DOPED METAL OXI DE FI LM5 AND SYSTEMS FOR FABRI CATI NG THE SAME Techni ca
Field The present invention relates to nethods of fabricating doped netal
oxi de filwe aeubsez3systens for fabricating the same. Baekgrscaod/oseanspar ent
conducting oxides (TCOs) , such as zinc oxide, indiumoxide, tin oxide,
indiumtin oxide, cadm um oxi de and i ndi um cadm um oxi de, are w de gap

sem conductors that are commonly used in optoel ectronic devices such as

light enitting diodes (LEDsShornth hMasolrs SP@m@trAGd e bl ue region of the
col our spectrum However, fabricating a p-n hono junction using w de-gap

seni conductors is faced WY¥STEMBLFORsFABRIGAFINGt REE SaMm n-type or p-type
but not both types. It was found that by doping w de-gap sem conductors
with different types of dopant sources, each dopant source containing the
sane dopant el enment, may result imrdanimid10Fiiidoth p-type and n-type
sem conductors. For exanple, for a nitrogen (dopant elenent) doped Zinc
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to ptype con@abriocatiRbytshealsawapour deposition nethods such as nagnetron

Background
10 Transparent conducting oxides (TCOs), such as zinc
oxide, indium oxide, tin oxide, indium tin oxide, cadmium
oxide and indium cadmium oxide, are wide gap
semiconductors that are commonly used in optoelectronic
devices such as light emitting diodes (LEDs) and lasers
15 operating in the blue region of the colour spectrum.
However, fabricating a p-n homojunction using wide-gap
semiconductors is faced with problems as they either form
n-type or p-type but not both types.
It was found that by doping wide-gap semiconductors
20 with different types of dopant sources, each dopant
source containing the same dopant element, may result in
formation of both p-type and n-type semiconductors. For
example, for a nitrogen (dopant element) doped Zinc Oxide
(ZnO) film, using N, as the dopant source led to n-type
25 conduction whilst using NO; or NO as the dopant source
led to p-type conduction, and using P,0s as the dopant
source led to n-type conduction whilst ZnsP, led to p-
type conduction.
Physical vapour deposition methods such as magnetron
30 sputtering have been used to fabricate doped metal oxide
films. Such methods involve radio frequency (RF)

sputtering of one or more targets comprising the metal

1



sputtering have been used to fabricate doped netal oxide filns. Such

nmet hods i nvol ve radio frequency (RF) sputtering of one or nore targets
conpri si nyotzb@/ofedsal oxi de and the dopant source wi thin acrscawsoodsasber to
deposit a doped netal oxide filmon a substrate. Accordingly, in order to
produce a sem conductor having a p-n hono junction, i.e., a |layer of n-type
netal oxide filmand a | ayer of p-type netal oxide film two separate

chanbers, e%g%d%qu&p&)eqhg tdﬁb&g tge%ogg_[:gr Al t5h GPNRI k&idMehnt hendmispectiove
dopant materiral, are require or formng the n-type and p-tygg met al oxi de
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chanber to another, after deposition which can_b i i

consum ng. THE Bpfrent™ ¢t * %]fog?egf? Hie 8e§fi}é‘§§5§§3‘8?rggshﬁﬁ%ﬁqu"m ity
p-type and rb-lﬁ’pﬁofﬁ%?@hc@’tioﬂ? fil&s, A pasden-tyMendoped metedl oxixdelef i | m

that is of at | east the sane quality or better quality than existing filns
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the substrate will have to be transferred from one
10 chamber to another after deposition which can be tedious
and time consuming.
The development of optoelectronic devices requires
high gquality p-type and n-type metal oxide films. A p-
and n-type doped metal oxide film that is of at least the
15 same quality or better quality than existing films may
usefully be provided.
There is therefore a need to provide a method and
system for fabricating doped metal oxide films that
overcome or at least ameliorate one or more of the

20 disadvantages described above.

Summary of invention
According to a first aspect of the invention, there
is provided a method of fabricating a doped metal oxide
25 film comprising the steps of:

(a) providing a semi-conductor substrate in a

vacuum chamber; ‘
(b) generating plasma comprising at least metal
(M), oxygen (0O) and dopant ions within said
30 chamber in the presence of an inert carrier

gas;



vacuum chanber; (b) generating plasma conprising at |east netal (M ,
oxygen (0) and dopant ions within said chanber in the presence of an inert
carrier gae;2@yoskeBm ng a doped netal oxide (MO fil m orCIBGAdoSWOES at e
fromsaid plasma; and (d) controlling, during step (c) , the amount of O
ions relative to said dopant ions within said plasma to format | east one
of an n-type MOfilmand a p-type MO filmon said substrate. According to a

second aspect of tfg—:;( I\/D)&ftmjfr?r# at Rered S.dvrpvi dedya aMﬁ%gElhl% Jr?béé?_gt' ng

a doped netal oxide conprising: a vacuum cha aving a nou

for nounting a sem corﬁmmmaﬁembﬁrmmteaidiepbamnaa aphasma gener at or capabl e

of generati ng pI as from one tar sai% sma conpri si ng at
eé’[ st ©

| east net al . '0Xygen PRe5° %bpaﬁﬂflp ns* ﬁeaﬁ‘é)ém&orfﬂﬁul? f or

suppl yi ng gas Into sai di &hanbelat i@eCoRy ré&i&rd&%nﬁo&bh@ Iy fhessygr!l y
of said gas to said chanber and for controlling said plasma generator;

wherein3 n use, a seni Iéb?ﬁi%t 8P siaEtrate Jenrstouaned h aai drhymet ¥Ad an
inert carrier gas is supp| g% ?z; gy%%ualqgehﬂna Eaggl sugggra!tt . and

wherein said controller oper asfna gener at or
According to a second aspect of the 1nvention, there

is provided a system for fabricating a doped metal oxide
(MO) film comprising:

10 a vacuum chamber having a mount for mounting a semi-
conductor substrate therein;

a plasma generator capable of generating plasma from
one or more targets, said plasma comprising at least
metal (M), oxygen (O) and dopant ions;

15 at least one gas conduit for supplying gas into said
chamber;

a controller for controlling the supply of said gas
to said chamber and for <controlling said plasma
generator;

20 wherein in use, a semi-conductor substrate is
mounted on said mount and an inert carrier gas is
supplied to said chamber via said gas conduit, and
wherein said controller operates said plasma generator to
form plasma comprising at least metal (M), oxygen (O) and

25 dopant ions to form a doped MO film layer on said mounted
substrate, and wherein the amount of O ions relative to M
ions within said plasma is controlled to form at least
one of an n-type MO film and a p-type MO film on said

substrate.



formplasma conprising at |east netal (M , oxygen (0) and dopant ions to
forma doped MO filmlayer on said nounted substrate, and wherein the
anount ofwO 20@ws4958] ati ve to Mions within said plasm PETSGRO0S®N30E t O
format |east one of an n-type MOfilmand a p-type MO filmon said
substrate. According to a third aspect of the invention, there is provided a
nmet hod of fabricating a phosphorous doped zinc oxide (ZnO filmconprising

(b cerpe ol gt o) AR a0 & SerEPRugLEL R IBR) AL sl A agtum eiArber

(b) generating plasna conprising T8asttZinc
phosphor ous @B)pxnmndudhanmsahddﬂmmmﬁabrﬂcahEn@reoqﬂ&&mﬁofﬁus+mﬂped

carrier gas; ) formin hos hor ous doped ZnO‘f|In1Iayer on said
substrate fr5§P§aP§lﬁl gﬁ& IS)aﬁ& fg Comaedg gie dihshfsy Hiep (c) , the

amount of O ions r@hat iyehieiae Iaorzc,%rwéaydhc%%xd sQJb}Zc{%Eé) H0rdN A chgRst

one of an n-type Zn filmand a p-type ZnOfilmon substrate.
Accor di Bg t o chafibgrtih aspect of the invention, there is provided a system

o f2br) cat o, 2 IOSEARL S GRPe it OIS, (A0 T LM COIpE) o1 pt
therein; a pl@sg gexggehor(ogapaide p@i‘osgﬂnﬁrcais ngppl asdves f y@RneRe $4idore
targets, said plasma conprising at |east zinc (Zn) , oxygen (0) and
phosphor ous Gﬁ?ﬂﬁﬁﬁéln the presence of an inert carrier gas;

(c) forming a phosphorous doped zZnO film layer on

10 said substrate from said plasma; and

(d) controlling, during step (c), the amount of O
ions relative to Zn ions within said plasma to form at
least one of an n-type ZnO film and a p-type ZnO film on
said substrate.

15 According to a fourth aspect of the invention, there
is provided a system for fabricating a phosphorous-doped
zinc oxide (ZnO) film comprising: |

a vacuum chamber having a mount for mounting a semi-
conductor substrate therein;

20 a plasma generator capable of generating plasma from
one or more targets, said plasma comprising at least zinc
(Zn), oxygen (0) and phosphorous (P) ions;
at least one gas conduit for supplying gas into said
chamber;

25 a controller for controlling the supply of said gas
to said chamber and for controlling said plasma
generator;

wherein in wuse, a semi-conductor substrate is
mounted on said mount and an dinert carrier gas is

30 supplied to said chamber via said gas conduit, and

wherein said controller operates said plasma generator to



at | east one gas conduit for supplying gas into said chanber; a controller
for controlling the supply of said gas to said chanber and for controlling
sai d pl aswe genssssor; wherein in use, a sem -conduct or PEUISS20051080393
nounted on said nmount and an inert carrier gas is supplied to said chanber
via said gas conduit, and wherein said controller operates said plasm
generator toform plasma conprising at |east zinc (Zn) , oxygen (O and

phosphor ous (P),. i f or-ous d. ZnO fil r,on d
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W t hin said phasphorsusontmoliced ttw ffym & preasthanmofdaged-An@ef ZnoO fil m
and a p-type_.ZnO filmon,said substrate. Definitiogns_Unless specified
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thereof, aregjent@gndeshd 0 LERESRNT toOPRN" 1@hs" | RELNSH V&ailaNgyagRasuch that
they include recited elenents but also permt inclusion of additional,
unrecitéd el empittrsllas dseddm eith, ladwt taren dRboutnt-t i 0 84 eagsd +/ -

5% of the stated,kval ue, e typically +/- 4%.0of the stated value, nore
typical ly + 2 B9 dF% Rt I s ot W5i%al Iy, +/- 2% of the stated
val ue, even nore typically +/- 1%of the stated value, and even nore
typically +/- 0.5%of the stated value. Throughout this disclosure, certain
enbodi nents nay Definitions

Unless specified otherwise, the terms "comprising”

10 and "comprise", and grammatical variants thereof, are
intended to represent "open" or "inclusive” language such
that they include recited elements but also permit
inclusion of additional, unrecited elements.

