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(1. ¥ BAF e LisH R YR TAT MGt A 5 S E 5K E, ik 200083;
2. LIEHBXF RBEHRFERRFR, L 201210)

M OE: AT HHEAREBETIEMNARNET LA ERGEATT, BM 20 #4270 FRT
JLF G T3 2 AR AR AR, B FR L Z AR A 69 B RN R T R R BT RAEER Ak
RKEFAES, AGKE FTREG LB RE, ©T 28874846 %4 (Electron Multiplying Charge
Coupled Devices, EMCCDs) L F & 5 ¢ &-F & F, THERBEAG TLARLTHH AR %, 2R KGTH
w5 TLAF T AEH TSR T 2009 R A3, Frdd R &ML T A B4 (HgCdTe APD) i3 %% 5 B 4
U1, JUF R B AR T R ERK T B, RA RN WG, RERER K, AAAZ
FHAEE, HEra 8 B T LT, IR 2 Fe iRt F T IR AR, AR T L0 SNk BORT it ROR AR 89
R AR, £ R SR L F iR AW R NEEF AT AR ERME. £ B FA4Y (Raytheon) 2 4]
F= DRS H AR\ 8] | i B CEA/LETI 523 F #= Lynred 4 3] . 3% B Leonardo 2 3] 265 2 3L T #r4e R &4
TR 509 Tt A, P B4 T BE R R4 ROLT RO S0 T AR B AT d hg B
REBEFBFRIIK, 54 T BOKAE3E 4 B A (Separation of Absorption and Magnification, SAM). - &
PIN & #= & % & % A %& s & (High Density Vertically Integrated Photodiode, HDVIP) = # 4 #y &
HgCdTe APD 35 # M4k b -F i Ak ) A B &bk 5 F AP A 5] R A o F R 4h 2 (Molecular-Beam
Epitaxy, MBE) 77 R #] & 7 & 5 A& AU4] 49 SAM A 42k HgCdTe APD %4, 3§ & 7T i% 350, £-F4K0)
# ik 95% vA b, T AR ik 180 K vA L, DRS# K2 8] £ A& 48 4h 2 (Liquid Phase Epitaxy,
LPE) #4& K A4+ 4 & 7 & F 453 L) 69 HDVIP A ¥ )% HgCdTe APD %4, /£ 0.4~4.3 um #55T JL &
B P LD IR BARRR A B, R 53 5 T34 6100, & FIRM A F K T 70%, 7T 23 110 Mbps 49 8 & 2 18] i@
15, CEA/LETI %% E #= Lynred 2 8] R A 2 F RIME SR ABINIEH] & T & T334 49 PIN A 4208
Fo P jk HgCdTe APD %44, 427k B 438 % 15 2 000, ¥ ik 5% 2 3 & T £ 13000, A K F 480 20 F 4
90%, I T 80 Mbps #7 B W = [d @15, /£ 300 K #=3% 3% 4 1 8, 4 %k %1k 10 GHz. 3% B Leonardo
28] KR A B A ALAARIAR (Metal Organic Vapor Phase Epitaxy, MOVPE) 75 X ] & T & -F 4238 Huh] 4
SAM # 423k HgCdTe APD %44, 4 % % Selex Avalanche Photodiode HgCdTe Infrared Array(SAPHIRA),
BA3E 5 Tk 66@14.5 V, FAFARM FL 90% Ak, F5FE A 24 pm 49 320x256 45 49 SAPHIRA
% M4k 25 % E First Light Imaging 2 3], #F & 1 T C-RED ONE #8#L, 84U 5 & A T £ B X AR 69
% BRAR 4L 9M 286~ %5 (Michigan Infrared Combiner, MIRC), # MIRC #J & 4c%% 7 BAK T 10~30 45, K K 4%
2 T ASERM e, B AAARR T AR BT R ALY AR, £ A AR P B A S IR LR
Ry BT LR EAF T Ao e BB AR RIT, TR TR B & HA A B BH A, BATEA %
XTIy @ey p A AL E B F @A H LA T — 2tk T BAF R LSRR BT
T PIN £ #6932 7T | 128128 £ 71 | 320x256 [ %] P 9% HgCdTe APD % 4, % 4+ 3¢ % T 3A 1000
AL, ¥ 3 100 AR, 3B )2 — BRI R AT 1x107 Alem?®, 3 & 400 vA R ey Rk B W70 T 1S,

ks H#A: 2023-01-29; &7 HHB:2023-02-23

ELWH: HE A4S (62104240, 62204248)

TEH BN ZECH, 5, RIFFIE 5, 1, B RERE R T RIS A R PR r P LR Bt s FIRAE T R AFSE o
IR DRI, Lo, P01, [, R AFF A MER SRR S BET  AE RRIRR R R A T 2007 T AR 52
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3§ 133 PR B ACR T RO 12, AT T RS Bk RAR IR £ T B T4 300~600 MHz,
LA M LA R PTAER] T PIN 45 My 64 370 Am 256x256 M5 64 ¥ 9% HgCdTe APD B4, 50 4438 5 7Ti5
1000 v b; 4R E 8.5V AR, B-F@-F3¥3 503 — LB EIAH 9.0x10 M~ 1.6x10"° A, TR EF F A~
T 1.0~15 208, B R &4 -F @ PIN £ #4) HgCdTe APD #14+, H AR Z L5 X BARME .
7, 3% B 4% CEA/LETI 5236 F &%) 2 ¥ = Lynred 2 3] #9158 A8 X, # 443t HgCdTe APD %449
B, VAT B A B B R KT, I LT e b T it 2O A

