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PART |

Photons as flying qubits

How can a single photon encode a qubit?
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| PHOTONS AS FLYING QUIBITS

Matter qubit vs. Flying qubit (single photon)

MATTER QUBIT

> “/”C3

NV
centerin
diamond

AF: Brown et al. npj
Quantum Information 2,
16034 (2016)

Jm ét al. npj Computational
Materials 8, 238 (2022)
Matter QUBIT-PHOTON

ENTANGLEMENT
hybrid quantum computing

|¥) = al0) + B[1)

lal? + 1817 =1

Gao et al. Nature Photonics 9,
363(2015)

Bergeron et al. PRX
Quantum 1, 020301

e localized

Internal state of a trapped ion:

[Y) = a|0) + BI1) = |Plion = alg ) + Ble)
Electron or hole spin in a semiconductor QD:
) = al0)+ BI1) - [YPlop =al T)+ Bl )
NV-centre electron spin in diamond:
) = al0) + BI1) = [Py = alms=0) + f|mg=—1)
Spin defects in Silicon

SINGLE PHOTON

linear quantum computing

References for hybride quantum computing

Awschalom, D. D. et al., “Quantum technologies with optically interfaced solid-state spins,” Nature Photonics 12, 516-527 (2018).
Borregaard, J., Sgrensen, A. S., Lodahl, P., “Quantum Networks with Deterministic Spin—Photon Interfaces,” Adv. Quantum Technologies 2, 1800091 (2019)

Atatiire, M., Englund, D., Vamivakas, N., Lee, S.-Y., Wrachtrup, J., “Material platforms for spin-based photonic quantum technologies,” Nature Reviews
Materials 3, 38 (2018).
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FLYING QUBIT (single photon)

single-photon temporal mode

ﬂ

!

propagates

Information encoded in the two orthogonal modes of a
single photon

|Y) = a|0) + £]1)

References for linear quantum computing
Kok, P. et al., “Linear optical quantum computing with photonic qubits,” Reviews of Modern

Physics 79, 135-174 (2007).
Flamini, F., Spagnolo, N. & Sciarrino, F., “Photonic quantum information processing: a

review,” Reports on Progress in Physics 82, 016001 (2019).



| PHOTONS AS FLYING QUIBITS

Different ways to encode a qubit in a single photon

Polarization encodin Path (dual-rail) encodin
General two-mode qubit state 2 ( ) 2

1) = a|0) + Bel®|1) [W)por = a|H ) + Be'?|V) [V pacn = alu) + Be'®|l)
|a|2 + |ﬁ|2 =1 A single photon encodes a qubitin two orthogonal A single photon is encoded in a superposition of two

(2] i i 2] polarization modes. spatial modes
|) = cos— |0) + e*Psin_ |1) =10 e )

V2 ¥)patn = @l10) + Be®]0,1)

[0) - |H)
[1)
Two-mode qubit state preparation on the Bloch sphere Time-bin encoding Frequency-bin encoding
E— it gin 2 i
2 W)= cosgi0) + esing 1) [¥)freq = @lwo) + Be'®|wy)

[¥)eime = atlearly ) + fe'?|late)

Amplitude change (1) w1 = wo +Aw

polar rotation by 8

p o A single photon is prepared in a coherent superposition A single photon is prepared in a coherent superposition
(mode mixing) of two distinguishable temporal modes of two discrete frequency modes

PBS |ws) = |wo)

Hy+ |V s

S - . ipy=HIEW) 57 |h), N SFWM
\/E [ o |lp)time
P vy, H), _ |H)g + |H), |2wp)
\y V2
T /2 _ |early) + |late) |wi) = |wq)
PBS V2

e P.Kok, et al., Linear optical quantum computing with photonic qubits, Reviews of Modern Physics 79, 135 (2007)
e J. L. O'Brien Optical Quantum Computing Science 318, 1567—1570(2007)
All two-mode encodings share the same qubit Hilbert space » J. L. O'Brien, A. Furusawa, J. Vuckovié Photonic quantum technologies Nature Photonics 3, 687—695 (2009)
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| PHOTONS AS FLYING QUIBITS

Processor operations: single-qubit gates (examples)

Single-qubit gates correspond to rotations of the photonic qubit state on the Bloch sphere

Single-qubit gate Function

X Flip qubit/exchange modes

7 Apply a it phase shift between

logical modes
Relative phase rotation around
R
((P) z-axis

(H)Hadamard Mixes modes

(implemented as a beam
splitter)

1T rotation around the x-axis

Summer School PQChips 2026, University of Gdansk

©al0)—Be? 1)

Operation

. X .
al0)+ pe?|1)> Be|0) +all), 8 > m—0,¢' =—¢

a|0)+ﬁel¢|1)—>a|0)_ﬁel¢1|1>’91_) 9;¢,=¢+TC

. R .
al0)+Bei® 1)~ B ¢ [0) + Bei@+P)| 1)

10) + 1)
V2

. H
al0)+ pe?|1)—

10)-11)
V2

—_Rel®
1)

HIO) = HI1) =

a+pBeld
V2

10) +

z @l0)+Be'®|1) z

al0)+ pe|1)

©a|0)+ Bel@tP)|1)

Exa mple (polarization encoding)

|[H) > [V ), |D)—>|D) |A)—>—|A4)
A/2, polarization rotator

|[H)—> |H),|V)—>—|V)|D)- |A)
Phase shifter

|H)+ V) IH)+iIV)>

ID)—>|0),< =

|H) = D), |V)—|A)
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PHOTONS AS FLYING QUIBITS

Processor operations: two-qubit gates and entangling operations

Two-qubit gates create correlations and entanglement between photonic qubits.

two-qubit gate Function Operation
cZ .
C7Z Changethe phaseofd byn- a|00)+b|01)+c|10)+d|11)—>a|00)+b|01)+c|10)—d|11),d—>de‘”=—d
CP(¢) controlled phase t';i{f::iéﬁp%:aes:t;p fElEE a]00) + b|01) + ¢|10) + d|11) > a[00) + b|01) + c|10) + de'®[11),d — dei®
CNOT Pe'('j”(‘j“te‘:’the amplitude c |00} + b[01) + c|10) + d|11) 3 @[00 ) + b|01) + d|10) + c|11),d = ¢,c — d
an
SWAP (E;‘Chad”g)e qubit states al00) + b|01) + c|10) + d|11) = 2|00 ) + c|01) + b|10) + ¢|11),¢c > b
ana C
Bell measurment Project onto entangled basis

Measurement-induced entangling
operation used for cluster-state
generation

Fusion gate

Unlike single-qubit operations, two-qubit gates require interaction between photons or measurement-induced nonlinearities.
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PART Il

