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Abstract

Perovskite solar cells (PSCs) have attracted widespread attention over the past
decade due to their high light absorption coefficient, tunable bandgap, and low fabrication
temperature. However, defects formed within the material and at the interfaces still
significantly limit the device's stability and performance. Therefore, developing a method
that can effectively detect and analyze defect characteristics under different temperatures
and frequencies is critical for future optimization of solar cell fabrication and structural
design.

In this study, a single inverted P-I-N perovskite solar cell was investigated using a
combination of electrical measurement techniques and equivalent circuit modeling to
systematically explore its defect characteristics under low-temperature and low-
frequency conditions. The measurement techniques used include DLCP (Drive-Level
Capacitance Profiling), CV (Capacitance-Voltage), TAS (Thermal Admittance
Spectroscopy), and DLTS (Deep Level Transient Spectroscopy), while IS (Impedance
Spectroscopy) data were used to establish an equivalent circuit model (ECM). All
measurements were performed on the same device, with IV tests conducted before and
after the experiments. The reverse-scan power conversion efficiency changed only
slightly from 18.62% to 18.20%, indicating that the sample maintained good stability
after multiple tests.

In the TAS measurement, temperature-dependent capacitance-frequency responses
were recorded and fitted using an Arrhenius plot, yielding an activation energy of
45.70 meV and a corresponding trap density of approximately 8.84 X 10'*cm™3,
indicating a shallow trap. DLTS identified deeper trap levels and successfully
distinguished between electron and hole traps. The electron trap energy level was

511.4 meV with a density of about 5.86 x 102 cm™3, while the hole trap level was

A%
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660.4 meV with a density of around 5.35 X 103 cm™3.The CV analysis used the
Mott-Schottky method to extract the built-in potential, which was around 1.076 V, and
the estimated doping concentration was about 2.03 X 10 cm™3. Further DLCP
measurements at different frequencies and temperatures, compared with CV results,
provided insights into the spatial distribution of defect density and interfacial effects.
Finally, an equivalent circuit was used to simulate the impedance spectrum, allowing
extraction of key electrical parameters. The impedance analysis showed clear charge
accumulation and interface polarization in the low-frequency region, with an interfacial
capacitance of about 45.7 nF and a charge transfer resistance of approximately 14.4 kQ.

In summary, this study establishes a defect characterization process based on a single
device, covering spatial distribution, energy level depth, and frequency response. The
results confirm the device's stability after testing and provide various quantitative
parameters that are valuable for future process optimization and defect control in

perovskite solar cells.

Keywords: Perovskite Solar Cells, Defect Density, Power Conversion Efficiency, TAS,

CV, DLCP, DLTS, Impedance Analysis, Circuit Simulation
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% 1-1 7B CACl, = Hris © % # 5ok 3 i 4 8[50]

MgCl, —sample treatment [ (mA) Voc (mV)  FF (%) n (%)
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1o PVSK-FA i1 7 $HE 5 &7 il A 2 B enhd Rl 104 a0t S Ren® it B g
% = B 1.13c ¢ Arrhenius plot » ¥ 38 {7— FFenfMHEHER S » A FBf 5T 5 A it h
& 14 it » PVSK 4 PVSK-FA & it it 4 %] 5 282 meV - 238 meV 35 5 304 A%
SRR S G LF A5 o B 1.13d 5 KA % A (trap density of states,
tDOS) it Py @ ek # Bl > AGEE 2% 7 0 > PVSK #2822 meV *fiT J1 ik
% ehak lal % B 0 @ PVSK-FA 7282 meV "1 ek Fafe % & R 2% t5'% 1 — 5
A B#cE % 0 100 meV F| 200 meV HiT % iy FE 45 Ko AREE E Fr ) o

ki BN SPA S IF—'F'? WG RATATHE SR TSP S s 55%5'&‘.5,’]% Sv AR 59 Fr

NEJERE S BTV b E R R N S ST
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W~
Q
N—"
—~~
O
N

