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1) (B RL B e B BRI T BRI R A B T e =, bRt 100049)
2) (HMRHLLHEYER, KF  130012)

(20174 3 A 1 Hi3; 2017 4 3 A 16 HUIEMEHHR )

B RE XS 42 B2 45 2 T XS 2 1A 1) BRI 5 T 1 R AR 2 —, RN R A CCD236. FRIN 4% 1 & 72K
LRSS R Ao Xt i i, A BN AT hR . FIF 5°Fe B, AREEIRS R 38 AR AEZR I 28, AR
T CCD236 7£ Mn-K, (5.899 keV) Il Mn-Kp (6.497 keV) 5 04L& 7203, MLAE BLAE Fe Z8 i, %t X 4
Ze R SOWMIA EEANMY. 5 FEARI 2% (14 4 R 15, Mn-Ko A1 Mn-Kg 40 58 T 80859308 1% F 62%. 1E
—95——30 °C LA ETEE N, CCD BT REFESIRE T K. FIH CCD236 4514 S SEl i) &1 3%, A5 E
VEBE R, 15 2R )2 BN 38 um. X CCD236 Jin A [\ i) s e, g 7RO B AN AR SR W HAE B AH R 5)
R TR 2 R AR S, AT B CCD236 — H TAE/EIRFERUIRES, AR Z 2] T 4MEZ Mt 21

F, Dk KE.

R AT G R IE, ETHCR, FERYZ
PACS: 29.40.Wk, 95.55.Ka

1 5 =

filf X 5 26 i il 22 5% (hard X-ray modulation
telescope, HXMT) T2 2 B [E 2 — B H E 0 &1
XA R ST A, AT SN e kS A X 48R J e
AL 21 AR R X B4R BRI 8% (low energy X-ray
telescope, LE BBt 53 /& HXMT i B E 8 ff, TAE
FE0.7—15 keV REIX, FRARLIN X 56 4002 ) RE 1%
A AZ, B 58 Bl AR i il 72, e wT H TR
FH R X ST 5 B LE B8 iR I 248 H 43
A HLT 251 (swept charge device, SCD). SCD itiff
T HLfr 5 A A8 £F (charge-coupled device, CCD) [
Bt 77 2, R IR AR F 0 RE 2 R TE] S
teag U LE RPN 345 2 CCD236, $RIIH
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A4 em?, 72 H ETERI T A 5 K1) SCD. CCD236
FH P [ R 25 B v e Y BT 5T BT A e2v 2 F] A VR
i, § 7 TT 50 e B W A T S R
1% [5:6].

7T R (quantum efficiency, QE) ¥§ A 4
THRAN BTG, # CCD RS
ANSEF S b, AT COD tERe ) — AN 2
z& 1. QE H5AHREEM K. Xt LE B G ik %
W 5, QE 20 ReiS ol & M S, Rl 75 2
HAThRE. CCD ¥ QE H FH 4 2 AR R E JE B
S, —MBASE B LN 1 um, Xt 3 keV BA 1%
FiFEE KT 95%. @i E QE, v LA B4R
REREIRE.

& QE M kA WA EL 1) A H T
%, 5 CCD M 2 156 1 FAE X B, fn 3Lk [9]

* EFRARPEESHEREEES (A5 11403024) F1rb FE AR B AR GH T2 E 27 AT H (#tdk5: KZCX2-EW-J01) #

BRI TR
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i 3 BESSY 11 25 %8 4 %, #5 € T CCD236 7F
0.2—1.9 keV i FBl N &2 F20%; 2) NGPETHCR
1, CCD 5 b R0 2% 0000 [7] — AN 8, 58 CCD
)& T30, sk [7) F X6, BLSI(LL) Nz
HEPRI 25, 433 CCD54 (5 CCD236 &5 125 4) 7E
1—9 keV Ju [ P 87 R0, SCHk [10] BT R E
TBF (EBIT), PAmr2idgHR0 88 b e 3R 28, broe
7 CCD236 7£ 6.7—13.3 keV U [ N 6 4™ fit & 25 1)
FEX B30
A S 55Fe BT IR, DARE A BRI 25 (sil-
icon drift detector, SDD){E N #x #E #8 I 2%, XF
CCD236 # AT & T R HE br €. L5 H X &R
AE i SO Mn-K, (5.899 keV), Mn-Kj (6.497 keV),
5 3CHR [9,10]) BB S0 & AR 7R X 54 R SO
Mrf, Fe 2R TEIX AN g & A BT, R — BB B
ReRbrE A EEE L. AER AN X Lt TFe
oy ERERE, U TNREERZEE. Ll
J7 V5 TR A 2, SRSk R PO IR I R AR AL TR
LTS, BRI RN 52 X 2R U5 -5 R 8 0 A L
SN, AT DAAS B LR B 1 B T ROR . A SCiE
CCD236 & F AR H AR ZRE, IFte T
BTRRESEERLR.