Linear optical guantum computing architecture

How can we compute with photons that do not directly interact?
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I LINEAR OPTICAL QUANTUM COMPUTING ARCHITECTURE

Functional architecture of a photonic linear quantum computer

Classical Control and Feed-forward

Real-time synchronization and adaptive control
(phase stabilization, thermo-optic and EO tuning, detector timing, feed-forward corrections)

GENERATE

One photon per trigger o [T _
Encode a logical qubit single-qubit unitary Project the quantum state

* On-demand generation i .
« High indistinguishability into a photon degree of operations onto the measurement basis
Hieh extracti ffici ‘ freedom * multi-photon and record detection events
* High extraction efficiency e
: (c:on'f[rolllled :pectrurr ket 10, |1) > H/V,u/ Learly/ entangling * Photon number resolution
ST T late, wo/ wy gates/measurement- * Time resolution
* Defined spatial mode induced nonlinearities
(& idb - 0 _ .
lp) = |0) [¥)in = cos |0) + el‘f’smE |1) [ VYour = UlY)in |Y)out = classical outcome
* Polarization rotator (8) * Beam splitters * Single photon detectors
* Tunable coupler (6) * Phase shifters * Photon number detector
* Phase shifters (¢) * Interferometers * Time-tagger

Fixed directional Mach-Zehnder- Tunable
Pump laser QD in a cavity Phase shifters  Pol. rotator coupler based BS

SSPD

Physical layer

J. Wang et al., Integrated photonic quantum technologies Nature Photonics 14,273 (2020)
E. Knill, R. Laflamme, G. J. Milburn Scheme for efficient quantum computation with linear optics Nature 409, 46 (2001)

Summer School PQChips 2026, University of Gdansk
P. Kok, et al., Linear optical quantum computing with photonic qubits, Reviews of Modern Physics 79, 135 (2007)



I LINEAR OPTICAL QUANTUM COMPUTING ARCHITECTURE

Scalable photonic computing requires the right number of photons per clock cycle

- . . Photons
Probability of generating n photons per trigger pulse (qubits)
0
o
Ideal Fock-state source ® 0 ® ® ® ® ® o
one photon per trigger
T o Quantum processor
° N_< ®) —
i i ® ac vacuum = U
gl L ° ° 4 ° - |9)out |¥)in
(o}
(o}

Sub-Poissonian source I _
mostly one photon
BT — Prob. of generating Mean time of
ron. or navin .
Trigger g n photons by the having N photons ~ Photon generation
active on falling edge phOtOﬂS at the

. source at the processor rate
input \ l Chip transmission \ /

— N t) = ——
A Fock state [1) B  Poissoniansource,u=1  C  Triggered sub-Poissonian source Pau (N) - (pnn) ( ) RPAll (N)
1.0 10 1.0 1.0
‘ ‘ ‘ 0.892 o= .
084 pn(n=10) =0 . (n) = —uﬁ a0l SOURCE Pn=1 [\ PAU(N) MEAN TIME
E ppin=1 =1 Ppoissilt) = € n! n =009, Fock 1 4 1 1 ns
506 p(n22) =0 0.6 1 p=1 06 9@(0) = 1072 "
é 044 T 044 0388 0.368 044 g®(0) =103 Fock 1 8 1 ns
: 0.184 , Poisson, u =1 0.368 4 0.018 54.6 ns
& 0.2 0.2
. 0 0 0 o QICS] o 0.0037  0.00012 POiSSOh, U = 1 0.368 8 0.0003355 2.98 us
0 2z 3 o 12z 3 0 i 2 3 sub-Poissonian 0.892 4 0.6338 1.58ns
Photon number n Photon number n Photon number n sul b-Poissonian 0.892 8 0.4017 249 ns
An ideal source A strongly dumped Triggered sub- *R = 1GHz
laser source Poissonian source *ap = 1

M. Pant et al. Percolation thresholds for fault-tolerant photonic quantum computing Nature Photonics 14, 256 (2020)
Summer School PQChips 2026, University of Gdarisk N.Tomm et al. A bright and fast source of coherent single photons Nature Nanotechnology 16, 399 (2021)
X. Ding, et al. High-efficiency single-photon source above the loss-tolerant threshold for efficient linear optical quantum computing Nature Photonics 19, 387, (2025)
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I LINEAR OPTICAL QUANTUM COMPUTING ARCHITECTURE

Indistinguishable photons are required for high-fidelity quantum operations

A photon, time-domain representation For single-photon operations, indistinguishability between photons is not required

wavepacket (but it requires coherence, spectral stability, and mode purity)

1 What does indistinguishability mean?
(]
= s 1\ Indistinguishability:
%_ : | g 1¥)a = 1Y) a10gic®|9)a,aux * central frequency and spectral bandwidth: wy o = wp o, Awy~ Awp
S ! ! * arrival time and temporal envelope: t;g = tg g, At o= At
< . . [V)s = 1¥)B,10gic®| 9B aux . . 2 Pe: tao B,0, =40 B,0
X X * spatial waveguide mode
Temporal duration, At * polarization state (unless polarization encodes the qubit)
- 1¥)atogic and [P}z 10gic can be + coherence and phase stability

time different BUT |©0) 4 qux = |9)B aux

Fourier transform‘ Quantifying " |(| ) | o) )lz M = 1: perfect indistinguishability
TR . T = [\ P)a,aux| | P)B,aux M = 0 : perfect distinguishability
indistinguishability: 0 < M < 1: partial indistinguishability

A photon frequency-domain mode overlap/indistinguishability
’ . parameter
representation

i How to measure indistinguishability -> Hong-Ou-Mandel interference

C. K. Hong, Z. Y. Ou, L. Mandel, Measurement of Subpicosecond Time Intervals between Two Photons by Interference Phys. Rev. Lett. 59, 2044 (1987)

Central frequency

S
2 Wo
1
E= n . V =~ M
g— . B Hong-Ou-Mandel (HOM) Experiment Y HOM -
I
< - I ; 3 Input 1 §
l«———> Spectral width single photon §
. g -—0
el ) ©__ = 3 o
L~ !npu\? ) n <«— indistinguishable .
Frequency - —— () : I

Indistinguishable photons interfere and exit the same output port (bosonic coalescence).
11
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C. K. Hong, Z. Y. Ou, L. Mandel, Measurement of Subpicosecond Time Intervals

I LINEAR OPTICAL QUANTUM COMPUTING ARCHITECTURE between Two Photons by Interference Phys. Rev. Lett. 59, 2044 (1987)
H. Fearn and R. Loudon, Theory of two-photon interference JOSA B 6, 917 (1989)
L. Mandel, Coherence and indistinguishability Opt. Lett. 16, 1882 (1991)

Two_photo n i nterfe re nce: H ong_o u_M a ndel effect ';.gl;e(gz%rg;)t al., Time-resolved two-photon quantum interference Appl. Phys. B 77,

Unlike classical interferometers, HOM interference is not sensitive to the optical phase between paths, it arises from interference between two-photon probability amplitudes.