—=—250K N —— 250K
2 4 —*—260K 2 4 \ —e— 260K
10 \‘ AT=10K —a—270K 10 a —a— 270K
Ty . 350 K —T280K my —w— 280K
* —+—290K = —+— 290K
; —+=300K @ —a— 300K
3] 310K e —— 310K
g 320K 8 —e— 320K
= 330K S —+— 330K
g 340K =3
S 250 K 350K o
10'{ PVSK - 101
100 10! 102 108 104 100 10! 102 108 104
Frequency (Hz) Frequency (Hz)
(©) @
1 —m— PVSK —o— PVSK
—8— PVSK-FA —o— PVSK-FA
-5 1 E,=0.238 eV =
-~ > 1078 ;
~ o
T e |
& =6 E
£ (%9}
2.4 E,=0.282 eV Q 1017
-8
r : - : - . 1016 r v : . :
28 30 32 34 36 38 40 0.10 0.15 0.20 0.25 0.30 0.35
1/T (10°¥/K) E, (eV)

B 1.13 (a) PVSK 4r (b) PVSK-FA ehq R ¥ F ¥ 7 BB R %V B % (0)

% f8 #k &1 Arrhenius plot > & 5B~ B 5 E 5w 0 4 W 5 282 meV {r 238 meV

(d) 4 Fafk 2 B A F B 0 &% 57 PVSK-FA crsd [ Dl drd] » 2 FalL B B B2 i
£ s i 11[58]

TAS 2 DLTS #58% 7 i R hT F R L L B4 faen1 £ 0 L L
PEEF Al o TAS £ AR TAHRBTHL L AGHM S > ERIT FEHIHF R
o Bt F o LA g RMREI G M ERERT BT iRl o 4p
f*t TAS > DLTS B &% 5 4e 3 L% fbeis > R T FWACHF RR %
SRR > VRS N H - R A PR ehi £ [59-65]

2023 # pF > Nafees Ahmad % * ] % DLTS P 4% 3¢ 41 4347 5ot = B it 7

(Ag-CZTSSe) sk » 113 it 448 (ZTO) & @ seignit 45 (CdS) s & fF
R TR R dh Fngd B> TP L % ZTO ch~ i 7 e = 3] 11.8%[66] 0 H
P ZTO 4 CdS i bk » =2 i + & it 4% (Atomic Layer Deposition, ALD ) frit 5
i# it #% (Chemical Bath Deposition, CBD ) % i* - ] 1.14a % DLTS %7 e if & 73
5.0 7 15 W = § 1.14b ¢ Arrhenius plot - /£ 1.14b £ Arrhenius plot ¥ 3 # 12
foif 0 ZTO A e CAS ~ & e B 22 5 R e it 11 30 fodd Ko B R SETR 0 4
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1-2 -

KR 1.14bdr 2 1-2 en & 7 g 3 ZTO ~ i add s

i ok Fe B 2R

CdS ~ i % 1% % o B 1.14c fB 1.14d BI A % & CdS fr ZTO = 44 Kz £, B -

Bl® g & RH 5 Cugy + Sng, el B B ¥ i BHRUES% S HHP) S Cu Sn F

RS 8 1{67,68] 0 B 114 AiER L

A,\

5 % 1.11x 10 em™3 ¥ 2.14 X 10% cm™3

277 meV4r327 meVek k0 3%
;B

e B
1.14d A% R 5 257 meV &

312 meV enak kg R R4 %] 5 1.07 X 10M em™ £ 1.99 X 10M cm™ » i ¥ i3 »

=

ALD i ff 420 k57

ie b TR Alxd ORI VIR T

L
oA

&0 ZTO 3 &

B i B TP EERMAOEIEER cd W ZTO L1 3 8P A ~ w F K

O o RV R

CZTSSe =

§

r%sb ﬂ_,fé ’ Eb éj&éiﬁ»i’i

’75} "‘/}E“
11.8%¢7 PCE -

(@)

BG4k e ZTO i ik i Ag-

(b)..

—o—CdS Ea =0.312 ——CdS
--ZTO -=ZT0
m 574 Ea = 0.257
g s
o 2%
b » = Ea,=0.327
f\\ 55
== Ea,=0277
. : : 54 .
100 150 200 250 300 2 4 [}
T (K) 1000/T(1/K)
(©)... .
Ec E (d) Ec}
[ - Ea=0.277 eV . -,Ea 0.257 eV
...... E— Foede—
E1 E1}
1 ]
' cds | FAL
{ > %
H1 Gaae e
‘ Ea=0.327 eV H1|
' e i |Ea=0.312eV
Ev H EV:
: !