2 ZRNA

5Fe f& X 5f £k SLUG v IS U, E CCD
WA 5 K2R Mn-K,, 4 g% (5.899 keV),
Mn-Kg 4= fiE I (6.497 keV), Mn-K, ¥ 3% U (£
4.1 keV), Mn-Kp #63% 1% (29 4.7 keV), Si#FE X
2 (1.8 keV). P5Fe W0 2.7 48, MRl - 2 xS sk
BB AT TSR R IR BB IE. S50 F BURHIRE B2 /)N
F 100 Bq.

K Ketek 22 @) H80 14 SDD hrd R I 28 11

PRI A 80 mm?, L%, 77 25 pm Be &,
PG REIASEE. 180 & — Rl A #E R BRI
2, FERUZEE A 450 pum, 7F 6 keV AE B Be T
1R/, PRl BT 203 29 100%.

SLIOLE AR HE 1) AP AT, W 1 R, 2
3% B a1 2 fiow, SDD Al CCD236 #R 2% 4 5l i
BT PASMNE—SINLE A, s & B i e
558 8RR T AR R LT SRR R R, T
RE B (1) FELEE A% 5 6 T LA R AN T 0 b A 1 %0

Bz, B Jo e i R 152 £ SR B I B ik A T
IR

NI IR TCE AL B AR BN R G R 2,
PIAHLE LR —AMHLEE. MLEE /N FL A e s —
M55 Fe JRUHHIR. ORI ER B4R I35 20 R JL=ZoK,
SRR I /N AL S R A BRI R b 0 TH AR /N TR
DS (A T AR, DR bt 2208 TECE I 5 PR 25 B s A
IFi) K TS S35 7 A A S5 A 1 R 3R 3 B AR 22

SZIG Ay W ER 4334T, SDD S28: ¥ SDD (3% [
MLED) BN B 25 0, =S, ff A SDD | ¥ &
P35 B i SDD PR 3] —80 °C £ 44, b %L
1 h ARYE SIS X G LR SR, 1 h e T
DL /2 Ge it A AT EE SR (/N T 1%). CCD SE50:
CCD236 (3% [F AL &) N 32 G AH [F) A7 B i
25, fd CCD236 47 22 100 °C. fFiRE €, b
ER 2 R THE R H G 7 h (85 R CCD R E 4
N =30 °C). BEARMHEE, #AT CCD LK 2R,

1 SkiRdeE

Fig. 1. Experimental setup.
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Fig. 2. Block diagram of the experimental equipment.

112901-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 66, No. 11 (2017) 112901

3 HIEAHE
3.1 BEiZALIE

SDD J5 46 G 0% i P/ 3 BT s, BE i AR v A e S
g, e g U Y Min-K o A BEUE, IS Mn-K g 42
RE DA, K e 1 o X e 207 BR B0, 5 45 B K ATK
REME R AL BT 22, M Ko A K 4 BEIE 1)

4
X R RE FAE S &N, B E SDD [ RER REIE K .
10t T T T 7
<— Mn-K, 5.9 keV
10? <— Mn-K; 6.5 keV 3
g |
2 102 4
Q E
3 E
101 _E
- (WAL .
0 200 400 600 800 1000
Channel

3 SDD ket

Fig. 3. Raw spectrum of SDD.