Hong-Ou-Mandel (HOM) Experiment Possible outputs; Losless 50/50 beam splitter:

Input 1 i ili 1
singl phaton N4, Nn,)- photon number states at the two outpu ports Single-photon quantum probability — , ~_ - -
9 A ’m I, 1) . . S amplitude for transmission: T v?2 (Theamphtlljdes
— |2,0)- two photons in the upper line have a relative
ol faton | 1,1)- one photon in the upper line, one in the lower Single-photon quantum probability —i phase A = —iAr)
. A[:}T 50:50 beam splitter ' |0,2)- two photons in the lower line amplitude for reflecton: Ag = V2

Temporal delay

-2
- 1
— 120) > Per = [ x Arl? = |2 =3
Distinguishable photons 2 4

1 1
R
oo > oY | o> S B e
1 1 1 1 I When photons are distinguishable,
T; P(TT) =7 R ] PRT)=7 R ; P(RR) =~ Ri P(TR) =~ 10.2) = Pre = A7 X Agl™ =5 one can add probabilities
v 4 T 4
. 1)2 1 1 1
Indistinguishable photons Two photons transmitted: Arr = Ay X Ar = (ﬁ) =+ > Ay, =Arr +Apg = 5T 0 When photons are
_i\2 ) indistinguishable, first
When photons are distinguishable, Two photons reflected: Agp = Ag X Ag = (ﬁ) =— 12,0) = Py = |‘/§ATAR|2 :% add amplitudes, then
the alternatives do not interfere and calculate probability.
probabilities add ¢ One photon reflected/transmitted one |1,1) = P14y =0 T
transmitted/reflected: 1
e Y > / O i . ' 102) = P = |*/5ATAR|2 == the same output port
_ __ _ L L ' (photon bunching).
Apr = Ap X Ap = —=X—==—= Arp=Ap X Ap = — X — = —— p g
K . ! \/E ‘/E 2 rr ’ . \/E \/E 2 bosonic normalization factor - two
v identical photons occupy the same
state

A7r and Agg produce the same final state: | 1,1)
Summer School PQChips 2026, University of Gdarisk 12



I LINEAR OPTICAL QUANTUM COMPUTING ARCHITECTURE

Two-photon interference: Hong—Ou—Mandel effect

The HOM experiment does not directly detect photon bunching - it measures the suppression of coincidence events:|1,1) = P.yinc = 0

Hong-Ou-Mandel (HOM) Experiment Viom = M The number of
- . < datinguiebabl 2-photon trials detector 1 efficiency
i
smg‘ - - e— s 1

m 3 — Time-difference histogram ~ C = NtriysPcoinclillz = NE (1 - M(T))T]lnz
input 2 A 3 3 cA(ae)
N - L. — — indistinguishable R
) T 50:50 beam splitter e ) ” Coincidence  detector 2 efficiency
. Delay.r - . probability
Photon bunching: suppression of coincidence detection
Photon wavepacket overlap
. P50:50 _ 1(1 M)
For a 50:50 beam splitter: fcoinc = g\
Photon wavepacket overlapp Peoinc Coincidences — C (per 10?3 trials) v _ Caist — Cinaist
HOM = ~

M= 0 05 500 Caist
(full distinguishability) . .
M =05 0.25 250 Caist = 10 ’Cindisg= 10°, .
(partial distinguishability) Viom = 0.9 = Vo = 90% > M = 90%
M=1 . . .
(full indistinguishability) 0 0 In a real experiment Vyopn < M due to multiphoton emission,

background, detector timing jitter and imperfect mode matching

C. K. Hong, Z. Y. Ou, L. Mandel, Measurement of Subpicosecond Time Intervals between Two Photons by Interference Phys. Rev. Lett. 59, 2044 (1987)
H. Fearn and R. Loudon, Theory of two-photon interference JOSA B 6, 917 (1989)

Summer School PQChips 2026, University of Gdarisk L. Mandel, Coherence and indistinguishability Opt. Lett. 16, 1882 (1991) 13
T. Legero et al., Time-resolved two-photon quantum interference Appl. Phys. B 77, 797 (2003)



I LINEAR OPTICAL QUANTUM COMPUTING ARCHITECTURE

From building blocks to a photonic quantum processor

Ancila is a cloud-accessible platform using an on-demand quantum-dot single-photon source, programmable demultiplexing, a 12-mode universal interferometer, and photon
detection/post-processing. The platform operates up to 6 single photons, path-encoded into 12-mode universal interferometer.

Gate operation a

Number of qubits o
fidelity

1 99.6(0.1)%
93.8(0.6)%
3 86.0(1.2)%

Universal

nature photonics

3

https://dol.org/101038/s41566-024-01403-4

Aversatilesingle-photon-based quantum
computing platform

Article

-

\
interferometer N

c Perceval user
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8 3-photon e 95
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§ -3
¥ b | £ 500
2 | Sphoton H * Purity
§ 0| < gs HOM 1T
L o v T PR E¥ :
6-photon HoM2T
0° - - 850 - .
o 5 10 0 5
Days
Quandela Cloud Ascella CPU
T 7
Yov el
" -
Compilation U=¢
S > >
Transpilation P>V

) Bandpass filter

. Polarization
controller

1 Potarizer

Electrical
connection

| Optical path

[ Quandeta Cloud

N

IRARANARANAN]

Single-photon and |
coincidence counts i
)

A photonic processor is an integrated system: source quality+mode control+interference+detection_classical control
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a
—— Theoretical eigenvalues of H,
Compute L o4 | I VQEenergles evaluated with Ascella
optimizer for 2 the energy of ‘values from |
E feedback contral ‘ the system ‘ samples ‘
0 - T
@ L &
B P - 5
1 Ascella &
(] 08
b= -
k: i _[ou]e :
025 050 07 100 125 150 175 200
Bond length (A)
b
é,
e
- > = H > >
o . (% 1 PPNR
o e === e [ T
© - Predicted label Predicted label
O
v
c |¢© o 01010101010}
o] oo —— Bosan semplar —+— Bosan ssmpler
- - —— Untform sampler —— Distinguishable ssmpler
Q g0
- g q{" bl w‘ 2k
o a ool k]
|oooooormT) hmmoooooo FIRLY
002 e
Six-photon outcome 2 o
. U P
. RN
. 12x12
Haar-random o 25k 5k 715k 10k o 25k S5k 75k 10k
‘Six-photon events ‘Six-photon events
Fig.2|C of Ascella. a,C ion. Hybrid VQE. ‘the
On Ascella, the single-qubit gates R(®,), together with a CNOT gate, create an h ‘the IRIS
ansatztwo-qubit state. We tl inthy identity gatel) dataseton Ascella. testsetsis 0.92 and 0.95,
orinthe X-b: h 1). The output. arrows) i i literation.c, Left:
aresent ing er ingl ampling.
he singl Bviaa 1010}, The 924
gradient-free optimizer, to Each i from [0DOO0O1H1L) to
i i 225 14 50f QPU lassical [111111000000). Ri b uniform
i loud). Chemi for P*=0.75A. and Arkhipov (A&A ,and
Eachdata pointcorresponds to 10,000 post-p d ph the
samples, except for P= 0.75 A, which corresponds to 400,000. The error Theval ry10*
b d h i istics. b,c, Photon-native samples, which cor 20 six-ph 2 positive
b.L i a network slopevalidates the test (see Methods).