B 1.14 ZTO 4r CdS ~ i 1
(d) ZTO ik finig

11 (a) DLTS 3t 5. (b) Arrhenius plot » 14 %
R &4 7 B[66] -

(c) CdS 4
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% 12 % F Ag-CZTSSe # %% H it % % 2 DLTS % #k72[66]

Device Defects E, [eV] Ny Defect type Possible defect
Ag-CZTSSe/CdS E1 0.277 1.11x 10 Donor [Cuz,+ Snz,]
Ag-CZTSSe/CdS H1 0.327 2.14x 10" Acceptor Cus,
Ag-CZTSSe/ZTO  El 0.257 1.07 x 10 Donor [Cuz,+ Snz,]
Ag-CZTSSe/ZTO H1 0.312 199 x 10'*  Acceptor Cug,

% 2016 # ¥ » Sung Heo % % 4% DLTS #jtv » ] Cu(lnl_XGaX)(Sel_ySy)z
(CIGSS) WX [Bit T4 b KaFERA F[69]c 2T # * 3 b ek e i R T

P BREIR ST Fhe e A8 5 BT A D 140K ¢90.2eV 1 El
#1 300K 9 0.47 eV AP E2; 1 2 & B3k K 0 100K 9 0.1 eV A g iF Fard
H1 2 250K 0.4 eV furn H2o 3 g § + i 3 (ABS )~ X 6k § F it 3% (XPS)
1 DLTS #icdf & & 7 CIGSS hi % S8 - #7155 # > % CIGSS # e7n g £
BiAepE s BACEE TR VABRM A 2R G ER Ve ¥ 1 o

FHEET AHEA RO CIGSS 5> % - kS & &5 PK o £:400°CH 8 3
500°CehiE 4% » 2l it f MBS BFLELAFOEFAI L ¥ -
BaEbh i PR E m it ROl 22 PHEALF - B 1.15()= B 1.15(b) 5 PJ
B PKFR&FLED Bk v @1 o BRIEETREEF R L 0.2V DTS £ B8 % -
KR 7 g BBt RIRE o e B OURR g2 BT Bl T NIRRT S
PR R RR R RGR AL G4c Pl S A F v BB E T L ED HI & H2 A M
WEL S Al BBREMEE NI El & E2A 5% @ o

B 1.15(c)& B 1.15(d)R % & AES it Fi2la ~XPS & # i 32 2 B 1.15(a)
2@/ 1.15(b)sn DLTS £ pl5% % > = B W I e P& PK %k 5oa F B2 H & 1
R FE R o M THFR . Al BBREHY > Hl 8 H2 bk ak R T 0 2o
PR B RE B M F o BRDEL AR EOR BB S 0 e i B R
o2 2N EEFRERGAE A .

16

doi:10.6342/NTU202503213



(a) PJ sample (b) PK sample
] E1 E2 1 E1

= 3

g _% £ {o2v- oAWsoonm

S 8,

= Jo.2v-ovis20nmy = > Jov- o02Ws2onm) S

& st ——— -— D X

B dosy..0.4v3s08m) A iolnoy S leav. ovBionm”

S T T T — £ |osv- 0.4V(850n R Wan s

R W A = Jaoav@smm——~—

] H1 H2 H1 Hax
‘IU ”;0 ‘5'0 20'0 2'0 30'0 350 4'0 80 ‘20 |6IO 20'0 2;0 2&0 320
Temperature(K) Temperature(K)
c) PJ sample
16 © P (d) PJ sample
: : —/ BM ’

1.4 Forward Reverse e rvard P 7B

2] ————» e C B M 1.6 —
S 1.4 B M
2 S 12]
> 0.8 @
> = 101
E) 0.6 4 9 0.3
w044 = E1 8 0.6
2 02 - % 04]  Sm— g
® oo 2 02]
ICRYR % 0.0
o — & 02]

0.4 — e, ]

H2 0.4 4 H2
A0 T T T T 0.6
0.0 0% 10 1.5 20 25 0.0 05 10 15 20 25
Depth(um) Depth(um)

