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B /RIEMEE T (Michelson stellar interferometer)
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Hanbury-Brown-Twiss interferometer

Fig. 4.6
Schematic diagram
of the Hanbury
Brown-Twiss stellar
intensity \ \
interferometer. Here !4, \
P, and P; are the A,
photodetectors, 4,
and A, are the
mirrors, By and B,
are the amplifiers, ©
is the delay time, C is
a multiplier, and M
is the integrator.
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Hanbury-Brown-Twiss interferometer
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nature
PhOtomCS PUBLISHED ONLINE: 29 SEPTEMBER 2016 | DOI: 10.1038/NPHOTON. 2016186

REVIEW ARTICLE

Solid-state single-photon emitters

Igor Aharonovich"?*, Dirk Englund? and Milos Toth'?

Single-photon emitters play an lmportant role in many leading quantum technologies. There is still no ‘ideal’ on-demand single-

photon emitter, but a of p g material have been d, and several have transitioned from proof-of-
concept to engineering efforts with steadily improving performance Here, we rewew recent progress in the race towards true
single-photon emitters required for a range of i We focus on solid-state systems

including quantum dots, defects in sollds, two-dimensional hosts and carbon nanotubes, as these are well positioned to benefit
from recent ication and materials grnwth technlques We consider the main challenges and key advan-
nd

tages of each platform, wuth afocus on scalable on-chip i ang of identical sources on ic circuits.
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Table 1| Summary of photophysical properties of solid-state SPEs.

Maximum count rate Lifetime (ns)  Homogeneous Indistinguishable ~Spatial targeted Operation Integration
(without a cavity, linewidthat 4K photons (IP)and  fabrication of temperature of SPEs with
continuous wave) entanglement (E) single emitters dielectric cavities
(counts s") or plasmonic
resonators
Colour centres  SiV: ~3x10° (ref. 138)* Siv:~1 NV, SiV lifetime- NV:IP E OnlyforNVand RT Dielectric: NV,
indiamond NV: ~1x10¢ (ref. 139)' limited??3® Siv:IP SiV (ref. 28) SiVonly
For other sources see NV: ~12-22 Cr-related: 4 GHz Plasmonics:
ref.28 (ref.140) NV only
DefectsinSiC,  YAG: ~60 x10%(ref.141) 19 (ref. 49)* N/A No No RT No
ZnOand BN Zn0: ~1x10° (ref. 44) 1-4 (ref. 44)
Rare earths in SiC: ~2x10° (ref. 35) 1-4 (ref. 35)
YAG/YOS BN: ~3x10° (ref. 56) ~3 (ref. 56)
ArsenideQDs  ~1x107 (ref. 84) ~1(refs 6,84)  Lifetime-limited Yes Yes 4K Yes
Nitride QDs N/A ~0.3(ref.85) ~15meV (ref.85) No Yes RT Dielectric: yes
Plasmonics: no
CNTs ~3x10%(ref. 68) ~04 (ref.68) N/A No No RT Dielectric: yes
Plasmonics: no
2D TMDCs ~3.7 x10°(ref. 57) ~1-3(ref.57)  N/A No No 4K No
T iridium
d ‘Count rate atthe objective, which is
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Trpin (2, d)|
° BERRE: 4,0 a,b pm — pout

Tr [ pove £ (3,5)|
* WANREHEAZE % HEE

pous = 8(0)pnST(6), Tr [pin e, d)] =Tr [pout f(d,B)]
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BIF: BXFNEO o N5
%) 0w = 5(6) [1,0) = 5(8)a|0,0)
= 8(0)as" (0)5(6) [0, 0)
= (cosfa’ +isin6b')|0,0)
=cosf|1,0) +isind |0, 1)
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SRR
BIF: ANwOSANE—NEFNG
) 0w = S(0) [1,1) = S(0)a' 5" (6)S(6)b"5(6) |0, 0)
= (cosfa’ + isin0b") ® (cosBb" + isinba’)|0,0)

1
= ——cos0(|2,0) —]0,2)) + cos260 1,1
7 (12,0) —10,2)) 1, 1)

Fib A0

* 0=r/4, FEimM c 1 d WESHE BEFRIES
® Hong-Ou-Mandel dip
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SRER

s MAMHMOBEABRLFHN: IN,N) = (ahY®hHY [0,0) /N

- 1 (at+ibt\" fiat+5t\"
|w>°“t_5(9)_z\r!< 2 ) ( 7 > 10,0)

iV . o\ IV
= VgF (a*2+b*2) 10,0)