PART Ill

Passive and active photonic circuits

What functions can already be fabricated reliably on a chip?
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PASIVE AND ACTIVE PHOTONIC CIRCUITS

Integration turns a chain of optical functions into one stable platform

Chip function Passive component Active version Control/tuning mechanism
Qubit transport Single-/multi-mode waveguide Thermo-optically/electro-optically Geometry/refractive Qbieninepdpliceetniaticr et
tuned waveguide index tuning
Photons . . . ) Coupling Photons splitting, interfering, HOM, quantum
splitting /interfering Directional coupler, MMI Tunable coupler, MZI with phase shifter strength/relative phase gates, programmable splitting ratio
Phase control frgse phas.e 2l foeid- Thermo-optic or electro-optic phase Optical path length/refractive- Controls relative optical phase, .
length imbalance shifter index tuning programmable quantum gate operation
S (el Ring respnator, Bragg T'unable ring resonators‘and Resonance/spectra-filter Spectral filtering, wa.veler.\gth routing
grating, AWG filters, EO frequency shifter tuning and demultiplexing
I/O li Edge grating, or waveguide Fixed geometry/mode Coupling between fiber/free space, on-
etk el natching chip source and waveguides
Photon source QD, colot center/defect, SPDC or Optical or electrical excitation Deliver single photons
SFWM source S call trols oh litud
- T namically controls phase, amplitude,
Modulation EO/amplitude/frequency . dEleC:P;pt'c/csmer. v ¢ v > | g g
modulator induced in Ex or absorption requency or temporal mode
change
; Superconducting nanowire single photon
Detection detector (SNSPD), single photon Electric bias and redout Performs quantum m'easureme_nt and
avalanche diode (SPAD), photodiode photon-numer/click detection
STABILITY COMPACTNESS REPRODUCIBILITY LOWER LOSS
fixed optical paths many functions per chip lithographic definition fewer interfaces

Summer School PQChips 2026, University of Gdarisk 16



n PASIVE AND ACTIVE PHOTONIC CIRCUITS

Material platform comparison

Platform n@ 1550 nm Useful spectral range Typ. propagation loss Optical mode confinement fast EO/Thermo-optic Ket advantage for QPIC
. 0.1 —3)dB/cm s - . Very compact
~3. . ~1.1 —4 ( Si/Si0, An~2.04 (599 Yes (conditional)/high ’
S50 [B01) ~Eey iy pm (2.3 =50) %/cm /Si0z An (320 ( )/hig CMOS scalable
SizN, ~1.98 ~04 —4um Z gé %f;g: Si3N,/Si0, An~0.54 (27%) No/moderate Ultra-low-loss passive circuits
. 0

(<0.02-0.5)dB/cm

. 214 — ~04 —5
LiNbO; 2.14 —2.21 pm (< 0.5 —11) %/cm

LiNbO3/Si0, An~0.7 (33%) Y5 ultrafast/low- | ow-loss, ultrafast EO control

moderate
0.5—3)dB/cm [ ~1. 0 . .
InP ~3.17 ~09 —16um ( ) o / InP/Si0, An~1.73 (55%) yes/moderate Efficient light sources
(11 —50) %/cm InP /InGaAsP An~0.18 (5%)
- - ~0.14 - 0.6) dB
AIN ~2.04 —2.08 ~0.2 —13um ((~0.3 B 13)) %//Cj:ln AIN/Si0, An~0.6 Yes, v. fast/ Piezoelectric-> phonons
< 1dB/cm GaAs/AlGaAs An~1.24 )
GaAs ~3.38 ~09 —17 um <21 %/cm Yes, fast/ Very versatile platform
(0.07—-0.7) dB/cm ) .
TE{0)s ~2.05 ~0.28 —9um (1.6 — 15) %/cm Ta,05/Si0,An~0.61 Yes/ Very versatile platform,ultra low loss
TOTALINTERNAL REFLECTION - __ CLADDING
IN A WAVEGUIDE I(IZW refra;tive si/5i0,
ndex—n,
0, = 24.4° - 24.4° < 6; < 90° CONDITION FOR THE MODE CONFINEMENT
SiN /Si0; NcoRE > NCLADDING

6, = 47° - 47° < 6; < 90°
An = N¢core — NcLADDING

InP/InGaAsP
CORE — ield
: . 6. = 70° > 70° < 6; < 90° Aol .
(high refractive ¢ - <tis An T —stronger mode confinement
Index—n) INPUT ANGLE - 6;

CRITICALANGLE: g = grcsin (B)
ny

Summer School PQChips 2026, University of Gdarisk 17



n PASIVE AND ACTIVE PHOTONIC CIRCUITS

From material to a single mode operation

WAVEGUIDE, FUNDAMENTAL PARAMETERS

2D slab : Normalized frequency
C'affz“"g Thev c‘?n bg seen as half core thickness
> the optical size of the /
‘ waveguide. It V= 2ra n2 _ 2
Cladding combines geometry, - yl core cladding

X ny

¥ wavelength, and index \
i‘ S ronagitiof contrast free-space wavelength

V< 7—2t - single-mode waveguide V = 7—2[ -TEg cut-off vV > g - multi-mode WG

V =const > An 7 and a ™

Katsunari Okamoto, “Fundamentals of Optical Waveguides” 3™ edition, Academic Press, 2022
A. W. Snyder and J. D. Love, "Optical Waveguide Theory”, Chapman & Hall, 1983

MODE STRUCTURE IN A CLADDING Single-mode | Multi-mode
i —T— )
WAVEGUIDE iy operation operation

175
—— TEO

—— TMO
— TE1
— TM1

170

—
@
o

iy
o
=]

=
n
wn

Effective Index

E-field
intensity

=
wn
=]

1.45

500 1000 1500 2000
Waveguide Width (nm)

Martin Sinclair PhD Thesis, Univ. Glasgow
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Typical dimensions of a single-mode
waveguide @ 1550 nm

