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Abstract

Abstract

Perovskite solar cells (PSCs) have developed rapidly with the power conversion
efficiency increased from 3.80% in 2009 to 25.73% at present. At the same time, PSCs have
the advantages of simple preparation process and low cost. Therefore, PSCs have become a
research hotspot in the energy industry. With the development of preparation technology and
the progress of perovskite material system, the structure of PSCs has gradually developed
from the original dye-sensitized structure to the current planar heterojunction structure,
achieving high open-circuit voltage and strong photon absorption. However, the PSCs with
planar structure are still facing following shortcomings: (1) When the voltage-ampere
characteristic of perovskite solar cells is tested, the measured voltage-ampere characteristic
curve will change due to the change of scanning direction and speed, resulting in hysteresis
effect, which is difficult to obtain the real efficiency of perovskite solar cells; (2) The lack of
mesoporous layer increased the roughness of the morphology of perovskite film, resulting in
the decline of the performance and stability of perovskite solar cells with the increasement of
active area. These shortcomings limit the development of PSCs. For the hysteresis effect,
although the current research shows that the hysteresis effect may originate from the ion
migration in the perovskite material, the traditional detection methods are basically aimed at
the perovskite film and cannot carry out nondestructive characterization of the ion migration
in the PSC. At the same time, the detection methods for defects in PSC, such as
photoluminescence (PL) and electroluminescence (EL), can only characterize the defect
distribution, and cannot obtain the defect type and dynamic properties. Therefore, it is
necessary to develop a new detection technology that can accurately characterize and analyze
the hysteresis effect, defect types and dynamic characteristics of PSCs. The relevant research
work in this thesis is based on the transient photoelectric detection technology, research and
develop new non-destructive and quantitative characterization analysis technology, realize the
detection of hysteresis effect, defect types and dynamic characteristics in perovskite solar
cells, and provide theoretical and technical support for breaking through the bottleneck of
large efficiency test error and complex defects in large area preparation of perovskite solar
cells.

The main research contents and results are as follows:

1. For the damaging intensity of laser output, the photoresponse of perovskite materials
was carefully investigated, then | have introduced a combined solution with LED and
semiconductor laser which tuned bias and pulse light for the photon excitation. To match the
drop time of the semiconductor laser and the sampling frequency of the signal corresponding
to the detection technology, the characteristics of the carrier movement of perovskite solar
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cells was carefully investigated. In order to obtain the output power of semiconductor lasers
in detection technology, the perturbation principle of light semiconductor interaction was
studied. Finally, 1 completed the establishment of transient photoelectric perturbation
detection, and realized the technology of detecting the carrier motion characteristics in
perovskite solar cells by low energy transient perturbation.

2. For the difficulty in characterizing ion migration of perovskite solar cells, the process
of ion migration in planar heterojunction perovskite solar cells and the influence of ion
migration on carrier motion was investigated, then 1 have introduced a method for
quantitatively extracting differential capacitance to detect ion migration by using transient
perturbation detection technology. In order to obtain the charge amount of the ion migration
in the hysteresis effect, the established transient photoelectric perturbation detection platform
was used, the carrier lifetime and concentration in the perovskite solar cell are modulated by
controlling the output optical power of bias light, and the differential capacitance directly
related to the ion migration in the perovskite solar cell is detected. The test results show that
the degree of ion migration increases with the increase of irradiance. When the light intensity
reaches 700 W/m?, the concentration of ion migration in MAPDbIs-based perovskite solar cells
reaches 5.65x1071? mol/cm?, the quantitative characterization of the amount of ionic migration
charge of hysteresis effect in perovskite solar cells has been realizing.

3. For the identification of high-density defect types and dynamic characteristics in
perovskite solar cells, the effect of different defects on carrier motion in perovskite solar cells
was investigated, then | have developed the transient disturbance detection technology for
carrier space-time processes based on the transient photoelectric disturbance detection
technology. To obtain the high-density intrinsic point defects, surface defects, and grain
boundary distribution of the perovskite solar cells, the carrier concentration and lifetime of
different regions of perovskite solar cells was characterized and contrasted by controlling
spatial position of transient photoelectric perturbation. Using this detection technology to test
relevant devices, it was found that: (1) there was a transverse electric field caused by defects
in perovskite solar cells, which is the reason for the decrease of short-circuit current in large
area perovskite solar cells; (2) The concentration difference of ion migration in perovskite
solar cells is related to the defect type; (3) The high-density intrinsic point defects of
perovskite solar cells will affect the short-circuit current density and reduce the total current
output of the solar cells.

Keywords: perovskite solar cell; transient photoelectric detection; perturbation; ion
migration; defect distribution
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Zhuo Kang #&H, /R SCHRE 8BS (Kelvin probe force microscopy, KPFM) H]
DU I ESARH A P Byl 8 728 (B 1-6 () ) B¥, [, Jae S. Yun 205 Ui e
T CHaNHsPbls I iy Ay far, i i (58 R 2R SCERE 77 s A 3 FRR B 1 ) 2
8% (Conducting Atomic Force Microscope, c-AFM) , 5T | CH3NH3sPbls/TiO/FTO/
WIS P45 S5 R S R OR FH b 1 B ik 4%, &l 1-6 (b) . K1 1-6 (o) Fos, ik
ST AR SRR R A 2 AE B, Ding Changzeng JE i K AT [H]- IR &+
JFitk (Time of Flight Secondary lon Mass Spectrometry, TOF-SIMS) H %853 T Ag*
AT, Wk 1-6 (d) Frw, KBLHG BN S Ag Al IBEBA KB,

1-6 F5ERA A FH Ha it 25 L FE 1R R A
(a) Zhuo Kang i F KPFM 5 45 6k v i e () 85 13 R A7 R il (390
(b) A1 (¢) YunEiT KPEM Fll c-AFM K4S &k f v e b iy 55 75T 7 (36,

(d) Ding Changzeng @it TOF-SIMS W& 5 55 1 [T A7)

SETF/RSCIRAT F . ARSI 7 0 R B AT AT I 1) - B i s vl
DU 285 RV P (& 1A% . AR, XA BL R LA Z: (1D 5555k
FEANE, FSERETRRH A B CRZhRE R, ez Brehmz. &RImms
PRI, B SR e ) A i, DA e e P B RO B s (2) SR
BT ERAE, WREAENR, FRMARINE AR BRES R SR LRI Sy, S B E A R ANEE
B (3) XEEMET AN AR ISR 2 T B T IEM LR, RN & T iER AT E
BT, TCIEVEIPR B T iEA2 . SRR, BT B BRET R AR AL VAR A 8 R AL
PHERERBH B A B M . T UERIRE, P S AE 85 AR F it T B R A R P 2 S v
CAIZ ) 3805 T R Pk e, ARG KD R RH I R & R A2 BIPR M, Rk, HEAE
REAR BRI 592, WP ES B R BH R b o F) 88 71D RS AR [ E AT R AL

1.4 BESEHRBNBAR R FTIR
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WAL T BRSO IR AR RSO SRk A S G AT A 2 B A I
FORB—M, 5T 7K H B R 2 1 is A B2 A o RO IR T X A 2R
S5 S, R BESIE TS, G EOCEOR 5 SR K B DG PR B B, IF
MRRTFER L (Voc) B8, 3 b e 1 66 Fh S X I s e N R A7 THBE, SR EGEEBR 1] U2 7
AP = AFDIS R REED) 2 A28 N8R T2 3015 & .