CCD236 Ji 4 fig 15 a0 & 4 fr 7, 3 A & s
N R U SRR BRI E A 200018 A7 A 1
AN U AN FE B A 4 5 9 Min-K R Mn-Kp 4= fig 1.
B {5 5 0 B 2 B R A 1 AR Ak (B Ak R 2
0.001 °C~1 81y BT LA AN U 1 F/ DR AS 2 w8 37 99 A
B RE N AT iR B AL . SEEG IR VI LN
—95——30 °C, &FEFE5 °C AP —KEEN. K5 BT
NN TN OREEMIRE R, Ae et AT 2 72 i
AR, o RARE HARTH =, Mn-K, A1 Mn-Kg
VAT B SR B, IS T TR 3 Ay e A

CCD236 14 75 £ 75 [& 4y L H I K 520 7 3L
il 52 T X5 2 7 2R IR LT s i R AR AR AR T
FRAR IR 8L B AN A 5 15 I ] ) o 1 2
F10 ps (/e H I (R EIRS ) A n 2 R Hp. 18
CCD236 1, £180% NS4 (A5 pl), 24
20% A REFH. SRR R ER SR E
5, =5 2EH R 5 Ee /T 1/1000, 94953 % A
R T i R B R AR A
B (M pe & TR 22 7 2 F I L, 7R L
2 bEBE R SRS, BRERm S ERFENES,
INERI RSB BE ¥ 300 eV, Hd A 2R
/NTF300 eV B AR EFE. BEEN5.9 keV B,

T HEBIEE N 0.162 £ 0.003; AEE N 6.5 keV i,
TG N 0.164 + 0.027. ¥ n s HHEBIRIE
O, 2 n — 1 3R DA S Ig US4 5, 1531 5r R
ol g I BN E A S S 45 1R T RE D

X el BE 1 R I 75 U L Min-K, A1 Min-Kg 42 B2 1%
[RIEEA AR ZeMEA0L G, B A RE 5 REIE OC R REE i

NRER.

Noise peiak
104 F Mn-K, 5.9 keV
L 100 Mn-K; 6.5 keV
g C
S 107 F
10! ¢
100 ! !
0 1000 2000 3000 4000
Channel
Kl4 CCD236 Finfiig
Fig. 4. Raw spectrum of CCD236.
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Fig. 5. (color online) CCD236 spectra in different tem-

perature intervals.

, — SDD
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102 ¢
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10' £
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1000 s)

Fig. 6. (color online) Comparison between SDD and
CCD236 spectra in 1000 s.
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Kl 6 2 CCD236 4k B Ji5 1 & g il 5 SDD fg il
(A b AsE (VA — 20 A [F] A B TRD, 13258 1000 s). &b
S (A8, 6 Mn-K, F1 Mn-Kg 4% 8806 55 4E =
Witk &, 15 B0 O R AR AE 25 o, T AR 25 T
HC T =30 PSSR R, oA T A ik A ] 45 )
THEE.

32 BFHE

BTSRRI 28 S5 FA kL e 2. SDD 5
CCD236 34 A REFR I 2%, R v o fuf #6723 N
100%, N QE MR iEHHHE A R A 1419]

N
QE(E) = H exp [—d;/1;(E))

x {1 —exp|—dsi/lsi (E)]}, (1)

A dACRIRIN 5 & Z L, 1 AN A RE & D
FAES AR IR U9, N OS2 EL, TR
JRRPEEE, ThR Si RFERE.

SDD £5# 4l 7 o, 4 E Be & 5N 25 pm,
AL JERE 0.15 pm, #BRJZJE RN 450 pm 1. 5@
i (1) 5155 5.9 & 6.5 keV AHIELIS & TF
435174 0.9836 F10.9877.

Be window: 25 pm

Al: ~0.15 pm

pT Si layer

450 pm

Fully|depleted n- Si wafer

vyl [n] [ ] [er
Anode

[#7 SDD 4ty

Fig. 7. Structure of SDD.

£ 51 SDD 95 - H%, I CCD236 W 73 51
E@%%&ﬁz QECCDimeasured (E) y\j

QECCDimeasured (E)
= QEgpp(E) - ncep(E)/nspp(E),  (2)

X neep (E) M ngpp (E) 437 8 CCD236 #1 SDD
W ERE = E TR ECR, QEgpp (E) AR TE
SDD Z5 i 57 B iR & 7 ROCR. SLie il T
5 HES BRI A8 b () 1 AR T /N T R A% ) A R
A, RIHEAS 75 B2% & SDD A CCD 5 23 #3451
RS

3.3 CCD2363#RE

CCD236 [ FE/ )2 JE L5 B in s & 45 2R ik
AR —RIGOT, BRREA R HEm b, BT
IR ERRZEE. FCM& 28 LET
BRI OLR, aTUOE (1) A EFHFERZ T
JEE.

