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Carrier dynamics in materials for solar cell applications

Student : Shih-Han Huang Advisor : Dr. Wen-Hao Chang

Department of Electrophysics

National Chiao Tung University

Abstract

Carrier dynamics in materials for solar cell applications have been investigated by
time-resolved photoluminescence.«One is InAs self-assembled quantum dots (QDs)
covered with a thin Al,Ga,.,AsggShg, fayer.. There isa type I-like transition in type Il
InAs/GaAsSh QDs due to the recombination of electrons from QDs and holes residing
in extended levels composed by the capping layer and the QDs, which is activated by
thermal excitation. With the increasing Al content, a blueshift in the QD emission peak
and a shortening of the PL decay time are observed, indicating that the band alignment
can be controlled by varying the Al content in the AIGaAsSb capping layer. Increasing
the valence band offset tend to push the hole wave function into QDs, which in turn
improves the overlap between the electron and hole wave functions. According to the
experimental results and the theoretical calculations based on eight-band k- p model,
we demonstrate that the Al,Ga;AsogSby, covered InAs QDs exhibit a type-I band
alignment when the Al content exceeds 0.2.Another one is CIGS solar cell. High
conversion efficiency in CIGS solar cell is associated with stronger PL intensity and
longer carrier lifetime, which is caused by the domination of SRH recombination at
room temperature. Besides, radiative recombination in CIGS device is strongly
affected by the built-in electric field. Therefore, the intrinsic carrier lifetime can be

obtained by injecting higher carrier density.
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& F i 4R 4g (AIGaASSh) & <h InAs & F Bk o I ¥ sE e 4 40
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ABRFIHRSLELS LB o - WP RSP G GaAsSh & o
INAs £ + B = p-i-ngif - d P A BRI RF  RRAERKETHR IR
B o k&0 A+ R & 8 (Molecular Beam Epitaxy » MBE) = ;8 = & » B & 5 %
H4r®l 2-1- & GaAs A+ * & B & 5 300nm n 3] GaAs {5 - & hA
B A (intrinsic layer)iz = £ = % 4~ %] 5 > 150 nm 7 GaAs ~ 2.7 ¥ h =+ &
(monolayer> ML) InAs € =+ 2k~5 nm.<7 GaAs,.,Sby # % & 2 50 nm =7 GaAs
£ 5% > 12 100 nm 0 GaASe At Shik &~ % 5 y=0 2 017 5
42 £ 300nmihp A GaAsep A2 ndlH kR s 2 x 108 cmPe v ¢t
2457 p-GaAs = w4 ¥ (Ohmic contact) = 45(Ti)~ £(Au)& £ > T T 1&
Pls & 45Ge)~ 4(N)E & - B3 BA R FREE - A REHE > AT
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Ti / Au alloy

Au / Ge / Ni alloy

BL.2-17 p-i-n 4% &5 4 W)



% = 3> 5 # B AlGaAsSh & e InAs £ + B 0 k& IF )4 MBE = 3¢
£ H R HAoR 2-20 F & 0 A (001)F 1 £5(GaAs) 4w + % £ B A& 200 nm
=1 GaAs ¥ =R 15 o B & 500 °C T » | * Stranski-Krastanow ;% = & InAs
£+ £ 7 27ML e B E - & & A& 5nm e AlkGay.xASosSho o #L
B B w BHEIuEs EAYE x=0401-02% 035 6L REA

& 50 nm = GaAs -

B 2-2 : InAs/AlGaAsSb QD 1 & 5 1 ]



F = 300 Cu(n, Ga)Se, th & » & @4z » H GHfdc® 2-3 7 L bR
73 (Soda lime glass)4g+ # 7 #&49(Mo) » 2. 5 £ E B A& 1 um# p 4] Cu(in,
Ga)Se,mijzk > H¥ Gaz &5 3% ¥irk & d B& 5 80-100 nm
ef 1t 45 (Cadmium sulfide> CdS)% 100 nm % i 4% (Zinc oxide> ZnO)#1 & = o
MY H Al ZnO iF 5 E P R T F 1 (Transparent conductive oxide -
TCO)o Bufs4gt NivAl £ £ 5T T HRITZ IR FDUY o« KAFH2 rig *
oo SRS E o i (conversion efficiency > )& w5 10%%

5% -

Ni / Al top contact

TCO (Al:ZnO) 0.9um

CIGS absorber

W 2-3 1 CIGS # &2 11 ]