KA ARrsak; ATFiHE KRTH; RTFIEmzcR; B4, Sl
hESES: TN21S MR ERS: A DOI: 10.3788/IRLA20230036

0 35l

T

JETF IR R L 115 5 58 20 WO PA s iR
AR T MR R P 58 06 IR G R0 A g AL A
5 AR BRI R A, T S 2 I T A PRI g DTG
TR RO T IHHEUE R Mg BARrfE R . b T
S IR B B AR, 4% SIS 5T T 2 R A [6] il
R HA TR AE T 9 A0E . R EE T EuR
1% Z %t (Intensified Photon Counting Systems, IPCS)
20 {22 70 AR 9 [ AR S b i, JoRE DU 9 9 5
FEARI 5 f i iDL P RRE AR RIS RS
FEE . B8 7E 80 4R AU [ R H U 1 B (Micro-
Channel Plate, MCP) 15 38 5% #1515 2 4% O AR I 718 4 7
FRDE T BURIE & S8 (MCP Intensified CCD, MIC).
) — My 38, H AN 2w DL = 2% Gl i 18 B A0 ik # A
yopinemani LRSI Rl v IFRSRUNE 35 R VAT
S 21 T O T B 8R4 R 42 (Photon-
Counting Image Acquisition System, PIAS). 80 41t /5
W, SR IT R 1 — i EE T 2 22 BH B il e B 51
(Multi-Anode Microchannel Array, MAMA) 5% T 1141
AR RS, ARG/ Rl ae e, Al
T2 A ERWT I, (H i TR GG B el 4
A, FETAELE SN FIT] WG B, XoF 2L AP 1E e i
BARM, FE S T IR CI T oL T R EOR
AR e 5 2 Al 1, 2001 4F, Hi Andor Technology Ltd 2
F TSR A R 4 0 AR AT A R (Blectron
Multiplying Charge Coupled Devices, EMCCD) H F i-
Xon £ 91 5 Jyi il e RAUEAHL 1P MK EMCCD H
ARBUN, TR 345038 1000 F5LLEAFE
e, {0 EMCCD 15X {5 5 3 5it 14 [a] I LT 1 15 P 3
Mg 7, LIRS L I MR 7 7K S X R0 SR 8 e £ M LE ) 52

WK, S S ARG HL M4 (Avalanche Photodiode,
APD) & FI FH OGN ARG E 5 1 as . HHEA
arfEAR b, [ S g O 0 R | ST A, DAE L (AR
IR T 3 URR P 46 5 T B ) e i O34, L Ah S I F
J& T HT S APD iR B H AR b5,

APD #8144 15 A 2 (Geiger Mode, GM) 1k 1
55X (Linear Mode, LM) PiFh TR, H AT APD Ot
FHEULBRER FER w5 APD g5, 3
FA A APD g B BO6 TG00 1Y e R U | IR B
2R 1 i o R, AT AR A I TRDRE B (H R
B APD 77 BRI #5 FE 5 ] . AR D ORAK L O d &
K73 [ 43 RN 1o A R, AR E P Ak AT v v R0 2%
FVIC R R P i o T2 T3 JC MR 75 5 3 25 HgCdTe
APD SrFHGF it Eds TAE TR, A FEm[A]
A E i BR A, A5 s A AR OC Y 5 bk o, A7
TEVRK HL i, ELA R R Bl A L O e 1 9 1 B L
ALY, RN R FR TR AT S AR, JTRE T L4
W BOGFIHBUSUR B8 U, J2 0 IR
BTy W), AE R SO . A i Zs REEAE . F 85
BUAR | ARSI Ty A T R B R G

1 HgCdTe APD 2543 Fit#/RIE

1.1 HgCdTe APD 25 EAR45M

T HgCdTe b4 BI Y APD %% ] 78 26 I K 3 il
7, RS SO B R R R R (WLE 1(a)), ZE#RUE
P 1.3~11 pm PRI T B30 ARG HLH &, i -F
T ik T WA (R L T Si APD #% 18 114 4 78 e 5 R 1
Fs~2-3, -V 5 8844 Fippy~4-5(ULIE 1(b)), 1528 1E 45
M LY B 18 25 I LT R e A R 0O R A AR
BHRLLAMEINES o

BT SRR (GM) I dER (M) 1Y
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Fig.l (a) Relationship between impact ionization coefficient ratio and

Cd component x of HgCdTe materials; (b) Comparison of excess

noise factor F for various APD materials

TR AR . W AR RE RN B 7, (1R Lk
A2 AT AR o 1 Ik i o 8 5% B, sh A el aT
DUBEJLE S BT o 53— B X, 329 5 2
PERE = A LT 1 T3 RSB 0 T 55 B A B 25
MM i 1k 35 2 100~200 (36 25 . 56 45 55 J
dr g — B, BRARVEK, & T ik — Bk, 7
K B[] Ry FE RS T], AESERT ] N, a5 535 R A
ARG S 6o w i A a0 50— 1)
JerE R, R AR FREE IS R A, T
FR SR PE TR AR 2 1 ns, NI, BEAT 5 Tk v ol 6
HATHREDEE R, 7T LS R ARG 1 ns (9 HF[R]
SyPER, e B IAE SR, W RASEE: (1) XA
% TR W5 P, R 5 79 IR R s (2) DX 0 AN 3 5 5
FE S 5 R B S (3) XA w76 70 1]
M55 o X T LS i a0, 6 F HIACE (PDE)
AR R T 90% HOG #8708 T 15 i1 4%
P TR FAE H N 30%~50%. N T SR P FEHT[A]
I°) R, 35 55 i o 3 R 2 R O AER GE R R
100 X BH £2) KR IUE 5 137 5005 B, DR LR
DA KA R Z TR R B 05 8, o SR, A e
] 55 A 284, mT AR R OB g i, OF 10 £%
DAl R LA i R s ] 11,

F1 LHEXNZERARALLE

Tab.1 Comparison of linear and Geiger mode technology

Parameters

Linear mode

Geiger mode

Able to sense single photon event
Single event dynamic range
APD gain
ROIC front end
Repetitive pulse resolution

Optical crosstalk

Range resolution (pulse-to-pulse)

Discriminate gained signal from ungained surface dark current Yes, by thresholding

Discriminate gained signal from gained radiation (y, p)

Discriminate gained “few” photon signal from gained bulk /4, Yes, by amplitude

Photon detection efficiency

>1000 : 1
High gain, low noise
1-2 ns

Minimal

~20 cm

Yes, by amplitude

Optical QE>90%

Yes
1 photon same as 2 or 1000
10°-10°
Low gain, high noise
100-1000 ns”
Significant radiative recombination of a large number of carriers
1500-15000 cm®
Yes, by thresholding
No, Can’t discriminate with single pulses®
No, can’t discriminate with single pulses returns®

Geiger efficiency ~30%— 50%

#id: (1) B TR DR P AR R 5] A 0 7 B SRS [ FR T [k b v B 2 B3

() ZIkehF ST REIAEI10 e BE & 73 B

(3) 8 Z R FFAF AL BB AT LA T4 (5 5 A Bt A R 3
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1.2 EFitEmgEE"™ PRy | B AR e A S5 2 05, I BT DORE Bl