N N
- W > CRV/(@m)I2N - 2m)!2m, 2N — 2m)
2N 2
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LR 2 BOMNETFS, BHBMAEHA |, 0) = D(a)[0,0):
|9 gue = S(6) |, 0) = S(0)D(c) 57(6) [0,0)
= exp [a(dT cos 0 + isin 0b) — H. c.] |0, 0)

= |acos 0, i sin 9)
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SRER

HORBMANRERIBTSH, R
[)ou, = S(0) exp[a"D! — £°ab] 10,0)
= exp[¢(a' (-0)b' (~0)) — H.c] |0,0)

Hrp
a(—0)b(—0) = (acos O — isin Ob)(bcos O — isin Oa)
— cos(20)ab — z% sin(0)(a2 + b2)
B 0 = 7/4

Do = o0 i3 (60" +.6°6)] ) exp i3 (6% + €59)] 0

REEHSEZIFELRORBEERANTEEERSER
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E4R5CIHH T E T RER

Balanced Homodyne detection

AL %
o _ atib 5 _ btia
*e="n d="5
© Wit ¢ A0 d KRR
fea =é'e—d'd=i(a'b—b'a)

o b EINHETFE 8 = |Ble

(fea) = 18] (' e/ 4 ae Oy — 21] (X ()
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E4R5CIHH T E T RER

Balanced Homodyne detection

° BEMEAMBTSELL v, MAMKE 0, NTNEXIAEEAEAIE
RHE

(Anca)® = 4|82 (AX(9))?
o MAERTIEMRTIUERERS Q RIHHE
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E4R5CIHH T E T RER

a 1
— > » -
\
4
— < -
4

3 # T b (18), B=18le”)

o SIRBATIR, HAAEO
(inz) = 218 (X (x+7/2)),  (isa) = 2181 (X00))
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Mach-Zehnder F3#4{3L

57/75



Mach-Zehnder FiF{¥

(@) =50 )6 &)t 1))

_ pile/24m/2) (—sin 5a +cos 5b
cos ‘ga +sin £b
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Mach-Zehnder FiF{¥

o M ,=0ft: ¢=ib d=1ia
o X o=rmhi: é=a,d
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Mach-Zehnder FiF{¥

éte = sin® La'a + cos? g?)% — cos g sin g(dfl; + ab")

d'd = cos® Lala + sin® %I;Ti) + cos % sin %(dﬁ) + ab)
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Mach-Zehnder FiF{¥

iR Ot FHE

fea =¢é—d'd= (b'b—a'a)cosp — (a' + ab')sinp
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Mach-Zehnder FiF{¥

R b EXMNAT AT <13> =B =|Ble":

= 181 (a'e™ +ae~®) = —2(8] (X,

(fed)

o=m/2

BRI E A & R
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Mach-Zehnder FiF{¥

, {(fica) = nycosp

<6Té> =ny cos? %, <JTCZ> =1 sin?

N6

o Hehn = |8 HEFIFHEHNRFH
o ATLFI AT &R M B BRI ¢

58/75



Mach-Zehnder FiF{¥

nea ERRBHEFHNE

(Anca)? = ((@'b+ab")(@'b+ab")) = B =
o=m/2
‘%;l) =n;sine
R THFEYE ¢ = /2 HELRRIR
A(,O _ Ancd \/TTZ 1

[0 hea) [0l T i

° MERESSIFREMKEL
* IRERR \/%Tl FRAMRAEE FHEPR (standard quantum limit)
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Mach-Zehnder FiF{¥
AEEEGRAEE, XBE ¢ =7/2 WHERF
©=7/24Ap, a=30a1+idaz, b=p+ b +idbs
153
;

¢'c

1+sinA | —sinAp.: 1 o
+S;n Lata+ ——"T220 — - cos Ag(ah + ab')

1-A .
- T%Q + B(8by — Sa)

I'd = 1= sin A(p&Td + s s;n ASDIAJTIAJ + %COS Ap(a'h + ab")

1+A<p

B + B(6b1 + dar)

fed = — B2 Ay — 2861

(B*Ayp)® > 4B (sa7)