2.2 k¥ %k (Photoluminescence » PL)

g kAT PR TF] R BRI > ¥ X E R R Y o 0
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Luminescence
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A2 PL A 2Bk 4c@ 25> ok id - SHEFEIHSF > £
VoGBS BELHRS KL LAY R T B
# (Near infrared photomultiplier tube - NIR-PMT) i ipJ5a 5Lt iy ~ T %o > & 18

TR N R s F A o
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2.3 PR 24763 (Time-resolved photoluminescence » TRPL)
PR R4 R T P R ARG 2 A R R - R Y ke
Pl EAB I KRR o I BT MBS BEFREAPM E 3 ik
%u(Time-correlated single photon counting » TCSPC) » eék= 3 3 &47% fri2 §
ARG i BT B RSV Ed kB ERAWE L E o d 37 -
THEF I T R kT > T gd BB BEY LR > T A Ak ey
A8 kI WFEPE e T o dof] 2-6 0 24 R SR E PL ik suAp i o R
B P B 1S > 0 TCSPC friedh b F Lt B R > m FH S¥ LB AN

PR enge 0 A0 0 o) 2-7 o

Excitation
pulse laser

l- 1 -l

Luminescence T|me

Period1 AN
Period 2 L
Period 3
Period 4 ‘
Period 5 A
Period 6 &

Period 7

Period 8 #
Period N A
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Pulse laser

; 638 nm
mirror : ‘
NIR-PMT

lens
L ——
Computer
% Spectrometer
lens
Sample
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2.4 % g ik (Photocurrent spectrum)

kg d ok LR B MR e ey TR ERE L A
BRFA 4ok & ~RTBAEHBETAL - apinigipd » £+ 8
FESTAFTREPN  FREF AT TERT A AT ARSI EF R
T+ R %K,ért Ty ERE o Reg XTI pin B pE R = (built-in
potential) & #1 it (thermal energy) =82 58 » 45 = & ¢ j(photocurrent) o F 5 2
KACE] 2-8 > I kFRKE-LKW chdqZ Fihs £ > FF] 3 a2 Sk
g 2 12 15em % S5omiF s Bk R B A 650 um = o) sk BE T R &P oo
BAd A apic] RS B T A A+ B (Current pre-amplifier) s 48 4p 2 < F
(Lock-in amplifier)c = > & {8 o Bl LA P i » TGkl 7 X R e ¥ 7hs
F1* 7 R 4k (Source meter)s#-E /‘;T:@ﬁi%] Mg AT R R BRT G

|54 "]/{?‘;%’-"é'ﬂ o
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Tungsten halogen source

Spectrometer
Lock-in amplifier
chopper

5cm lens =
Computer

Sample

M

LD
Voltage source ' Current pre-amplifier
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2.5 & 4Fpg# Cu(ln, Ga)Se, ##L @ 4

4 47 g5 #5 (Copper indium gallium selenide > CIGS) = it T & 3 <= &
(low-cost) 2 % »x 7 (high-efficiency) & ® 42> & B4 FP 4R 5 &5 HH 0
DRER I Rl Nk T 7 S

1970 & &~ > B § 9 % % (Bell Laboratory)# E & % - B ¢ # 4
(evaporation) = 3 = & w1t 4% 4F[Copper indium selenide > CIS) « & 5c = 7 >
B & #% »x 5 (conversion efficiency) ¥ 5 6.6 %[2] - 4% ¥ % 1980 4~ #p > d *t &
7 4% (Co-evaporation) ®] 47 = /% iz = > £ Rk 5 = 7 (Boeing Co.)= # @i
I F i 9.4%¢h CAS/CulnSe, & HE A B LR 4 [7] - 90 & S pFsy > R o

5245 (Ga) % Cu(In,Ga)Se; =it 4 » 3 4o @k £ ey [8] » ¥ ¢ > £iEH

#7277 aed > NREL 77 2 = pg 5% 4% 3 e(Three stage process) #-»x 5 ¢ =
2 177%[9] - 235 % > FBkF PR raF e iE 20.3%[10] - # & CIGS
S HERE RS g5 10% 0 FI 0 I R LAY R S Fik
ook & 5 F 5§ Ao ° o % (Scale-up) ~ 4 A L 5 (Yield)2 ¥ =2 &
(Throughput) % ¢ % o

