development
1. Description  of the DoTpIX device (not to scale) 

https://doi.org/10.1109/TED.2017.2670681
2. Proof of principle using different simulation schemes 

10/27/2021 Nicolas Fourches et al. 11

• Control gate < 0 V : detection mode
• Control gate > 0 : readout mode
• Other biasing scheme are valid with a off mode 

for the source and drain during detection for 
instance 

https://arxiv.org/abs/2202.11828
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Novel Sensors for Particle Tracking: a Contribution to the Snowmass Community Planning 
Exercise of 2021, M.R. Hoeferkamp et al., arXiv:2202.11828

Quantum dots and wells:

scintillating (chromatic) tracker

Figure 4: A schematic drawing of the proposed tracking sensor. A charged particle enters
the GaAs scintillator, producing electron-hole pairs. The electrons are then quickly trapped
by the positively charged InAs quantum dots (QDs). The QDs undergo photoluminescence
(PL) and emit photons that travel through the medium. The emitted photons are collected
by a photodiode (PD) array.

Figure 5: Scope traces of events from Am241 events. Recorded pulses showing 100 ps rise
time, 270 ps decay time, and 38 ps time resolution with average collected charge of 1.5⇥105

electrons. Adapted from Ref. [40].

11

https://arxiv.org/abs/2202.11828

IR emission from InAs QD’s

integrated PD’s (1-2 μm thick)

Figure 6: Light yield in photons/MeV of deposited energy versus decay time for various
known scintillators. Faster performance (decreasing decay-time) extends rightward along
the horizontal axis. Adapted from Ref. [40].

Significant exploratory research and development is required to accurately assess ex-
pected performance of these detectors in future high-energy physics applications. First, we
must demonstrate detection performance with minimum ionizing particles, corresponding
to expected signals of about 4000 electron-hole pairs in a single detector of 20 µm thick-
ness. Given that the measurements with ↵-particles are noise-limited, we also expect to
encounter significant challenges developing a suitable electronics solution for optimal energy
and timing performance for MIP detection. Furthermore, the radiation tolerance of this
type of custom epitaxially-grown detector is not known, although the QD medium itself is
among the most radiation hard semiconductor materials [41]. We will ultimately need to
assess the performance of these detectors in the high-radiation environments expected in
future high-energy physics experiments.

7 Conclusion
Five contemporary technologies are under development for applications at future high en-
ergy physics experiments. Collaborators interested in joining any of these e↵orts are wel-
come.

References
[1] C. Da Vià, G. F. Dalla Betta, S. I. Parker, “Radiation sensors with three-dimensional

electrodes,” CRC Press, Boca Raton, USA, ISBN, 9781498782234, January 2019.
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ATLAS Insertable B-Layer,” 2018 JINST 13 T05008.
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https://link.springer.com/article/10.1557/s43580-021-00019-y

A charged particle enters the GaAs bulk, producing electron-
hole pairs. The electrons are then quickly (2-5ps) trapped by 
the positively charged InAs quantum dots (QDs). The QDs 
undergo photoluminescence (PL) and emit photons that 
travel through the medium (GaAs absorption edge at 250 
nm). The emitted photons are collected by a immediately 
adjoining photodiode (PD) array (no emission into air, high 
refraction index).
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Quantum dots and wells:

DoTPiX

= single n-channel MOS transistor, in  
   which a buried quantum well gate
   performs two functions: 

• as a hole-collecting electrode and 

• as a channel current modulation gate

submicron pixels scintillating QD (chromatic) tracker

Figure 4: A schematic drawing of the proposed tracking sensor. A charged particle enters
the GaAs scintillator, producing electron-hole pairs. The electrons are then quickly trapped
by the positively charged InAs quantum dots (QDs). The QDs undergo photoluminescence
(PL) and emit photons that travel through the medium. The emitted photons are collected
by a photodiode (PD) array.

Figure 5: Scope traces of events from Am241 events. Recorded pulses showing 100 ps rise
time, 270 ps decay time, and 38 ps time resolution with average collected charge of 1.5⇥105

electrons. Adapted from Ref. [40].
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IR emission from InAs QD’s

integrated PD’s (1-2 μm thick)

Figure 6: Light yield in photons/MeV of deposited energy versus decay time for various
known scintillators. Faster performance (decreasing decay-time) extends rightward along
the horizontal axis. Adapted from Ref. [40].