Material WxH An
Si/SiO, ~450 nmx220 nm 59%
InP/Si0,  ~500 nmx250 nm 55%
SiN/SiO, ~850 nmx400 nm 27%

InP/InGaAsP  ~3-4um x500 nm 5%

V = const - An & and a ™

&

Need a lithography process with sufficient:

J critical-dimension resolution

. dimensional control
EBL/DUV/EUV

Cladding

Remove mask

*  overlay accuracy
*  edgeroughness control

Develope

18



n PASIVE AND ACTIVE PHOTONIC CIRCUITS

From material to a single mode operation

WAVEGUIDE, FUNDAMENTAL PARAMETERS Qubit modal purity
2D slab , Normalized frequency ] )
= y Suppose the desired photon is ) = )¢ |¥)pot |¥)spatia
Sollos TheV can be seen as | |
iz half core thickness i - ide: i =

: the optical size of the / For a single-mode waveguide: |¥)spatial,sm Y)1E,

a . . .

waveguide. It V= 2na\/n2 —n2 For two photons traveling the same single- (| ) | ) ) _ 1
X e ’ combines geometry, A core  Tcladding mode waveguide in the quantum circuit: Vhreol [WhrE,) =
¥ wavelength, and index \
/ » Z (propagation) contrast free-space wavelength For a photon in a multimode WavegUide: |7~/}>Spatial,MM = allp)TEO +b |¢>TEI

For two photons traveling the same MM
waveguide in the quantum circuit can have <|1/))Spatial,MM| |1/J)Spatial,MM) 1
different modal composition:

V< 7—2t - single-mode waveguide V = 7—2[ -TEg cut-off vV > g - multi-mode WG

V =const > An 7 and a ™

Katsunari Okamoto, “Fundamentals of Optical Waveguides” 3™ edition, Academic Press, 2022
A. W. Snyder and J. D. Love, "Optical Waveguide Theory”, Chapman & Hall, 1983

If there is a multimode spatial component, indistinguishability gets lower

MODE STRUCTURE IN A CLADDING Single-mode | Multi-mode
i —T— )
WAVEGUIDE iy operation operation

175 Suppose two photons

enter the 50:50 beam
splitter:

|¢)Sggtial,SM = |¢>TE0 —

170

—
@
o

iy
o
=]

— M=1-¢
Partial indistinguishability

=
n
wn

Effective Index

=
wn
=]

1.45

500 1000 1500 2000
Waveguide Width (nm)

Martin Sinclair PhD Thesis, Univ. Glasgow
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Amplitude Bloch-sphere

PASIVE AND ACTIVE PHOTONIC CIRCUITS \ I@on angle

| ) = cosg |0) + e}"l’sing |1)

Optical phase vs quantum phase

relative phase

DIRECTIONAL COUPLER (DC)
‘ apg Kk xg

a Waveguide 1 ) . C

Directional coupler controls amplitude splitting and introduces a fixed phase

For identical waveguides: transfer matrix

b Waveguide 2 \ d c a cos(y) —isin(y) Coupler mixing angle
/ ' "‘; =UDC rUDC:< .. ) —
y | Coupling |iiiﬂ| \ (d) (b) —isin(y)  cos(y) Y = KL
)—'z a=1 cos(y) 5 L
k: a— <b _ O) - (—isin(y)) - PUype, = T = cos?(kL) , Plo,,e = R = sin %(kL)
SizN, (waveguide) SizN, (waveguide) VA
i T 50% .
= = — 1
Y = KL= = g, eam spliter Loy 074
6 =2y = 2xL Zs9=2 y
14 K 14 4 2 e n

|¥) = 10) > [1h) = cos(y) |0) — isin(¥) 1) = 7= (10) = i[1))

PHASE SHIFTER

Phase shifter controls the relative phase

A mode propagating through a waveguide accumulates the optical phase:

2m
DPopt = ﬁL =7neffL

——
iAT, E L, .. i

The optical phase difference between two paths becomes the quantum relative phase :

21
Pupper = ,BuLu Piower = .BlLl A(D = Power — Pupper = T(neff,ll’l - neff,ul’u)

1 .
. . dn, — —jelbe |1

2 Thermo-optic phase shifter: An T) ~ —LLAT (10) —ie**?1))

Typ. Ly = Ly = L — Ap = 22 AngsfL Pricphase s erf (1) =" V2

A Electro-optic phase shifter: Ang¢r(E) = VL

Summer School PQChips 2026, University of Gdarisk |¢> _ %( | 0) _ lll)) 5 |1/)) — \/_15(“)) _ ieiA‘p | 1)) 20



n PASIVE AND ACTIVE PHOTONIC CIRCUITS

Mach-Zehnder interferometer (photonic single qubit gate)

C-y 1

Beam splitter
50%/50%

Beam splitter
50%/50%

Phase shifter

e N,
. D Detector counts N,,, P, = —*
Ne+Ng

b f v,
— Detector counts Ny, Py = i
Second directional coupler converts relative
phase into measurable output probabilities
/ / |1/J>out3 - UDCZ |lp)out2
V) =la=1b=0) | W)ouer _ Upc1|¥)in U le)—ilf) o [
/ \ |C)—l|d) |1/J)out2= Agollp)outl |C>_)T ld) - 7
SRR tenois WPl === c) —ie?|d) 12 le)—ilf) 2 le)+1f)
moae a e mode e—i . —1e+
b * Equal amplitudes |l/})0ut2 = \/E |1/J>out3 _ ﬁ (T + ietde T)
* Phase shift: ¢ = -3 L ibe e eiA(p)
|l/})out3=Ae|e)+Af|f> A, =T Afz—T
Limiting cases:
D) 8 =0 [¥oe ADFL S P =0, =1 L+elt0 = 2e102cos(Ap/2) 1 e't? = —2iet¢/sin(Ag/2)

+i|d
2) 8o =1 [Wouz HL 5 B = 1,5 =0

P, =|A.l%? = sin?(Ap/2)
3) Ap=n/2>P,=1/2,Pf=1/2

Pr = |Af|2 = cos?(Ap/2)

Nielsen and Chuang Quantum Computation and Quantum Information Cambridge University Press (2010 edition)
Summer School PQChips 2026, University of Gdarisk A. Politi, et al., Silica-on-silicon waveguide quantum circuits Science 320, 646—649 (2008)

21
W. R. Clements, et al. Optimal design for universal multiport interferometers Optica 3, 1460-1465 (2016).



Fabricated chip
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From material
processing to a real
device




n PASIVE AND ACTIVE PHOTONIC CIRCUITS

From material and processing to a real device performance

Si0,/SiN/Si chip technology

SRR AR R EEA DAL HBT section
kd A B gBRReEAEE Ay with edge
e e )% ahuplers

HBT section with grating couplers — — =
Incoupler-outcoupler = = =
~ N — i = "~ HBT section with- =
= B &= grating couplers =
! z E RV - =
i i = AR ALY, e "3 =
e - = SRR AATTIRY, S P

Pefsbstsabhsittabiebtssriies

HBT section with edge couplers

Chip size: 9.8 mm x 10.5 mm

Summer School PQChips 2026, University of Gdarisk 23



PART IV

Single photon source — self-assembled
semiconductor quantum dot

How can a nanoscale emitter produce one telecom photon at a time?