60/75



Mach-Zehnder FiF{¥

R R/MBEALEZ
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Mach-Zehnder FiF{¥

R R/MBEALEZ

N (AG0aD) R
$Pmin ~ ,62 —\/77

° IREETFRIRRIREMNG o WETHKE
o HIRENERE, WTER ¢ MINFHNETSHKERE
° G MINEZESES 0,r): (da7) = e " /4, FIHFH na = sinh®r

Ned = (na — B2 Ap — 2356,
NES]

o (482 (033) VE e
@min ~ (na — ,32)2 ~ \/7’77

Hr ARRKE 8> na
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o EHEMETA: EAARMERBMISEEGRTESEAMES
o LIFHIRIBAAEL S — Y AT E R
-m@&%&:@Am$<<N>

o ABEXFIHYE

o LB, SEAE. URBTERNETF LS
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RiE R8s

N a a,
3_1{ L 1
2i |\/N+1 \/N+1
ézl{ 1 1
2 N+1 N+1
BRI KR
[Nc] g [NS]_ZC
FHEHERER

(am?)(a8?) 2 3(6)" (am)(ac®)>

o LHEIAHEBEARN — <é> ~1
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RiE R8s

BNRWES
(V= (N ) ) = AS = (5) )
2

(v-38) = () -2($))10
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RiE R8s

BONTHES
(N = (F) [9) = MS = () v)
kg

(N +ier8) = (7 (W) +ie” (3)) )
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RiE R8s
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RiE R8s

2= 1m(2())
(5 =(5). (35)~(59) -

° RFHHESHTS -8, BARATE
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%

RiE E 467

B

JNMAT A BT T H- MR R RS 7
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%

RiE E 467

C.

BRI IEEEN R
H; = hya'?a® = hyN(N — 1)

°* HILLXLEER
Uk (L) = exp [%N(N - 1)]

° IFHEFF
b=Ul(L)aUk (L) = ¢"Va
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R EETS

R’

%) out

1¥2)out

M,

10—
10* ,’ll
W (s ¢

(aNae))

w0of  (ANPINY

10~

107® 10°7 10~ 10° 10
T
(c)
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BHTFFHIL
imE a b FMA—NRF, W0 c M d WS
(1o, 1pleTd de|1a, 1) = %(1 + cos 2¢p)

] b
50:50 y
a A @‘
KO0,
BS1 M1

* WO A B: [Yas) = J5(124,05) + [0a, 25))
o ZHMIHE: [Wap) = J5(124,00) + €77 |04,24))
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ZRFFHN
imE a b FMA—NRF, W0 c M d WS
(Lo, 1p|éTd dé|14, 1) = %(1 + cos 2¢p)

50 =" |vas) = 55CDI@N + ()[04, 0)
[ (a4t i [ia" + 0 ’
25 \/i +e \/i |Oa70b>
i 120y ATt 1—e™? b ity
= LAl B (00, 00) + T f (@) — (6] |0u, 00}
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BHTFFHIL
imE a b FMA—NRF, W0 c M d WS
(1o, 1pleTd de|1a, 1) = %(1 + cos 2¢p)

] b
50:50 y
a A @‘
KO0,
BS1 M1
B
\|‘.‘” — ‘>’

. BAEE

2

P.g= %‘1+6i2¢ (1 + cos2¢)

N

e Bo=7/20, Pq=0

) = T (120,08) = 100, 2:))
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ZRFFHN

4 FEFNHE 24, 20):
o 23yt BS1 J5:

A=+Ta+ivVRb, B=+Th+iVRa
* BS2 AHFEF RIS, &1t BS2 fF:
JE T S PSS VP
CZE(A—&—@%B), d_—2<zA+e‘pB)

o W 4 LT HAE, HRIERR
Pea = (20, 2|(¢")*(d")°d*¢*[2, 20)

X

Y o Tk 2m, FHEYEN 4 1 EAH

. . 2
¢2?(T% + R* — 4TR) — 3TR(1 + e“‘*”)’

71/75



NOON 7ZSF1:67R ERR
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NOON Z5F0:E 7 BiRR

o BFMAMBLRLIONEE, HR [0,6] =i
AnA¢ > %
o —MEKiE, MTMHERSBTRANAKTE An < N, 5E
1

1 .
A¢ > T A EFRERIR

o FBEBTFIRR 1/VN
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Summary

* HBFE
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