Cu(In,Ga)Se, ##* = & 4F 7 (Chalcopyrite) ' £ (& 2-9) » H & # it I
(direct band gap) & &AL F AR B cfoon o Flpt Ak T B T R
EREE x4 s Cu(ln,Ga)Se, ~ i &7 55 B4 47 > 4rF 2-3 >

Hoe 4T 5 - > b ek 2 g 0 BiE Cu(In,Ga)Se, ¥ Ga et i 7
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AR 1.04-12eV 2 > H P Ga 7 & i 25-30%FF 5 ¥ H 4o mk & e
Sofe s e A g g Jles[11] T Ak B8 Gak R AR D
FE N T ok s P RA[1213] 0 ¥ 0 0 BRE G 0 ST
(Soda-lime glass)*k 7 = # 1% > #IE (ffcdr X Ty AP LT > A= DAL
A BN R e F[14] o ¥ ok o FAHRE NS £ 0 Hed 58 4R (flexible
substrate) + » # ¥ 4] * @ ¥ &0 Roll-to-Roll @4z ;¢ > fie & CIGS # &
LB S RIR SR dETT g TR R N S 2 A FE 0 [15] - % = o

CdS H bk ¥ 4 »aifika Bwjck » Al ARG 3AEHR Y DT

ts e ARsER [16] -

© Cu
O In, Ga
® Sse

B 2:0  F 4 b 4 1
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R < QPR * CIGS*Hit T» M3 FAEF IR 50 s k2 o

Cd =% 2 fF3 ~%4-Ga, In& Se " W41 % » 395 & & #18 9|2 3E4E - 7]

-

PR AFHE A LA KB R LR AT

LRGEEEH S

TEZ LR REHECIGS B T4 hEF e ks G Wyatt et
al. [17]% S. Shirakata et al. [18]% B f1* PL 2 TRPL & & 47 = ;% & B & %%
& J < B. Ohnesorge et al. [19]% I. L. Repins etal. [20] > { #-i& %> et =
4 & @ (Minority-carrier lifetime) & ® 42 ~ i & cn T M 583 R 0 dove s
® §2 7 /& (Open circuit voltage) 2 2§ 7 7 (Short circuit current) & o & A% =

PR REENG R E R A R - TR B R

S ETREE T eI
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26 ABREr1ERE
AHATA S BRI R L T A G S e
% oA AR PE S HRR DA A FBAGEEEA ]

LR

2500 T T
(a) - (b)
- 5762 K black body
2000
AMO
AM1.5¢
5 — 1500
iz
1z AMO
2 1000 |-
Atmosphere Q 5 0
500
Earth AM1 AM1.5
0 |
0.0 0.5 1.0 1.5 20
Wavelength
[um]

B 2-10 : (a) = FBax #7 3% > (b)AIr mass -+ &, Bl

BAAPd SRR HE R kO f2a B KR 4oB) 2-10 (@)1
o [21] o = BBk Wk e 5 B F % I ¥ PR R (spectral irradiation) k % ¢ > &
Hipgfd HegfaResr F(W/um-m?) - 7 *HBhag gLk
AT PR B e feo(W/m?2) o d 30 % §F & e e 478t > 3 3 & ehk B kAR
REEIFIREDEEZ ERT 2T F o — &A% AM(AIr mass) k £ 77 ° 4o
B 2-10(b) > 0% 7 X Bk & % & > AML 35 % B E 543 & chfiin > i
B G 925 W/m? o i F <~ Tom A 45 85 AMLS 457 » %R 9%
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THERTATARGE PPN R R T AR A LR

'S

(depletion region)p 24 T+ T F ¥ HP P E T HFRTFTF AR E2

-~

w

AR A Ed Nk p &= v sk Tk (photocurrent o 1) 0 Bt S i R

B e R(AVIM BT L - IR fE Rl b F ek R

|4
=1 (eV_T — 1) -1 (2-1)
H ¥ [ 5 &7 o7 s (saturation current) > Vi = kq FEFHLZ206mMVe 2P 5
0

SRR D f R R AR g R © i (short-circuit current) -
/A =1rlS (2-2)
Ao YR 5L pRen R AL ER B T & (open-circuit current) > ¥ & % G
I
Voo =Vpin(1+9 (2-3)
S
4 2.6-1 7 4TiF - HmAE Y IV B R0 2 A UK TR S S B 2-11
¥orhA-g s B T4 hE & dp ik 5 3 > 5 (conversion efficiency 0 ) > Tk
;ﬁﬂ?ﬂﬁﬁﬂﬁ%ﬂﬁﬁwﬁ’?%ﬁ%