As used herein, the term "about"”, typically means

15 +/- 5% of the stated value, more typically +/- 4% of the
stated value, more typically +/- 3% of the stated value,
more typically, +/- 2% of the stated wvalue, even more
typically +/- 1% of the stated value, and even more
typically +/- 0.5% of the stated value.

20 Throughout this disclosure, certain embodiments may
be disclosed in a range format. It should be understood
that the description in range format is merely for
convenience and brevity and should not be construed as an
inflexible limitation on the scope of the disclosed

25 ranges. Accordingly, the description of a range should be
considered to have specifically disclosed all the
possible sub-ranges as well as individual. numerical
values within that range. For example, description of a
range such as from 1 to 6 should be considered to have

30 specifically disclosed sub-ranges such as from 1 to 3,

from 1 to 4, from 1 to 5, from 2 to 4, from 2 to 6, from



be disclosed in a range format. It should be understood that the
description in range format is nerely for conveni ence and brevity and
shoul d novoheossmessr ued as an inflexible limtation on PrhE/sseaE®oed3t he
di scl osed ranges. Accordingly, the description of a range should be
considered to have specifically disclosed all the possible sub-ranges as
wel | as individual nunerical values within that range. For exanpl e,
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Enbodi ments Exenpl ary, non-limting enbodi nents of a nethod of fabricating
a doped netal oxide filmand a systemfor fabricating the sane, will now be
di scl oséd. The nethod of Despiledt Pagcdcsyped ofeEabodiimeatshvO) film
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pl asma; and (APESHTRT ithe %ﬁﬂ?wuﬁ%&%xﬁ?%)be dheckoRrft of 0

The method of fabricating a doped metal oxide (MO)
10 film comprises the steps of:

(a) providing a semiconductor substrate in a vacuum
chamber;

(b) generating plasma comprising at least metal
(M), oxygen (0O) and dopant ions within said chamber in

15 the presence of an inert carrier gas;

(c) forming a doped metal oxide (MO) £film on said
substrate from said plasma; and

(d) controlling, during step (c), the amount of O
ions relative to said dopant ions within said plasma to

20 form at least one of an n-type MO film and a p-type MO
film on said substrate.

The system for fabricating a doped metal oxide (MO)
film comprises:

a vacuum chamber having a mount for mounting a semi-

25 conductor substrate therein;

a plasma generator capable of generating plasma from
one or more targets, said plasma comprising at least
metal (M), oxygen (0) and dopant ions;

at least one gas conduit for supplying gas into said

30 chamber;



ions relative to said dopant ions within said plasma to format | east one
of an n-type MOfilmand a p-type MO filmon said substrate. The system for
fabri catiwg 2a06d6pesd netal oxide (MO filmconprises: a PatsGauisharsoer
having a nount for nmounting a sem conductor substrate therein; a plasma
generator capable of generating plasnma fromone or nore targets, said

pl asma conprising at |least netal (M , oxygen (0) and dopant ions; at | east

one gas conduit for suppl yi-n s into said. chapper;a controller, for
control l'ing the sﬁpﬁpﬁggpﬁgﬁgﬁqggé ?%HEE?%f%ﬁ% P &eer ontdbti PR§ sai d
pl asma gener abor ;saiir ecAabettse, ardd SeforCONEMet £61 1 8PSt Isali | SpIRERLed on

said nount and an inert carrier gas is supplied to said chanber via said
gas conduit, 99R8T#kEFéi n sai d control | er operates said plasnma generator to

form plasma conprigipg;gat ligast tal ( Yo) .and .dapant_ions to
forma doped MD filmlayer on §g%%'nn%n?%8m§u§§g§%f%2&én Siter'st it he®
anount bf 0O monstedl abhvesaddM monstw &hiln sai dipéasmacasrient rghkedigo

form at | east_one,of ag n-t%ES N[%f%£n1and,a p-type MO filmon said
substrat e. Tﬁ3p92&88n1 RanB@t “na§ BBPHEI nY 4R netPatf adpF esspeuthngeand
sel ected frowheheigr eupdCeBsitsLINE rOfopd GRERR 40 & PPy e h NP £5,5, 000

nPa, | OOrPa to 4,000 nPa, o
form plasma comprising at least metal (M), oxygen {(0O) and

dopant ions to form a doped MO film layer on said mounted
10 substrate, and wherein the amount of O ions relative to M
ions within said plasma is controlled to form at least
one of an n-type MO film and a p-type MO film on said
substrate.
The vacuum chamber may be maintained at a pressure
15 range selected from the group consisting of: 100mPa to
7,000 mPa, 100mPa to 5,000 mPa, 100mPa to 4,000 mPa,
100mPa to 3,000 mPa, 100mPa to 2,000 mPa, 500mPa to 7,000
mPa, 1000mPa to 7,000 mPa, 2000mPa to 7,000 mPa, and
3000mPa to 7,000 mPa.

20

Semiconductor Substrate

The semiconductor substrate can be made from any
semiconductor material such as zinc oxide, aluminum
oxide, silicon or glass.

25 In one embodiment, the substrate is silicon.
Advantageously, silicon has good processability and is
relatively cheap when compared to the other semiconductor
materials.

In another embodiment, the substrate is zinc oxide.

30 Advantageously, ZnO is suitable for growing thin films of

doped metal oxide owing to its excellent match with the



| OOnPa to 3,000 nPa, | OOrPa to 2,000 nPa, 500nPa to 7,000 nPa, | OOOTPa to
7,000 nmPa, 2000rPa to 7,000 nPa, and 300QrPa to 7,000 nmPa. Sem conduct or
Subst r at ewdheosEmssonduct or substrate can be nmade from aoy/ssemsmoosdsict or
material such as zinc oxide, alum num oxide, silicon or glass. In one
enbodi nent, the substrate is silicon. Advantageously, silicon has good
processability and is relatively cheap when conpared to the other
sem conduct or. terl I t-her odi nent he substrate js zin
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Metal Oxide

e and

(Fret al

The metal oxides can be transparent conducting

10 oxides (TCOs) such as zinc oxide, indium oxide,

tin

oxide, indium tin oxide, cadmium oxide and indium cadmium

oxide.

In one embodiment, the metal component of the metal

oxide may be selected from Group IIB (such as zinc and

15 cadmium) or Group III (such as gallium and indium) of the
Periodic Table of Elements. In anofher embodiment, the
metal component of the metal oxide is zinc.

Advantageously, ZnO has a high exciton energy (60meV)

which renders it suitable for use in optoelectronic

20 devices.

Dopant

The dopant may be selected from Group I (such as

lithium, sodium and potassium) or Group V (such

as

25 nitrogen, arsenic and phosphorous) of the Periodic Table

of Elements. In a preferred embodiment, the dopant may

be Phosphorous (P).

The dopant can be delivered into the metal oxides in

the form of compounds containing the dopant element.

30 example, dopant sources for P include Zn3P, and P,Os,

dopant sources for N include N, NO, and NO.

For

and



Periodic Table of Elenents. In another enbodi ment, the netal conponent of
the nmetal oxide is zinc. Advantageously, ZnO has a high exciton energy
(60neV) wwochowswbers it suitable for use in optoel ectreoirscdesioeess Dopant
The dopant may be selected fromGoup | (such as lithium sodium and
potassium or Goup V (such as nitrogen, arsenic and phosphorous) of the
Periodic Table of Elements. In a preferred enbodi ment, the dopant may be
Phosphorous (P) . The dopant can be delivered into the netal oxides in the
form of conpounds containing the dopant el enent. For exanple, dopant
sources for P include Zzn3P2 d P205, and dopant sources for N include N2,
NO2 and NO Tar get I\/aterlaJ One or nore target materials can be provided
within the c ffe?ﬂéarjate at least M, O and dopant ions within the

pl asma. The targebdeﬂé¥Iﬁ%r&aﬁapgeﬁERQEEEQaﬁéo@éﬁ e eﬁ &%%ikm)and
dopant material. The target materials can al so be provi ed W t

chamber 3t o géﬂi’@r atleamberedst Tnermdak ilmesstwi Mhi © tbnedplch:;mnt Thensar get
LS A, GRS, SR LI AL bER, 208 9l H D o810
plurality of frangeits ladt PrcheThyMer antheisgiai endtad el My conprise a
plurality of target material s sintered together, for exanple, the materials
ZnO and The target materials can also be provided within the
chamber to generate at least Zn, O and P ions within the
10 plasma. The target material, in this case, can be
selected from at least one of Zn, P, ZnO, P,0s and Zn3Ps.
There can be one single target within the chamber or
a plurality of targets within the chamber. The single
target may comprise a plurality of target materials
15 sintered together, for example, the materials 2ZnO and
P;0s can be sintered into a single target for magnetron
sputtering to generate Zn, O and P ions.
The target can also be in the form of separate
targets, each of a target material selected from the
20 above, for example, a first target comprising pure ZnO
and a second target comprising a mixture of Zn0O and P,0s
sintered together.
The target materials within said chamber can have a
higher molar ratio of M atoms or Zn atoms relative to O
25 atoms. The molar ratio of M atoms or Zn atoms relative
to O atoms in said target materials can be selected from
the group consisting of: about 1.01:1, about 1.05:1,
about 1.1:1, about 1.2:1, about 1.5:1, about 2:1,about
3:1, about 2.01:3, about 2.05:3, about 2.1:3, about
30 2.2:3, about 2.5:3, about 3:3 and about 4:3.



