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Form 3
Abstract of Thesis

Name (Khandoker Abu SALEK)

Study of Photoexcited Carriers in Solar Cells Using Terahertz Imaging and Spectroscopy
Title (T~ NIGHBIOA A=V TRV RBGERONRER S ¥ U 72T 5550

Solar cells have attracted much attention due to the increasing energy demands for the future. In order to get
higher solar energy conversion efficiency, characterization and inspection techniques that will help in improving
device function are very important. In this thesis, we demonstrate the use of terahertz (THz) spectroscopy and
imaging as promising techniques for evaluation and inspection of solar cell devices. THz techniques were applied
to study the optical properties and the dynamics of photoexcited carriers in silicon and silicon-based solar cells
under the illumination of continuous wave (CW) ultraviolet (UV) and near infrared (NIR) light. Parameters such
as conductivity, charge carrier density and mobility, and lifetime were examined, without the need of electrical
contacts, using terahertz time-domain spectroscopy (THz-TDS). The dynamics of the local photoexcited carriers
in solar cell was also studied using laser terahertz emission microscope (LTEM). This thesis consists of the
following chapters:

Chapter 1 covers the background, the purpose and the structure of the thesis.

In Chapter 2 we discuss some photovoltaic concepts such as the fundamentals of a p—n junction, charge carrier
generation, recombination mechanisms, and quantum efficiency of solar cell.

In Chapter 3 the THz spectroscopy and imaging systems used in this thesis are explained. THz generation and
detection methods are also reviewed and the theoretical concepts needed for the extraction of material
parameters from data are introduced.

In Chapter 4 we investigate the optical properties (such as complex refractive index, conductivity, charge carrier
density and mobility) of semi-finished single crystalline Si solar cells using transmission THz-TDS. The
conductivity was analyzed using the simple Drude model. The mobility of the excess carriers increases
nonlinearly with the illumination power and tends to saturate at higher power for NIR laser. This phenomenon
was explained by the carrier trapping effect in the impurity region in the bandgap of solar cells. The excess
carriers generated by UV light illumination have minimal effect on the measured optical properties of the
sample. These results were explained by considering the difference in the penetration depth of NIR and UV light.
In Chapter 5 we investigate the surface recombination velocity (SRV) and carrier lifetime in silicon wafer. The
SRV was extracted using the SRH model and we observed that the charge carriers excited by UV illumination
significantly changed the SRV by modifying the surface potential. The dynamics was explained using the energy
band diagram for silicon under UV light illumination. The effective lifetime of excess carriers excited by NIR
laser was measured under steady state conditions and it was found that it depends on the excess carrier density.
In Chapter 6 we investigate optical properties in high resistivity doped silicon and single crystalline Si solar cell
using reflection THz-TDS. The measured reflectance and refractive index of the silicon were in good agreement
with reported values. The reflectance (and the refractive index) measured in the front surface of the single
crystalline Si solar cell is much higher than that of silicon. . In addition, no significant change in the THz
reflection was observed for the samples when illuminated by UV and NIR radiation.

In Chapter 7 we present a LTEM study for a polysilicon solar cell. The THz wave emission image directly reflects




the local electric field distribution in solar cell when illuminated by femtosecond laser. The effects of NIR and UV
illumination on the THz wave emission from solar cell were examined under different voltage bias conditions.
THz wave emission images showed that the THz emission gradually decreased with increasing illumination

power. These changes were explained using the band structure of the illuminated solar cell.

In Chapter 8 we draw out the conclusions based on the findings in this thesis.




£k X7
MXBEAEOREREOE T R ONHEYHE

%K P ( Khandoker Abu SALEK )

() K zd

F A& B 3N BEGE

il 2 o g FlE

Bl & % JI e

Al A e b 1R

wocmmyy | B BB & B

Al A B Rl ot

Bl A B UK i,

Bl A B Rl HERN

Bl A B T g

Bl A& E S ITiE IEE

Bl A B #F
REEOKREOER

T, T~V EERIM LI - BEFEROESRIZEID, N4, BXx=2 VT 0, BEFEREHEA RSB TOIL
MABRIAEN TN D, FEEMEIREF T A AOFHI - AN E LTHZOHEMERH SN S2HY | K’
HRDOEFT A AFEEICERT 5 Z EBHRF SN TWD, AFEIE, ZOkRT 7~ VYl etz KgGE!
ORI FEE LUSHT 2720 ORI AT DO TH 5, KEEFEMIT, KEEE2ER RNV —ICERT 5T
NARTHY, ZOEDFIIFHENRET RV —DOFEDFHOT-ODEBERFEE 2> T\ D, KFEMIZEE N
NWAT T EERE L, Z2O@EEES L ALK REFHIT 57 7~ R k53 Y61k (THz-TDS) & AV 5 Z
LIZED, RGEMNEETHAE LS Y U 7 OBEESLCBEE 2 & BEDEOM LICRAERVWIALYIREICET
LIEWRAE, FEEMT, TRDLLEMIC L DEBROEME LSS T2 203 TE 5, /2, KBEEMIZT = 2 MY
NAL—P—%BE L, KGBEMPOHRET LT TNV EEGH - A A=V T T T T~V R - A A—
DUEITEY . KRN OEBERSHLX ¥ VT ORERO e EEBRAIWRETH D, AL T, Lo X
DIRT TIPSy B A R () L—H — A DE D 2 LICL D, LY REREBICTVERE TO KB E
DFPEFHI AT > 72 Z ORI MK, KEGEM OB 72 A - TN & L TEERN L REREHZBRY
T2, KinlZI N OO EERZE EHZHLOTHY ., HoNn=EED MR E LLTFICERNT D,