WA Ot LR 1 B FH B LT IB B2 1957 4. E. O. Johnson LAHEKAERUAGIE, 4n
R 1-7 (@) FiuR, TERUED Y Bl BB IR)ROBE IR B T 2 B A B 7 1 4 B9, 1996
%, J. Hlavka AT R. Svehla PL&OG “#E DGR, WK 1-7 (b fow, KBRS ER
FRTEF 1] R A DM 100 st X — 283842 TRES B AR MPUR LR . ME S NEA
PRI [ BRSO G R G, A G HL B R I I 8] 20 e s i . 2004 4, B.
Mahrov BRI EEEIAR, X270 SR T2 S AR I B fr v N 77 AT TR AL,
Wk 1-7 (o) FR, KIAFESEE < S BEATEANTT AR, V. Duzhko ¥
IR A FEL R 51K P FEVATUE, 0 i A ek R0 A o B B 1) L S 84T T BE A2
FE ML AR |, 2010 4F, Andrea Maurano i i 45 &I & 5% 75 )% FEL % (transient photovoltage.,
TPV) FlHfirfEL (charge extraction, CE) £33 7 A HLARH Hth (IR 7% E M, 2011
4, Tracey M. Clarke 183 525 H s AN 264 Bty 32 By S5 e A5 ' FE 7 VA = 7 OKFH
M R Ay, W 1-7 (D BB, 2020 45, Li Yiming Sl B R E A5 4K
17K PH R TR B A A T AR B S5 0, 48R 1 aner A R A Ol L UG 5 ER AT K
BH FEL b P PR EL A 4 kAT s i AT

SPARK LIGHT SOURCE
IP_ULSE RATE ~5/5EC)

A 0% 2w | B
VOLTMETER
B0 LRl ooy ELECTRODE  |NPUT
AR Gs::“ » ] ‘

Cs
<= FOCUSSING
LENS — —GCs Rs
— | — C e T . TCi -
R ; R, ! 4
p— --[‘_ —|___‘1 entave } @ 5 G /]
MICA - T cameio [ SPV
O ouact | :
[ \\ TrPe 532 SAMPLE al bl
T N sumeace sicks
ELECTRODE
(MR OR WICA DIELECTRIC)
(”zo D
- laser 100
siope 1 -
e Eu ) 003 KP115:PCBM
s > [ |- - - - Si-PCPDTBT:PCBM
L - |
Eof 2 | e Y )
e 4 ™ < o024 | °
3 B "
g °f 5 |
2 o 0014 |
o —~a= Sn0.:F with dye ML 1
laser puise: ¥ .
0t A=53mm  TO SnO;F [ : M N
=150 ps 1 : oo |
inkensly b4 000 ; —— . . ; :
10* 107 10° 10° 10" 10° 10? 6 1 2 3 4 5 8 7
Time (s) Time / us

K 1-7 WS BRI & S5 R
(@) LA KTEBONEIRBER el sea o (b) DI AR R Rk )
(¢) FAFHMBESIHESL  (d) $RICE GBS iR
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BoE R

A IS F Il A P [ AR B S E v Bk oG, [ AR BOC SR BIBOR, iri
ot HAEREEGE, X ESERT AP f gt AT Al (0 IR rh I v 0 BE B 2 X A B AR
FLHL ™ AR BRI, S DA B ERAT A B A it b AT JE 4 1Y) B R RALE

T AEESERAT AP F it e, 3R A7 AR AR T BESRUE T 85 ERAT A BH Fa it A A P 8 1
M, T -3 AR AR M B A IOH Pt A A Y R o R 0 95 B A B P b P9 P
TIENIERGE . 5 ERY, ASFEI RS EREE X B T Is S k& A Rl 2, A R S
e BRI A ERE R BH Lt BEAT A, SR B SR T s i, i) DO S ERE
R BH F It A T 2 T IE RS AN BT K BH HL it P A AE ISR B 2B AT R A . PRIE, 7R 2 — AT i
WE S AR, XS ERE RBH F R EAT TE R AL .

15 AXHBIRARTSEX

PR R B Pt PR AR 3 I R P A A R s AT O LS S AR R B F Tt
KRR BRRG o O 1 S HRES R AR HEL 7t 435 i 00 5 4% 1) A% B A I P e P 0 2
, HEET AR R PGSR E IO, DI, AT S A R AR K B
T IE A RTER B P SR AT HERA RAL -

MRS S AT FE IR R BUE Y, ATESBRE™ A BH ALl (AR SRAR T B AR R AN AE
JUFCIE T T3S AR B R I 52 AR o T Aoy 00 5 AR P R 22 A 455 B K B BRI 58 o 1
Z VR ) EANTE T, PR A5 ERE R B Bt A Rt — 2P e fig o B B ATk A
ARAY BT R M) o B B A B F it o 8 1 IR A AR AT e A B

BT LA B, ASCAEBRS G R BRI R R S TT R BT FT, B85 B K BH BRIt £
BT I 5 R ORI R, T A A DR B PR S SO A A, KA B
R H R R AT 451 EE A

AR S B AT AR 2R -

1 eSOt IR B T A I SRS ARG SR 1 R B AT 10T,
W SRR B B (B T I B AR, ARIE RS AR R B, R A
AT G AT BRSSPI PT 5 105850 S EER b AT HE , ettt el ulor Gt
AR AT 75 2R, IR e 5 il A A R S A 2

2. EIEHFITE S ARSI RAL S IR I IR, T HREOL R
FE, W E A RIS, A 22 0 A RS AP S A A5 R R BH HLit E AT
T, PRSI R 585 Bk K BH B B 1T R R LA R M A 1R, iR
2T 5 AN RV R T B B R BH L B 1 IR A2 F) HE e

3. LA TR T I A R (0 A A A D B AR SR AL A B R BH LT R B &5 0 A
FRIEER, X I A0 FUPIC TN A1 65 REAT ehcdb A mT DU AT 300 1 I 2 i R g I S T A
A . BTt B AN T &, it 78S BRE™ R BH HL it sk B R AL S
skt FH AL 1 I 2 SR R W S A ARSI 5 A B B A B B BEAT 3R AL, A ISR AE S 2R
S B O ST B F s 5 SR 11 23 A AR R AT 1R O
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AR SCHIBEFE, BfE 1A % 25 0 AR B AR A5 AT A BH PR P PR 480
TARR AN G AR HEAT RAL K 715, X 5P RN AR F s A A= 3B RN Y 8 7L A% ot
o BT, RS ERAT AR HRLit SR e 70 AT AT SR A R SEREAT R AL . A FERS T 45 8k0™ K FH
FEL YL DAY FR) 5 A AR ke 7 A T T A R S, A B TR aE B R A B R i
PR TE, AR T AR R RH i B S 4
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BE BESOCRMICr&