P20b can be sintered into a single target for nmagnetron sputtering to
generate Zn, 0 and P ions. The target can also be in the formof separate
targets, wachocwfS4%3t arget materi al sel ected fromthe abece/sGhars/oeccaspl e, a
first target conprising pure ZnO and a second target conprising a mxture
of ZnO and P2Cb sintered together. The target materials within said chanber
can have a higher nolar ratio of Matons or Zn atons relative to O atons.
The nol ar ratberpbiMeatons or Zn atons relative to O atons in said target
materials can be selected fromthe grqu consisting of: about 1.01:1, about
3

1.05:1, about 1.1The septroiler] comepirly. she, Yy 204, sa36utI%S 1 Cabout
2.01: 3, abouj 03y oyt 42-4; bout; 3. 43 bgut, -3, about 3:3 and
about 4:3.Cbn?$%l?%$m9%£ c%%t?%? g?ﬁco%%%%lé %ﬁggsgppfgag?ééaid gas to said
chanber and cont rbhsosai dmpbdsmangenehat oontrnldre erbodrirest thehélow
control

|l er regul ates the fl,ow of ax n gas into sajd anber in
control?!ng q eBXYE?n.Qﬂﬁdﬁpgénéff§¥qﬁﬁﬁg%%ﬁt%%l?%?kﬁgﬁféPgongauﬁSQé t he
flow of ineriqgee;6aLILer kRALO SHidChadbesan The sl awqf1dihe grsegiiont o
sai d chanber can be regufated by a mass flow controller or a pressure flow

controller. #h &xanpl gasf carsiprabntonBasdf FbamesAtroller is a MKS Type
247D model by MSphastifpnts ggspg%égl |38f JTBY 23S O GOABLE S & h Rpapover

controller for control I'ng the of "Sputtering to
regulated by a mass flow controller or a pressure flow

10 controller. An example of a suitable mass flow controller
is a MKS Type 247D model by MKS Instruments.

The controller may also comprise a RF power
controller for controlling the RF power of sputtering to
the targets to control the generation of plasma. The RF

15 power of the sputtering can be in the range of 0-600
Watts. An example of a suitable RF power controller is a

RFG 600 SE model by Coaxial Power System Ltd.
The amount of oxygen gas by volume in the chamber,

in the regulating step (dl), may be in the range selected

20 from the group consisting of 0% to less than 7%, 0 % to 3
%, 0%$ to 2 %, 0% tol %, 3% to6 % 3% tobss, and 3

oo

to 4%.
To form n-type MO film or ZnO film, the amount of
oxygen within said chamber can be maintained at the range
25 between 0% to 3% by volume in the regulating step (dl).
To form p-type MO film or ZnO f£ilm, the amount of
oxygen within said chamber can be maintained at the range
between 3% to less than 7% by volume in the regulating
step (dl).
30 The volume ratio of oxygen gas to inert carrier gas

in the chamber may be in the range selected from the

10



the targets to control the generation of plasma. The RF power of the
sputtering can be in the range of 0-600 Watts. An exanple of a suitable RF
power corwoabders44s3 a RFG 600 SE nodel by Coaxi al Power PEYsGemslobveso3 The
amount of oxygen gas by volume in the chanber, in the regulating step (dl)
, may be in the range selected fromthe group consisting of 0%to |ess than
7% 0 %to 3 %, 0 %to 2 %, 0 %to 1 %, 3 %to 6 %, 3 to 5 %, and 3

%to 4% To f - : il meor ZnrQ@ f.i t a t ,of ygen wthin
sai d chanber g%;dr? eéér(rrglgln%glﬂrﬁ%dg}gf tsﬁggr aﬂnéggb%'e?\%eggg?}o (S obé;’e’vo U%rg in
the regul ati g Stte@q,dID0:90T0cd AM GOt yared MB 85 mor2&n€fil m the anmount

of oxygen within sz%{},d chanber can be_nmai ntai ned at the range between 3%to

| ess than 7% by v GIHIHE 1 egUlPAE? ngPsPebYPal MO FiHd vitdine PatyBeof

oxygen gas t@gd nefimcCakhi 8k G@DHditdihe) chanbsimnay s, ijéuﬁ@@aé@ﬂﬁftﬁﬁhect ed
fromthg_)group consisting of: 5:95 to 20:80, 5:95 to 15:385, 5:95 to 10:90,
10: 90 t @ 20: gdre agrind 5cBBMber2Msg@y Advansageodsbpntbetidvrae reimmpley Moy fi |l m

and a p-type N ey riga to forma p-n junction within the
same chanber ‘}t%égl&{lldutnhe saﬁn‘lgo%g%aén é}%ﬁgecne ‘%}%Jr?/ g@evéélrl?ffcuﬁ%rt he anmount of
oxygen within the chanber. Brief Description O Draw ngs The acconpanyi ng

drawings illustrate a disclosed_ enbodi nrent and serves to explain the
princi ples of the di scl osedPeHoRTRIEIPFIoR OFf PHWIRIBr st ood, however,

The accompanying drawings illustrate a disclosed

10 embodiment and serves to explain the principles of the
disclosed embodiment. It is to be understood, however,

that the drawings are designed for purposes of
illustration only, and not as a definition of the limits

of the invention.

15 Fig. 1 shows a schematic view of an apparatus for
fabricating a phosphorous-doped =zinc oxide (Zn0O) film
using a method in accordance with a disclosed embodiment

(MSS3A sputtering system).

Fig. 2 shows a phase diagram of a Zn-O-P ternary

20 system.

Fig. 3 shows the energy levels of P-doped 7ZnO in
Zn0: P05 and Zn0:Zn3P, systems. A

Fig. 4 shows the <current (I) - voltage (V)
characteristics of (a) p-type 4e10) and (b) p-n
25 homojunction formed from p-type and n-type ZnoO.

Fig. 5 shows a schematic diagram of a LED based on P

doped ZnO p-n homojunction.

Fig. 6 shows a luminance spectra of 2Zn0 p-n
homojunction loaded forward bias (20V) at room
30 temperature.

11



that the draw ngs are designed for purposes of illustration only, and not
as a definition of the limts of the invention. Fig. 1 shows a schenmatic

vi ew of awmoapwasadsas for fabricating a phosphorous-dope@cCzisageomsnases ( ZnO)
filmusing a nmethod in accordance with a discl osed enbodi nent (MSS3A
sputtering systenm) . Fig. 2 shows a phase diagramof a Zn-O P ternary
system Fig. 3 shows the energy |evels of P-doped ZnOin ZnO P 295 and

ZnO Zn3P 2 systens. Fig. 4 shows the current (1) - voltage (V)
characteristics of (a) p-type ZnO and (b) p-n hono junction formed from
p-type and n-type ZnO Fig. 5 shows a schematic diagram of a LED based on P
doped ZnO p-n hono junction. Fig. 6 HFRWE Med@ini nance spectra of ZnO p-n

horoj unction | oadgdfaryard R agx62@Yksat oF0 egeqﬂ%%%kﬁ%%;Begﬁcﬁ@g§n
Non-limting exanples of the 1 nvention, including the best node, and |
conpar ati ve &kaenplestwinddde &ndt hecodpsceritbod iaxagmeat erildetlae | fhyther
referenge to _speci.tic Exanples, which shoul d not construed as in_any way
i miti né the%@&&éfb&d t hé i%%%ﬁ??ﬁn.d%éﬁhgl goii TS ofvCof SBEEPEEnd
n-type Phosphsaapd o) WHeped ZnwniXigdet( B0 cbhkirusingP20h amyopapt

source. L i o
limiting the scope of the invention.

Example 1 -Preparation -of p-tpe and n—type
10 Phosphorous (P) Doped Zinc Oxide (2n0O) film using

P,0O5 as dopant source.

A system 10 for fabricating P-doped 2Zn0O film by
physical vapour deposition (PVD) is shown in Fig. 1. The
system is a radio frequency (RF) magnetron sputtering

15 system (coaxial MSS3A/LL).

The system comprises a vacuum chamber 100 having a
mount 120 for mounting a silicon substrate 140 therein, a
RF magnetron sputter 160 for generating plasma from a
target 180, gas conduits 200,220 for supplying Ar and O;

20 gases respectively into the chamber 100, and mass flow
controllers 210,230 for controlling the supply of Ar and
. 02 gases respectively into the chamber 100. A RF power
controller (Model: RFG 600 SE by Coaxial Power System
Ltd) (not shown in the figures) for controlling RF power

25 of the RF magnetron sputter is also provided.

The silicon substrate 140 is an n-type semiconductor
substrate and is pre-sputtered with a 100 nm layer of
pure ZnO. The mount 120 rotates the substrate 140 during
the deposition process to achieve a uniform coating. The

30 substrate 140 is biased by a biasing voltage 240
provided by the RF power. The substrate 140 is connected

12



A system 10 for fabricating P-doped ZnO fil m by physical vapour deposition
(PVD) is shown in Fig. 1 . The systemis a radio frequency (RF) nagnetron
sput t eri nyoyersmsgcoaxi al MSS3A/ LL) . The system conpr PEESGR005HOWBIN
chanmber 100 having a mount 120 for mounting a silicon substrate 140
therein, a RF magnetron sputter 160 for generating plasma froma target
180, gas conduits 200,220 for supplying Ar and O2 gases respectively into
t he chamber 100, _an ss f controllers. 210,230 for controlling the
supply of A %oana Cgﬁggggesﬁgﬁgpgﬁti%%?§r?%tdt?%e CHANBERTYED. AL RFEDBBwer

control l er (MaBekraBEG180048EiRy; CepusaltiRover Bystamdded not shovBgi n
the figures) for controlling FFzﬁomer of the RF nagnetron sputter is also

provi ded. Thatsi?i déptamsst r afe 1UQup s benanthy peéhsentzoaetictld0 substhat e
and is pre-s edqyi n rof r nQ_ Th nt. 120_rotates
t he substratgg%ggEdggp%gBF%gkgggog; ?%ﬁlﬁg%ég§§§F%E%%ﬁ%?%engydﬁFf%r%?g

coati ngd ThePsbgicwatesr 14D wist bi asetebygdatbgasheg.vola age 240 pumyi sed by

the RF power, The substrate 140 is connectedto a heater 260 to control the
t enperat ure of FHBH§GE§Fr%Pe%P é&iﬁ%ﬁf(ﬁﬂﬂxﬁqiQMWOH?ﬁP%%%s¥?%?% PYB| aced

at a distancggof 1PRam h g t &gget p18Q4 qlhe Largeh: 4891 copprisgs a
m xture of ZnO powder (95 W% and P205 powder (5 w% sintered together.

rotary punp BObhis cdrnecheabes tWelldarther @andletuvlarnoiwde apumpr ba8®unp
oo & Th el S BLYRUER AO0RL AN 15858011 A Y A0HE MLALRBLY. 12 SORIESL
10 the desired working pressure. The total working pressure
in the chamber 100 was maintained at 15 mTorr (2000 mPa).
The power of the RF magnetron sputtering on the target
180 was maintained at 40W, and the frequency at 13.6 MHz.
Prior to deposition, the substrate 140 was rotated
15 and the target 180 was sputtered for 20 minutes to clean
its surface at a RF power of 40 W.