DG FL RN A8 FE BRSOl 1 i 2 Ok e T ik
i, 6T R R RIR T 3 73 I 26 ' TR Bk i,
FEOLAF S IR 75 AT A0 7 AR BB SR Ay — ol
WHAR . BT HOGE SRR R R 7,
DRI 000 25 i ) ) PR A 5 R B AR TS I o AR Al
TR0 G B3 — 5 e, 30 SR K il R, ok o 28 1) LA
BT BB AR W 5 G AT R . AT
BAEORHAFWR R X IR L i

Photon Photoelectric
—
detector

AR5 5 B U i 25 TS MLk AT Jm 22 19 23 Hr 4k
B, SR AR O 12 B N RE LAY . F T, BTt
BOARGEAE T I U LA K ORI A 12
AL, BNt o TR s e
il L RICMDE  RAMIE 5, #5580t 5 1R
R OC. B2 L FIH RGeS i 18], T LA
AR GE T HDOEHERINAS | BTECORAR | K o 05 B2
o) s AR X DU A A

Pulse amplitude Output
——| Counter | ——m8

discriminator |—|

Digital-to-analogue | Output
conversion

2 TR G A 1]

Fig.2 Diagram layout of photon counting system

XF T AR KL, — i PR S B b e — T 4 25 [i]
FOGER O B 2, SR R R AN [ 3R 18
S5 7R B AR B A)6AF S AE AR 28 (AN [RHR T #E AT
e AU, AR A i A5 1 | A3 S A5 BN TR
R FE 25 AR R B ITTAH R R o X S AT AR AR
H—A ZHERREL F(x,), x Fl y a5 [BIARFR, (x,p) XF
BB EE— MR, Foy) WoRIZE R AL KA 5
JEHUKE

A R JHERAS G FL RN 285 HEAT 4R, e B
R VRXF 2 R AT R AR I R s 4 Rl A
8B, AT DU S R . R, W] DA TSR R A A
T A 1) SRAS: 00 LR SR AR TR s, ) FH 'l R0 85
T — AR A SR GBI A BE XTI 2% S 5
JEAF B, 38 0 v B eT VR A e il B AR A R

2 ESMIATRHER

F Pr b Xt HgCdTe APD A4 F 58 JF 4 F 20 42
70 AEAOK, EEAEPTERL 9k, %k EEE, TR
T & B RYRSORBE S CR, RS T —E I A
F A 56 [ Y B A A (Raytheon) FI DRS £IARAH] |
1%E 1 CEA/LETI 5255% M Lynred 22H] (54 Sofradir

7y wl), PeE (1) Leonardo 24 ] (Hif &4 Selex A ). &
FE AIM A "] 280 T4 MR 20 HgCdTe APD £ 1]
& . Horr, 3¢ E A WA DRS 2wk E
CEA/LETI 52 5 ‘& 1 Lynred 2\ ] 1 9% [ ) Leonardo
O\ RIS )5 JF R T HgCdTe APD £ 4 96 T3 H Bl
;BT
2.1 EXEF#H2AH (Raytheon)
2.1.1 HgCdTe APD E#HH# K% 4,
TN B TEREEEES (CdZnTe) w1 B R AT R
AN4E (Molecular-Beam Epitaxy, MBE) £ K4 K £ )2 57
[t 45 1) HgCdTe APD 4544, RIS e DX A0 A% 18 X 73 725
(Separate Absorption and Multiplication, SAM) AYZ5F4),
WNIEl 3(a) s o XA — R B TS5, BRI IIX
FH T WSOm0 7= A= A o+, AR B FER Y
YR TT 2E AR IX R A= lf 18 v 2, W2 o NOAL,
382 Cd 4730 0.73, A2 7O B IR I R &5
U1 £ 0 LA A, W IAT 3(b) TR o SAM S5 1Y
PERAE T BT Z AR 2y | TR | WS S8
PLBAS a4 | e T OR R G o M P 5 e s 2 22
JRSEH BT R R AR KR — I T AR R R IAT: 55,

T2 AR
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@) Electrons out WU qn &l 5 s, 265k e~ 4 BB R B 1
ggg T, #RREZEIM A 0, 1 F12 498F (LA 5(a)),
o 299 Conc SYBERG T PSRN T 6 ns (WL S(b)).
APD semi- gig:;: hetonis 2010 4F, i 3 #E— AL B, BR PR T % i
material | e W, BT (5L T 10, RIS T 95%, HE %
sneture electrons INT 1%, PERERS 7 I3 219, JE4% JF % 256256 K5
MM HgCdTe APD St it 5es i,
Incoming light 22 £[E DRS A

(b) 0 22.1 HgCdTe APD B4 K3k
P Hg,,Cdy;Te (Contact) 1.0 pm DRS F A Al 3 T H W19 N/P IR LA 450
P* Hg,,Cdy;Te (Cap) 2.0 pm KR T i B 0 4R AR IF (high density vertically
N- Hgy, Cdo To (Gain) 25 pm integrated photodiode, HDVIP) 4544, ml D) #ff i H &5 1

N* Hg,,,Cd,,;Te (Charge sheet) 0.2 pm

N~ Hg,;sCd, s Te (Absorber) 2.5 um

N* Hg,,Cd,sTe (Contact) 7 um

CdZnTe substrate

I
[ 3 (a) SAM #I HgCdTe APD {25 MR =&l (b) 43 T sRAMEA: K
) SAM 7 HgCdTe APD #ME4iH:)
Fig.3 (a) Diagram of HgCdTe SAM-APD structure; (b) Epitaxial
structure of HgCdTe SAM-APD grown by molecular-beam

epitaxy

2.1.2 HgCdTe APD %4 & F it 24t

R P e BE B (B K B B ) I AN T R 1Y
15 5 ok b 2 0ol 7™ B ) [R) R, T BN | 2007 AR JF R T
AT Bt F 3 0 AE 1 /Y 4x4 B 51 BLBE 1Y) HgCdTe
APD g4 (DL IZ] 4), B2 ) AL B4 935 1~3 GHz, 71
5 50~200 4 45 5, SEEL T 3T TG MR Y O TR