Significant exploratory research and development is required to accurately assess ex-
pected performance of these detectors in future high-energy physics applications. First, we
must demonstrate detection performance with minimum ionizing particles, corresponding
to expected signals of about 4000 electron-hole pairs in a single detector of 20 µm thick-
ness. Given that the measurements with ↵-particles are noise-limited, we also expect to
encounter significant challenges developing a suitable electronics solution for optimal energy
and timing performance for MIP detection. Furthermore, the radiation tolerance of this
type of custom epitaxially-grown detector is not known, although the QD medium itself is
among the most radiation hard semiconductor materials [41]. We will ultimately need to
assess the performance of these detectors in the high-radiation environments expected in
future high-energy physics experiments.

7 Conclusion
Five contemporary technologies are under development for applications at future high en-
ergy physics experiments. Collaborators interested in joining any of these e↵orts are wel-
come.
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A charged particle enters the GaAs bulk, producing electron-hole 
pairs. The electrons are then quickly trapped by the positively 
charged InAs quantum dots (QDs). The QDs undergo 
photoluminescence (PL) and emit photons that travel through the 
medium (GaAs absorption edge at 250 nm). The emitted photons are 
collected by a immediately adjoining photodiode (PD) array.
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https://arxiv.org/search/physics?searchtype=author&query=Hoeferkamp%2C+M
https://arxiv.org/abs/2202.11828
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Jump into the future: ordering nanodots to build new types of detectors

quantum dots for tracking

beam
pipe

“Building ordered and defect-free two- and three-dimensional structures on the 
nanometer scale is essential for the construction of next-generation optical, 
electronic, and magnetic materials and devices.”

vertex
detector

vertex
detector

Idea: repeat a gradient of chromatic emitters every few micron:
10-100 nm hit resolution at smallest possible radius
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How to order nanodots at nm scale:

https://www.science.org/doi/full/10.1126/science.1068054

We have evolved phage and ZnS precursor solutions to self-assemble highly oriented, self-supporting films. In this system, we can easily modulate both the length of 
bacteriophage and the type of inorganic materials through genetic modification and selection. Here we report our first effort to direct multi–length scale ordering of 
quantum dot (QD) hybrid self-supporting biocomposite structures using genetically engineered M13 bacteriophage, viruses with monodisperse size and shape. The 
resulting QD hybrid film material was ordered at the nanoscale and at the micrometer scale into 72-μm domains. These domains repeated continuously over a 
centimeter length scale.

 Quantum Sensing School,  Nov. 2024
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“Classically”: electrophoresis, capillary force assembly, … https://www.nature.com/articles/nnano.2016.179

accumulation zone32, and the independence of assembly yield on the
relative orientation of nanotraps and receding contact line for a
sufficiently extended accumulation zone30. Our hypothesis is that
only a sufficiently extended accumulation zone can host enough
domains of random orientation in its bottom layers, so that at
least one of the domains that crosses a single trap of the substrate
can tightly match the orientation of that very trap.

An entropy-driven phase transition33 orders the thin hard nano-
rods within the accumulation zone30. The nanorods closest to the
receding contact line orient their main axis parallel to the contact
line across several adjacent rows (Supplementary Fig. 2b). These
extremal nanorods may bias the filling of narrow aligned traps.
However, under such tight confinement, loss of translational
entropy33 excludes that nanorods rotate to fit into an underlying
trap not parallel to the contact line. The exclusion of nanorod
rotation is consistent with the domain-based trap-filling mechanism
and curtails the validity of the commonly assumed mechanism34.
The latter mechanism relies exclusively on the downward bending
of the colloidal meniscus induced by contact line pinning34.
Pinning of the receding contact line along solid edges35 transiently
lowers the contact angle. Consequently, the local rate of solvent
evaporation increases36 and the vertical component of the solvent/
vapour interfacial tension pushes the nanoparticles closest to the
contact line onto the recessed traps.

