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In recent years, because of concerns about the pollution and safety related to fossil fuel and nuclear
energy, solar cells have received much attention. However, the high price of solar cells still remains as a
main problem for wide-spread use as commercial products.

Silicon cells are the most widely used solar cells in the market. Among various types of the silicon cells,
HIT (heterojunction with intrinsic thin layer) cells are known to have the best conversion efficiency. The HIT
cells are composed of a n-type silicon substrate, an amorphous intrinsic thin layer, and an amorphous p-type
or n+-type thin layer. On top of this, a transparent conducting oxide (TCO) layer is formed to effectively
collect photo-generated carriers. The collected carriers then flow out via metals lines. The top metal lines use
thermoset-type silver paste at present, due to its low resistivity. However, the high price of silver also became
an obstacle to low price solar cells. To replace silver, copper can be a promising material for the top metal
lines. Meanwhile, ITO (Indium-doped Tin Oxide) is the most widely used TCO material, due to its good
conductivity and high transparency. However, ITO is an expensive material and is desired to be replaced
with alternative TCO materials. Meanwhile,

Among various TCOs, Al-doped ZnO (AZO) is one of the most promising materials. AZO is nontoxic and
available at much lower cost. It also has good thermal stability and similar electrical and optical properties
compared to ITO. Therefore AZO will be the main target of TCO material for low price solar cells in this
study.

In consideration of AZO for solar cells, some problems need to be solved. First, the TCO films are
necessary to ensure a good electrical contact with underlying Si substrates. Solar cells are exposed to various

heating conditions through the fabrication process and through their long-term usage under a strong
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sunshine. The heat exposure may induce interfacial reaction between Si and AZO. Depending on a reaction
layer formed at the interface, light may not effectively reach a p-n junction and generated carriers may be
trapped at the reaction layer. These effects would cause the deterioration of solar cell efficiency. Therefore,
the reaction behavior and electrical properties of AZO/Si are one of the objectives of this research. Second, in
the case of hetero-junction silicon solar cells, metal lines are formed to collect photo-induced electrons via a
TCO layer, and are required to have good adhesion strength with the TCO layer. Therefore in this study, we
investigated the adhesion strength of copper with AZO using a scratch method. Third, for copper used for
metal lines, annealing is performed in production process. However, copper will diffuse into Si easily,
therefore the diffusion barrier property of AZO between Cu and Si was investigated.

In Chapter 3, the results of the conduction property of AZO thin film are shown and discussed. ZnO thin
films and AZO thin films were prepared by RF sputtering, and their electrical properties were investigated.
The ZnO results showed that the thin film prepared by sputtering at 400°C had a low resistivity. The post
annealing of ZnO thin films also lead to the reduction of resistivity, especially when they were annealed at
low oxygen pressure. The AZO results showed that, lower sputtering power and higher Ar flow rate could
reduce the resistivity of AZO thin film prepared by room temperature sputtering.

In Chapter 4, interface reaction between AZO and Si, and its effects on optical and electrical properties
of AZO films were investigated. AZO films with 100nm thickness were deposited on p-type Si substrates by
RF sputtering. Sputtered samples were annealed at 300-900°C for 30min in vacuum atmosphere. The
results showed that, after low temperature annealing, a thin reaction layer of SiOx was formed at the
AZO/Si interface. After high temperature annealing, a Zn2Si04 phase was formed at the AZO/Si interface.
The optical property of AZO after annealing showed more than 80% transmittance in a visible light range.
Optical bandgap obtained by Tauc’s method indicated the widening of the optical bandgap after annealing at
500°C. The electrical property results of AZO showed the lowest resistivity after annealing at 500 °C, while
contact resistivity increased with increasing annealing temperature.

In Chapter 5, adhesion strength was measured. AZO films with 150nm thickness were deposited on
p-type Si substrates by RF sputtering. Three types of AZO films were prepared; as-deposited, acid-etched,
and post-deposition annealed. Then, Ag and Cu films with 100nm thickness were deposited on these AZO
films by DC sputtering of Ag and Cu targets. Some of the metal/AZO samples were post-annealed at 300 °C
for 30 min. The adhesion strength and electrical property of AZO/Si, Ag/AZO and Cw/AZO were evaluated.
The results showed that the adhesion strength of AZO/Si was relatively strong in the as-deposited condition,

however once interface reaction occurs between AZO/Si, the adhesion strength of AZO/Si was decreased.
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Meanwhile, the adhesion strength of Ag/AZO and CWAZO was relatively poor in the as-deposited condition,
and the surface roughening of AZO by annealing or etching was found to be effective in increasing the
adhesion strength of metal/AZO. The post annealing of metal/AZO at 300°C for 30minutes also increased
the adhesion strength of metal/AZO. The contact resistivity of CW/AZO showed that the annealing of AZO
lead to better contact resistivity and the etching of AZO was the more efficient way to improve the contact
resistance.

The combined effect of the roughness and surface morphologies of AZO were the main reason for the
better adhesion strength and contact resistivity. The larger contact area between the surface-treated AZO
and the upper metal led to the increase in adhesion strengthand contact resistivity.