Thereafter, deposition of p doped ZnO film commenced

as the target was sputtered at the conditions described

above. The sputtering results in the formation of a
20 plasma comprising Zn, O and P ions in the presence of
Argon gas. During deposition, the argon gas carries the

Zn, P and O ions to the surface of the substrate to form
the P doped ZnO film. The temperature of the substrate
was maintained at 300°C.
25 0, gas is supplied into the chamber and regulated to
maintain a percentage by volume of 5% for a time period
of 10 minutes in the chamber to grow 400 nm layer of p-
type ZnO film on the substrate.
Thereafter, the oxygen supply is cut off and the

30 target was sputtered for 100-120 minutes under the same

13



provides a further vacuumw thin the chanber to achieve the desired working
pressure. The total working pressure in the chanber 100 was nai ntai ned at
15 mlorr WOQ0&/o5ikss . The power of the RF nagnetron sSpuPCersiGagsonodvhe
target 180 was mai ntained at 40N and the frequency at 13.6 MHz. Prior to
deposition, the substrate 140 was rotated and the target 180 was sputtered
for 20 mnutes to clean its surface at a RF power of 40 W. Thereafter,
deposition of .dape noO fi c e r SpS redoat the
condi ti ons &@éﬁdﬁqﬁgﬁ%aﬁcooveiéé%fgggﬁ ?e?ﬂngé‘é’%?m‘%@ r?ﬁ{%%% 1?o?ﬁ%téiéon (())1(:31 a

pl asma conprdgigtgady dh antk P-itonse iIn®@ heijmesence of Argon gas. During
deposition, the argon gas_ carries the Zn, P and ions to the su of
the substrate to Fore hel®’ dopeda2R6 FH1HH t%?e N Tatdfe SFgP;lLfg%%%
substrate g ntakieds abyw 300006 01 fRrgasit s wiupp! ird nRice stshe-ychawber
and regul ated to maintain a percentage by volume of 5% for a tinme period of
10 ni nui es igorterchamberolwngrper460taae| Qy e¥2df 1pEgpRAZAOPLH R Che
substrate. Thereafter, the_ oxygen.sup i.S. -G e tar

sputtered fdi® 100928 i [ﬁﬁ?%xgngérowt %ec%seécsn%cl(%lrdﬁ{clg onsg %%pdgpggig"%tcf\ggﬁr an

| ayer of n-tydpaude dﬁ@@éeﬁﬁocﬁmbgh@atﬁm the pehanieeZnO fAh mexasptlleeryf | ow
of gases into the chanber are regul ated by a nmass flow controller, it wll
be necessar ycalcebnvirr theSHOFunRehYcent age O2 gas into nass units when

setting the massingsfhow sopkr @, 85 0 SURPl dhBuset egt eédtandard state
10 (1 atmosphere and 25°C), having a residence time of 1
hour:
Molar volume of 0O, : 17.36 x107¢ m*/mol
Molar mass of 0O, : 32.00 g/mol
Volume flow rate of 3% O, in the chamber: 0.03 m’/h
15 Therefore, molar flow rate of O, to be supplied to the
chamber =
0.03 m®/h / 17.36x107° m*/mol = 1728.1 moles/h
Mass flow rate of O, to be supplied to the chamber =
1728.1 moles/h x 32.00 g/mol = 55299.2g/h (55.3kg/h)

20 Tt should be noted that like all gases, the molar
volume of O, gas is dependent on temperature and
pressure. When performing the above calculation, the
values of molar volume of oxygen gas at the selected
temperature and pressure can be obtained from

25 textbooks/handbooks providing such information. (Such
textbooks/handbooks include “Vacuum physics and
techniques” / By T.A. Delchar. London; New York : Chapman
§ Hall, 1993. 1°% edition.

14



vol ume percent of gas into the chanber. An exenplary calculation is shown
below. A 3 %volume 2 in a 1 nB chanber at standard state (1 atnpbsphere
and 25C) wohaesdesgsa resi dence tinme of 1 hour: Ml ar vol eo®/SGR00GB003917. 36 ¢
| g~6 nVnol Mbdlar mass of O2 : 32.00 g/nmol Volunme flowrate of 3% O in the
chanmber: 0.03 nB/h Therefore, nolar flowrate of Q2 to be supplied to the
chanber = 0.03 nB/h / 17.36 10 6 mvnol = 1728.1 noles/h Mass flow rate of

Q@ to be supplied gridie hanbedpardd28n 1 MBlees/ B ty32, 00 g gol ’:"?%Pe
55299. 2g/ h (55.3kg/h) 1t shoul d%e noted that |iKke all gases, the ar
vol ume of 2 gas iBherphaiReit dR)t dgredt Gincakigdesd@ne) Widm pesfiogni ng
the above cal cul atg on, %Qed¥§£}{%s of _nmol ar vol une of oxygen gas at the

sel ected tenperature &nd pre Sure®cafi°be obtai ned from t ext books/ handbooks

provi ding such i nfTierabi alopdduzhot extihooks/ haspihoiaksd | GgkHge +VACYHmME
physics and techniques” / By T.,.A . Delchar. London; New York : Chapman &
Hal |, 1993. TRGLRefft#BA. ERBAPILE o2 s. messaridisdninf Epappyge land Hovgper,

Phosphorous (f OpRed.adon OXidee (GAD) £ 4141 YsE0ge o§8qdorant sounce -
e t n(a B3

The P doped ZnO filmis deposited using t sane ne Co i ons
descri bed i n tEageit eantd. pHo®EeVEP3i tatdgies sEXERMD] ebothe st teaegiet st WRFe
enpl oyed - ané%égg)of 40W and 15 W respectively.
Example 3 - Zn-O-P ternary system
10 The possible doping sources for ZnO include Zn3Ps,
P,0Os and P. In a 7Zn-0O-P ternary system 20 as shown in
Fig. 2, phosphorus  doping in ZnO can be carried out
either along the ZnO-P,0s binary 400 or the ZnO-Zns;P,
binary 420. P-ZnO binary 440 is not stable as it either
15 belongs to a ZnO-P,05-ZnsP, ternary 460 or a P~P>05-Z2n3P,
ternary 480 depending on the phosphorus concentration.
Accordingly, only ZnO-P,0s system and ZnO-Zn3P, system and
the dopant behaviours of P,0s (under both oxygen rich and
oxygen poor)and ZnszP, (under both oxygen rich and oxygen
20 poor) were investigated.
The dopant sources were optimized and the possible
acceptor and donor levels predicted theoretically.
To optimize the dopant source for P-doped Zn0O, a
density functional theory (DFT) calculation using CASTEP
25 code was employed. Oxygen rich (zinc poor) and oxygen
poor (zinc rich) conditions for the Zn0-P,0s system and
ZnO-Zn3P, systems were used to analyse formation energies
of P with all possible charged interstitial and
substitutional states. The energy levels of P in ZnO

30 forbidden gap are shown in Fig. 3.
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target and pure Zn2P3 targets 180, both sputtered at RF powers of 40W and
15 Wrespectively. Exanple 3 - Zn-O P ternary system The possi bl e dopi ng
sour ces fwo 2@06@549561 ude Zn3P2, P2C6 and P . I n a Zn- O PPCEISGA00F/08989% em 20
as shown in Fig. 2 , phosphorus doping in ZnO can be carried out either
along the ZnO-P 205 binary 400 or the ZnO-Zn 3P2 binary 420. P-ZnO binary
440 is not stable as it either belongs to a ZnOP 205-2Zn3P2 ternary 460 or

a P-P205-Zn 3P2 t erfiaryn48Q@yderandi Agzan-bhs, pPhesphorys enf;dy O
Accordingly, only ZnO-P 6 g)%stem and ZnGO tiw;ls 3P2 ssstalejmdgﬁggt #ehrl opa%%
behavi ours ofloe2®Ed uated -Bot &V ologdew rilah dod toxy geh  poadcaridnZndazd

(under both en .rich andetrﬁgi%%nsqp%%reg}hwere investigated. The dopant

sources were 0p |rrritzheed Bnd the pos cCcoéquotrloaﬂﬁi donor | evels predicted

theoretically. To piddiige t beygepanti SougeewtRr cBndopednZng posensity
functional theory (DFT) cal cul ation usi ngtHC]:ASTEP code was enployed. Oxygen
rich (zihc pGGOFRERE oX§eh dbof -¢2i BV rakave corrli EPBNOLf draiancezniormd 206
system and Zn@ Zp; 3p2 &7 Perg US gglgj r i on rgi of P
with all possible charged i ntler st tei a%g%éngl su s%{I?%utfa?ona ljlcgt gt?lgg.s T%ge
energy | evel suppressedZnO f or bi dden gap are shown in Fig. 3 .For the system

of ZnO-P 205, P i donor which is located, a 3 eV bel ow the bottom of
conducti on band uz)&glre]i"ﬁ‘esedxfbeae?? PR bweh iogai Fg ©V6n tHP oXygen

rich growth eeN@rdeOnNbaAdPassil] €be more stable, which makes p-type
10 conduction unstable.

For the system of ZnO-ZnsP, using Zn3;P, as the dopant
source, a shallow acceptor at 0.47 eV above the top of
valence band under the zinc rich condition is obtained,
but a deep donor at 1.37 eV above the top of valence band

15 is formed under the zinc poor condition.

For all doping systems, the thermal (or temperature)
effect was considered by employing commercial a
thermochemistry software, FACTSage. Based on the
calculation results, it was found that the thermal effect

20 becomes the winning factor for the shallow acceptor only
in the Zn0:ZnsP; doping system under =zinc rich growth
condition at an elevated temperature (400°C).

In summary, theoretical calculations predict that n-
type ZnO will normally be obtained when P,0s is used as

25 the dopant source, n-type Zn0O will be obtained under the
zinc poor condition, and p-type ZnO can be achieved under
zinc rich condition when Zn3P2 is employed as the dopant
source.