*16 channels (4x4) SCA

»High gain, low noise, GHz
BW amplifiers in each pixel

+High gain GHz buffers drive
multiple feet COAX

+Sub photon sensitivity with
APD gain>100

Elrmivalom

fiE 1) HgCdTe e-APD % 4, 45 4 /5% 2 E 4n 18] 6 e
R SRS ) ERAF R 2R H 1B 3B 2% 1 P B AF
ARSI S 3 20 b T2 T LR S R R e [
143 22, 20 il e AT Y Hig JELB 1) 9 8 9 1 72
i, P 814844 i T knock-out 3w < — T8, FB1T
KB 2 NIX IE . Ik, HDVIP Y 5T 4544 J&
B 1) Y NT-N-P &5, 55718 PIN % APD A3 1R K A9 AH B
ZAb . XFES RO A T (1) # ET REARE
17 CdTe flifk, JFdb47 T H Y HOR K T2, A 30%
K LR (2) SRR RIS 5 3l 20 Bl 4 N KRN
Si 132 H HL I 1) HL B B ARG, R B A In HEHEAT
LI, DRI A B A AR A IR K 4R, OF L
540 RF BOfi B R /NS 5 (3) He&h g 1y i) fifi 15
PN 25 5t T 5 408 e} v %) 28 6 (o7 485 4230 1A 7, A 3L
BEAR T N PN &5 v 2 R 07 6 8 B, XA B T4 U
FEL Y A9 871N s (4) HDVIP S 1E A B8 48, 45 T3R8 0
B D* BT RO A 28 R AL MTF (1942 555 (5) 4
FERA R AT IIC AT L B, Aob I 55152 P B ] Py AR
e [ 0 FT DA A B A e o E A R LR R g, ME
i, TR T e L PR RE R A IS, ) IS AS X 4

4x4 photon counting ROIC

T T T O T E T CO T Ees

[l 4 4x4 FEFIRBLT HgCdTe APD Sty H450d i 4
Fig.4 HgCdTe APD 4x4 photon counting sensor chip assembly
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(a) “1” photon (b) 0.20
0.007 0 . statistics ) Doublet
HgCdTe APD-amplifier detects laser A ){',
I
0.009 0 <1 > photon with no averaging }0 photons 025 pulse 0 ﬂ,«".‘,‘"wh; \ /
. N AATS W T
Al v 6ns | "“'.;A'J' ﬁ'u‘{'b o
0.0110 uy One photon : 'U
' A]'W P ~0.30
0.0130 T anv No photon > ﬂ ,. v”"&\
= M
0.0150 M’V‘Vw-‘/ 2 035 P i J
=
] =
0.0170 wﬁﬂw . | [l \
0.40 YRR LvE B ALY
]ﬂ N I\Pu(k\[‘ vV N
0.0190 s |‘|‘L“’H"' Single photon
v events
L o4 L\ 3 ns ven
0.0210
0.023 0 ) "3 ns laser pulse width 050 ) ) ) ) )
7.0E-8 6.0E-8 S5.0E-8 4.0E-8 3.0E-8 120 130 140 150 160 170 180
Time/s Time/ns

K5 (a) FIYIRBISREE N 1 AD6T, ZUCRERAREII 0, 1R 2 46T (b) SA5/NT 6 ns {958 XUk ] BT 1B 9 50067, ELDWZEA B ik o
Fig.5 (a) Multiple acquisitions showing detection of 0, 1 and 2 photons with average illumination of one photon; (b) Single photon acquisition with

double pulses closely spaced time (<6 ns) without afterpulsing observed

R 2 4x4 PESIHAER) HgCdTe APD St Fit 5128 H 14 6E
Tab.2 Performance of HECdTe APD 4x4 photon counting sensor chip assembly

Parameters Results
Response waveband 1.55 pm
Operating voltages <20V
Operating temperature 80-180 K or greater
Maximum gain 200-350
Dark count rate (DCR) (counts/s) at M>100 <10*(80-160 K), <10° (180 K)
Surface dark current <107 A
Max reset time 10 ms
Operability >90%
Probability of detection >95%
False alarm rate <1%

S N ide 4.3 um, SR B 65 T3 B O, 1 R e
\{ Multiplication

= region B F 1, 78 2% 500~1000 2 [ A] DA E B0 F

Cross section - "mm:l“op view 7 ﬁ: ot IjEff: L] Vi 7@ RN s {J)ji a1 5’[‘ s M 0.4~

 collection 13 VARE T, #4250 500, BEHLILZ 1 pA, BETHECRAL

_ | region T 20 kHz; S F ko5 W LR 137, SEBL T 5O IR

[ 6 HDVIP % HgCdTe APD 4% i <l FIA§ R /] W5 O 5 BR YO 2RI B 2R 1 %% (False Event

Fig.6 Cross section and top view of HDVIP HgCdTe APD structure Rate, FER) ﬂ\] 1 MHz Hd‘ , ﬁ'ﬁ?‘ j{'ﬂ‘é{m ,;& % ﬂ\j 50%, é}.;ﬁ
TR TR ARt A%, RO RR 1 T3 R T2 m i H . G AP K o () B B ) /N T 10 nso e Ak R 5
222 HgCdTe APD £# K F it 4t 48 PFR AR5 BARME S JE MR DE M, e e %A

2011 4%, DRS B ARIE T 2010 4R WFHI Y 2x8 B ATATA LAY 130 f2 AR B HR0 A i 00 4 A9 (L, A1 T
SRR HgCdTe APD OG-t AF (WLIET 7)Y, Jeiltksls BRI PR 0 IS Y FL e R DI 2 B2 i
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LRI, XTSI HgCdTe APD #31F, Hhifk
HgCdTe APD 7 JLAN 3 22 L 40 (1) 34 25 KF 1000
B, 7 A2 52 A R RS FRL I R LA 2 NI (2) SEET
I I 25 1 APD i R ZARAT £, Ak T
B I 1, KOS T APD 19 R 5245 (3) AEHE 1
B T B R IO, BT FL T 5 i i

7 2x8 k3 hil HgCdTe APD Y6 A1
Fig.7 2x8 linear middle wave HgCdTe APD photon counting focal

plane array

R T HE— 25 4R TR T R AR AR AR T
B3, DRS T 2013 4F 2t TR HR T 2551, 3k
137 1 BE B 4F Y T R A 1 A8237-8-2 Fll A8237-14-
109, SR REXT L L FE 3. AHXT T 2010 ARG 2844, Ot
THMECRIETEZE 60% L L, #2553 1900, 52
PF3R [ 2 150 kHzo I F 2018 4FHF & T R FH F 45 ]
KB BG4k HgCdTe APD 2H 14, 7E 0.9~4.3 pm