In Chapter 6, diffusion barrier property of AZO films was investigated between Cu and Si. AZO films
with 10nm or 50nm thickness were deposited on p-type Si substrates. Then Cu films with 50nm thickness
were deposited on the AZO films. The sputtered samples were annealed at 300-700°C for 30min in vacuum
atmosphere. The results show that, at annealing temperature below 600°C, the structure of CW/AZO/Si
remained unchanged. However, Cu was agglomerated on AZO at 500°C and 600°C. The AZO layer was
found to have enough barrier property to prevent Cu diffusion into Si. When the annealing temperature rose
to 700°C, the Cu agglomerated dramatically on the AZO layer. And Cu began to diffuse into Si, and formed a
Cu3Si phase in the Si substrate. It indicated that the barrier property of AZO at 700°C was poor, due to Cu
diffusion into Si through the grain boundaries of AZO. The electrical property of CwW/AZO/Si after annealing
was also investigated. The sample annealed at 300°C showed the best electrical property in all annealing
conditions. This was due to the decrease of the AZO resistivity with increasing temperature. However, when
annealing temperature was increased further, the interface reactant of SiOx formed between AZO and Si
became thicker which block current flow, and leads to the increase of contact resistivity.

To conclude, a thin reaction layer was formed at the interface between AZO and Si. Despite the layer
formation, AZO could sustain the thermal stability under practical production condition at 250°C for
30minutes, showing the good conducting property and transmittance. Under this annealing condition, the
resistivity of AZO decreased from the as-deposited condition. Etching of AZO surface could improve the
adhesion property of metal/AZO effectively. AZO has enough barrier property as a diffusion barrier layer
between Cu and Si up to the annealing temperature of 600°C.

Therefore, these results indicate that the AZO is a suitable candidate as a TCO material for solar cells.

— 510 —



sfl L AL s ke D B

AHFFIEA~T oA R KGEMERRICER SN IEEBEO-OOEHEERICETLIMAETH
Do

KEBMIIEAFTMRED LY —L LTERSNTEY, ZOERIEAKBEEN TS, £ OE
HOKBEMRHEFT, VY arerReEo 8E2 5D TRY, KbAR 27 —RKBEMT
b5, KFEITZFOTTHLEESMEELETH HIT BABEMICER Lz, HIT BUKKEEMIIES
FZEREERIZ ITO ZHVWTEY  BfiZ2 In 281 ITO 2 2B CEXHZ 2 Z LIRS
nTna, Al % F—7 L7 ZnOAZO)IXZMTH 5 & & bz, HBBERSLEKSMEN ITO & FE
ThHYH., REMEE LTEZLOMERINTNS, LrL, AZO ZXKBEMICAWSZDIZIX
Cu Bl#Y/AZO/Si OFEBHEEIZRB W TRECEE 2R T 5 L L bic, REEMETCREEE
E RIS D MLERDH D, Lo THRMIED BHIE, SiERK EIZARIE L7z AZO EEO K2 HE
L7z B¢, RERIGE ZUCHE ) BRFEOBILB L OEEBRE LM L. S HICRHFERAROE
HEMECET A mREB L E LT,

AZO X RF ANy ZIETHRIE L, 400°CORRER L OV D% OBERIZ X - TRIFRERSES
Bz, FEA) - FIRAEIROFREIT ITO EF%ED 90% L ETH o7, AZO/SI #HEA L= L Z
5. RERIGSHER TX 7, 600°CLATIZBWTIZ AZO 76 SiliZ k> TEBTENEESH 2om LT
D Si02 B RK STz, 7T00°CLLEIZ BT ZneSiOs B DS AR S 4L, 900°CIZV Tl 20nm {2
B Lz, 72, RERBDE L REI > TEMEIII ER T Z LBHALNII R, KIED
BERFE>DER LIZEE =XV X —2FH LT, JIS BRI L 2 EEERREEICBIT R
HEDEIZRBEL o7& Z A, 8nm D SiO:EBREREIND ZEBRTFRIN, ZDD, XV
B ERICENT-ZAEERORESLETH L ZEPHRA L, REEEREIIRAY 7 v FiE
WCTHIE L, BVAERIZ L 2 FERIGIC L > THIBEBEED 40mN ~EH L7, 7=, (LENICKRHE
PryFoITHI LT 55mN $TER L, T OOBRIIAERS & oxnBEfRE RHT 2
ENTET,

AZO/Si EIZBIEH LEME LTO Cu BRZF L T, BMUEIC L2 R ERIGEFHE LT, D
WEE . 500°CLLT Tik CWAZO DML TS, T00°CLA EIZB W T Cu DEEIZHW T, Cu
D AZO ZEBEL TSI EGTAIEBRALNI oz, ZORRLD ., AZO IX 500°CLLTF Tl
Cul SiDEWEANVTEE UTHRET S Z LAMBA LT,

BoRERIT CWAZO/SI DR EMIGICHIT 26 L EEMEICEET 57— % 2 R0t
HIZAEL TRY, HIT B KBEEMO SR - FEE iz TERAZERE 25,

Lo T, A5l if@j:(l%)@%{i L & LVCA% LD

— 511 —