Our experimental observations reveal that such description is
incomplete and groups together a sequence of three distinct stages
that characterize the filling of each trap. These stages (Fig. 1) need
to be clearly differentiated to maximize assembly yield and
positional accuracy. In the first stage, a nanoparticle is inserted
into an unoccupied trap. According to our working hypothesis,
the inserted particle belonged to the accumulation zone, yet it did
not necessarily reside at the very edge of the meniscus. This was
recently observed for spherical microparticles by real-time confocal
imaging31. However, insertion per se does not ensure ultimate occu-
pation of a trap. In the second stage, the inserted particle must

withstand a possible removal. Nanoparticle removal from a trap
may be triggered by, in sequence, the shearing action from the
densely packed accumulation zone sliding across the substrate
surface, and the eventual transient pinning of the receding contact
line on the trapped nanoparticle itself. During sliding of the accumu-
lation zone, an inserted particle may be removed and replaced31.
Third, after insertion and resilience, a site-filling nanoparticle may
be displaced by the evaporation of the residual solvent. The capillary
immersion forces of the drying solvent affect the final relative pose
of the nanoparticle(s) within topographical traps26,37.

Enhancing traps through geometry
In the following, we systematically investigate how single-crystal
Au nanorods of a nominal size of 110 nm × 40 nm × 40 nm
(Supplementary Fig. 1) are assembled by capillary means into
large arrays of low-wetting traps nanomachined in rigid substrates
to host single nanorods (see Methods and Supplementary Fig. 11).
The capillary assembly of nanoparticles process was run simul-
taneously over all trap geometries described hereafter: straight-
edged, funnelled, straight-edged with auxiliary sidewall, and
funnelled with auxiliary sidewall. The impact of the traps’ geometri-
cal features on the alignment precision and assembly yield of the
nanorods—defined as the ratio of the number of traps filled with
at least one nanorod and the total number of traps—can be inter-
preted through the sequence of insertion, resilience and drying
stages of the nanorods.

We first consider the straight-edged trap (Fig. 2a,b and
Supplementary Fig. 12), where the cross-section is constant across
the entire depth22. Trap widening favours insertion, as evidenced
by Fig. 2c. A low assembly yield of 15% at best was obtained for
traps narrower than 50 nm. This can be explained by the effective
interaction diameter of the nanorods in suspension, which
extends beyond the nominal diameter (40 nm) as a result of
adsorbed surfactant, electric double layers and other boundary
effects38. Independently of trap width, trap depth improves the

Meniscus motion

Temperature control

Evaporation
Nanoparticle
accumulation

Pinning
edge

Trailing
edge

Insertion Resilience Drying

100 nm

Figure 1 | Schematic of the capillary assembly of nanoparticles onto topographical traps of a low-wetting substrate (dimensions not to scale).
A controlled volume of colloidal solution is confined24 between a patterned, low-wetting target substrate and a top plate set in relative sliding motion23.
The colloidal suspension pins at the edge of the plate and is pulled across the templated substrate. Solvent evaporation from the receding solvent/vapour
interface, which can be accelerated by substrate heating, induces a convective flow that drags nanoparticles from the bulk to the surface of the suspension51.
The flow produces a dense accumulation of nanoparticles in the wedge-shaped region adjacent to the receding contact line (Supplementary Fig. 2a,b)
and sustains the accumulation against nanoparticle back diffusion23. Steady-state nanoparticle accumulation is a function of the properties of the colloidal
solution, surface tension, surfactant concentration and interparticle interactions38. The receding contact line drags the accumulation zone across the
substrate, and the nanoparticles exit the colloidal meniscus to selectively fill shape-matching recessed traps, as shown in the inset. The three sequential
stages of capillary assembly are illustrated from left to right: nanoparticles are successfully assembled if they (1) are inserted into a trap, (2) are not removed
from the trap by capillary doctor blading or by friction with the sliding accumulation zone and (3) withstand displacement and reorientation within the trap
during the final solvent drying.
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assembly yield by providing a higher barrier against removal
(Fig. 2c,d). For shallow traps of equal in-plane cross-section, the
dependence of assembly yield on trap orientation with respect to
the contact line (Fig. 2d) can also be attributed to the resistance
against nanorod removal. Considering the removal mechanics of
an inserted nanorod pivoting on the rear trap sidewall, nanorods
lying in traps parallel to the receding contact line experience