Summer School PQChips 2026, University of Gdarnsk
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‘g@ v SINGLE PHOTON SOURCE

Quantm computation and telecommunication in the fiber-network
infrastracture

Attenuation of transmitted light in a silica fiber

100 ] L) ]' L l 1] r T ] T
50} U8 E SELU =
Silica fiber F y
10 -
5 -
2 L Infrared 3
L absorption_
I /
A - f o - q q
2 Rayleigh ™~ / Luiz anet Neto, PhD Thesis,
S 051 scattering / =3 .
4 ] IMT Atlantique
F S Ultraviolet - .
0.1k /absorptnon - o {
; ~< Waveguide =~
0.05 1 fections -
5t \ :mper;: r / .
--------- ~c -~
0.01 X [ | { 5 ‘#}_L .
0.8 1.0 1.2 1.4 1.6 1.8

Wavelength (um)

O band: “Original”, 1260—-1360nm

E band: “Extended”, 1360—1460nm

S band: “Short”, 1460—-1530nm

C band: “Conventional”, 1530—1565nm <«— The lowest losses
Lband: “Long”, 1565—1625nm

U band: “Ultra-long”, 1625—-1675nm

QUANTUM PHOTONICS - MOTIVATION 25



v SINGLE PHOTON SOURCE

Single photon emitters at 1550 nm

Heralded photon pairs generation Y ( Aryl sp3 defect in carbon
* spontaneous parametric d_oyvn—conve rsion —SPDC; nanotubes I o N 6
* spontaneous four-wave mixing - SFWM; £ w N\
Signa/ Pump Signa/ e GBS 1200 1300 1400 1500 1600
[ 1550 nm ' Wavelength (nm)
Pump wp wp L NG i Cons: Pobabilistic, e~ .
5#32 e amand, low SPS )0l 220K g3(0) = 0.01
Idler 1537nm Idler emission rate E <
Non-linear 810 nm Non-linear 1528 nm ; o
medium _ Medium o 33 2 om0 n 2 33
X(z) (l)p = (,US + (,l)l X(3) Za)p —1 wS -|— wl 3 \\8‘/;’ i Time delay (ns)
S. Fasel, et al. New J. Phys. 6 163 (2004); A.Valles, et al. Opt. Express 21, 10841(2013); 1 % Pros: Low g?at high T
0. Alibart, et al. Opt. Lett. 30 1539 (2005); M. Fiorentino, et al., IEEE Phot. Technol. Lett. 14, 983(2002); : . Cons: Broad emission line,
A. Soujaeff, et al. ). Mod. Optics 54, 467 (2013); K. Inoue and K. Shimizu Jpn. J. Appl. Phys. 43, 8048(2004); JAR X.He, et al., Nat. Photonics 11, 577(2017). Implementation

-
Erbium ions (Er3*) Defects in bulk MoTe, Pros: TMDC material
Pros: @300 K, long lifetime (quantum repeater) Cons: Broad emission line, Implementation
Cons: spectral wandering, low SPS emission rate — 300
@) 2 99|  &?(0)=0.155£0.009
silicon cavity § 5
i 2 200 &}
! > g 60
! =]
!II il ‘ {1 H Z 100 230
L
: FRNY WY R W £ 2
~10 nm S @ Wﬁ:,;‘?..;::r.:- Vi S o
1400 1450 1500 1550 1600 -10.0 -5.0 0.0 59 10.
implanted Er®* CaWo, Wavelength (nm) Delay Time (us)
A. M. Dibos, et al. Phys. Rev. Lett. 120, 243601(2018); S. Ourari, et al. arXiv:2301.03564v1 (2023) L H. Zhao, et al., Nat Commun. 12, 6753 (2021).

Summer School PQChips 2026, University of Gdarisk
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v SINGLE PHOTON SOURCE

Semiconductor quantum dot

InAs/GaAs quantum dot Electron wavefunction
padStuchie e Two-particle Single-particle
11— et picture picture
1.0 /,:\ f
1=l le
. > 3 3 &= O—
% § §_ g |: :I Bandgap Exciton
= 08 - | s - \6 J energy
10.0 nm L EON wf’
At Sl -0.3 - ; '
P. Michler (Ed.), Single Semiconductor 004 |
Quantum Dots, NanoScience and i
Technology, Springer, Berlin/Heidelberg, 205 . _
5009 _ Exciton = Coulomb bound electron-hole
. i | .
%8 6 250 500 palr
Distance
z (nm)

Exciton energy = Bandgap — Coulomb binding energy

Coulomb binding energy ~ 15 - 50 meV

Dr Janusz Andrzejewski, PWr,
QD bandstructure, kp framework

Summer School PQChips 2026, University of Gdarisk 27



» -~
. » \ -
v SINGI.E PHOTON SOURCE ® l m
.

\ Semlconductor quantum dot

. »
N - B P . . InAs/InP self-
. . assembled quantum
P o ° . dots
‘ »
. » .
. »
. - . »

Summ: ol PQChips 2026, University of Gdaris|
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‘ g v SINGLE PHOTON SOURCE

Geometry of InAs/InP quantum dots

AFM image, surface QDs HR-STEM image QD size statistics
() =] -
25 | I WA
2 20 | 1, =
g0 1%
ERER 18
i T
10 - ] O
> | ;.‘ [ HHHH.H_ AR BRI FEPETITT R
8 11 1440 60 80 100 50 100 150
H, W, L (nm) L (nm)
QD geometry
() Surface QD Buried QD .
L L > Main features of SK QDs:
= < = S * QD surface density: 107-10° cm?2;
[1T0] [110]

1 * Emission wavelength: 1250 nm - 1800 nm
H

A% g du QD geometry: in-plain anisotropy;
[1T0] [1T0]

[001]
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v SINGLE PHOTON SOURCE

Self-assembled InAs/InP quantum dot — the growth process

Metalorganic Vapour Phase Epitaxy - MOVPE

3 ‘“
= é“"mw nain stream of reaction gases
5 roup I
i
»
. Subbler 1) diffusion of 5) diffusion of
A ; precursors byproducts

Carrler
Exhaust

filter ~y l
Pressure

gauge -7

Resistive heater
2) adsorption on | 4) desorption of
youndary layer the surface adsorbed material

Heat shields

nterface

Rotation
mechanism

- - )