F 3 2010 F£5 2013 FEHFHIA 2x8 &5 HgCdTe APD
FFIHEFES I BEXTLL
Tab.3 Comparison of performance of 2x8 linear

HgCdTe APDs photon counting arrays in 2010

and 2013
Array in Two arrays in 2013
Parameters 2010
A8327-8-2  A8327-14-1
P-type doping Vi Cu+Viy, Viie
Cd composition 0.33 0.33 0.33
Gain 470@ 1910 1100

13V @129V @129V

Maximum Photon Detection

0, 0, 0,
Efficiency(PDE) 50%@14 V 72%@12.9 V 66%@12.9 V

FER@PDE=50% >1 MHz 151 kHz 158 kHz
Mean single photon SNR 13.7 21.9 123
Excess noise factor, 1.3-14 1.25 1.20

Measured RMS jitter 632 ps 2370 ps 1570 ps
Minimum time between 3 ns No measured 9ns

events

[ FERMBE KT 60%, B HCRILT 250 kHZ™,
2022 4, i i — R AL R, R AR T R OO S
(IR R, IR R 2 35 kHz, FEHFH T 4x4, 2x30,
7x8 BES A (9 6+ T RCER 1, 4x4 [ 50 284 117 3
25 nl ik 610081,

K FH 2013 4EF & 1Y 2x8 [ 5 MR ) T s
4, DRS F 2016 i1 T HgCdTe APD #§ 4 7F H i %5
)38 15 b i W FPERE, #5845 3k CubeSat LR #FAT T
WAFWAIE, 75 1550 nm BOGHE B AT 528 50 Mbps 1%L
oG, W R EOE 2R R AL A,
8x10* AYIRAG T A SEBL 110 Mbps BYEUE 14 5.
2.3 %[E CEA/LETI 3£3& =7 Lynred 2 A
2.3.1 HgCdTe APD B4 K% 4,

% [E CEA/LETI 22 56 %5 Al Lynred /A & (B & M
Sofradir 2% 7] ) 2% FH - Ifii PIN % 4% ¥ ] £ HgCdTe e-
APD 244, Z5 075 R A 8 Frn ), X Fh b Al L 7
3 PN 588 P I A —AARAE 2 1, Ay i Rss
] Fi e X1 B B, FH P30 F AR . A,
FAME TN AB 1Y P-RL Y HeCdTe MR MESRAE, SZhn
— M HE B N . XSS T T E
a7 AL AP PR AT B B R = A NT-N-P 4 ] A
I o Hl o5t 2 A S T N-on-P 2§ 1 77 78 1 n] 31,
L A 52 A HL IR R R I 14 7K ST 2 L P-on-N 2544
K TIANERAER 5 25 L TCTE Ak SR 4R T, Y 45 i 28 1
T /MBI, B B 5 ) & R, i TP A 4
T R [ 7 R 2 1T U R I D PR (el A T2
ar PR A B R A

Metalisation o
Passivation

A

L o o S

8 FIf PIN %! HgCdTe APD 2544/ 2 A

Fig.8 Schematic diagram of planar PIN HgCdTe APD structure

232 HgCdTe APD & # . F it bt

CEA/LETI 5256 % F1 Sofradir 23 ] T 2010 4FE g8
TR FROGE B AT AN HegCdTe APD #efF24,
Cd 4153 0.3~0.41, #5418 25 40 [l 9 /%, Jad i v
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P g F BB MR B WL 4, B KHE 25 55 LA 2.1 THz, 0.014

W 5 D UL T R B 2575 e P 10 R T4 g D012 Disubuted dorkecomen

F) 1A 2 AT I 196 43 715 DL A 16 2% o v§“m'// ! hoton

st R. W T EE Ae £ ]

FERME] 2 46T J PR R 5040 BARF 0 53 35 TF 2 oo |

T i, HeCdTe e-APD #E 4L T BL4M B ih 143 mom2¢

T 2 A THRNE, TR T . 32 0 o

B AR POGF BRI, rh i 2% 1 B WS TH 0% (DCR) 2924
1 MHz; 57 % 2 5 FiL 3 M 75 PR, J D 2P s 25
f) DCR 24 100 kHz; #& {4 i OG-0 %4 % (PDE) AJ
ik 90%>,

1000
v A=33um A=4.2 um
“MBE LPE
2. | . A=53 um
L 18 \ LPE
100 2.9 um b \
S MBE !
S N
<
Qo \
10 L
1

-20 -18 =16 =14 -12 =10 -8 -6 -4 -2 0
Bias/V

&9 kK 2.9~5.3 um, 80 K Y HgCdTe e-APD #{4: i34 £ th 4%

Fig.9 HgCdTe e-APD gain curves measured at 7=80 K for 4,=2.9 um to

5.3 um
R 4 FEATBIELIS HgCdTe APD 22147 80 K B
B
Tab.4 Typical performance of SWIR and MWIR Hg-
CdTe APDs at T= 80 K

Parameters SWIR MWIR
Quantum efficiency (QE) 60%-80%
Max gain 2000 13000
Bias at M=100 12-14V 7-10 V
F 1.1-1.4
QE to F ratios 40%-70%
Typical response time 0.5-20 ns
Maximum gain-bandwidth product 2.1 THz

| 200 300 400 500 600 700 800 900

M,
dark Output counts

P10 FE] 1AL TR 2 A0 T S0 R A =
g oA R I

Fig.10 Probability distributions for detecting 1 and 2 photons events and
uniformly distributed dark current generation in the multi-

plication layer

TN B 2% (Teneriffe) i ESAs )27 Hi 1 5 2 ] AT LA
SPE 80 Mbps RG>, @ 25 Ak, Wit T
WS DX £ 23 B0 B (UL 11), E3E 25 100 BF, 85 F 7 58
k%] 80 K T 4 GHz #1273 K F 3 GHz P, 2021 4E5¢
P 300 K T 4425 K 1 B4 9635 10 GHz, B K3 25 1)
i 93k 3 GHz, I 0 F T K 2 2480 [ 25 MO & 8,
HASHRER WLAE 57, ST GHz Hua 7RI %Y,