CCD236 42 B} 2 2% CCD, ¥54E A B A n B 1
W 0T AW 8 TR, SiO, M7 2 )5 750 nm,
% Sk S 300400 nm, 452 )7 SisNy F1SiO,
JEJE %A 85 nm Bl LA B K TR 2 R E N
(38.07 + 1.10) pm.

SiOs: 750 nm

Polysilicon: 300—400 nm

SizNy: 85 nm
SiOs: 85 nm

Lightly p-doped Si layer: ~50 pm

Depletion edge

Heavily p-doped Si wafer: ~600 pm

8 CCD236 4ty
Fig. 8. Structure of CCD236.

3.4 ETUXRSEEHXR

CCD236 (1) 5256 I B2 i [ )y —95——30 °C, A
DA HETFHESREZRB R N®ET
MR GEER R RBTEERS, BRREREHEAN
5.9 keV i, £1% K (—0.0002 4 0.0002) °C~!, fE &
6.5 keV i, £1% K (—0.0001 £ 0.0009) °C~1,
FHRERAE 1o W0, v AR E T REAZ I
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Fig. 9. (color online) Relationship between tempera-
ture and quantum efficiency: (a) 5.9 keV; (b) 6.5 keV.

4 7 ®
4.1 5 EBIT S£IRIAE X IGIE

SCER[LI0) R E B KRB YR E B, Pl
afi B R I 48 8 AR T BRI 2%, bR 8 T CCD236 1F
6.7, 8.3, 9.1, 10.4, 11.9, 13.3 keV 61N HE&E A 11
AHXTE T RCE (relative quantum efficiency, RQE),
¥ REEAE N 6.7 keV I I RQE 2 A 100%, HAth g
BEAMRQELEF 258 14710, HERZEEN
38 um iy, CCD236 £ fE & E N PR & 7 3%
QE (E|ds; = 38 pm) WK 2 25 247, % 6.7 keV ALY
BT UHENaQE (6.7 keV|ds; = 38 um), a NHH—

R 7, HAb e & A RQE 4% Ll 48 4k, L& 2
WA 2] a = 0.9335, MIM1F 2] EBIT & ft &AL
QEgpr(E), W3 258 317
FHH X2 7735 D8I KG 56 EBIT 52 56 15 A 52 56 1)
—F M. EBIT S8 A 6 Ak & 4, H N6
FERE Mo = 0.005KF, 1 FAE X2 005(6) =
0.676 1), x50 A
- i [QEggT(7) - QE (ilds; = 38 pm)]2
i=1 QE (ifdsi = 38 pm)
= 0.006 < 0.676. 3)

IR AE 5B 25 1 o = 0.005 7K°F I, EBIT FI&F20C%
FFEFERZ RN 38 um [ER BT RHCRINLE, 1M
PEHE R 2 JE P 2 Hh S 6 Sk T I B 1, 15 B EBIT 5K
I 5 AR —3.

45 A S ¥ 5 EBIT K& X HA[9) /I 45 &, W
B 10w, AfLLE H = AN g ]+ 0 7 4,
YHI CCD236 KIFER Z B L) 38 pm.

1.0
[ — 38 pm |
? 0.8 N — 25 pm |
2 L
£ i
& 0.6 ]
© L
£ o4l t ]
] I
& L
0.2 B
0 L 1 1 1 1 1 1
2 4 6 8 10 12 14

Energy/keV

K10 (MTIR) Scibshits EBIT el 100 sk [9] 45 %
M—E. 2 AR RS EHE, ~O8EBIT 8, +F/%5
DSCHR [9] SR, FRZR IR IR IR h 2t RIAE R Z B EE 4l A
38, 25, 50 pwm B} ) CCD236 & TR H ik th £k

Fig. 10. (color online) Consistency of EBIT 101, Ref. [9]
and our experiment. The results of our experiment, EBIT,
and Ref. [9] are shown in the symbol of diamond, dot and
cross, respectively. The theoretical quantum efficiencies
with the depletion region thickness of 38, 25, 50 um are

shown in black, dark blue and light blue lines, respectively.

#* 2 EBIT £+ CCD236 [ T3

Table 2. Quantum efficiency of CCD236 in EBIT experiment.