larger shearing and capillary traction, but their corresponding
lever arm is also much smaller than that of nanorods resting in
traps perpendicular to the contact line. This results in a smaller
torque and thus a higher resistance against removal. Moreover, suf-
ficiently deep traps are rather insensitive to the orientation with
respect to the contact line (Fig. 2d). Capillary immersion forces
between particles and sidewalls26,37 induce a trimodal angular
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Figure 2 | Comparison of capillary assembly of Au nanorods in straight-edged and funnelled traps. a, A schematic representation of an Au nanorod
assembled in a straight-edged trap. b, Electron micrograph of nominally 110 nm × 40 nm × 40 nm Au nanorods assembled in an array of 28-nm-deep
straight-edged traps. c, Typical assembly yield versus trap width for straight-edged traps of depth smaller (35 nm), commensurate (45 nm) and larger
(60 nm) than the nanorods’ nominal diameter and with their main axis parallel to the receding contact line. d, Dependence of assembly yield on trap depth
and trap orientation relative to the receding contact line for 60-nm-wide traps. e, Trimodal distribution of assembled nanorods relative to the trap’s main axis
for 28-nm-deep traps. Local details of solvent drying in the low-wetting traps cause the adhesion to the closest topographical feature of misaligned nanorods
(see insets). The angular dispersion of the off-axis nanorods reflects their length polydispersity. f, A schematic representation of an Au nanorod assembled in
a funnelled trap. g,h, Electron micrograph (g) and angular distribution of nominally 110 nm × 40 nm × 40 nm Au nanorods assembled in an array of funnelled
traps with 30-nm-wide bottom trench; the interquartile range is 1.07° (h). i–k, Comparison of assembly yield versus trap width for shallow (28 nm) and deep
(100 nm) straight-edged traps and for the funnelled trap (error bars indicate 2 standard deviations around the mean value for each data point). More than
one nanorod is assembled in the deep straight-edged traps, while this does not occur in funnelled traps with the same total depth.
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Since STEM-EELS is unable to reveal plasmonic modes at locations
where the induced electric field is perpendicular to the velocity
vector of the impinging electron beam49, this method is blind to
some of the electromagnetic hotspots resulting from the interactions
between the nanoparticles. On the other hand, the plasmonic modes
are evidenced by the high energy-loss probability at the edges and
centre of the dimers observed in the near-field EELS maps plotted
at the respective resonant energies of the bonding and anti-
bonding modes. This behaviour is well observed in the antennas
with gaps of 23 nm (Fig. 5d) and 1 nm (Fig. 5e), where the energy
loss is gradually localized at the expected locations for both
modes. Electron energy-loss and scattering simulations based on a
surface integral equations method50 are in excellent agreement
with our experimental data (see Supplementary Information and
Supplementary Figs 8 and 9). The simulations confirm the con-
trolled coupling of the plasmonic modes in the dimer nanoantennas
and reveal similar gradual energy splitting from 0.11 eV at 38 nm
gap to 0.5 eV in the strong coupling regime (1 nm gap)
(Supplementary Fig. 8). By performing geometrically accurate simu-
lations of the charge distributions associated with the nanostructure
eigenmodes, we further confirm the physical nature of the
observed modes and extract the related near-field distributions
(Supplementary Fig. 10). Upon oxygen plasma treatment, the
adsorbed collapsed surfactant is removed and dimers initially separ-
ated by the surfactant are controllably fused (Fig. 5f ). In this bridged
dimer case, the anti-bonding mode remains at a similar energy while
the bonding mode follows a charge transfer plasmon behaviour and
is further redshifted to the short-wavelength infrared42. Although
weakening the bonding-mode gap enhancement, the narrow
bridge enables convenient engineering of antennas resonant at
longer infrared wavelengths with compact footprints.

Conclusions
We have shown how specific topographic patterning of solid
substrates can fully determine the capillary assembly of Au

nanorods with ∼1 nm resolution. Such spatial accuracy has been
achieved by a detailed understanding of the sequential stages of
the capillary assembly dynamics and a systematic analysis of the
assembly yields. STEM-EELS studies have confirmed the function-
ality of the assembled strongly coupled plasmonic antennas. The
main limitation of this method for the fabrication of complex multi-
meric nanostructures currently lies in the polydispersity of the col-
loidal solution. Finally, we note that our method is largely
independent of substrate and nanoparticle composition, as it can
be extended to arbitrary surface patterns (Fig. 6) and to out-of-
plane orientation as well as to other types of nanoparticle, such as
Ag nanocubes (Supplementary Fig. 16). Consequently, capillary
assembly of nanoparticles may be competitive with DNA-mediated
nanoparticle assembly for the fabrication of plasmonic21, nanoelec-
tronic28, optoelectronic6 and other functional nanodevices29 that
harness the unique properties of nanoparticle assemblies because
of its simplicity, lithographic accuracy and scalability to
large substrates.