—E BESEREMItNR TS

BT RIS R P B 7 S O R BH I RO F e eV RE A BB . T BT
BRI R S2 B AR E . BRI SRR DU BGR T H SRR IR, 3 e W R
VELERGE RN (L VDG R i S RS I il NS e SRR N SRR T R N 1 L 4D 9
HEERE, AT GOr & BIT 7RI, PLSEILAS R K B F i i R S
JEHBATEIN G, S R G AU TN T & S A SR B i, X BRSO AE 5 AL
55 LRI TE, PSR S G T 5 AR -

2.1 B RS I & B 2 A JR 3
2.1.1 BRSOt Il p A R 2

FaASMNREAR, AR RFEIGE, R RERHAT IUREAS 1) 20U TR R EAT IR 5T, AERL
SREMURF AFE A AL RS AP S A0 I 18] RUBED N A 2 o T FH It e 1 A7 A
iz, i BEEE RN ] RS AD . 2R BRI, RSB
ISR R BH FLih N A i T sl i REREAT R AL o DRIk, R 00 B P 1) RO (lim t=0), 7
OO A A B 1 I3 A4 R WS A I BRI B s o

WA RAIER, RfaxDE S — M SuE S, DS iZE S
Wk S N o 2RI A A DY B I (AR 2-1 Fras) , KPR BB R Gefar i o 1 AV,
BI04y HH FEL IR0 LS

Rs
L e
I I
JEME
N ~~ /’/ \\ Rsh
N A 4 %
N J Isn

] 2-1 R R it S R R
FEBR e A I R, SIS SNBSS, HOLDR BB 0424, Wl 2-2

Frias, HERIERXN:
0, ZE(-OO, t[)
u®) =< P, t€[t;, t5] (2-1)

0, fE(tZ’ +00)

FHorb PONBKMOEIIR, u (O UME 5 BER R AR BR 2, t I Ta]
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o
nr At
5
~
@é H
ttz I+ (5]

Il 2-2 RS HkmeE 5
HH T Jk G B IR R B2 (8] At C At=to-ty) B, AHXT T RGEFa40 MR [a],
At/ g 4 —0, KFHHI RGN AR R GRS AL T 0, SOl X iz bk ¥

IS Ay Bk A Ve S8

0K BH EE 52 BB A A S BRI, ABH Rt 28 G % HH 1 o 3 P 52 ) AR U R
I PR AT B ] o JEEBRENT (], RO E P 301 2 AR JZ I TA] o AR 8 AR (0 S5 R % s (nl
Bl 2-3 AT ) K PH HAL I 2R 405 140 ) 3o i 3 52 31 DK BH R FE 2% Cq FTHBRH Ry 7 SR 1 LB
TR R TR Ci HS EE A A B RAEL G 10% 1 T 21 90% At FH e IS 8] /47 H FEL IR M e KA )
90% T[4 21| 10%/r FH HIIsF 18] 520

L4<:>:3} RV

B 2-3 R E SRR

R FH FL 2R e P I AR R T v, AR B L RSB TR R T R 1T AT IR
FETH A5 i 123 OOt B 5 BLRB I BRI R A R T, R, AR RO fE e B
THT B BB HRS e mik BIRads, Wi 2-4 fro. W ETH N BRI AR
BB Is S AR, RIS HL BTN B R AT R 7T T AR B B T it A
SR ENSE

PREHTT 4 LSRN
ity

B JA]
P 2-4 A5 H ARSI R S BH HELR 2R St
TEBEAS AT A, R FH S A BB, X R RH Bt i e S 6 i, IS
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BE BESOCRMICr&

o R AR BN K PH Lt R G I 25 ' R TR [ a1 PO 255 BEAT R AR, HoR R I A
E]Z'Sﬁﬁ/—j——\‘o
g [z O3
= o D

B 2-5 A0t FRSEII s R

W 25 0 ARSI 2 DA e 285 ' WL R 00 AR B 285016 L AU ARG o AE R S U A o, 43R
R Jylri, HBAEERONTLTT K (R - 0) , HRAERKIE 2

U
1= E (2—2)
U MR, | A, KA R &L T 5, f:
]gll’l;lo I=0 (2-3)

B BRI 0, USSR HEits 2R S R — I 22yt K BH A b R T i L S, I
AR5 ) 2 Ry 80 g A IO R L T % P . o 1] B4 ) R

FEBFAOCRRIMA, A B R AR T W EH Rin TE 535/, Al 884 7T L
BV NAETRIEOIRES, BERS, HR GRS E B -

lim I= v =1 (2-4)
) "R, ¢ i

S, SIS K LT 2R G AE 1 I 200 i B LU A B R L RS ELUAL W A T Nz B
OB RV R S L I P T 2 1 Y R B
W 26 FELIN B0 AR 23 B K BH F it P9 350 e ds S R b R S A BGOSR, BRI EE
INSTE R FH HEL R e 2k KUl Ja A B S REEUE S, RFR Rt RGUR LR EIEAN, (£
WS R Ay, AMER A R L T e 5T, g, R AEORRA R, R
B R AFAE B T B O AR RO B, HahSd A
dn

= =-an-fn’ (2-5)

HAr, n NERTFIRE, t AE, aHERNE SR, BN EE R Xn T
FEREAT KRR, B
dn

p—— =-dt (2-6)
J e = @1)
XTI AT AR 53
n
In ()P =-at+c (2-8)
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i, -
n
(atBn)f
SRR T HOR TUREE n S € R, 531 T ORI T A A
TEBR A I Bteh, AN S AR BRI T 0, NIEE, SN ZEA R i, &
B R TR 5 W R 2R TR L FT LU 22 A5, AT 0 26 M S I o
7, WIERTE XAR, A

Ce™ (2-9)

_do
== (2-10)

Horb 1 O HIR, Q B AT, t NI TE .

X0 EA I AR, 38R R O R A ()0 AR R AT ARSI o O AR U F R N ]
*/E\Iﬁj\y ﬁ:

Q=jldt (2-11)

TRt B R U -5 ek B AT DA BOK BH FL ) 4 F B B AR 1) e A F e e 2, R =X
(2-11) P25 s m] ARSI oK BH Rt e BRO AR B0m 7 1 g
2.1.2 WIMBARKEA R

FEE SO AT, A AR A 38 e ) 2 S A Tt k2] FURG IR DA 0 = 3k v 4.
T AEAE 1 — M U7 7%

FHOGH IR AT A, DG FRERE, AR AR SR IEAE 22 S T R

PxE= oB (2-12)
- ]
pxH= D +J (2-13)
== ]
v-D=p (2-14)
7-B=0 (2-15)
HAERBIGEE, BNRIRNIRE, HAWIZRE, DB, THHEREE, p b

TR SR, L RUMBNA REZEAMA T, SR AR B34
AR, ERFETHTFR TR, AR AHERR IR G BTN, O B AR A
IR FELART %% B T AR BRI AR IR A /N R 22 o SR AMRU/INGR 22 5 B B A o AT PR A AL 5
&, AT AR AL SR AR B AR AL, IR R R AL R R, R