B 1.15 &7 I 7 DLTS /R i &7 4 (a)PJ & (b)PK #5327 £ipl - fd s

W > ¥ 04 * DLTS A 455 I iF & chd Kai I8 A4 % o (C)PT &2 (d)PK #k &-ihd

Foic PR > B ® A532 5 d DLTS 8 RI“TELZFIend B4k I FEAR ST 4 22 3
i % [69] o

B 1.16(a)22 B 1.16(b) 5 # b "% frenE BT » § F 44 10El ~ B2 22 ¢ o 4%
KoH1~H2 ¢hDLTS Bl % it > KB ? ch & v A AT PEAEET PR A

500 BN A A RS k- H AT E A R e

*??9
=i
1%
%“—
™
&
¥
-
4y
=

EEAPER Ap iR o B 1.16(c)R) 5 E1~HI ~ H2 4935 ( 1.1 ) Bl ens B 02 o 2
P ACy, 3BTGETE AC AP L tRESTE 0, 5 ARG M vy, B
Bopm) s 48 (Cd) f3 083 B ¢, PIERERBEA - B 116(c)7 ™
%;YEFL% B2z B R 2EF L3RR 2 7]t El1 ~ HI \Hz'a,rm;tﬁﬁ*ﬁ:g;;

Bhikfne R > B2 g2 % (L1 )i o s2r(1.2)4 i & 58 ®WAc B 1.16(d) s & 1
R E2 3l 3 2 4FcndUE R T > Fpt B2 ¥ oA 97 5ot B A4 Rae
In((AC, — AC
« t) Op X Ve X p(n) X ty (L1)

AC
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AC,, « In(t,)

(a) E1 and E2 defect

0.030

(b) H1 and H2 defect

0.004

(1.2)

flling pulse filling pulse
Y 9® 0.001 0.002 ® 0.001
= @ 0.005 = - v @ 0.005
o S I e
'8.-3-3\5 el Qo - 3 ¢ Lol
s § 0,004 % § H2
b”'” 2 00 °
‘® 7)) L I 4
§ 0.005 8 -0.008 : ;
1= 0.000 — § -0010 ¥
0.005 2012 H1
T T T T T T T 0014 T T T T T T T
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
Temperature(K) Temperature(K)
(¢) Point defect (d) Extended defect
0.03
] ~ ——E1
0 E1 ——E2
P @ | ——E2 ~@=H1
E —a—H1 0.02 —-=H2
£ -2 —o—H2
Q 3] o xtended defect(E2)
% 4] < 01
g s
6] 0.00] @ P
-7 T i T T T T T
0.00 0.05 0.10 0.15 1E-3 0.01 0.1
Filling pulse width(s) Log(tp, filling pulse width)
Bl 1.16 2% ke DLTS "% #FF AEET > (Q)f » BRE 202V F 04V (b)

Foo bR
DLTS 5/ -

0.6V

7 —-04Vz2 T >

i KaEl~E2 & 7

e

()% E1 ~ H1 ~ H2 th8 i i

OB R A 4T 0 % R

000

E2 src £ [

(d)eiat &

,—

R |

-5 S
ix Fate A &

- SUPERE R 0 Tt (d)HF

IR A AF AL B 72 [69] o
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(a)

(b) |

TCO/|

B 117 (e 2 Hemi 1 2 2 > Jg Wt DLTS & 47 9 2] ehd Fai % ] > 4 %]
= (a)PJ f& & (b)PK # 5-[69] °

2024 &5 o FUEE 1% DLTS A 47 0 bt it 4Tacah g @ 4o » 82 K o i 4o
SUTEFH B T# o 2 & 5 Sample A ¥ Sample B o # 4] % TAS 4 47 5 1t e %
b R AP TR S A 0 e R R H & & 5 Sample E #2 Sample F [70]-
4 13 AT g ¢ o 13 DLTS #2 TAS eh# | %8> # ¢ DLTS 3 @
0.1 2 dcdy o J8 & P HF ¥ IUF IR > DLTS & B 3| ehdd K B i TAS iR (% % >
2 AR R R .