XCdﬁmult’ Wmultipliczﬁnn t

&

X Cdstart> Wabs
E,

g

PE 11 HgCdTe APD ‘bR 3 AR 07 #5243 ¥ 7% T 1]« i X AR5 48 1 4
B AR X 44y

Fig.11 Illustration of a fast response HgCdTe APD architecture with

separate absorption and multiplicaiton layer, the corresponding

band gap variation

x5 MATZEFIEEIE HgCdTe APD 224 HERETSHR
Tab.5 HgCdTe APD performance index for space

lidar application

2015 4E, 8 CEA/LETI 2> @ 4R3E T 80~200 um
R T AR BRI, #1712 7E 20~100 MHz 2Z [i], 1
P AR T %8 NEP i 20~70 fW/VHz, B3 #47 7 A Bk
WOGI(E R, 763 H BRiZ 17 1) LADEE K25 fis fl

Parameters Objetive
Response waveband 0.3-3 um
F 1.2

Quantum efficiency (QE) 90%
Temporal resolution 5ns-10 ps

Photon noise limited dynamic range 60 dB
Detector noise <1 photon
Minimum detected photon noise limited signal <1 photon
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2.4 #*[E Leonardo 2]
2.4.1 HgCdTe APD E#4X K344,

Y& [€ Leonardo 24 H] JF & T 4 J& A B < AH S 4E
(Metal Organic Vapor Phase Epitaxy, MOVPE) 4 £ Hg-
CdTe B A, R HMR AR GaAs #TIE, H4 T
HUC A 24 um (1) 57 5 45 HgCdTe APD 320%256 [451]
w21, fiv 24 A Selex Avalanche Photodiode HgCdTe In-
frared Array(SAPHIRA), #5145 14 <1 F1 68 71 235 #4) 1
B2 s o ARl AL S Wi X A8 IXORT 2 2
] 9 2 e 22 o R e DX ) 4B L K Tl 2.5 pm, 5 4 X
AR A IR S Ty 3.5 pm, 75 B KSR 28 Al B 0T AT 2K
P 1 i, W S IR AR 1 X 2 TR) B 2% i)l HgTe
I CdTe, FI LA /> [ BiF 4 BY B% 28 WL 0 (TAT) HI B
BIFAH OC A # L 3L, DL B8 52 GaAs o) IS 51 B 1Y & 4%
BB . K H MOVPE ) %E 5 it 45 HgCdTe APD #%
PR B AR S AE T R R R d 2B 77, AR s B A 7
T A 5 B ME LARRAIR, 45 19 APD #5317 32 Wz h
B BIF 2800 B A, e iy Fsf ) 602, i 9 PR T 7 kHz
TP,

AP coating
CdTe

Wide bandgap buffer

& Electron

—_—

\ e Hole
/ @ Impact excitation

5|
%D_"
=
o
ug Absorption
2 8 | A=25um
~ 5]

= g
----- - Multiplication |

A=3.5 um “Depthi

Contact ¢ s <‘-\]_Djep—

€ 12 MOVPE Rffi%% HgCdTe APD #4F (a) P45 45FIFI (b) g 45+
Fig.12 (a) Structure schematic and (b) band structure of MOVPE

heterostructure HgCdTe APD array

2.4.2 HgCdTe APD 251 K F 3t 40t 4t
Leonardo /A 7] 2018 4F iz if T SAPHIRA %% {4 1)

JEF I B RECY, 2505 RE A2 HE 00 1) BN 1, (EI I
T WA EZA T, A — YRR R AN RE 4 HE s 4%
R B B T3 R KT 90%, I 6] 43 3 K 2y 125 ps,
WL R 21 e s " -pixel !, X R TTECR A 21 Hz/pixelo
A B LA ERRe Iy, IF A T IR SR,
PRI 5 PE e i — 20 Ak .

7% [# First Light Imaging 2% 7 2016 4 3& F SA-
PHIRA 320256 HgCdTe APD %7 ik #54:, WF & i T C-
RED ONE AAL (W1 13)P2, 78 3500 W% ~, 3 H Mg
FNF AT, M N 125, Ao
IR 99.3%, Al N HF A TG R G | 28 B R B A
SR DU ER A R SO, I i I 3 R SCHRIN
BEBARZTAMH A %% (Michigan Infrared Combiner, MIRC)
(WL 14), 5 MIRC [ R GEME SRR T 10~30 £, KK

¥l 13 C-RED ONE A4l
Fig.13 C-RED ONE camera

L

C1'S
.
¥

Y

[€l 14 C-RED One FHFLZ4AE MIRC SB2: R Gt
Fig.14 Installation of C-RED ONE at MIRC optics
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PE T ARSI R {5 4 LB, C-RED ONE HHHL1: GE
W36, XWHKMEVE T HgCdTe APD #5472 fh AL Al

3 ERA#TRE

R AR .

% 6 C-RED ONE #R#L14£6E
Tab.6 C- RED ONE camera performances

[ X} HgCdTe APD s {4 I A58 4R T 2010 45
Zed, WESEHUAG 224 R R 2 Bt L iR Yy BRI
Fr (Shanghai Institute of Technical Physics, Chinese
Academy of Sciences, SITP), & B %) B 57 fr (Kun-

Parameters Results ming Institute of Physics, KIP) Al 4 1t )t 1, 4 A #ff 5%
Maximum frame frequency 3500 fps B, i%i% '43 ESF_E PIN 2511 FP/Bi HgCdTe APD 1?;14:
Mean dark + readout noise at 3 500 fps and _ N o .
oo P <le HIBFSE, I TN AETE HgCdTe APD 2514 A ik I B fS:
Quantization 16 bit T HE R, ABRTE SOE TN i g
Operating temperature 80K i ERL A B b R ) BB S BT R HIMOAR S SE
Peak quantum efficiency from 0.8 um to 2.5 um >70% (Liquid Phase Epitaxy, LPE) 4 K B Ok AR Ok AR,
Operability 99.30% il 4 7T PIN &5 4 ST &0 A UG BE D 50 um Y
Image full well capacity at gain 1, 3500 fps 50000 ¢ 128x128 lyFﬁ'JrP{Ei HngTe APD E%ﬁ%&ﬁ;’ %ﬁ%&
F <1.25
PEIS £ T 1000 DA EPY, SESF 8 FPERE AN AT 15(a)~
1 000 2.5
1E-6 | (a) (®)
IE=7 Photocurrent 20
1E-8 s Multiplication | 100 % . .
1E-9 | & ®
< 1E-10 | = Bspy, S
@ .
TE=1L ¥ Dark current 4 100 § ... * .
1E-12 | = 1o tbe
1E-13 } :
1E-14 | __ls i i 1 05 ] | | | | i 1
0 2 4 6 8 10 0 100 200 300 400 500 600 700
Unv Gain
100 SITP background DRS-GNDCD~1x107 A/ 10000
- ackground  —g— - ~1x107° A/cm?
ORE - o DRS.ONDCD. 110" e @ @ Lpey0353c,dy-2
—&— DRS-GNDCD~1x10"* A/em?
—=#— Method 1 (low phmoﬂux)cm @ Lpey0127c, dPNS Hm
—#—Method 2 (dark field) N 1000 ¢ %00
= @
g § 950000
,g DRS background «Ea
e 10 b __photoflux. 2 100 ¢
= <1x10® photons-em s _E @ " ] @
& 2 a8 0°00,%00%00
4 M
10 ¢
1 L L L : 1 . . . . .
1 10 100 1 000 0 1 2 3 4 5 6 7 8