T A R R R AR, R SN LR P, A

P=/E (2-16)
Ho oy NEBRIER,

1A



BE BESOCRMICr&

I, fEFSikd, B2 U O B, XA RIS, Hikp =0, i,
DL SN R, K (2-16) 5RX (2-17) WTEE A

PxH= oD +—+J (2-17)
o ot i

7-D=0 (2-18)

AT H BN S, AR ARG ). Mg gka ki, mLl

M 2 AE R, 153 B G R A B sh 3 2 SRR R I S, Rk, B (2-16) HUjiE
Er ﬁi

o OB
P P<E=Px-— (2-19)

LSRR EAY, SR RERATHEDT M5 W I AR R R EL L, W
=] A B 4T R, A S IEAARITT F, RERR T, A

OE_ OE L(OE 0yE
o %% " \aE (2-20)

i@%uW%%%%%E§E¢F$T—4i%%,aﬁ*%%%%%,ﬁﬁﬁﬁﬁﬁ¥
@%%ﬁ,IE%%%*%%*%@%&%ﬂﬁﬁo@gﬁ%%ﬁ%%%%%ﬁ*%%

%%&%W%,%ﬁ¥%%%%ﬁéﬁ%%ﬁ%%ﬁ%ﬁ%%%%%ﬁﬁﬁ%#i%
W mFEER . 50 (2-200 UiW, Jeil IR ELE L SR N AATE — MR W % R A
IXANMYIRTE 3% 51 NI TGVESC IS A F3 77 Il BRI 82, 75 B8 id — B fmd it ), [
Uk, ATCUEBE S TSI R A, K HZAR AL FE AT RAE

IRV O SR EE RS, P NF B SRR, B AR R >Eg G
BRIFIBE) , M B TSRO FREEIRGE ZE S, i T — N2, B
-2 00 . SRT, SRR B SRR G, EASTEESEP AR S fEH
FHIEFZRMHERG, &b minik, MEES SRR 70T, BT
SR FE MRS RES, 2By, OB TSR EA R, A R
BT R AR . Pk, 2258 W5 7 BB 78 6 5 2 SR ELAE AR R 2R Ak
g Qi a
2.2 BRSO PR P & BT
2.2.1 BESHESHEE

BEASOE IR, 7 ZE ARG B AR R NBR S 6 55, DRI s 281 1% 25
MR BRI, BESHAE S RISEI oy E

WSOt FI ) B 2 B EUR B B ith P8R T2 A hEUE S, DA b KB R it
N BRI T8I FE . 5 BR A 0615 5 10 L THRT B A) K T 30 7 & & R B st 1]
ORI R SRR G, BRI TITRIEE), MHE1E S N R 2IE A, K
It 2R G0N YA 5 BRI R R A Ty T B[R] AN 52 21K BH LI Y SR T2 il AR 1Y)
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AN U e ATES'S

SO, I BB IGE S RIS . BRI, KRH FLth A e H AN P S SR B FL
WEIL TI2al 52, RSB ELE 5 O TREEIENEMIN, 75 2= 0 P EoR s
O BT A ROUL R AT AT R I 55 2 B

FEET 2.1 HEANH T BSUE SR LT N B R SRR R . Y SE B PR i
JERKRE 5, TSSO AR, B Rk 1 GHz AR AR BO G 32T
LI DR IR A e A KD (5 S

SR ARBOL AR BOGH H TR SRR R W 2-6 () o, AR
LA P AEO R N BIE UG, S DR EEE A F A B IR R N .

A ' 3

-
=

plEYIES

] 5 .
> »

] (2 L3R i W BT
(a) (b)

K 2-6 (a) FFEBOLAM IR SMABRR R (b)) B R AU R AR 2k

e RO A I L - HL IR AR W ] 2-6 BT o LB (i B PR AL B R AR fS 2 Bl i L H
JE A EG A R G G n,  gbisy, R A B U /N BRI T SO ERE B TUE 1)
TAE R

N SEBLAE SR O G A B PR R BRI R], SO A8 FRUR IR BN FL R A ] 2-7 B
N, HAd VCC oAHIE, Q1 5 MOSFET, Q2 4 PNP %, PULSE INPUT Ak 4N,
GND Nz, D NSAEBOLEE, DI N RE, CiAfEREHEZA . MOSFET il Ni%
BN BRI L, HETF SRR, WENDIZR/NEG i, RIF SR H &, ik
FF I FE A 20~200 ps.

vce

PULSE INPUT

fel
S
%)
' 4

GND

B 2-7 BotEs eI SRS L%
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BE BESOCRMICr&

SR MOSFET fENFF G, HIFRIAESZ ] MOSFET A& &k K/, TS
HOR0 B % R Bk RO B AR MR s, DR, BINBEE R 4R R A inE R R 7R
MOSFET XWiif, g VCC. Ri. D, XMfRerE% Co #HAT7AMH, [FK, Di BUELE(E
Q2[RI JE R AN A S AR AU A7 A H s 22 1T 538, 5 B0 MOSFET Mt il AR Al i 2% , 1515 MOSFET
BN FLASEA R, DASEILRS) R R B s 2 MOSFET Jli, fifife gs
Coi it [F#% Cov Qi X D P, PASCHLIRS) LA s

%, W 2-8 flin, WOLHSZEL T ETFRE N 1560 ns, " F&EHE A 79 ns, ko
FREEITE] Y 4 ms [IBES 65 S .

25 - 25

lﬁw ="
20 F f 20 F
-
L f’
15}
- o -
> . >
£ . E 10
~ 1o ’
= | —::
) o’ /= 05
05 P L
! o
I - J 00 e ———,
00 |- Il.h L
3 05 |
_05 1 1 1 1 1 1 1 1 1 1
-4.061 -4.060 -4.059 -4.058 -4.057 -4.056 -200 -100 0 100 200 300 400
i} 8] (ms) fif 18] Cns)
(a) (b)

K 2-8 (a) ESAMEOLE H ETHE: (b)) 2SO B8 T
2.2.2 BIOEESHIEAN

K B R 2 GEAE 32 2 S O0A5 5 0 i i A5 JE 0 B F b Y i L AR AR AL 6,
T B R 9 S FEL P 5 06 2 R SR IR ARG, AR L E AT (2-100 , SR IR/
5 BA At N B T B AR . TG FRIRIA BRI Z 1T, A6 5 BEROR,
DGR, R BH A PN AR IR B . TR AP, A

R=ynp (2-21)

Hrhy NES R, 2 —AGitTE, SMEEETEAMES: R ARSI TR
XPECH: nop T KRS BRI FA A AR i BRI ] Y 5B B HL R OO
HH7 . SORERIEEE.

B, KMHEBER T2 &2 ADCAR RN, M H, SR 7% B FmKH fig
F RE AT B, S e Tt e 2 A A LS S LR I A rL R A

PRIk, A2 25 ' e G, g DA KB ri et I A [0 2 06 B D7 500k,
iR BIA R AR RS, BEINBRSUE S, WA RS R Hth R G0 THas
JefESHIRGMN, PSR 2 M8 FisaifE L.