Exhaust Thermocouple(s)

Aurimas Sakanas, DTU, PhD Thesis (2019)

Growth precursors Growth controlling parameters

*  phosphine PH; *  QDs growth temperature (Tg)

* arsine AsH, * TMlin flow rate (III/V ratio)

*  QDs growth time (tg)

* PH,/AsH; flow rates (P/V ratio)

* trimethylindium TMIn

Summer School PQChips 2026, University of Gdarsk
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v SINGLE PHOTON SOURCE

Self-assembled InAs/InP quantum dot — the growth process

QD formation — self-assembled process

Stranski-Krastanow (SK) Droplet epitaxy (DE)

Arsenic flux

Substrate —e

p

e edddd )

b . sssssde POTTORER
Pbdsssssssns Dasssssdih

M. Gurioli, Nat. Mater. 18,799 (2019).

The method is based on strain

relaxation, which occurs between two
lattice-incompatible materials

Separated supply of elements — more
parameters to tune then in SK, mainly:
* growth temperature;

The lattice constant difference between ¢ amount of indium;
o
InAs and InP is ~3% P. Holewa et al. Nanophotonics 11, 1515 (2022) — DE QDs

P.Holewa et al. Nature Communication 15, 3358 (2024)
Y. Berdnikov et al., Scientific Reports 14, 23697 (2024)

P. Holewa, et al. ACS Photonics 9, 7, 2273 (2022) — SK QDs
P.Holewa et al. Phys. Rev. B 101, 195304 (2020) — SK QDs
P.Holewa et al. Nanophotonics 11, 1515 (2022) — DE QDs

Summer School PQChips 2026, University of Gdarisk
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Size of a quantum dot defines emission energy

Ensemble emission for SK QDs

Wavelength (um)

PL Intensity (arb. u.)

bl W N PN N R R

0.6 0.7 0.8 0.9 1.0 1.1
Energy (eV)

Norm. PLE Int. (arb. u.)

Ensemble emission for DE QDs

Q

v

PL Intensity (arb. u.)

Wavelength (nm)
1600 1400
39telecom  AsinQD: |
—_ -0-72%
o v -0- 76% -
XA -A-80% |

0.7

0.8 0.9
Energy (eV)

w & » o =
QD height A (nm)

n

Energy (eV)

EH,L)~ Zaﬁ HLT

ij

QDs ensemble emission span a broad photon energy range: 1300-1700 nm

Summer School PQChips 2026, University of Gdarisk
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SINGLE PHOTON SOURCE

Single photon generators in a quantum dot

Wavelength (pm)
1.4

2 1.8 1.6 .
o :'LH ) :B N :g 13 Isolation of few emitters emission A variety of excitonic complexes able to recombine in a QD
_ b AV
e N A 1 Wavelength (um) — 4 o )
; | EF: 1.6 1.55 1.5 2 | Exciton - X Biexciton - XX  Trion - CX
é .|tvl|.| | 1~ ' i ' i Mesa ;
ir [ -
E X 0.5x0.25 pm> Ll 1 1 1
0.6 X 12 [ X _
Energy (eV) -
=
> X XX CX
a
L
=
ol D -
- L F L ] \ J
| 'W' | |h4T=|4'2K \ } EntangIeYd—states \ }
0.76 0.77 0.78 0.79 0.80 0.81 0.82 0.83 0.84 Y generator
Energy (eV) Good candidates for a single photon generator

Various emission complexes can be associated to a single QD emitter, it is important to identify them and filter out the photon states generator of desired
parameters (having X, XX, or CX emission in the specified spectral range)
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Requirements for a (QD-based) single photon source

T T—
* High-brightness/photon generated M 'M]\I‘ *"W" *"W\" »deli"ered ¢ 1>90%

extraction efficiency (1)
trigger

* High photon generation rate (G) J 'VWV‘ ‘ VWV‘ ‘ "WV‘ * G~1-2 GHz (0.5-1 ns)

» time

trigger

* On-demand operation _‘ Ww ‘ 9 ‘ ww e Trigger pulse — single photon

>time
*  >99% purity — g(t=0) < 1x10-2

* High single photon generation

purity L

* High photon indistinguishability MW\,\ = VW\,\ = r,wv\ *  >98% purity — TPI Visibility V>98%

» time

* Deterministic fabrication « The device processing yield >>50%

S. Buckley, K. Rivoire, J, Vuckovié, Rep Prog. Phys. 75, 126503 (2012)
P. Senellart, G. Solomon, A. White Nat. Nanotechnol. 12, 1026 (2017)
P. Holewa and M. Syperek, Nat. Nanotechnol. 21, 618 (2026)
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Engineering photon extraction efficiency 717,, near 1550 nm

\ NA = NiegiumSinbya,
/

\
\ lens !

n < 2.6%

Internal reflection
problem !

photons at the first lens
photons emitted by the QD

Optical horn structure

Next (NA) =

n~ 11%,NA = 055

@1550 nm:

Nipp = 3.17,nair =1
Critical angle 6, :

Ngi 1
0, =sin" =L | =sin1 | —=] ~ 18.4°
Ninp 3.17

The fraction of the isotropic emission hitting the
upper hemisphere:

—cosf, 1—cos(18.4°)
2 2
Nexs(NA = 1) = 2.55%

1
Next(NA=1) =

~ 0.0255

Vacuum <= | = InP substrate

K. Takemoto, et al. J. Appl. Phys., 101,

1~ cos(26.4) 081720 (2007)

2

Summer School PQChips 2026, University of Gdarisk

Next(NA = 0.4) ~ ~ 0.4%

, Dielectric confinement enforcing light coupling to
the fundamental waveguide mode

sug|

“weak” cavity — MBE DBR
(InGaAlAs/InP)/QD/air

In =~ 13.3%,NA = 0.4}

m 0.1F (b) R A A A A L

I A

=3 o e

2 40" goa o8, .