Gain M

& 15 80 K T Hrilf 414k HgCdTe APD HYTERE. (a) JGHLIL. W5HL
DRS HgCdTe APD 1) NEPh X} kt; (d) 7 5

Bias/V

T AR5 (b) ST (KT F BN A5 M 7R (o) MR ERI0 T4 (NEPh) 5

Fig.15 Performances of MWIR HgCdTe APD at 80 K. (a) Photocurrent, dark current and gain; (b) Variation of excess noise factor ' with gain M;

(c) Noise equivalent photon (NEPh) compared with DRS HgCdTe APD detectors; (d) Bandwidth
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() IR R Aw—10 V T #8403 #5315 21 728, S i
-8V LI T 3 45 10 — {k BE Ui % ¥ GNDCD<Ix
107 Alem?, 3 580 e 75 [ 1 F<1.5@3 25 M<400, WS
S50 750 NEPh 2 4 12@3 25 M=133, 5 DRS )
GNDCD~1x10"7 A/em® /KF-F () NEPh A4 . &3t T
e S5 T AR, U P IR, LT
i 1F 5 55 N 30~60 MHz $2 T+ 2 300~600 MHZ, 11
B 15(d) TR o A, ikl 4 T 0B 30 pm Y 320
256 [4 %1 1) i HgCdTe APD 5 - I % 14, %t 45 - i
AT T AR R, 368 HgCdTe APD #5438 15 i
PR e AR B

L WA 4 B 5 B 2R FH LPE A= K B0 v I8 i 4 KR A
#, it B & F A N-on-P - [ 45 £ AR il 25 17 80
ar AL 256%256, AR IT L EESY 30 pm (Y57
K APD FEF-IHRIIGR F Socas i 5 ATk 1000
DL BT, B R e 8.5 V U T - 344 25 a5 5
166.8, 34 25 AL ¥ 5% Ky 3.33%; 7E 0~—8.5 V I [1] i -
T, APD g 1 3 £ 9 — b W5 L i A 9.0x10714~1.6%
102 A, iR F F A F 1.0~1.5 28], XFhRK APD

FEOPHHEAT T UG ER, JFARAS T B B AR RCR,
mE 16 st

& 7 X H TR A 5E ML A O 11 5k HeCdTe
APD ZRUFIPERE . A EL T PR SE HE KO, [ R K
7 A A B RO — A, o — AR
S P A T Ul FL ) SR AL T T AP 5
o [ DA A R A A A S R TR A Y e
T2 O i A T IR >, R D 3 Bl U S
T RVAR L, S A A R B i

P& 16 20 ps B3I E] T AS [ 49 25 0K A5 4 ok APD ¥ T A f4 35
Ne (a) M=1; (b) M=19
Fig.16 Imaging demonstration of a HgCdTe APD focal plane under

different gains with 73, =20 ps. (a) M=1; (b) M=19

* 7 FEBFEAMEINFiTE HgCdTe APD B5#414AE

Tab.7 Performances of HgCdTe APD for photon-counting application from different research institutes

Parameters Raytheon DRS CEA/TETI Leonardo SITP KIP
Able to sense single
Yes Yes Yes Yes No No
photon event
APD structure SAM HDVIP PIN SAM PIN PIN
Epitaxial technique MBE LPE MBE/LPE MOVPE LPE LPE
1.55 pm at absorption 2.5 um at absorption
Cut-off wavelength . X . .
@77 K region, 1.27 pm at gain 4.3 pm 2.5-5.3 um region, 3.5 pm at gain 4.7-5.2 ym 4.6 pm
region region
Multiplication . Electron Electron o Electron Electron
X Hole multiplication o . Electron multiplication . .
mechanism multiplication ~ multiplication multiplication ~ multiplication
. . 2 000 for SW
Maximum gain 350 6100 66@14.5V >1000 >1000
13000 for MW
F F~1 1.2 1.1-1.4 <1.25 <l.5@M<400 <l5@<85V
Max BW
Bandwidth (BW) 1-3 GHz of ROIC BW No given 10 GHz@M=1 No given, low BW 300-600 MHz No reported
300K
Calculated by
Calculated b,
<10 kHZ(80-160 K); 100 kHz for SW , FWALEDY dark current:
Dark count rate (DCR) <20 kHz 21 Hz/pixel dark current:
<100 kHz (180 K) 1 MHz for MW 560 kHz-
100 kHz-3 GHz
170 MHz
Photon detection
. >95% 72% ~90% >90% No reported No reported
efficiency (PDE)
Minimum time between
<6 ns 8 ns 5ns-10 ps 125 ps No reported No reported

events
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AR TE 5 EBRSE KO 10 SB4F
4 HEFRIE

il G R S5 R AR i TLT- T aok R M 7 it o 1 4 4
T A5 MR EAS e A 3k, WA T TS A R A DG Y AE
() 05 Bk R, E 8 18 A 0 H TRk, 2k
KT AR EZRETT . SCP A T
AT T 35 AR X I BU L 3, B T R
1A DRS 7\ #) | 3% [ CEA/LETI 5246 % Al Lynred 2%
A] . LA R e[ Leonardo 23 A () HgCdTe APD #i /1 7F
SO I 5 T A B R A RN R R IR o A&
A5 B B H AT RERE T AW AR B2, I B AR S
GER T BN R A A8 BOR AR KRR R MR}, 1
il 28 1w PR RE LM T A a1 IF S T ORI,
N RSCERM , Zs [MER ik . H 2 [ . AR 80R
RS T T