PMax IMaxVMax

X 100 % =

in in

- dw o A B R ok Rl AR % By, = 1000 W/m2 s i % 13

n= x 100 % (2-4)

kkiR oo ¥ oeb s L thB(Fill factor > FF)» & 5 - B A &AM ¥ H 28 5

(2-5)

WF A 07082 - AN AHBNTH ikl AP Rk 4



_FF'ISC'VOC

Flpoo R AR R T RRERABFET R ERT(TRTI)E

BT B R R T ) o [22][23]

Currnet

» Voltage
0 VMax voc

Bl 2-11 R ML T T R R
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27 E+BEHEEREZ R

AT ? oW NI EE G B E 2 L lies F oo i ORI
# 5 nextnano++[24] - fifR in A2 4e B] 2-12 0 BaE S R A 2 %J R &
Bicis o F A1 i R 503 (continuum mechanical model)IZ 3 k3-8 5
7?7 AeAT A 4 R E o F 58 F A 3 2% (model-solid theory) 2 %25 i
it 723 (deformation potential theory) > & d1 434 % B % B i i ¥ 2%
(band edge) - % g #1#L& T H-(Piezoelectric field)s # = » Ffz 8 4> f75¢

(Poisson’™ s eqation) % E=~ & 4% 3% (Schrodinger equation) o

Construct Model

Define geometry and parameters

Strain calculation
Piezoelectric field

Obtain new bandedge

\

Wavefunction solution
Eight-band & - p theory
Solving

Poisson’ s equation

Schrodinger equation

B 2-12 © 32 4 W A2 R

20



R ET R AR RN A N R k- P # (eight-band k- p
theory)» ~se % & - BEF ~Z BH A -2 2 g g < 3 ¥ % (spin-orbit
interaction) - H ¢ # &% & ®] & £ T F i # (Heavy hole band) ~ #= & F ic +

(Light hole band)% p *z4 % it & (Split-off band) - # ¥ 5t 3 23] (one-band

model)® » & B A EPLE R T EF a7 B e v g 2 [25] ¢

2 21,2

p
(2m0 +V(x,y,2)+

2my +2_mok P+Hso>¢nk(x v,2) = Enbu(xy,2)  (2-7)

H,, = (|7V Xp)o (2-8)
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4 A

) Values for
Parameters symbol unit
GaAs InAs AlLGag-As GaAS1-Shy
Lattice constant a A 5.6533 6.0583 5.6533+0.1348x-1.437x°+1.310x>  5.6533-0.9874x+1.43x°
Bandgap Eq eV 1.519 0.417 3.099-1.453x-1.437x%+1.310x° 1.519-2.137x+1.43x?
Averaged VB edge Eveo eV 1.346 1.390 1.346-0.362x-1.437x?+1.310x° 1.346-0.999x+1.43x>
CB effective mass Me Mo 0.067 0.026 0.067+0.21x-1.437x*+1.310x° 0.067-1.458x+1.43x>
VB effective mass Mhn Mo 0.5 0.41 0.5-0.127x-1.437x+1.310x 0.34+1.59x+1.43x?
Min Mo 0.068 0.026 0.26-0.319x-1.437x%+1.310x 0.068+1.4533x+1.43x>
Mso Mo 0.172 0.014 0.28-0.235x-1.437x%+1.310x 0.172+1.482x+1.43x°
CB hydrostatic deformation ) 3 )
_ ac eV -9.36 -6.66 -9.36+2.087x-1.437x°+1.310x -9.36-2.858x+1.43x
potential
VB hydrostatic deformation ) 3 )
_ av eV -1.21 -1.00 -1.21+4.056x-1.437x%+1.310x -1.21-1.54x+1.43x
potential
VB shear deformation ) 3 )
_ by eV 2.0 -1.8 -2-0.173x-1.437x?+1.310x -2-1.43x+1.43x
potential
Elastic compliance Cn GPa 122.1 83.29 122.1+3.027x-1.437x*+1.310x° 122.1-35.11x+1.43x>
Cy GPa 56.6 45.26 56.6-3.073x-1.437x%+1.310x° 56.6-17.77x+1.43x>
Cu GPa 60.0 39.59 60-5.673x-1.437x%+1.310x° 60.0-18.21x+1.43x>
Piezoelectric field e C/m2 -0.160 -0.044 -0.16-5.401x-1.437x+1.310x° -0.16-1.442x+1.43x>
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