SRITARTE A3 (2-24) P, 2GRN B SRR I, B FOUMEEhtE, (e
52 AR ARYE FH B AR A A AR 7O AL AT R R, SR EORE,
AR A PR 5 B R O FRLAR IR = B TG 5 /0 BRI EE T H iR, FRARAG ISR B2+ ), 3
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NS HAF FIREET &, AL IS 5 WA ST R e NS B, L& . PRtk
BHAFFAN T SO, TEMEBDEHEE %/ B ThR 288/

N 2-6 (a) #12-6 (b) fizx, LI FARBOCR 4 H BN, HFEMES
PO B8 A B A A 5 R FEL I D SR o SR T 2% BV IRV AE 2 2 AR IO B I
FEF S, HT R S ARBOLS A B BONBUR IR R, 9 SARBOGRRRE T SR,
WA K, B TAERT R Rt m. BB AR, BT RERR S, fAR
WA 2 LAGERE - SARBOLE TR BEM I, SEOUE SRR ARE, HZREK.

R SO IR I A DU R A O (D IINRIE RGO S0
FHATAH, 4eRRSRBOLE TIERERE. (2) HRMBIIR, SNEOEa S
T ER, 1930 SEhR DR L, B S O e B LA S SR BOG RS CAELE I
HPRES . AT, MRYE TARREE ST s TR, 2l — P SRR R+
1 B CAE AR SO G A TAEAE my il IR, 4P SO a8 I A dr, BRI,
AR TAEE R IINRIE RGN T, 2R SARBOEE R IR AR . X ARIET
HURME RN : M HptE I i, PIFAN A 3 AR & AL B S RS . SfE4e
HBARME, 1Z3HARAG 6 T DLSE I SRS A () U5 4% R0 SE PR o SR L o P 2 ) B D 24
M, EATE RO A

BRI, A FH AR RE DA 50 s 9 A A 1 AR O 38 AT IR EE R AT, @i MOSFET
P FAESIA B A RO EHRE & T B AR To HEE R THRERE AT
i, FTHE ARG SR B ARBOLSIE AR T AR To HZEE R TRERE AT
I, SG P AR A2

IR SARBORS I TEREIN R K 532 nm, A Th R &K 0.08 mw, i Lh
RN PRI A 79 ns, YEBE KN 25 um.

2.2.3 BRIt BRI ) B ] 5

W 25 L I DA e 285 ' L T AT IR 2506 R eIt G r e 2501 o T A2 R
OB EE RO Wi, A A 5 R AR 2 B R A K P F it 2R GExt e 250645 5 P iy ) R T i 7 5
111 25 ' FRL AL I XA e D B S O LI SRR KB HL L 28 SRt I 25 A5 5 D LI T
[FIIRF DAt AR AEAN[R] S A1 T 0052 A IS e il P e 2 ASRERCSE 2 B0 Ti2 38 B, b/
Xk A P R s B R U A B BEBUR BH R AE AN R U N O AR . (A, 3%
MXRGE D AL LR (D SR (2) FEHIED (3) REHD.

FERANMARG T, SIS HEE ARy, RA IR & ERA el 21157
I HAE 5 o TOEIR D 08 B Cui AN AR O . DA T2 sk Hidte,,
DLk i D D i Y AR AGE « T HSERD R B I A A& AT 588 (1.5eV /2
A IR T8 AR BT B I RS TR SOR FEOG T YE I Y R ER 70 a2k, MR
SR BN W] WOGHERRENS A Rt A% Ak i fe, RIS IE I A% Sn AT P T & LU, wT LKA
BB K BH FL It )17 B T L TR B 22 1.17eV, Re B ARAT B PR A4 5 A 82 90 Bl 4 58 23R 21 4k
XML, 1 0 LED JGUR G D Z o0 A il 3 A h A2 o] OB ATERI N, SE5ERE R
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BE BESOCRMICr&

FH L R SO B A AR A . TR, LED IS B RCRE. S E . AEK. HarkSiR
s, Bk, B% LED 2Bt R e s EE SOt —. LED # AR5
Fe T ARA PR (1 BRLEYE, WK 2-9 (a) Fas, E#d A LED [ i T4iE
HI, Yook S R AR . R, @@L A6 LED MRS, "I
W E% LED JtsE. (20 #iriiot, MRRNIK 58 i (Pulse width modulation, PWM)
W77 LED & — 0] LRI G RO i, T SH FE nl AR FAb 4], A
AR LED PEVIHIT IORES, FFRTIF SR G, BIR 2 LED M- fs],
Kl 2-9 (b) Fism. T HEG LED 7 E0 K H Bt AT R g ok, DRI ik s Y i DG B )
A EEBES S IER, FFH IS o, e EE, WA SRR
H FLAR AT % LED s

S =
K 2 FL ¥

L t 1 t: ts ts i (i)
(a) (b)

2-9 (a) LED Gl SWAHMK R  (b) BRIE GBI

MFEOGERE S, REFSAEBOGE M H P B RN S 250, SR
T AT KPS T Hofid ko AEA TARE R, (G #8 (Microcontroller Unit, MCU)
5| # (General-purpose input/output, GPIO) At 177 =80 b ik {5 57 2 Sk
WOLREHME S A, GPIO FEHURZE KK 2-10 . SN E B TH, 20 A2 R
], PMOS i, NMOS SH, X #Mii i i iP5 ARH-FI, NMOS i, PMOS
K, SHAME AR . EYTH S MRAS K, PMOS fist#E iR, NMOS 1 i hii HLif
AT £ 28 RT3 Ll i A =0 — e 3 T

VDD

i

N
7MY ruos
]

INPUT
2 4 ——— OUTPUT

=

P (ii ) NMOS

GND

K 2-10 GPIO Ji ¥~ &
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AN U e ATES'S

RAEML, GPIO HIKEEEIVIAA R, #H{EH GPIO E#:IKs) MOSFET T,
M= F8 MOSFET 7 A4 LA MU I [a) 2B, @3 S8 EFF. PR RIER . [FIR,
24 GPIO Hth i m i i kb isy, HAZ S iES ™= TR, i 2-11 fox, Hib (@
N GPIO % 1 ps A IRk {E 5 (b) N GPIO %t 500 ns B Ik s 5 (o) s
SN 200ns;  (d) HFES AN 100 ns. FTLIER], BEE A4, GPIO Hith
k55 BB T ph BT 2P E R, BRI, FR SRR R R

5

(a) , | (b)
44
34
34
~ 2 o -
> S 2
B, =< -
w B
0
0
944
-1
T T 2 T T T T
0 100 200 0.0 0.1 0.2 03 04 05
i E] C(ns) i} )] (ns)
5
() (d)
4 4
3 3
~ 2 o 2
> >
Mo =<
i =
0 0
-1 1
-2 -2

T T T T
0.0 05 1.0 0.0 05 1.0
I 16] (ns) 58] C(ns)