To investigate the above theoretical prediction,

30 P05 and Zn3P; in the Zn-O-P system are employed as dopant

sources during the deposition of Zn0O films. The ZnO
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acceptor level at 0.49 eV above the top of valence band is also forned if
the substitutions at zinc sites are suppressed. Otherw se, a deep donor at
1. 37 eV aboveoddsedsBop of val ence band woul d be nore st alpCe;sGamisoboiankes
p-type conduction unstable. For the systemof ZnO Zn 3P2 using Zn3P2 as the
dopant source, a shallow acceptor at 0.47 eV above the top of val ence band
under the zinc rich condition is obtained, but a deep donor at 1.37 eV

above the to&ﬂﬂﬁé“%f@cae§@§§t58 h! %ﬂ@eﬁe£$8d%i%%'QEQQMDQQgiiiQH' For
all doping systens, the thermal (or tenperature) effect Was “consi dereg by
enpl oyi ng cordvercial a thernochenistry software, FACTSage. Based on the

cal culation result it s.found.that the thernmal effect becones. the
wi nni-ng factor for‘zﬁattheer s%gﬁi%wgcg of2ohPYSi ditte R HznceRdibpPRg -

system under izi ngasi €Bugaowhatcandidpon Bhoarnehevatged teppesat Uﬁet](/FEQO
00 . In summary, theoretical calculations predict that ntype ZnO w
normal | Y be SRHUEd FhednP 1§ s Zu6ed-8s s teopaandsduy cehen-AnypeZzaro wil |

be obt ai ned lmﬂﬁr i C i L n -type ZnQ.can be achjeved

under zinc rich élogtngﬁslzﬂoér%l?v\\ﬂen J:Zn%ggé%}éo{g?r% og% dégf?%é 338‘5%17650&’%%.3 To

i nvestigate tdemtatvoveft hpoveth cadnqpieibes i prp-BRAE6 esdlddeBP2itd bhetga- O P
g the deposition of ZnO fil ns.

Syt St Tl pugS e SopRnl, saupes duing the deposiiion of 10T
achieved. The experimental results match the theoretical
10 prediction.

I-V  characteristic of p-type 2Zn0 vs n-type Si
substrate, p-type ZnO vs. n-type ZnO are shown in Fig. 3.
P doped ZnO samples under the 2%n0O:P,Zn; system displayed
good rectification behaviour. The Hall coefficient of

15 +0.406 cm’C™, measured by wvan der Pauw electrode
configuration, suggested the conduction to be p-type.
Combining the Hall coefficient and conductivity
measurement resulted in a carrier density of 3.84x10'°
cm™, Hall mobility of the positive holes of 6.69 cm?vis™

20 and the resistivity of 0.024 Ohm.cm. The Seebeck
coefficient was found to be positive, further confirming
p-type conductivity. The X-ray powder diffraction
patterns of ZnO:P thin films deposited by the two doping
systems showed a strong peak at 34.4325°(26) consistent

25 with c-axis oriented wurtzite 2zZnoO.

It is very interesting that the same element (P) can
create either p-type or n-type conduction of ZnO using
different dopant sources containing the same dopant
element. Furthermore, p- and n-type P doped 2ZnO thin

30 films can be obtained by adjusting the oxygen

concentration during sputtering in the 2znO:Zns;P, system.
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2 . After studying the various filmgrowh conditions, it was found that P
doped ZnO thin filnms exhibit n-type conduction in the ZnOP 205 system and
in the Zn@o2no6daB295dopi Nng system under oxygen poor condi PCOSG2665weas9s, Wit h
control of growth conditions , p-type conductivity of the ZnOrZn 3P2 system
under the zinc rich condition is achieved. The experinental results match
the theoretical prediction. I-V characteristic of p-type ZnO vs n-type Si

substrate, ps e Y - . are shown in Fig. 3 . .P doped ZnO
sanpl es undg?ﬁ#%e éﬁ% ﬁ%&%BE}s‘é}?fgtlg%%&Oglpl %ye%goo% ¥ edBPFEARR o(ige‘ﬁle%%%i our .
The Hal | coeférgi eahvehiefdtr486dCaBEab, nBANELGdNe Wabdkert Rauvwiedgsd ¥ ode

configuration, suggested the conduction to be p-type. Conbining the Hall
coefficient aRd EBRdERFPVAPY2REaSOFERENETCe s edIm LRt damuBOEhsi ty of

3.84x1 0 19 cni'3, Bakbamobi My 9fictBEsPAS] tdMee hol £5q OhoPnbQ_CIRY 15,4 and
the resistivity of 0.024 Owm cn%lCTheSSegllbe%{ c%%fi%i e(rjlt w%s%unﬁo be
positive, furthEpecohhPrnbrg psippe GosBuctdsyvi thhe Thopantay powdsz, a

di ffraction erns _of ZpOQ P thin fil.ns deposited, by the t dopi
Syst enms. showb P hoETPEnG peaR B aRTSISRCE G Gonel Sl A (1Pt e d
ori ented wiraait etdnQcHdmdts v ekynf y€rLELbAY shbah tihe Bage sl ement (P) can

create either p-type or n-t%pe conduction of ZnO usi n% di fferent dopant
sour ces contEYP\?né fapedakBldépant £11lm was grown on the p-type ZnO at

room temperature using pure Ar plasma. The I-V curve for

10 a p-n homojunction of ZnO is shown in Fig. 4. During I-V

measurements, no luminescence was observed under the

forward bias because of the low current level and high

defect density in the interface of this starting p-n

homojunction. However, a weak UV luminescence was

15 observed at loaded forward bias (20 V) as shown in Fig. 6

at wavelength 525nm. The strongest peak appear at
wavelength 370nm which corresponds to about 3.349 eV.

A prototype Zn0O p—-n homojunction or diode is further

fabricated using the methods of Examples 1 and 2. The

20 theoretical calculations were performed using a Kohn-Sham

density-functional theory (DFT), within a generalized

gradient approximation (GGA) using the plane-wave total

energy method as implemented in the CASTEP code. In this

code, the crystal structures were determined under the

25 condition that the total energy was minimized from all

atomic configurations. The self-consistent total energy

in the ground state was effectively obtained by the

density-mixed scheme. Atomic positions were optimized to

minimize the total energy using the quasi-Newton method

30 with the Broyden-Fletcher-Goldfarb-Shanno hessian update

scheme (BFGS). Ultrasoft pseudopotentials, were employed
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el ement. Furthernore, p- and n-type P doped ZnO thin filns can be obtained
by adjusting the oxygen concentration during sputtering in the ZnOrZn 3P2
syst em Thwe 208dids4958ke fabrication of ZnO p-n junction deCirsSe2005609393
conveni ent and cheap, as the same deposition chanber and the sanme dopant
source are used for both purposes. Based on the success in generating both
p-type and n-type ZnO by using Zn3P2 as the dopant source, a prototype of

Z“O!*r‘hoU%J‘ﬁ?ééPP“%hdﬁraw%Vﬁ§réaQﬁE%%@%$§N§%i&ﬁl%g&@m%&ates by
configuration shown in Fig. 5. An ntype P doped ZnO thin filmwas grown on

the p-type Zm@latdimepmmiwehpiarle ureetusi ngt pupecwpied| askatesheln- vegghve for
a p-n hono junction of ZnO.is .sho in,.Fig. .4 i - uregerts, no
| umi nescenc@%%é‘é@\‘ﬁéﬁ:%fé}aqrﬁ%f or%%dl%?%g ge)cgg(sﬂel %{thgzé F]o%%current
l evel and hiwghyflefecisdensy t wi nthie potentasesof Tie s rsbar t uppepmositonD
unction. However, a weak UV | unmi nescence was obseryed at Ioad%d f or war d

bias (20 V )Statemhodh ith 2% 8Par vavePBngtRI 528t Zfhel Etr ohGbst"SFéak
appear at way le.r%git&}g?q:ggga\c/}{rgcgha%orgeSQQPQS ie ahput 31342 L VstAHgt ot ype
on or diode 1s furthe

ZnO p-n honoj NG fabricated using the nethods of
Exanpl es 1 afabpectifnelyheorfet 7aktonl cubetibre webpergedflordeRedsividgha

Appr oxi o | G CEAPSEPAS: 1 T aHBS et ot dl  Oher 47 RoAd e ThaT eent ed
in the CASTER)f.Of€om! NstBeyceade, whe crusial ssedct woes weneidet ertiened
under the condition that the total energy was mnimzed from al |
10 convergence. A plane-wave cut-off of 400 eV was chosen,
relaxing all atoms and leaving the lattice constants
frozen until the SCF convergence per atom was below 2710~
6 eV. When the charged states were studied, a uniform
charge-neutralising background was applied. This approach
15 leads to an error due to the electrostatic interactions
between the charge and its images, which was corrected by
using Madelung energy.
A Bruker X-Ray Diffraction with Copper (Cu) and
Potassium (K) radiation was used to investigate the film
20 crystallinity. The thickness of the deposited films was
measured using the optical thin-film measurement system
(Filmetrics, F20). Hall effect was performed on HL5500
Hall System at room temperature. I-V chracteristic was

done on KEITHLEY multimeter. UV luminance was observed

25 using FL WINLAB LS 55.

Applications
Tt should be appreciated that the method is not
limited to P doped metal oxides but can be used to form

30 other types of doped metal oxides.
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atom c configurations. The self-consistent total energy in the ground state
was effectively obtained by the density-m xed schene. Atom c positions were
opti m zedwbaoowosuesdze the total energy using the quasi - RewmSoRowF®DEBO8 W t h

t he Broyden-Fl et cher - Gol df ar b- Shanno hessi an updat e schene (BFGS)

U trasoft pseudopotentials, were enployedto treat "shallow' core el ectrons
as val ence states by including multiple sets of occupied states in each

angul ar nmonmentum crannell Bbi sppeeds dtedigihacedeacyprid heansf ograbisl ity
of the potentials. The next. uppernost states of O (2s, 2 P (3s, 3p) and

. _ ) .
Zn (3d, 4s) verd@ex@arbititarsatedeared %faCPtfﬁe#m%er@aughe@gsfap@sjche
respectively. v/ it r ]-qﬂ-% L, {0 phosphorus at om
was used in tmr?e%hcogjlr %ﬁ%ﬂl;énﬁfﬁ-ﬁ%&m S pe?%%\%#gﬁgi;@%lso used to
confirmthe converlgenwéllA betampmeeeizedoftthaf 402 eMewdsdchoseolves
rel axi ng al | Akons nd Ietgvi ng_t he Itatti@-:‘ o tantg frozen until the SCF
conver génce P arSH S BRtbws: RotvEee o t AB9c RaryeddRg H@sthere
studied, a unid ofdrrghargen neuheet bsi wgthaﬁk%@uryamf@scﬁé}\%éﬁdusjmé%%he
approach leads to an error due to the electrostatic interactions Detween
the charge a4 qRfesSOUMfiT B sl @Y sreriny ke ngnapdel afgosngegy. A
Bruker X-Ray  [Diiffsr j i pper (Cu) and Potassium (K) radiati on was
used to i nvegﬂéﬂgtrgct;}%egr&#gn%ﬁéc%st allinity . The thickness of the deposited
filnms was neasuredtusiiig thee aqpidmalt tithak fvd i oeasot ee®nhodysi €8t ions