Methods
Methods and any associated references are available in the online
version of the paper.
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Figure 6 | Examples of two-dimensional patterns of Au nanorods fabricated by topographically templated capillary assembly. This collection of SEM
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traps with arbitrary orientations with respect to the receding contact line. All assemblies were obtained through single runs of nanorod deposition.
All scale bars, 250 nm.
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EXPERIMENTS 

The semiconductor InAs QDs were grown on a semi-insulating GaAs (001) substrate by molecular-beam-epitaxy 
(RIBER, MBE32P). After the growth of the GaAs buffer layer, InAs QDs were self-assembled, then covered by a 
GaAs cap layer of 50 nm. On the top surface, QDs were regrown to investigate the growth condition of QDs. For well-
defined photon number states, the accessible QD number must be restricted. Therefore, we fabricated the nanopillar 
array for artificially reducing the number of QDs which couple to the optical path for measurement, by using the 
procedure shown below. The pillar diameter was determined considering the number of QDs involved in a pillar. In 
addition to the pillar array structure, we also fabricated the metal cavity around nanopillars by a combination of dry-
etching, wet-etching, and metal deposition. The fabrication processes will be discussed in detail in the following 
sections. 

 Optimization of a Pillar Array for Single-Photon Coupling to a Fiber 
The pillar array structure was fabricated by EB lithography (ELIONIX, ELS-F125-U) with HSQ (Dow Corning 

Toray, Fox(R) 15 Flowable oxide), and reactive ion etching (SAMCO, RIE-101iHS) with Cl2/Ar gases under the 
pressure of 0.08 Pa. The bias and ICP voltage of RIE were 160 W and 32 W, respectively. The low pressure and high 
ratio of bias/ICP enabled anisotropic etching, then we could get the straight-shaped pillar. The pillar diameter is about 
300 nm. The pillar array has a square lattice structure with a lattice constant of 2.5 µm. Figure 1 shows SEM images 
of such a prepared sample. We can observe 5, 6 QDs on the top surface of a pillar. The estimated QD density is about 
7×109 /cm2. It is worth mentioning that QDs located near the edge of a pillar are optically inactive because of the 
weakness of confinement to QDs, and/or mechanical and chemical damages by etching. Therefore, only one or two 
QDs near the center of a pillar contribute to photon emission. Accessing to QDs in a pillar, we use the single-mode 
fiber with a mode diameter of 2.6 µm at 1,100 nm (Thorlabs, UHNA3). Therefore, if this pillar array sample directly 
contacts the fiber end-surface, only one pillar can couple to the fiber without any specific manipulation [4]. Such 
geometrical consideration is important to avoid ambiguity of the coupled QD number to the measurement system.  

 
 Metal Cavity Structure 

We fabricated metal cavity structure which covers a semiconductor QD pillar array, expecting high extraction 
efficiency of photons. First, we fabricated pillars which have a diameter of about 1.2 µm (Fig. 2(a)). The height, except 
for the HSQ mask is about 280 nm. This pillar sample was etched with 10% H2SO4 solution with the additive of H2O2. 
This wet-etching is isotropic to GaAs. Therefore, the GaAs pillar part becomes thin, and the bottom part becomes 
gradually wider, merging with the base plane. The HSQ mask, on the other hand, is tolerant of this wet-etching. The 
mask keeps the original size during the wet-etching, then we have the mushroom-like shape as shown in Fig. 2(b). 
After the wet-etching, the height of the InAs/GaAs semiconductor pillar became about 550 nm. Considering the height 

 
FIGURE 1. (a) SEM image of a pillar. QDs on the top surface are for investigating QD growth condition. (b) Square 
lattice pillar array structure with a lattice constant of 2.5 µm. 

https://arxiv.org/abs/2111.00275

quantum dot-based lasers for tracking
How to order nanodots at nm scale: micropillar arrays

https://www.nature.com/articles/s41377-023-01110-9

(distributed Bragg reflector)

benzocyclobutene