2-11 AN[A] A Sk 5 S PR e
(a) JOy 1 p Mk fE S (b) FI0 500 ns Bk A& 5
(c) J&IH179 200 ns (k&S (d) FHION 100 ns Hk & 5

Wi Rrfiokc gy, NIRRT KR . ARSI, Bty
fish i 2 AN 2= PR A N RS A L B U PR A /N8 AT H BT LR R RO BR AR, T AR A N HE
JE M FE T 381 v L AL B N FE P AN v P B B BB FE R B, R RS A &
RS, WK 2-12 Fir.

y
A —~—
Fif ]
=
I} [

] 2-12 Jih 3 R A s ot ik A5 5 BT

29N



BE BESOCRMICr&

PR 7y 22 T HI I R G SIS R A2 A B Rk, A AR MCU
TEREER RGN L, I8 IE GPIO fa Y =y (IR A 315 5 AU 5 Roxt A B HL B AT 421
Ho A 't P 4 75 05 A 67 28K L I 8 RN R I S, DRI 3 A A 1 MQ L BELAR 50
Q I R PH IR IR ER, DL B B B R R AT % o (RIS, 6 P TR P 5 DR P L 2
6], JE I HS ek H g DO BB & 4 N FLBREAT I . 4K P AR I8 T tH MCU [ GPIO
SRR o SR AE AN ] 2-13 P A dl B o, RUI UL, INPUT D94k HEZRZHI1E 5,
UL Jyraiekiel. fE4kriasrh, HURER DY A AR 8. B E SRk, dik
BRI P 2 A S A FL B
Ldi

=24 2-22
- (2-22)

Forp L 2R H sk, difdt A2 FRLRURT IR [R] R O &
PRI, A EL R AR A S ] B AT Ik Y R B = A, R A AN I Bl R B R
7B . PRIERR SINBE R, LAV BR S ) BB 3

+12V vee

[ Jw
3
INPUT >
————g D RL
1
2
v A\
GND GND

B 2-13 4k L 23 55 230 L

IEAR SR, HAR R R B W 2-14 Fon, 8 R TR /N4 gE, K RL A
F. SN NICHETE, Qi Q A RIE, Ui RL —¥ily 12 V, —uiAlrig, [
WA TAE . H3 N NE PR, Qi Q2 T3, RL —if 12V, —uniehh, A oA,
FHETAE . B AT TR, A SRS T 12 VI, 8 DL 38, A BL
12V HALARTR] . T G g B S R F B AR, B s HER T 0V, kA D3 T, B
MEERERE 0V, KIS 7 X BB R . A TAES, fFHEEEFEET
ULN2803A & AR AR E BEF,  BIRZN P9 R4k Fi 42 il 07 8 rL B A UL R B L BTG

o i — B AR

H 2y 5 2
B OUTPUT :'_l_)
f12v

RL

R1
INPUT ——

-02 A D3

A

GND

B 2-14 SRR 1A T 2
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BRI, A AR A A O F ARz i o s R, A MCU MR Al O,
AT GPIO FH 42 il 4k v 25 8 W AN O 23 4 H kb, RIS b R B e e 2%
(Analog to digital converter, DAC) HiHBIE 5, FHIFF 3¢ Fdsdh A [F] FEIm L3 il
LED 2%, o EnE 2-15 fos.

| L tafetem MCU
KA p . EEERTE
GPIO  GPIO | = = -

Exd GPIO § g 500
£ =
= DAC  GPIO - 3 VN
RS 1 5 v MO
# |— DC/DC J E—

K 2-15 2l 12

M 25 s LI 2 43 i 2 (1045 5 2 5 PRI R B0 110 99 0 b BEL 79 o b o () A8 AL T R,
TBEA G EROCBRARE BEE AR TR OUH BRSO C T , i REHEE R, X—
REPEXTE 5 RERF WA B R . B RE YRR e W, 1R T B MG
GRS R, SRR K TG S i s AR, RS IS 5 4 RE e 2 1
R FEEE ST IMEE. MBESLHEE. BSGHERE S ARG S, TR RIS
R E m . REERGHRAEE R 1 GHz, R %4 100 MHz. Ib4h, JNARIER]
PLREZIB GRS S, 55 RERGIERA il K Dhfe, Ak BOLs H BT -5,
5 Al R AS 5 0HE 5 RE RGBT AR, 1155 RE RGBS G A 5 BN R & H,
FHAEIX AN [A]SE BBl N AT R A, U SO HAE 5

[FI, ENVER, 55 RERGIRFERE RN K TG 5 RN B 515 5 REMZE K
Fefl, L ERIE R . IZRGME 5 KL B A PicoTech /A w] PicoScope 2208 B %Y
SN, WE 2-16 () Frx, HEKHEMFIEZWE 2-16 (b) Fimm. ZniKsEA
BUEIE RS, KFEZFN 1 GIS, RFFAMRFATIE 1 ns, #7594 100 MHZ, HRFERR
&2 128 MB, W] SCRFIZON IR AR E S =R AE 23 1 GHz T RAE 128 ms. XU E 2 — T}
A GHAE ST RAE, J—lIE A TR R B g SEOGE R TR, BSOGHRE S
WIZ A TNFD BN =D 2 0], ZoR i 28 KA 2R R R R

q [T

B

-

PN A ER ‘
(a) (b)

€] 2-16 (2)P1CO2208B 7~ #it;  (b) i ds 5l Rk
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BE BESOCRMICr&

FRYEBES e I R AT, BES e i AR R : B e KFH s 5 1 MQ
FLBHAN 50 Q 18K, it MCU i 4% Ha 23 V)4 T L BH 2 N LR, 24 1 MQ FLFH %
N HLBEE , R BH it b T-FF BOIRES 38 Ik 7 i 2500 B8 JFC 79 i H PR AR08 A, R BH FL vl
IR TAETs 450 Q HPHE N HERET, KPH AL T EORAS, it o i AR & L
vy B R AR AR, TR RORBH R RSP A T . $5H] MCU I DAC it LRSS 1
T EYE LED M TAEHA, DAL SRR Bt TAEEA RIFRAS, BJG@id GPIO i
R, BRSO B kRO VAT R . IR S RE RS S
BHIFEE, REHMPBESCHEES . SMAGNRE S REERWE 2-17 fir.

a

3]
—

s [¥]

I ]

N PH e e S ik iSO S

e i)

K 2-17 BEACHRNNAE SnEE

FE T ) B 20 BN FRLE AR (Printed Circuit Board, PCB) I, il 4 Ha il I 75 %ot
SR, K R AT P MCU IR B R OGRS I fid R i B AR e i
il tn 4% Fi 2 . DC/DC AHu A B AL 15 5 R AL LB AL, 72 PCB AL/ S 19 It [X I,
T B X A (5 5 R LR . (EATEIN B INME 5 RE BRI 2R Wi [, Tk S 2k
i R AR S BB BRI S S I 57 AR [ S e S 5 e B s[RI RS 5 R A L%
DXIRAAT B AR, By 1B AR OHE 5 2 A . T AIE S KRR, How
WA AG BAESHOCHEE, BTG HEIIMLHE S5 HOK E .