Filmetrjcs, F2 Hal |, effec s perforned on_HL5500
( 1d ‘ ané»adaptatlons o% &Qé Envention will be apparent to the

person skilled in the art after reading the foreéoing

disclosure without departing from the spirit and scope of
the invention and it is intended that all such
modifications and adaptations come within the scopevof

15 the appended claims.
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Hal | System at roomtenperature. |-V chracteristic was done on KElI THLEY
multimeter. WV | um nance was observed using FL W NLAB LS 55. Applications
It shoul dwbeoeppressi at ed that the nmethod is not |imtedpPco/SB2aspeasoset al

oxi des but can be used to formother types of doped netal oxides.It wll be
appreci ated that the doped netal oxides filns, particularly P doped ZnO
films, resulting fromthe nethod are stable and of good reproducibility. It
will be appreciated that the nethod i maglises fabricating both an n-type MO
filmand a p-type MOfilmto forma p-n junction within %Lhe sa(ire gh nber
usi ng the sahe dopametdedt cefsifAiBidREg yPnFlRRE afSUAL T=0X5gérd t hi n
t he chanber. k e p at various other nodifications and
adapt ati ons %{Qrtn?%%glirﬁge%?igo%ﬁﬁ%l Egé apparent to the person skilled in the
art after reading(athe pooefding di senasondunitplosubgepace Ag Br FATRE
spirit and scope of the invention and it is intended that all such

nodi fi cat i on§héﬁﬁe’édapt ations cone within the scope of the appended
claims.dainms 1 . #h ”E?Qﬁérgf:iﬁébr]bﬁééinﬁg Bofiepedingt adt oXiegest i matal
conprising the steps of: é@a providing a sem conductor substrate in a
vacuum chanbéM) , (wxygsrer 801 ngngl saradonpPRsi Wg TR e3td nEharPefk) 10

oxygen (0) apd dgpant tengWhihiResal daghamherels)
(c) forming a doped metal oxide (MO) film on said
10 substrate from said plasma; and
(d) controlling, during step (c), the amount of O
ions relative to said dopant ions within said plasma to
form at least one of an n-type MO film and a p—type MO

film on said substrate.

15
2. A method as claimed in claim 1, further comprising
the step of:
(e) selecting said metal ions from Groups IIB or
Group III of the Periodic Table of Elements.
20 ‘
3. A method as claimed in claim 2, wherein said
selecting step (e) comprises:
(el) selecting zinc (Zn)ions as said metal ions.
25 4. A method as claimed in claim 1, further comprising
the step of:
(f) selecting said dopant from Groups I or Group V
of the Periodic Table of Elements.
30 5. A method as claimed in claim 4, wherein said selecting

step (f) comprises:
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the presence of a inert carrier gas; (c) formng a doped netal oxide (M)
filmon said substrate fromsaid plasma; and (d) controlling, during step
(c) , thewarmeanis438 O ions relative to said dopant i onsPartsiei2ens®aésd3 pl asma
to format |east one of an n-type MOfilmand a p-type MO filmon said
substrate. 2 . A nethod as clainmed in claim1 , further conprising the step
of: (e) selecting said netal ions fromGoups IIB or Goup Il of the

Periodic Table of @igmyydisectBing AdHBEIASs ClRI AR HD &gig,;mg , Wherein
said selecting step (e) conprises: (el) selecting zinc (Zn) i1ons as said
metal ions. 4 . Anethod as clainmed in claim1 , further conprising the

step of: (f) seleqgti i a g G oups or oup .V of . the_ Periodic
Tabl e of El er?e'nt s% 5% rr(gt ﬁ%g 2(]7;1%: Hgél]ane qun %]IT%Jl“mm Aci’, WIS EF H s af it

sel ecting st epnifroldanpy issp ((d) seEiectdary qHosphas ais: (P) as the dopant.
6 . Anethod as clajned in claim1 , wherein said controlling step (d)
conpri ggs t he step(agc%‘r?:3 (:ﬁg)lifﬂgéﬂgatti}}?g £hEYE |V BRYERPgeFRFad nitt oSahdd
chanber. 7 . Aamidiod as clainmed in claiml1l , conprising the step of: (Q)
providing a target material within said chanber

7. A method as claimed in claim 1, comprising the step
of:

10 (g) providing a target material within said chamber
to generate said at least M, O and dopant ions within

said plasma.

8. A method as claimed in claim 3, where said providing
15 step (g) comprises the step of:
(gl) selecting a target from at least one of M, MO

and dopant material.

9. A method as claimed in claim 3, where said providing

20 step (g) comprises the step of:
(g2) providing one or more target materials within
said chamber having a higher molar ratio of M atoms

relative to O atoms.

25 10. A method as claimed in claim 9, where said providing
step (g2) comprises selecting the ratio of M atoms
relative to O atoms in said target material from the
group consisting of: about 1.01:1, about 1.05:1, about
1.1:1, about 1.2:1, about 1.5:1, about 2:1, about 3:1,

30 about 2.01:3, about 2.05:3, about 2.1:3, about 2.2:3,
"about 2.5:3, about 3:3 and about 4:3.
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to generate said at least M, 0 and dopant ions within said plasma. 8 . A
nmethod as clainmed in claim3 , where said providing step (g) conprises the
step of: wQl2posashesat i ng a target fromat | east one of MpCTNG2em3®M0EBOpant
material. 9 . A nethod as clainmed in claim3 , where said providing step
(g) conprises the step of: (g2) providing one or nore target materials

wi thin said chanber having a higher nolar ratio of Matons relative to O
atons. 10. A nethod as. clainmed in claim9 , where said providing step (g2)
conprises selecting the ratio of Matons relative to O atons |n said target
material fradfh-thé gmaupabnsist iHgioted abbut a1@im1, 6abolie1e88: 15348o0ut

1.1:1, about 1.2:1,. Q . B3, . 2.4, about 3:1, about 2.01:3, about
2. 05: 3, aboh:tegfaf%ﬁl,n%gbouetplz@:])& a ou%tgeZS.l'S: 3, about 3:3 and about 4:3.H.
A net hod as cl ai ngR)i s«aladimtg , theaedoumisadd oegueat gag byepoldmy in
conprises: (d2) selecting the apount of oxygen gas, by.volu in th hanber
in the5ranggh§el e@?%&be?lfon}?hetggouﬁaggﬁsi s‘{%ﬁr?ﬁoﬁdo L R Ingt%% t%gﬁu % 0 %
to 3 %, 0 %otn%i%to{@ng 020 5031+Y 1e3P0drnd %8, 8 Dt 3 %, @l Bo%to 4%
12. A method as clained in claim6 , wherein said regulating step (dl)

conpri ses: (&d3)0 rfaitrt al ¥ ng3 thetanbuht df% akdudt S of 2BRydeh WPt Afn sai d
chanber in the range of 0% to 3% by volune to

12. A method as claimed in claim 6, wherein said

10 regulating step (dl) comprises:
(d3) maintaining the amount of ‘amount of oxyden
within said chamber in the range of 0% to 3% by volume to

form the n-type MO film.

15 13. A method as claimed in claim 6, wherein said

regulating step (dl) comprises:
(d4) maintaining the amount of amount of oxygen

within said chamber in the range between 3% to less than
7% by volume to form the p-type MO film.

20
14. A method as claimed in claim 1, comprising the step
of maintaining, during step (c), the pressure within said
vacuum chamber within the group consisting of: 100mPa to
7,000 mPa, 100mPa to 5,000 mPa, 100mPa to 4,000 mPa,

25 100mPa to 3,000 mPa, 100mPa- to 2,000 mPa, 500mPa to 7,000
mPa, 1000mPa to 7,000 mPa, 2000mPa to 7,000 mPa, and
30Q00mPa to 7,000 mPa.

15. A method as claimed in <claim 1, comprising

30 maintaining the substrate, during step (c), at a

temperature in the range selected from the group
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formthe n-type MOfilm 13. A nethod as clained in claim6 , wherein said
regulating step (dl) conprises: (d4) maintaining the anount of anount of
oxygen wwbiznossig3chanber in the range between 3%t o | @s3/SGhens/0G8doby
volune to formthe p-type MOfilm 14. A nethod as clainmed in claim1l ,
conprising the step of maintaining, during step (c) , the pressure within
sai d vacuum chanber within the group consisting of: |OOrPa to 7,000 nPa,

| OOrPa to 5, 888sABainhOQRa 2004: 008 Mg od,OXHeeE0+3, BQQ orPa, 40 X¥Pa, to
2,000 nPa, 5000Pa to 7,000 nPa, | O0OrPa to 7,000 nPa, 2000nPa to 7,008 nmPa,

and 3000nPa PBO7Ce0B0RPBE o193 00R ety st |30 in claim 1 , conprising
mai ntai ning the substrate, during step (c) , at a tenperature in the range
sel ected fromthe groupconsisting of: 200 0OC to 500 0OC, 300 OC to 500 OC ,
400 OC to 50060C A 2HYCA tas 460affted 200 aim 800wBCreilb.tH Mebh@de as

cl ai rred5i n cl aicm 6 ,.wherein the volune ratio of oxygen gas to inert
carrier gas A the ChaWbedeR sIRR e IMiige SRTELEEIIRFoMN Heqr elapmber
consi sting ofig 595 L8 2Qn ' 1%. 85 .5:95 0: 10:.90 t 9-20: 80,
and 15:85 to 20:80. 17 . A%%ysstseégné?%fdfgg%iﬁlca%egggggaépe er?eltal%%igg'(l\/o)
filmconprisPadd® &xadlafPehdrtfhr havildy & nobn®5f dro nbAnPDpg 18 i to

conduct or su%t:%teahgerl%i:%;f) %Oplz%s.ré% gener ator capabl e of generating
pl asma from ’ T