9 ] . ]

5 .

g L ]

c = LineA

g 0oty * LineB

o . 4 LineA+B
1 10 100

Relative excitation power (Py)

A. Musiat, et al. Appl. Phys. Lett. 118,221101

(2021);

Dielectric confinement +
cavity electrodynamics

[Q}ﬁl"

“weak”cavity — metal/QD/air
(flip chip technology)

n~10%, NA = 0.4

= 15% r - .
14 PR i 3 A ' ' Exp.: *.m
) # 2 Cale.:
. o 210% F H ]
12 £ g i — Mesa
& ] I ~— Pla
10 8 5 0l anar |
s T TR
Q ] eference: 0.7-0.8%
E 0% I I T
° 1500 1550 1600
.5 Wavelength (nm)
° 5200 [ T T T T T T
g 2 F — Exp
< 2100 | Fit
@ 2101
=
UG 05 T T T T T T
-60 -40 -20 0 20 40 60
Delay 1 (ns)

P. Holewa, et al. ACS Phot. 9, 7,2273 (2022)
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Circular Bragg Grating (CBG)

Micropillar microcavity Microdisk microcavity e

JP Reithmaier et al., = [Peier il T. Yoshie et al., Nature 432, 2000 (2004 M. D t al.. Appl. Ph
Nature 432, 197-200 (2004) Phys. Rev. Lett 95, 067401 (2004) ’ | 20002009 e
Mighly directional Migh Purcell Highly directional in-plane PR
e emission (on-chip photonics) Ighly directiona

emission/out of plane enhancement _ _ B T
[ligh extraction M First demonstration of X pﬁ

> echanically unstable - High extraction efficienc
efficiency y ca[\)ntx[-?glégled-lnAs/InP g y

. a nm :
[Rligh Purcell Eladial emission Q High Purcell
enhancement ) pretonc s ©) enhancement
[ighly critical dipole- ool g [IES : Relaxed dipole-cavity

Ultrathin
L

cavity mode matching

Reference Sample G in m Ode ma tCh | ng

d=1um

M. D. Birowosuto, et al. Sci. Rep. 2, 321 (2012)
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Purcell efect

Spontaneous emission is therefore The Purcell factor quantifies how strongly the photonic environment modifies an emitter's

determined not only by the emitter spontaneous emission rate.

but also by its photonic environment.
Purcell effect (1946)

2 fi/= i 2 1 757 |2
= = |<d .E(,,,t)>‘ p(w)=— . leav _ Peav Fy = Eo |dE#)| y 1
T [ <12 _ 2 /42
free  Pfree / |d| |E | 2 14+ 4(w— wy)?/k
1 3 (A, 3 Q / Spectral overlap between an
p([’ﬂ) P ([’ﬂ) F;nax = A2 — V Spatial and emitter and the cavity mode
el AN polarization overlap between
emitter and the cavity mode
off Q- quality factor of a cavity, 4.- mode wavelength, n — effective refiactive index of the cavity, I/ — cavity volume,
resonance pﬁee (ﬂ]) w,- cavity mode frequency, k = Aw,- cavity resonance linewidth, d- the transition electric dipole moment, E () — the cavity field
= GaAuAAs ; t ‘ "" ‘\\’ ..... 1
> £ ’ TS }
= & - N\ gl
. e . . N N \ .\n L™
Cavity-modified photonic densit — v \ Mﬂ‘?
y of states i g oy Wity
/ | D& s Pu— _*B‘u?:""t-m\
2 Aa) : te—— \?‘5*4—— 0 500 1000 1500 .?'!ﬁ_"w
Pen(@)== | ' . L e
UWnit) J. M. Gerard et al., Phys. Rev. Lett. 81,1110 (1998)

74(0-0,) + Ao}
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Cavity performance

Calculated performance of a CBG cavity — comparison to a micropillar cavity

G 1s90{ R ) H
E 15704 EN + +
%1550- . g ] —_ 80 4 : n
g Izi‘; . - Z a?- 60 4 = micromesa
% ] # Measurement [ ] ] E 1 S 40 - o mlcrolens
= 14904 1518 i ] = 9 % = 1550 nm
160 180 200 220 240 1530 1550 1570 Q 20 CBG
Wwidth (nm) Wavelength (nm) =~ + ' 4 + + e micropillar
0.0 0.2 0.4 0.6 0.8 1.0
Collection NA
Cavity Extraction Purcell | Bandwidth N N 'L"'ee::
oo efficiency factor (nm) 8 10 ] CBG
= Pillar
CBG 91.2% (NA=0.4) 433 3.3 nm 3 ]
R. Sittig, et al., Nanophotonics 11(6), 1109 (2022) : 5 1 1
C. Nawrath, et al., arXiv:2207.12898v1 (2022) Micropillar | 88.9% =04 9.7 0.3 nm =
(2 (b) (© - 01 y . ¥
R e s O L. Bremer, et al., Optics Express 30(10), 15913, (2022) 1530 1540 1550 1560
i E 5'102 . oo g o Wavelength (nm)
\_/ _ . ¥ c 1900 T=7K
Eox oL, e Best performance From:  cs moce P16 W
(@ ®© ", z 0 e
2 . . . 0 L 1 L 1
" i . e QD position at the cavity centre o
w 3 w s w = P,.=1.5 \W
Y B 8 3w o 8 . B 600 -
° : <, * Wavelength matching between
- . .. T 200}
- dad Y the cavity mode and QD emission of M
1535 1540 1545 1550 1555 1560 1565 1570 1575
L. Barbiero, et al., Optics Express 30(7), 10919, (2022) Wavelength (nm)

Summer School PQChips 2026, University of Gdarisk



v SINGLE PHOTON SOURCE

Localization of a quantum dot

Enhancement of 1 (7x)

QD position accuracy (better than 90 nm)

:‘%A SNR~12
Lo o T '
150 _BII] nm‘ .
2 100 B
g 50
S 0 [ i
S [ 90
P. Holewa, et al. ACS Phot. 9(7), 2273 (2022) 2 150 - nm|
£ 100 |
Unprocessed image with QD-related spots 2:3 i
50 |
u - i1l
0 100

Marker length: 50 um
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Uncertainty (nm)

L] I L] o ]
ocalization™] Marker

|
L

T

T

T 'I T T T T 'I
HORIZONTAL Marker ]

||||||

L 1

]
[ Marker

MPL Intensity (arb.u.)

+
m
i o
—
IIIIIII

N ] v ]
VERTICA Marker

QD

R

200 300 400 0

25 50

In-plane position (um)

P. Holewa et al. Nature Communications 15, 3358 (2024)

8 4 0 4 8

In-plane position (um)
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Various cavity realizations

Summer School PQChips 2026, University of Gdarisk 40
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Moire cavity — an isolated flat band dispersion of photonic modes

ScienceAdvanceS Current Issue First release papers Archive About v (
Moiré cavity quantum electrodynamics
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QUANTUM PHOTONICS - MOTIVATION
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For propagating photons in a ,norma” situation one
have:
w = w(k)

For a flat band situation, itis:  w(k) = constant

Different photons have the
same frequency/energy

The 1D local density of photonic states:
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QD-based single photon source: processing and testing chain

QD structure for imaging Optical imaging, QDs positioning CBG fabrication (EBL+ICP)

P. Holewa, et al. ACS Phot. 9, 7, 2273 (2022)
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Circular Bragg Grating source performance
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QD spatial position with respect to the cavity
field distribution is critical
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Micro-transfer printing — hybridization of chip components

2D PhC on a fiber core

Marek G. Mikulicz et al. Physical Review Applied 24, 014023 (2025)
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