Energy/keV 6.7 8.3 9.1 104 11.9 13.3
RQE [10] 1.004£0.08  0.7340.08  0.54+£0.04  0.4240.02  0.31£0.04  0.20+0.03

QE|dg; = 38 pm 0.586 0.383 0.310 0.222 0.156 0.115
QEgp1T 0.54740.044 0.39940.044 0.295+0.022 0.230£0.011 0.17040.022 0.109 +0.016
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4.2 XTHRREERER#—DITIL

CCD #ERZETE dg; ELE A XN PV

1

QESiVT>2
dg = (=501 4
o= (5 (4)
X e N EE A OB 1.04 x
10712 CVhem ™Y g L FHE, ¢ = 1.6 x
10719 C; Na NEESZ BB I IR EAKE, — R

s Vip NIEE L, BART R A SO 921

Vr = ‘/g + Peho — Vss, (5)

A Pepo N2V TE HL 3 (empty buried channel
potential), EZIRM A N E S, — BRI R
By Ve RIRBHL I, FER TR Ves N
FLRH R, BRI IR I KN,V M Ves 38
AMINHL . 7E LE B8t ) TARRE TR A (—50—
—80 °C), MV, = 7V, Vss = 9 V, Il CCD236
HAT s P RE S AR 75 1 Bk o R 22,

CCD236 4 XA CCD P21 3R 5 i 4V,
ICHSE R0 V. BRI R 2R R ST, (4) X
B R ST R AN [R) VR BE AR R Z, AP 11 B
7, RN EEF 08 QEygep (B) 2P FER ESE A
1 F I 45 5

QE2dep <E)

LN
=5 Hexp [—d;/l;(E)]

Esi =

x { {1 = exp [~dsi_man/lsi(E)]}
+ {1 —exp[—dsi_Low/lsi(E))} |, (6)

R dsi mien Mds; Low 70 A K A R0 R
FIFERZEE, Kz ER (1) Mdsi mien =
dsi_vLow M, (6) 315 (1) AR

HFERZLGREINEZ (BB xaE) SR
2 (BB REE) WA AL RT, F2 R E MR IS B 5K
1B, AkSEHERVAIE H s Vi A RESE INFE R 2 B EE, /)
(3) XA FIEH. @I W5V, F Vs A4 &7
BMEW R, MW SR TR EEE. 4%
Wk 3 Frow, PRERIES IEH TAEMB AT, X T
ANF Y Vg B Vs, FoBE T8RN, XS
PIFERZ B AR EC BN T EEAZL. XUl
I HF IR R Z IR AR ), idE— 23 B CCD236 £
TAERS, PRIEE I T IRFER ARG, FERENE
FEAAR,

CCD236 1] TAE B0 — M 2 mOET 4L
3 (multipinned phase mode) 4, X % 3R Veg N
911 V; 2 Vgs = 2 VH, CCD236 L {F7E %@
B — RIS, 2 R8T FUR B8 5 4 b 4100 i 1% F
T WA TAERTE —90——70 °C i B [ 9 &
TR RFER R R LT 2

X-ray X-ray
I I
| Polysilicon | | Polysilicon |

Insulating layer

Buried n-type channel

Depleted

Free region

Depleted

Lightly ptdoped Si

Heavily p-doped Si

| V.

El11  (MTEA) XHH CCD e
Fig. 11. (color online) Different depleted regions in
two phase CCD.

5 3Cmk 9] — 3%, LA BT EER A 5 R CCD236
8 [ (channel stop) i 5 M, 74 BH ) 0 #1249 5
CCD236 &% T B I 6% 2], ¥4 B R 5 %o 1k fE Bt
X SR LT AN, BT LASE B A 15 1 B T 20 B
REEBHMER 94%. &R, /BREFERERE
JE (ANEJZJEFE) 299 45 pm.

3 A Vg Ml Ves FRIRTROR KPR R R L
Table 3. Quantum efficiency and average depletion

thickness for different Vy and Vgg.