(1) %6553 L ORISR D O L —F =R T2\ T, BT Y 2 KBz 72y LT THz —1TDS %
1To 72, THz=TDS THE SN NFHREE A2 L% Drude BEF LV THTT A Z &Ik Y, Bilgx v ) 7THE, B
BB KOS 2RO 7o, OV FRSMR L —F — R T ic Wit bt v U 7 OBBI X, RE oW L—W
— T —ZxF UCIERIBIZEEIN L, @O R —fEIR TR L T—E LD E WO EENR A ONT, ZOHRIE
NI, Fx v THNORMPENA~OF Y VT O T v T E2BETHZEICLVBIATE S, £z, 4R CW
L—H =K FIZB VT, RO — =12 ERERBTR SN R o T, UL, FIMRO B AR RIS
FUCHARTELS, ERLEZX Y VT RREABEGICE > TEBICHKT 720 ThH D LT 5.

(2) KBBEHMMEICH D, pBlL U a2 Tz —DINEE LOTRINE O L — Y — RS N2 2 Fritk 4 iR THz
=TS ZHWTEHHI L7z, ZOEBRICEBWNT, vV arREICBIT A2 HESX v U 7 ORBEEGEEL RED 5
Z LR LT, R A A OFHEIZIE Shockley-Read-Hall (SRH) €7 /L% W 7o, $RIMR CW L — W — R4}
TR T L2REHEAHE L, L —F— T =DM R 2 1T LTS ZERahot, TR L —
PR —RFMEIX, O =PI Lo TRAE LIRS v U 7 RRMAmICBIT 53 Fig&EE 2 {bEEsZ &
DRETHDHEEZXTND, YV vz "—OREIIZARBIIEN H O | & O mEA @ E I IEICHE L
TWAHTED, YV arvFRHORT VY AMEFL, Z2OEETI Y a0y R FFCEmMLTWS, Zh




B, AR =V —BINC L > TRETIEAICLV LV PESND Z Eick . REAY FOMMB Y B3/hE<L
7%, Thbb, FEAREHICBT2EBRNNEL 2D, ZOBRICLD Y 7 MZE> CTREICEET DX+
UTEENBDT 570, REHHEGHREMET T2 EMINTE 5, £o, IO L—Y—FH T Tk, >V
I N —NEE THENEGET H720, FBEHEIL L7128 2 BEGEEIIWD L Rbho Tz,

(3) KHBLTHz—TDS AT L&MEHEL, v ar vz —BIOHEMGRY ) ary KEEREZFHI L, 77~V
DFE 4%&%\ F—=7Dv ) a ROoWHEICEMBEE S TND T, T 7~V ERFEIRTER2OTTIRO KB
BHLE, FRR THz-TDS TITHIET D 2 LN TERY, ORI CIIRNR L AT ANEHTH D, Lol
ﬁﬂg\ﬁ%%/beﬁ T TV ONEE RN LT BT TR R AR A Bl L
72D, AFFRICBNT, KER THz—TDS 12XV vV ar vz —B X OHER Y Y 2 KGEROFEEROF
BN Uiz, SRIMRE L OTRIMR L —F — R TR W C L ABEOREE T o 720y, b —F —RRHHZ L 2 AL
REGIT B S e o T,

(4) FOMRE L OERIME O L — P — R FIZRBW T, T I~V DN « 4 A=V 7AW TEHG KBS E
B L7z OW L —Y —RREHZ Ko THUER T 7~V IERE R A Uiz, Zaud, OF L—Y —Il2 Ko CTHAE LR
XYV TICL - T, BRABAZ V== T ENTTDTHDH EBZTWD, KEEMNS DT T~V %%
i, ZEBZREIEATRAELIZFx v V7 REZ/EFRICLOIMEHEENDL Z LIGERL TS, Thbh, W L—3F
—RERICE DV RBELTEXF XY VT HRAI ) —= U TR L > TEZBER R T H720, IRETHT T~ LY
BRI T D, Fio, ZORITEMRL —F— L0 bRIMEL —F—DIE I B RE WV, it L
—F—TIERGEMREIHGOLBHE SN2 DT, REFHEICEY v ) 7 OEINPHH SN0 5 THD &
Ez2bND, £7, BT T~V VEOBED~ v L T EIToT-, FTOEE. O L—F—REIC L 0 T T~
VY EBREEDSBAT 2 DITETR O L B0 TH DL, TORDTHEEBRGEHCI > TRRZS>TND I ERDD->
oo THIE. RS ) 3 U KBEITO RAL L T EORMEDOEWVICEEALTWS EEX TS, 202 L
Z O/ OV L—Y =B N8B 57 7~ VYIRS - A A=Y IR KRGBEMOFHIEE LTHETH D
ZLEERLTND,

PLED X 90z, A 3K EE L OZ OB L 22 2 8KIZH LT, OF L—%—RHT T THx 2FHOT 7~
W HRTE 2T, O V—F =R OB Z T L, 24 b KEEMBERE O Fik & L TOANMEZREE
L72bDThHD, ZNOLOMRIE, KEGEMOFH RIS & L OEFICHALETH L L 2R LTBY ., FRNIC
KIGEMOEDFIICTHIRT D L EZ N5, Lo TRBTM LR E LTifid s b0 &5