% 1-3  DLTS ¥ TAS 2 #ic¥p - #2[70]

& B % 7 A% A (ecm™3) A KEFEA (meV)
Sample A DLTS # /f]‘ S A 2.64 x 1013 461
Sample B DLTS  § /i *c#  2.22x 103 557
Sample E TAS #£ 9.69 x 10 49
Sample F TAS =k 1.35x 10%° 20
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123 E»5xF RSB aa s 2 g
BRFHMAFHIBLRTA DRTFEFTF > FLu R FFEETD SRS

fﬁ‘.,‘l Jfg-ﬁzgﬂ'. j\m«f;'ﬂ@fi » R ﬁ’i/@?{' eI s E VR ER - "E’%}F% %#'J@‘f’f

e
/\‘

[ad

LiF» et o F 22T B3] (Equivalent Circuit Models, ECMs ) it 43 #-iz 5 1
MAEFR P QAR % 1L FEF T f* 3 b Bor TR DA R EKE BT
PR G b4 R N T et S FHRFERSA TR FEHR T A
% 2R i Kk[55, 71-76]

d IS A RATETR S AT H SR % 24 F e ETL & HLT > 7] 2022
# p% > Thomas Kirchartz % A s& > 8 en ) & #73) > B4T&FH I HFLTHRED 5
RS T 2R RN TILE £ e ST B EHE43] 0 B LISOb)E & B

THEE DA X NE TR T ARAAPT L B LS T

HTL~ETL Z4TecA A MBS HEHBAI SR E - J 3 R 2R E & - BItc D
BETFEHEOT R RIS o (FERFEER LISb)NT RN > AT
Bl LIS(C)enT 7 %1 o /IR 1.18(c)nit % » ¥ IUF L= B g @A khg 5 T IL
FEINA T BT 2 B YA BAE S hT Lo mdn e 0 48 [43]600 L TR

TH R P HCRT BN BRI R R W epr Y Bt 2 A dpE s ¢
F1* 4eBl 118(b)H HenT B rd] » $H 2§ RF R 1L B E BB uT b =

Bk AR (T4 hA 4T o

=

2 ' ' I |||||||||||:10_4
T
= £
E R Rpero Ren e
W R, S
3 3
E Cg,HTL Cg,pero Cg.ETL %
. 3
g
(b) E ©
| L L I AL VI ey [
0 100 200 300 .10—2 102 106 1010
Position x (nm) Frequency f (Hz)
Bl 118 (%Y i * 2 siH<Baarzid B bEE&ERHFHFL TP kit

T R R BT ()% SR T ETHORZ T 3O B B % [43)

20

doi:10.6342/NTU202503213



EAELETDS1S5P > Rg R { SAFROTRELEFE ) T F

7 fEEA I A EH R IEIR G o A 2023 & pF > TM. Mukametkali % A i g e

B E Esx TR FHRS TIO K BRI 4T S Ha T8 pMIT m i

e RFTT]od W TIO T+ BEEDERRF > RETILT R L. §

B e R AR AT T TR IR R 0 T T A B RARR B AR E F kil Tios

Renb i oB 11924 14 572 FEROTIOHE DT m - TRY S jiF° 7
MEIR > TIO BB 5 60 nm e i sy A TE i » KT e e FE19.83% -

159—e— 120 nm —e—90 nm —— 60 nm —e—40 nm

2

—

=]
1

J, mA/cm

0.0 0.2 0.4 0.6 0.8 1.0
V, Voltage

Bl 1.19 % F TiO2 5 & 2 4T 457 = Baw T J-V #12RI[77]

£ 14 3 TiO) B 2 4T 45T % B as T4 J-V S8 % [77]

t, nm Jic mA/cm? Voo V Jmax MA/cm?® Vinax V FF % n %

120 12.88 0.97 10.05 0.76 61.14 7.64
90 13.88 1.00 11.19 0.80 64.50 8.95
60 14.25 1.02 11.69 0.84 67.62 9.83
40 13.31 1.06 10.00 0.80 56.77 8.01

V- BT FRATIO ERFEER B X TP DR FES ELE > D
B e I e 0 B 0.6 VE R iE Y e R o W]

1.20(a) & FeFLR]2# 7 Nyquist 25 2% Bl ¢ chf s IR 28 A RO sr @ % SR & 3 i
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Foo FIBR8 0 U0 BT TR A8 R R RO S % 5 B 1.20(b) R ER-F)
1.20@) B IR chi S A LR X (S 7V X E 2 P FRIEFARH LS Ed 5 B2