I PN T A R 7 R PR 2 A R A L e, BRARAE
HgCdTe APD BA.JC 7% 14 Al £ - i i ol L s T — =2
(1 Jig , (055 [ B o B KA AR A — 2 2288, 7E6F
THERON 5 T A WLEAA O ik RGO . B RTEN &
TR HISF- 1 PIN 2544 #9 HgCdTe APD #5104, B A 1%
251 B CEA/LETI 5250 = A o AT, 3% 5 AT 15 45
CEA/LETI 55 % % ji J) 28 %0 Fll Lynred 2\ &) 1Y 15 5 15
=X, FraL i HgCdTe APD #8F (B9, LA R H 35 5
1ol S AR - o 5 7 XU | bl a2 S I £ 8
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Linear-mode HgCdTe avalanche photodiode detectors for

photon-counting applications (invited)

Guo Huijun', Chen Lu'", Yang Liao', Shen Chuan', Xie Hao', Lin Chun'?, Ding Ruijun'?, He Li'?

(1. Key Laboratory of Infrared Imaging Materials and Detectors, Shanghai Institute of Technical Physics,
Chinese Academy of Sciences, Shanghai 200083, China;
2. School of Information Science and Technology, ShanghaiTech University, Shanghai 201210, China)

Abstract:

Significance Single-photon counting has great application prospects in weak signal detection and time ranging.
Since the first photon counting system in the visible spectrum was developed in the 1970s, in order to fully
amplify the photon signal and reduce the readout noise of electronic equipments, many groups in the research
field are constantly developing and improving the photon counting techniques. Electron multiplying charge
coupled devices (EMCCDs) can replace the traditional visible light photon counting system and have higher
quantum efficiency. While due to large avalanche noise, accurate acquisition of incident photon number under
multiplication is difficult. The excess noise factor of mercury cadmium telluride avalanche photodiode (HgCdTe
APD) is close to 1, there is almost no excess noise. Compared with the Geiger mode avalanche photodiodes, the
linear mode HgCdTe APD has no dead time and after pulse, does not need to quench the circuit, has ultra-high
dynamic range and adjustable spectrum with wide response range. Its detection efficiency and false count rate can
be independently optimized. It opens up a new infrared photon band counting imaging application. It is of great
value in astronomical exploration, laser radar, free space communication and other applications.

Progress Raytheon and DRS Technologies in the United States, CEA/LETI Laboratory and Lynred in France, and
Leonardo in the United Kingdom have successively realized single photon counting of linear HgCdTe APD
detectors. This paper summarizes the technical routes and research status of linear mode photon counting HgCdTe
APD detectors in Europe and America. The performance of HgCdTe APDs, photon counting ability and the
advantages and disadvantages of detector preparation with three structures, namely, separation of absorption and
amplification (SAM), planar PIN type and high density vertically integrated photodiode (HDVIP), are analyzed.
Raytheon Company has prepared SAM short-wave HgCdTe APD detectors with hole multiplication mechanism
by molecular beam epitaxy (MBE), with gain of 350, photon detection efficiency of more than 95% and operating
temperature of more than 180 K. DRS Technologies has prepared an electron-multiplication HDVIP medium
wave HgCdTe APD detector using liquid phase epitaxy (LPE) material. The detector can respond in the visible to
mid-infrared band from 0.4 pm to 4.3 pwm, with the highest gain up to 6 100 and the photon detection efficiency
greater than 70%. It can realize free space communication of 110 Mbps data transfer. CEA/LETI Laboratory and
Lynred Company have prepared PIN-type short-wave and medium-wave HgCdTe APD detectors with electron
multiplication mechanism by molecular beam epitaxy or liquid phase epitaxy. The gain of short-wave detector is
up to 2 000, the maximum gain of medium-wave is up to 13000, the internal photon detection efficiency is up to
90%, the free space communication of 80 Mbps data transfer is realized, and bandwidth up to 10 GHz is achieved
at 300 K and gain of 1. British Leonardo Company has prepared SAM type HgCdTe APD detector with electron
multiplication mechanism by metal organic vapor deposition (MOVPE). The detectors were named Selex
Avalanche Photodiode HgCdTe Infrared Array (SAPHIRA), the device gain can reach 66@14.5 V, single photon
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detection efficiency is more than 90%. A 24 um pitch 320x256 array SAPHIRA detectors were supplied to First
Light Imaging Company in France to develop a C-RED ONE camera. The C-RED ONE camera was successfully
applied to the Michigan Infrared Combiner (MIRC) for astronomical exploration in the United States, which
reduced the system noise of MIRC by 10 to 30 times and greatly improved the signal-to-noise ratio of fringe
detection. The research on HgCdTe APD detectors started relatively late in China. The main research institutions
include Shanghai Institute of Technical Physics, Chinese Academy of Sciences, Kunming Institute of Physics and
North China Research Institute of Electro-Optics. Limited by chip preparation technology and circuit technology
of HgCdTe APDs, the ability of photon counting has not been realized at present, but some progress has been
made in the development of focal plane at home. The single element, 128x128 array and 320%256 array medium
wave HgCdTe APD detectors with PIN structure are developed by Shanghai Institute of Technical Physics,
Chinsese Academy of Sciences. The gain of the detectors can reach more than 1000, the gain normalized dark
current density is less than 13107 A/cm” within the gain of 100, and the excess noise factor is less than 1.5 within
the gain of 400. At the gain of 133, the noise equivalent photon number is 12, and the short integration time fast
imaging is demonstrated. Bandwidth of single element detector is up to 300-600 MHz. The single element and
256x256 array medium wave HgCdTe APD device with PIN structure are developed in Kunming Institute of
Physics. The gain of the single element detector can reach more than 1 000. When the bias voltage is less than 8.5
V, the average gain normalized dark current of focal plane is 9.0x107%-1.6x10™"* A, and the excess noise factor F'
is between 1.0 and 1.5.

Conclusions and Prospects In China, HgCdTe APD devices with planar PIN structure are mainly developed, and
the technical path is basically the same as that of France. Therefore, our country can learn from the successful
experience of CEA/LETI Laboratory and the business model of Lynred Company, and continue to promote
research on HgCdTe APD detectors in order to reach the international advanced level as soon as possible, and

realize single-photon detection and photon counting application.

Key words: HgCdTe;  photon counting;  linear-mode avalanche;  photon detection efficiency;  device

structure;  excess noise
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