256 B IF & (B Y 220 VAC-12 VDC JFoe B M, 435138 5d DC/DC A5
PO ZE MR R 25 0GR MCU fEgE. BRASGHRIINAT & BINURHEZL I ti 20%20 #8577 &
i, Jhdid 20720 MARERE, LRGBS SRR AL 3D 4T BEREAT S A UAE 22 AH
.,

[ S ATUBRIATE 42 4 225 JEL P Ol 5 mim 1 28 €830 o FI AR A A 1 & 4h 5, DA iR il
AR AR A O SO OREOE, RSSO T PRI R . F5ERA K BH b
H 3M S AR OO B ) Jefkf, JfF2eBqE 3M B lalae (R BG4
o ARURE E R BRSO R & F g SOGYR I B 2-18

N
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(a) (b)
P 2-18 (a)HLi% PCB &; (b)Yt s A

2.3 AB/NG

AR TR A I T 5 A B, e 1A R EO AR IR BRI A,
o 1 285 ' LI A B L P B 2 i 825 K B L PN AR B T B R OR, TR AR
KB FE B AR AR o g N R RAAE D9t o AR e 2 ' L Ik B, 0 2H i 2851 v il
WO B WAL REAT 1 it FEE T BRSO R I ESR MBSO T 5 .

N



S PRERAT R BH L 2 2 A A R S TSI B AR K

FZE 5UN KPARMESBAFNBSHEANREARR MR

BB A B Fi 25 43 P 5 5 R EVAE T U, 64 ™ A B L 2 A e
R . A TP A AP H It A P 5 4 s A IS, DA BT B A P PR 2 45
A IR R TR AR R, W 220 i ACR IS, KR )
SRR F 13200 A (T EHBE, WS 2500 S ARUE MBI R, HEr B T AT RS 1 e
BT,

3.1 E4 ARSI F

AR, FHERY R Bl A S, SRTMTES R AR E T8 7 S A RL, A A7
FERTIEBERE, RS T IR B 5 ERA A RH H b REG A AR, 75 ZER A5 8K
B R BH HLit R PR B 5 A AT RALE

TEZ TR FE AR, TR SCERET 3 AR RN AT B 18] U0 1 J0 4 P AR A5 k™
o RS IR o PR T X A T BOHME LASRAL 52 B A BRI FH it o R 88 534 o (AL,
i R 0 AR Ak G I T BOR B B R B L P 1 B IR AR HEAT RAE o 1T B 25 Lok
PEA A — PPt 80 T isf s BRI B RINAS o T RdiBoR Uikt sH
ThEMN Y 0.08 mW) , EFRHUS B ARH Bt il Iy HUAS 5 A RTINS RT RS R K FH Fe il
BEAT Z2 R TEHRI  He AR R PR BRSO RN &, T RIS R AR H
T AR A6 T AT 2506 R HEAT I 3K, 308 T X Wk 285 't W I AT 285016 LA X ) 4 2R ik
TS, ATDMS RIS ER R PH it 22 7 A, JF SO B AR A RH HLit A AR B il A ik
ATERAE,  H T DA E B B R BH R T IR i 5B R R B

PHERT R BH HL 72 70 F A A B ARAT A B R R AR — P8 2, T L A IS R b P L
RON FE EORYSE T RBH Lt Y PN 25 A 5 BT AR, BIAMIN e s 1 A8l & B 51k
PN 45 F6/R X IO G Aifi A7 LT 20 - PN S5 HUE 73 IR 70 20 0l 35 22 AN B
RS, P IXETOREEBOR, M N XHEFIRERCR. EREZEREMAT, PIXZER
e N XPHG 1N X P XY EL 1 N X P X2 HBURBAME 1
TR ] AT ST 1 R A (XL, SRR A L o 2 PN S A A R AR AR A
21 L A D R AT AR AL, XA AR PR I A AR R O S A LA

M FAES HUWE R 0 EA N XA P X5, AR S 2 TRE&HA, T
FEAEE B RN B RS, RS HOE AR, SRR R XD TR e, B
BN Bt , MBI, R P IX 5 N XS A7 1 — € AT 4% PN 25
IEF RS, AEEIBEEIES, WA N XA P XEDFHaE, P XM N XA
HLfr Bt N R i A e B IR AR AL T AR A R R, MO

SRS ERH™ K FH FELHL 0 ZE I L AS [F) AR RR P, B e P A P 2 BB A/ L e ) AR A T
ARAY, IR ES PR R BH HL It A R A A LT ) BE T2 SE AN HL A 1 S AR S ) oK
PET e B MR B T A O

"Y'=



AN U e ATES'S

YESERA R FH A 2 2R BEGIOR G, HN S i X sh g2 i 3-1 (a) i
TNe ASERA R IOE WO T AP A B - O, SRR I R T E R T B
T IR AR R SR B, R AR . TSRO R TR
HAAERE S T, SR i s, LS FRRAE SR, FAENE TR
JHER T ST RAEER, WE 3-1 (b) Fin. 24ih R T oot niE K, 45
R KR B pE SRS B AR T AFESE TS ULHZE (Hole Transport
Layer, HTL) AlH T{£%i)= (Electron Transport Layer, ETL) i B 25 7RI B 1%
g0, U AERE, KA PHE T TR mER S, ST A . £ Teng
FOR R, PR 2 AR a2 D8, T Azpiroz K I T MATREELE s TAE 4 )2 IiT
W91, IXAESE T RRATHIB .

Y o
(-]
© ° o o o o
% ¢ ° = Q—DOE
” ® w e © ©

(a) (b)

@
7
o<

gus peduo)

B 3-1 (a) HILTAERERT RPN B Z sk AT (b FSERAKKH st b 8 1 A R AT RS

PR R S T IE R SR E TSN A IR R (HETEET ETU
PHERDAb . BIETRAET HTLASERY b)) , HEHTARTERR T, ETHEAERY
AR, HERLZ A A MXAAR R K T SRR A A SR AR L, T
DU 7 7 57 S5 45 A BRH™ A IBH FL it 1 ] B 2 R, ] 3-2 s, b CL & LI
JUTHLZE o JUTHLZ R E I U454, FAR R PR 2 TR PR ES L L it )
FACL L PR Z TP o () 9 R 2. 1T C2 BV b 3 -3 8 5L A 5 T A ) 8 1 AR R T H
iy S B 5 L B BH ZE RO = AR B — R A AE T A5 BRA R B Bl B AL e 2, RIZE 7 LA

- +

S <
o # = e
= = = = =
= = < c |=

g = -

=]

(o} &

—e
——

B 3-2 E5ERET AR it f] B L A A5 R

Lo Tad



S PRERAT R BH L 2 2 A A R S TSI B AR K

AT IS AP s R R B/ 7 N N R SR i e U N S S S Z (BN RN
R BH L A B R T Is s AR R — B0y, R MBS R, ARSI R I S
AU AR L BEAT RALE, (A, 7 24 P W 25 0y s AT T