10 17. A system for fabricating a doped metal oxide (MO)
film comprising:
a vacuum chamber having a mount for mounting a semi-
conductor substrate therein;
a plasma generator capable of generating plasma from
15 one or more  targets, said plasma comprising at least
metal (M), oxygen (O) and dopant ions;
at least one gas conduit for supplying gas into said
chamber;
a controller for controlling the supply of said gas
20 to said chamber and for controlling said plasma
generator;
wherein in use, a semi-conductor substrate is
mounted on said mount and an inert carrier gas is
supplied to said chamber via said gas conduit, and
25 wherein said controller operates said plasma generator to
form plasma comprising at least metal (M), oxygen (O) and
dopant ions to form a doped MO film layer on said mounted
substrate, and wherein the amount of O ions relative to M
ions within said plasma is controlled to form at least
30 one of an n-type MO film and a p-type MO film on said

substrate.
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one or nore targets, said plasma conprising at |east nmetal (M , oxygen (O
and dopant ions; at |east one gas conduit for supplying gas into said
chanber; wocorrsedsBer for controlling the supply of sai #Cy®&2005/08e98l
chanber and for controlling said plasm generator; wherein in use, a

sem - conductor substrate is nmounted on said nount and an inert carrier gas
is supplied to said chanber via said gas conduit, and wherein said
control | er operates said plasnma generator to formplasma conprising at

| east et al ﬁg@ , o§¥qgggfg%%and dopant ions to forma doped MO filmlayer
on said nount€d sébdt cChperefnithé éﬁﬁbﬁﬂuﬁwhﬁﬁ%ﬁ% seldtPokato M
ions within sand Q&S%t§lcgeh%0|§&%éﬂé<{ Of_w%xﬁ‘t Gksaﬁl‘s e Ojncfnzfztwe MO

filmand a p-type MOfilmon said substrate net h al med
claim 17, whé&hei ﬁ@a@l@tﬂabl%r@ Fleerrapiies - i ons sel ected from Goups H B
and |11 cof the Periodic Table of Elenents. 19. A nmethod as clained in claim

18, wherein said netal is zinc (Zn) . 20. A nmethod as clainmed in claim17,
wherei n sai d1dapam retagl ecd edléfnsut he gneum a®)siwidrgiof sgr@upsthiand V
of the Periodic Table of Elenments. 21. A nethod as clainmed in claim 20,

wher ei n saldlﬁoﬁéﬁF |¥nﬂhosphorous (P) . 22. A systemas clained in claim
17, wherein in use,

20. A method as claimed in claim 17, wherein said dopant
10 is selected from the group consisting of groups I and V

of the Periodic Table of Elements.

21. A method as claimed in claim 20, wherein said dopant
is phosphorous (P).

15
22. A system as claimed in claim 17, wherein in use,
said controller regulates the flow of oxygen gas into

said chamber.

20 23. A system as claimed in claim 22, wherein the
controller comprises a mass flow controller to control

sald supply of gas into said chamber.

24. A system as claimed in claim 17, wherein said one or

25 more targets comprises at least one of M, dopant and MO.

25. A system as claimed in claim 17, wherein said one or
more targets have a higher molar ratio of M atoms
relative to O atoms.

30
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said controller regulates the flow of oxygen gas into said chanber. 23. A
systemas clained in claim?22, wherein the controller conprises a nmass fl ow
cont r ol | ewote06o3misBol sai d supply of gas into said chanPemr/SG2d05/00039yst em as
claimed in claim17, wherein said one or nore targets conprises at | east
one of M, dopant and MO, 25. A systemas clainmed in claim17, wherein said
one or nore targets have a higher nolar ratio of Matons relative to 0
atoms. 26. A 3gst e sgsedmi avdciainkdi iml1Zlanheld nvwhaire¢ionsadd wdce Aar get s

conprises Matons relative to Q ato in arat o selecte he group
consi sting drOTrAbBAEIETH1 CPTPIBGGHS g}fo%t(imsaﬁg grive: 1 b d% ?g?fg ?{ “about

1.5:1, about, %rilo a@é’yéc@eé about 2nel: 3roapoutoRsdBtingabout: 232bo31,t about
2.2:3, about 5:3, about 3:3 and about 4:3. 27. A systemas clained.in

clai m 18, wherelnli helaunt -66:dxyg@regas by 2ol uﬁE?OPﬁ the? chanfé&PUts in

theranese ted f m t he ,grq ongjSti teg | h %30 %to
306 09%tot20od; 805 togll% e B é@o‘géwgt?%ag%%gﬁfﬂt a0
28. A SYSt emyBsut! a ngdg; N a@oaitm 2872 : dherdbhout he .Amsunt abbusnoand cbxygen
gas by volume within_said chanber is maintained in the range of 0%to 3% by
vol ume to forRP¥hedn3type MOfilm 29. A systemas clainmed in claim 18,
wherei n the anmount of amount of oxygen gas by volunme within said chanber is

27. A system as claimed in claim 18, wherein the amount
10 of oxygen gas by volume in the chamber is in the range
selected from the group consisting of 0 % to less than
7%,O%toB%,O%toZ%,O%tol%,3%t06%,3%

tob56 %, and 3 % to 4%.

15 28. A system as claimed in claim 18, wherein the amount
of amount of oxygen gas by volume within said chamber is
maintained in the range of 0% to 3% by volume to form the

n-type MO film.

20 29. A system as claimed in claim 18, wherein the amount
of amount of oxygen gas by volume within said chamber is
maintained in the range of 3% to less than 7% by volume

to form the p-type MO film.

25 30. A system as claimed in claim 17, wherein pressure
within said vacuum chamber is in the range selected from
the group consisting of: 100mPa to 7,000 mPa, 100mPa to
5,000 mPa, 100mPa to 4,000 mPa, 100mPa to 3,000 mPa,
100mPa to 2,000 mPa, 500mPa to 7,000 mPa, 1000mPa to

30 7,000 mPa, 2000mPa to 7,000 mPa, and 3000mPa to 7,000

mPa.
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mai ntained in the range of 3% to | ess than 7% by volune to formthe p-type
MOfilm 30. A systemas clained in claim1l7, wherein pressure within said
vacuum chaiot2e6/i5¢958n t he range sel ected fromthe group ®OmSIGOGSNGO30S :

| OOnPa to 7,000 nPa, | OOrPa to 5,000 nPa, | OOrPa to 4,000 nPa, | OOrPa to
3,000 nPa, | OOrPa to 2,000 nPa, 500rPa to 7,000 nPa, | OOOmPa to 7,000 nPa,
2000nPa to 7,000 nPa, and 3000rPa to 7,000 nPa.31l. A systemas clained in
claim17, wherein tenperature within said vacuum chanber is in the range

sel ected from.the_group consisting of:. 200C to 0 0OC, 300 OCto 500 OC
400 0C to 50?1_0 ch Sé’o"%eﬁb_atso Eivies CLl,n fgloald% e IRPHEL . EIW Ry em as
claimed in chaimik/ sasereidudmecy e 3t Ha eheOXarRe aas1dOddefton
carrier gas in the chanmber is in the range sel ected fromthe group

consi sting ofthes:apup ePEtHPsofo 28V86, to: $HN°E, 1B L 102 990@C 20: 80,
and 15: %5 t°4%:%:°%0to3%:0(ﬁdmt2%‘icoftc§c ayd <At i ¥y & pg&?n%é&gaycous- doped zi nc

oxide (ZnO filmconprising the steps of: (‘a)” provi Sem - conduct or
substrate in a vacuum chanber; (b) generating plasma conprising at | east

zinc (Zn) , gen (0) .and phosphorous,(P)_ions within said chanber in the
presence of %éyl né\’rtsy)é'&rein? «§S g‘éﬁ",‘“{‘% Fér it Rg™Ma lﬂhom dpete s fi | m
llayer on sai dagyRsty@texfgom §akd k) asiBit apgrfddrcoakr ol i GG, step
(c) , the anmobunt of O
is in the range selected from the group consisting of:
10 5:95 to 20:80, 5:95 to 15:85, 5:95 to 10:90, 10:90 to

20:80, and 15:85 to 20:80.

33. A method of fabricating a phosphorous-doped =zinc
oxide (Zn0O) film comprising the steps of:
15 (a) providing a semi-conductor substrate in a
vacuum chamber;
(b) generating plasma comprising at least =zinc
(Zn), oxygen (0O) and phosphorous (P) ions within said
chamber in the presence of an inert carrier gas;
20 (c) forming a phosphorous doped ZnO film layer on
said substrate from said plasma; and
(d) controlling, during step (c), the amount of O
ions relative to Zn ions within said plasma to form at
least one of an n-type ZnO film and a p-type ZnO film on

25 said substrate.

34. A method as claimed in claim 33, wherein said
controlling step (d) comprises the step of:
(dl) regulating the flow of oxygen gas into said
30 chamber.
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ions relative to Zn ions within said plasma to format | east one of an
n-type ZnO filmand a p-type ZnO fil mon said substrate. 34. A nethod as

cl ai med iwoch@/ossd3, wherein said controlling step (d) eocmsGeEfotdae step
of : (dl) regulating the flow of oxygen gas into said chanber.35. A nethod
as claimed in claim 33, conprising the step of: (e) providing a target
material within said chanber to generate said at |east Zn, 0 and P ions
within said pbasnd. m8ghod pet kddiaecclial nediim 33 ai aordsy i siher ecisai skep

provi di ng stgg,(e) conprises the step of: (el) selecting a target from at

| east one of "zZh, P, ZnO, P205, and Zn3P2. 37. A nethod as clainmed in claim

35, where said prog¥)dpbrgviepy( &) €PPELSRaLLEREAT 6R tBfin (LAY REPMhH Ag one
or nmore target materials wthin said chanber having a higher nolar ratio of
Zn atoms rel &Pi geneFafeatied 88. leafd hod, a® drel iRdipnsciwditinia?, saver e
sai d prgvidiﬁgag&%p (e2) conprises selecting the ratio of Zn atons rel ative
to O atons in said target nmaterial fromthe group consisting of: about
1.01:1, about 1.05:1, about 1.1:1, about 1.2:1, about 1.5:1, about 2:1 and
about 3:1. 3?6.A‘£Etgggh%% cg?rn% é{ﬁgéalQL34blgg%reB%,st%ere said
providing step (e) comprises the step of:
(el) selecting a target from at least one of Zn, P,

10 Zno, P»0s, and ZnsP,.

37. A method as claimed in «claim 35, where said
providing step (e) comprises the step of:

(e2) providing one or more target materials within

15 said chamber having a higher molar ratio of Zn atoms

relative to O atoms.

38. A method as «claimed in claim 37, where said
providing step (e2) comprises selecting the ratio of Zn

20 atoms relative to O atoms in said target material from
the group consisting of: about 1.01:1, about 1.05:1,
about 1.1:1, about 1.2:1, about 1.5:1, about 2:1 and
about 3:1.