%
FIFHCR & m = 0 igd B4 S EE 80 % K8 MO R E o

a) b)
—e— 120 nm —o— 60 nm 750

900 { —e— 90 nm HF

)
h
>
>
e

600 4

Im, (Z/ohm)
Im, (Z/ohm

300 4 250 1

—e— 120 nm

——90 nm

— U nm

| —eo—40 nm

0 500 1000 1500 2000 0 250 500 750
Re, (Z/ohm) Re, (Z/ohm)

B 1.20 (a)4f4x#h ~ Bt &% va5 7 e Nyquist plot Bl (b)B #3843~ B » [

LA EAERIEE > PR A TRERES[TT] -

B 1202 ¢ HERY O EETFTF CHERIMLLRITEF A Eehehy p iz
= it (Constant Phase Element, CPE ) * 3 > AE2LEnL R g ai FAE A
GoWmY hR GP BT AR HPINTESTF BWELTS Mﬁl)é;ﬁvi:rg;
RyC, TAEECTH S E AALRIY N 2 [P e0h 6 7 5 0820 < P 0 IO 3 M5 RoC

Pl d AR T p IR T BB AR TR @o%LSéé%&ﬁﬁﬁﬁ%
R ERT RS kSl (FEBB R B R,  FRTIOL B R E P R
LR X AR S 60nmpFET A 520800 FHiE- KB EER > R F A
g 2 o Ry AR E e & 14 Prisgrav@els 7 v (Short-Circuit Current Density,
Jse) i -5 AP J R ABR RS AR 2EIET > AINTRL O pFiE R T A
A B X Tk Ry PIF RATETHAE 2 TIO2 A & enT i 5 (ry L ¥
BAFS AT R EF N2 A LTIV St g AP M o T A
BRI BB ARFE TRER B AR mER BT AR

60 nm 7 TiO, F & FFE T R o
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Z 1-5 % F TiO2 5 & 2 4T 4% T ~ M T E 2T B 58 [77]
Thickness, nm. R;, Ohm R,, Ohm R3, Ohm P1 n P2 ns
120 83.5 233.4 1991.6 4.107° 1 1.8.10°8 0.94
90 59.6 325.9 1714.0 7.210° 094 43108 0.88
60 20.8 449.7 1505.7 2.7.10°%  0.99 1.5.10°%8 0.94
40 41.5 563.2 1324.5 2.3:1077 0.99 3.7.1077 0.9

22021 #pF>Khan £ A 5 - 29 % ARH PINE&H B T4 EF %
St 45[78]c R A F - X i B s WiEIRARS 'Fj‘ﬁﬂim By A2 g
Basp i @R o E ek 1-6 9757 o 2 ¢ B R 0 E TR R RIS
FHEREREFF R PP AL RREISERT - 307 & R &L AT
Rk IV i FEET Ve £ BAE 5% B G 2T 0 BB E
ARE B R AR R el e R e

% 1-6  BplinArer g 9 5] % 8[78]

Measurement Expected outcomes

Short-circuit current (Jg.)
Open-circuit voltage (V)
Fill factor (FF)

Power conversion efficiency (PCE)
Distribution of density of states
Attempt-to scape frequency
Traps activation energy
Dopant density (N)
Distribution of trap density
Depletion layer width (W)
Built-in potential (Vbi)
Charge transfer resistance
Recombination resistance

Day2 IV measurement

Temperature dependence CF

Day 3
measurement

Day 3  Mott-Schottky analysis

Interfacial charge exchange time constant
Day4  Impedance analysis Interfacial double layer capacitance

Bulk capacitance

Dielectric constant

Time constant
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¥F-o% 2%
2.1 L ¥ e