LTI U
C=Ig/ (3-1)
S C A BRI AR, Q AR AT, e R BT s
MR,
_AQ
AC—F/ (3-2)

b, AQFTRAGERE" R BH HLH 32 2 ik b 6 e Ja e N B LT B AR AR AL, AVERIR AT
BRI R L 32 BBk e HT s U AR AL, TIACIU R RS BRA™ A BH HLt 32 21 ik
MG R A AR . DL, A A5 ERE™ R BH it 52 BBk O Set Ja I i L AT E
fif (AeAL, BRI 2122 7 LA

3.2 4 A KBRS PAL I 7 %

B E3CAR (3-2) TR, A EFEAS RO it 7 oy A B A, R EINASAS
BRH R FEL 32 B BRI i T % R A R A B PR AR A o TS B8 B R R B B
XS ERAT A BH LT 2 AT I 2 0 H R A5 L AT O ] DAAS 33 > B8

FEBRS G RN, BRBHHb S 1 MQ HFEIFEE, DABLRLN RS . 350 6
AN FE IR, DUSCR B BB R BH it H A R R H e, B s P K 06 IR S 5 Ak
BORBH A, ARSI As LRI ERAT AR HLit 2% 25 ik O G IR e v SR 28, 4
K 3-3 . BRI, i R T (0 (E 5 A AR R 22 R T i L I A AR AR fHA Y

»
i

\\ AV

i 8]
P 3-3 1 A0t A TN AE B ARAT AR HL il Hh 4 B AR s T

TEBRS G MR, KBS 50 Q BFHIFEG, DUBERUEECIRS . 6k
A F SRR, DLSORC P BB K FH Ha fth i H AN (R AR H T, B 8 P kb o6 T S 5k
W RRA L, IR ER AR ERT OR BH R it 25 25 Dk O G IR S e B R S e b 2, 2
K 3-4 flo, XHZ AT AR Gy, BIRIAS B REBOIRAS TN 5 ERR™ A BH HLit A 4y i EUKR
B Q. HH T Hgar b A I ] RUBE Sz /N 3800 1 45 IR B RUBE S A5 BR™ A BH Ha it P9 7R
PATER T KE r A 50 Q HIFH, UAT/NEREN IR &, It AT DU IF IR T
MBS T Q ZESR, 4 Q RO BIRAE T KR it A ri AT AR L A Q.

BJaFAVEAQT N AT (3-2) tHE, RIS 28580 K FH b i A

N7
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Lk

L « AQ
If [A)

B 3-4 ' F I AE A5 BRAT A BH H it p B E L AR A i 1

3.3 ZEANBSMMMAA LR

WSO B S MR 25 R AN 18] 3-5 (&) Fras, ARSI T~ B3 J1 245 /L I EL
ML (3-3) BATE:
y=A;exp (%) +A4;-exp (g) (3-3)
Xof WAt H S B AT A, T UG 2UES R ARH R it A H ey Bont A AR A%
YR AR E, K S S EBRE AR AR E S, EEN BB EE, U
H L NE 3-5 (a) FRLH . WE LM SRR T Ear A 3-5 (b) fn. /]
PAE Y, BEE BRI NSETE, ot A I Tal A ALE FEANK, AR Bt &2 4 I a] 47 4L
T, MRAEZATHIBETT, AERON E S FE BB IR SR, Ry A N TR
STHHETENE S, AASOURBERITN, B IRy, B0 E R
Wb EAR, XL T 5 51 AR RS ERAT RSUZ N I L B AR T, RIER B R T
AR 2 A G

N R—A
w
=
ré )
sl
=
@
2
i€ .
s —o— L R ISOR 52 A ]
02 ——0.3Voc L —O— HARF x5 A B[R]
L. ——0.5Voce
0.1 ——0.7Voc L
0.0 L . 1 ; ) . ] . 1 0 N
0 2 4 6 8 0.1 0.2 0.3 04 0.5 0.6 0.7
IS Cps) IR (kW/m>)

(a) (b)
K3-5 (a) BEOGHEMNIASE R (b) Hfq B &I BT % iR 52 TH A AR 4L

e IR A 45 R AN 3-6 (@) Pz, Herp R 2k il 0 Jont i 2 't L i K (1 40
g, HMEARWE 3-6 (b) Fron, AL RESERAT A FH it 1Y) f iy il U 1) o R]
DAE Y, BEE e BRI RSET, P BRA™ A BH H b rp iy e BN a] gl RIT R A ol B
HIT. KM THET SRR, Kb N aER 7R S KB oL
HEH A HAA Prie T, PRI U AT fri It
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= AGERETCRH At ZE 73 LA R R S SR 5 AR e B

35k
- E
§ N 30k
z Z
e = 25
en T
£ s g T
<@ 2 .
g :E 1.5
# o —O— AT AR AR 4T BB )
4P ——0.3Voe T —O— W7 RSt IR [7)
i 0.5Voe [
2k 07Voe 05k D\U\D\D
0 u N 1 " 1 N 1 s 1 0.0 [ 1 1 1 1 1 1
0 2 4 6 8 0.1 02 03 0.4 0.5 0.6 0.7
i TA] Cus) BIEE (KW/m?)
(a) (b)

K3-6 (a) BESOGHIRMNALE R (b) HA7 S U 8] B T 2% i R 52 T AR 4K

an bR, BT RSO R AR A BRI S S AT DRI SR A T L
RIASALA VAR 26 A N IR A Q, NS EEINE 3-7 Fos. ATLUE H, JFigHE
(HFOCIREE gD ERTI, AT SR B 2 52T, IR T K BH HLit Y 380
IR E BB NSOGB SR T T B2 T, DR L iAt 48 A0 0 v i 1) LAy B 4R T . T T i
HL I AR A BB R B TR A2/, X T REE T ORI T, Bkt Eot
PR ARV JEEAT L T A B 37 PN PRV A8GAE 3 IR PSS - DRI SR LA O 6 L ) 22
W, A A (3-2) BEATTREL, AT ASRAG B A H X9 1) 45 B K BH H it

N e
O HAR
7.0
I B 0.40 |
6.5 »
6.0 = 035
o =
~ 55 ~ 0.30
¥ z |}
(=] @
S sof
- | \’-\3 0.25 | =
B oas| z( i
% A -EJ 020 |
5 oa0f rd I
3= 2y
= [ ES 015 F
a5t
3.0 0.10 = o
25 1 A 1 A 1 A 1 i 1 A 1 A 1 0.05 1 A 1 A 1 A 1 A 1 A 1 A 1
0.1 02 03 0.4 0.5 0.6 0.7 0.1 0.2 03 0.4 0.5 0.6 0.7
AR R RE (kW/m®) 4 1B FE (kW/m”)
(a) (b)

B 3-7 (a) AFEDFESHE T AT RICEE: (b ARIJT# T T A2

K 3-8 4t 1 AEXS AN [F)AR B T S5O MR AR e 2500 I/ e e e E AT U A5 2
12 iAE . ATLAE H, RlSE T SOCHR UL RO 98, 2270 f e B S A7 Pk n LR
BUBRI RS, F5ERY KB it A B 7T R 2 B NS D0 RE (O 1 o 52 7
HI G RO B B R 28 1 IE M AT B e b1
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