Quantum efficiency Depletion
Ve/V Ves/V 5.9 k thickness/pm
.9 keV 6.5 keV
5 9 0.710£0.010 0.626 £0.058 379+1.1
7 2 0.708 £0.010 0.620+0.056  37.7+1.1
7 9 0.712+0.011 0.623+0.055 38.1+1.1
7 10 0.707 £0.010 0.640 £ 0.060 37.6+1.1
10 2 0.711+£0.010 0.629+0.057 38.0+1.1
10 9 0.719+0.011 0.635+0.058 38.9+1.1
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5 & W

ML H B B L0 B R fe 1 e AT R AR B
W70 B At 2 i, R 88 1 BT 0% 2 R R i
THE AR LG, kbR € LE B G 2R 0 25 1) &
TR BA EEE L. AR 55Fe iU IR, LA
SDD Jtr #EER M5, Wl & T CCD236 £ fE & 1 5.9
F16.5 keV Ak I 4ax] 130K, X PASRER s LA
i CCD236 45 5E T2 46 A8 75 I RE X, EAITHE Fe
LRI, X X R EEANE. B R
Ji, CCD236 1£ 5.9 F16.5 keV &b & T 208 5 5~
71% F162%. 1E—95——30 °CIREJEHE M, 5.9 f1
6.5 keV Ab ¥ & T 20 A Bl il FE AR AT A2 AL, R A
PR 2% 1 45 /) R0 87308, A RV B sz, 159 2
FERUZ B 209 38 wm, 5 Hofh 7 1345 5 i 45 Bk
ITXFEE, BOE TR R E R SR, BTk
AN 3K By H, e R 35 RS F s PR AR A 1T AR Ak, UE B T
CCD236 7£ TAFE 1, 1y FE~F B P IR Z 34 4k
TEHRFERRA, HEE R —EURARE.

S0 B TH I B 5 S 52 TG IR S R
FEOT o7 B S0 R 000 28 f A A A% T DA 2208, Rt
A DA 21 L AE Al 0 0 750K

RRN] 2 FER X6, R A R R R AR
5E CCD BRI TEE 2 B & AT A 1) &= 7 30%

R F ] PR TR SR AT 2 W) 5 DY - DU B T B S
Tvtig.
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Abstract

Low energy X-ray telescope, working over 0.7—15 keV energy band, is one of the main payloads in the hard X-ray
modulation telescope satellite. The primary scientific objectives are to survey large sky area to investigate galactic X-ray
transient sources as well as the cosmic X-ray background, and to observe X-ray binaries or black holes for studying the
dynamics and emission mechanism in strong gravitational or magnetic field. The detector of low energy X-ray telescope
is CCD236, a new generation of swept charge device, which has good time and energy resolution. Quantum efficiency
(QE) of the detector has a crucial influence on X-ray spectrum fitting and absolute luminosity calculation. To provide
valuable scientific data, QE should be calibrated in detail. In this paper, QE calibration is accomplished with respect
to a silicon drift detector (SDD), using an Fe-55 radioactive source, at energy points Mn-K, (5.899 keV) and Mn-Kg
(6.497 keV). The energies of Mn-K, and Mn-Kg are near that of iron-K, which is an important line in X-ray observation.
Additionally, Mn-K, and Mn-Kg X-ray will partially pass through the depletion region of CCD236, and these energy
points can be used to measure the depletion thickness. This experiment is set up in a vacuum cooling chamber. The
X-ray source perpendicularly illuminates SDD and CCD236 through a small hole, whose area is far less than those of two
detectors; therefore, QE measurements are irrelevant to neither the distance nor the azimuth angle between the X-ray
source and the detector. For CCD236, split events should be corrected. Energy spectra of SDD and CCD236 are fitted
with two Gaussian distributions, respectively, to obtain peak positions and standard variations of Mn-K, and Mn-Kjg.
With known structure of SDD, the QE of CCD236 can be calculated. QE values at Mn-K, and Mn-Kg are 71% and 62%,
respectively. QE and temperature are uncorrelated with each other in a temperature range from —95 °C to —30 °C.
According to the specific structure of CCD236 and the measured QE, without considering the effect of channel stop,
the best-fit thickness of depletion region is obtained to be 38 pm. When CCD236 is applied with different driving or
substrate voltages, no obvious variation of QE is observed. It indicates that the thickness values of depletion region with
high and low level voltages are equal. Furthermore, it shows that working CCD236 is deep depleted, and the thickness

of depletion region will not change because it reaches its maximum, the edge of epitaxial layer and substrate layer.

Keywords: charge-coupled device, quantum efficiency, depletion region
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