BOFENFHAAEFG B TS AMEE MRS FERET SRk aiE L AR
2 NEY TR 2 IR A A R ORI AT A TR R B W bR e

L BRER RIGEA T ERBLRRP I PAL E R L kA a A

-+
1L
Fdo AEHh 21 SAL FHDERRD SBR DA P S E RN HE T

FoRBAERIEF > I ATFTHH AL KT BF AL PNEG T
%
LR FIA SRR A T I g SR S B s FR

BF 22 ERFW AL TR Y 2T F RIHE 0 ¢ 35 CV - DLCP~ TAS »
Immogﬁ%gépgéﬁzwﬁﬁﬁﬂﬁﬂﬁ%@’%%%%ﬁ$§@ﬁiw
EEE AR PR iRt 4 T R AR AE ML A R E RIE G
B E P R TAH

Bofs & 2.3 §R-A 5 IS X T RWAIE 2 2Bk dy > BEE RN g5 P
FHRTR AEFRE S IR TR 2 R PR

R fﬁ?ﬁféﬁﬁ‘%ﬁ%éfLE“%ﬁ:*i;‘gﬁ%iﬂ%& CHEEMALN LDTRAF Ao

THE~NTF ¥ Ee bt (Warburgelement) - 1 3Lp 2 4 Nyquist plot
FendE AR B HE RIS B AE S 2 B R oo

AERE R RIS AH R AT P KRR L A BaE
e 12 29 & 0] ik gy o W S B edR S OB 8 MO TR S B R s P PR

THERTA I - AR B RERERI TN TEY B P RES

& X 4722l (Photovoltaic Effect) e — 4 x it T4 chA# B4 5 PN4&g - 2 ¢ N
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UEFME BRI B2 REZFFILTES - 7 P AL HPRLPENE

ZoRHEF AL THTIF o

C oA TRk e S R A oniBARY 0 A &R 4 5 = B A[79,80]0 @ &
k3 iy & Ejggne = hv A ZEWMPH RN B E, pF o B ¥ E, P TS

Mmook 3 g BB TEFE > FRFARFI P FTAL R HTF o F XD

R ATE M AT D PR A S A A AL B R ¢ SRR o

BRE O FAMIBRTS ZANRBR LT APAL ERRERE A
TN U TRRE - 23 Tk PO PR DI o Bl IR RAT S
FREMGTFATN LI LBTRFIIIH R TS PN §E TR LAT
GEORFIEBTRIFAR - ©- BIFFDERFET RN ARG et 5 L

Extrinsic

A hy EC
AN T
hy \ )
AN Impurity
level
v %
AN T *

E
_ . >

B 2.0 B i B 6 i B e AR A B AR B Y A s g
i e B A2[81] »

BIRL R DA Rk I R BB ORI E TR TR A S HRA Z PN
Ho MR 202 LK - WY PNG chz BT~ Ve L 4epi fi#

;B
=N
Bl 22 i- PNEo 2T At 7B 20:iPA TR BRERLZN, 5 -
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RIS NAW o BRek&k s Np o aBTHSRE - J 2005 00 FIF T+ R
T IRBAEE R 00 FLER(2.1)8(22) M G B i RIFER S o

A N T T S 5 K b 18
TIRBA o My oty P RFRBET I DBEF > B 5 F oA

dE
]p:llppd_xF:O (2.1)
dE
In =“”"d_xF= 0 (2.2)
| E2E ]
| R |
P& NA &
Np
ORORONORORONONO!
CRCEOCNCRORCRONO)
—Wpp DOOOOOOO
SISISIS) %n’
SISISI®
SISISIS.
CISISIC)
CISISIS)
SISICIS.
Ny

Bl 22 PN&Ew2ZTiFsAs7 T B

Cﬂ\:&

d(2.1)8(22)7 > 4 PNEs eI fr> P 2705 OFFanifEiz ™

)

R B AR RBERG R T RS 00 R @IES0 o i
FRHACE 23 477 o vk o d F 22BRER LB B S P 2T T A
FR(23) PETRIET A5 BREOLE -

qp; = Eg - (q¢n + q¢p) = qpy + CIlpo (2.3)

26

doi:10.6342/NTU202503213



qpi
El ————— -.....
~ -
Eg Mo [7¢n
qe N
EV 4 \\- -
Bl 23 #THgRaE T2 PNEe a7 LB T%'f TN A S B

BT R E T o LERPN IR AR G D
PPARREFE G el RFE O RFENAREEE e ot R RE
PE s FRAR 220 0 B RIREP AL | TAREANFE T ARG (2,
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