25 39. A method as claimed in <claim 34, wherein said
regulating step (dl) comprises:

(d2) selecting.the amount of oxygen gas by volume in

the chamber in the range selected from the group

consisting of 0 ¢ to less than 7%, 0 ¢ to 3 %, 0 % to 2

30 %, 0% to 1 %, 3 % to o6 %, 3 to 5 %, and 3 % to 4%.

oe
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regul ating step (dl) conprises: (d2) selecting the anount of oxygen gas by
volume in the chanber in the range selected fromthe group consisting of O
%to | esswohaes/0894530 %to 3 %, 0 %to 2 %, 0 %to 1 YPCTBGHEOMIGIY , 3 %
to 5 %, and 3 %to 4% 40. A nmethod as clained in claim34, wherein said
regul ating step (dl) conprises: (d3) nmaintaining the amount of anmount of
oxygen within said chanber in the range of 0%to 3% by volune to formthe
n-type ZnO fabm Al méthethodsascthaingad in ctasim3434WhepRéAesal dsaid
regul ating ste ﬁ conprises. (d4) maintaining the anmount of anount of
oxygen mnthlﬁegﬁ 8CARINBEFP i dlhe SORMRFE Fstween 3% to | ess than 7% by

volue to form theag)typeiZBQ ALK (e AdiBidod A chahied be cbahmas.

conprising the step of maintaining, during step (c) , the pressure
said vacuun1@h§hbersaﬁdhChambergn@u¢hannangarqf(ﬁ° ﬂQIEﬁ%byovalﬂﬂe Pa,

| OOrPa to 5, mPa, |1 0OnPa to 3,000 nmPa, | OOnPa to
2,000 nPa, 5 %%"Eﬁs B g emggo Ffé%ﬂfpa to 7,000 nPa, 2000nPa to 7, 000 nPa,
and 3000nPa to 7,000 nPa . 43. A nmethod as clained in claim 33, conprising

mai nt ai ni ng t he substrate during step (c) , at a tenperature in the range
sel ected froftt heBgrBaEheAnsAst i AgRdRed200n0cciaiBO03AC , wReDEbT t 82530 0C

, 400 OC to ?gguggtlnéggtgg 4014006, 200 0C to 300 0C . 44. A method as
n e VO

clained in c m 34 ere
(d4) malntalnlng the amount of amount of oxygen

10 within said chamber in the range between 3% to less

than 7% by volume to form the p-type ZnO film.

42. A method as claimed in claim 33, comprising the step
of maintaining, during step (c), the pressure within said
15 vacuum chamber within the group consisting of: 100mPa to
7,000 mPa, 100mPa to 5,000 mPa, 100mPa to 4,000 mPa,
100mPa to 3,000 mPa, 100mPa to 2,000 mPa, 500mPa to 7,000
mPa, 1000mPa to 7,000 mPa, 2000mPa to 7,000 mPa, and
3000mPa to 7,000 mPa.
20
43. A method as claimed in claim 33, comprising
maintaining the substrate, during step {c), at a
temperature in the <range selected from the group
consisting of: 200°C to 500°C, 300°C to 500°C, 400°C to
25 500°C, 200°C to 400°C, 200°C to 300°C.

44. A method as claimed in claim 34, wherein the volume
ratio of oxygen gas to inert carrier gas in the chamber
is in the range selected from the group consisting of:

30 5:95 to 20:80, 5:95 to 15:85, 5:95 to 10:90, 10:90 to
20:80, and 15:85 to 20:80.
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rati o of oxygen gas to inert carrier gas in the chanber is in the range

sel ected fromthe group consisting of: 5:95 to 20:80, 5:95 to 15:85, 5:95
to 10: 90, wOQv&@ms493320: 80, and 15:85 to 20: 80.45. A syst ecwiscrodsabezogati ng a
phosphor ous-doped zinc oxide (ZnO filmconprising: a vacuum chanber havi ng
a nount for nounting a sem conductor substrate therein; a plasnma generator
capabl e of generating plasnma fromone or nore targets, said plasm
conprising at |east zinc (Zn), oxygen (0) and phosphorous (P) ions; at

| east one gas _conduit for supplyi ng gas into said chanber; a controller for
control | ing gﬁe slppPYSbFmsdiY ghaPrdcaiiddc P seh®aoss sl FiR§ sai d

pl asma gener akalde WIRIA! il USfip A S/ - conductor substrate is nounted on
said nount and an inert carrier gas Is supplied to said chanber via said

gas conduit, and whereiuunsgilthmdmnt foivierg cperctres ot dnphasimggeneemior to

form pl asma rising at least zinc (Zn) , oxygen (0) and phosphorous (P)
i ons to%formggggﬁlgzc&or%{?sﬂd:@%gdzcﬁ% m | ayer on said nounted substrate,

and wherein the arpwltassfa Gdrmtet addpebled N GORSratihgNpsakdapkasma is
controlled to format |east one of an n-type ZnO filmand a g-ty e ZnO film
on sai d subsPP&t €T FRTeA traedfi a3l hiRERFTd PBPH: 3509 whkr &£ASEnZiBeE,

said control I(gh)r,eg)ggy%teqls <td)e JA@‘%I’@SWL%I‘S 98s) if&?s;
at least one gas conduit for supplying gas into said
10 chamber;

a controller for controlling the supply of said gas
to said chamber and for controlling said plasma
generator;

wherein in use, a semi-conductor substrate is

15 mounted on said mount and an inert carrier gas 1is
supplied to said chamber wvia said gas conduit, and
wherein said controller operates said plasma generator to
form plasma comprising at least zinc (Zn), oxygen (0) and
phosphorous (P) ions to form a phosphorous doped ZnO film

20 layer on said mounted substrate, and wherein the amount
of O ions relative to Zn ions within said plasma is
controlled to form at least one of an n-type ZnO film and

a p-type ZnO film on said substrate.

25 46. A system as claimed in claim 45, wherein in use,
said controller regulates the flow of oxygen gas into

said chamber.
47. A system as claimed in claim 46, wherein the

30 controller comprises a mass flow controller to control

said supply of gas into said chamber.

30



said chanber. 47. A systemas clained in claim46, wherein the controller
conprises a mass flow controller to control said supply of gas into said
chanber . 480 20063088456m as cl ai med in cl ai m45, wherein saiPdT®GR005000895 €
targets conprises at |east one of Zn, P, ZnO, P2g5, and Zn3P2 . 49. A
systemas clainmed in claim45, wherein said one or nore targets have a

hi gher nolar ratio of Zn atons relative to O atons. 50. A system as cl ai ned
in claim45, wherein said one or nore targets conprises Zn atons rel ative
to O atons i28a rati o selected fromit{he group consisting, of: about 1.01:1,
about 1.05:1°%abolt S¥STEI 3spsuPifes fAn m 113, whepehr 923d 344 aBbut
3:1. 51. A syshkem@s fdia Neshp i Séai 46 casWhelifd Nof henampunty of axygen gas
by volume in the chanmber is in the range sel ected from fhe group consisting
of 0 %to | ed8dt BanP7% 0 %to 3 %, 0 %to 2 %, 0 %to 1 %, 3 %to 6 %,
3 %to 3 %, and 3 %to 4% 52. A systemas clainmed in claim46 , wherein

t he anobunt of anmount of oxygen gas by volunme within said chanber is

mai nt ai ned i A%t her aggtenf aB3%d1@idésdyiry ot Leaven t 05 f owiie tden Nsd ¥@eod8 Qi | m
53. A systemas clainmed in claim46 , wherein the anount of anount of
oxygen gas bYO¥S ukBTEPERI NR%%d hdhEieT s BT aitfed-9 nOfheZPanyeoBE 3%

to | ess than, 2% by Molky® e f@r.mthe p-type ZnO film54. A system as
clainmed in claimd45, wherein pressure

10 50. A system as claimed in claim 45, wherein said one or
more targets comprises Zn atoms relative to O atoms in a
ratio selected from the group consisting of: about
1.01:1, about 1.05:1, about 1.1:1, about 1.2:1, about
1.5:1, about 2:1 and about 3:1.

15
51. A system as claimed in claim 46, wherein the amount
of oxygen gas by volume in the chamber is in the range
selected from the group consisting of 0 % to less than

%, 0 % to 3 %, 0 3, 0% to 1 %, 3 % to 6 %, 3 %

20 to 5 %, and 3 % to 4%.
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52. A system as claimed in claim 46, wherein the amount
of amount of oxygen gas by volume within said chamber is
maintained in the range of 0% to 3% by volume to form the

25 n-type ZnO film.

53. A system as claimed in claim 46, wherein the amount
of amount of oxygen gas by volume within said chamber is
maintained in the range of 3% to less than 7% by volume

30 to form the p-type ZnO f£ilm.
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Wi thin said vacuum chanber is in the range selected fromthe group
consisting of: 100MPa to 7,000 nPa, |1 OOmPa to 5,000 nPa, 100rPa to 4, 000
nmPa, | OOwea 20@/B4360 nPa, | OOrPa to 2,000 nPa, 500rPa t ®@CT/SGAMSREB9I3 | OOOnPa
to 7,000 nPa, 2000rPa to 7,000 nmPa, and 3000rPa to 7,000 nPa. 55. A system
as claimed in claim45, wherein tenperature wthin said vacuum chanber is
in the range selected fromthe group consisting of: 200C to 500 0OC, 300 0OC
to 500 0C, 4@80 08 tsyH0&n0&s, 2COinHdt dnd@1 0@ , 4200 whErted n300r &5urd6. A

system as clal d |n cl |n145 mhb in the vol ratio of o as to
inert carrielf® g§ At hd ?QnggeséaﬁﬁecF?#%%E‘ﬁ ¥PBup
consi sting ofcheSBg%dgp 25h80st Pn§50kQ 1moBma %957] 0040m2Q, HY AP 0:20: 80,
and 15:85 to 20:
5,000 mPa, 100mPa to 4,000 mPa, 100mPa to 3,000 mPa,
5 100mPa to 2,000 mPa, 500mPa to 7,000 mPa, 1000mPa to
7,000 mPa, 2000mPa to 7,000 mPa, and 3000mPa to 7,000

mPa.

55. A system as claimed in claim 45, wherein temperature

10 within said wvacuum chamber is in the range selected from
the group consisting of: 200°C to 500°C, 300°C to 500°C,
400°C to 500°C, 200°C to 400°C, 200°C to 300°cC.

56. A system as claimed in claim 45, wherein the volume

15 ratio of oxygen gas to inert carrier gas in the chamber
is in the range selected from the group consisting of:
5:95 to 20:80, 5:95 to 15:85, 5:95 to 10:90, 10:90 to
20:80, and 15:85 to 20:80.
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