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ABSTRACT

CHEN, CHUNG-YIH, Properties of T:i.O2 Thin Films and a Study of the
Tioz-GaAs Intérfane. (Under the direction of MICHAEL AMTHONY LITTLEJOIN).

Titanivm dloxide (Tioz) films prepared by chemical vapoxr deposition
(CVD) are investigated in this stidy for the purpose of the application
in the GaAs~-MISFET. An ellipsometer, an X-ray diffractometar, and a
Uv-vihible spectrophotometar ére eﬁplbyed'td measure the film thickness
apd(optical congtants, to determine the crystallinity of the 'I‘iO2 films,
and to measure the density-ofmstate enérgj gap, iespectively; Thé‘_
cryafallini%y of the T:LO2 £ilms is_dependent upon :the deposition Fempafa—
ture in such.a way that the'dégree of crystalliéatidn increases with the
depogition temperatufa. Refractive indexes varying frcm 1.84 to 2.1,
depehding on the crystallinity of the £ilms, are compﬁted"from the |
experimental data. The optical gaps, based on the results of the optiecal
abgorption, are 3.22.ev.and 3,90 eV for the amorphqué and anatase filﬁs,
. respectively, _ |

The currenfnvoltaga (i—V) study, ubtilizing an Aﬂ-TiOZ—AE MIM.
strgctura,.raveals_that the d-c gqnduction through the T102 film is
dominated by the bulk-limited Poole-Frenkel emission mechanism. The
dependence of the reslstivity of the T102 ﬁilms.on the dgposition_ene
vironment is also shown. A high frequency (1 MHz) capacitance-voltage
(C-V) system is used to investlgate the electxical properties of the .

Ti0.-GaAs interface by measuring the G-V characteristic of an AE~Ti02m

2
‘GaAs MJS capacitor. - The resylts of the C-V. study indicate that an in-.
version layer in an n-type substrate can be achieved in the MIS capacitor
films are deposited at a temperature higher than 275°C.

" 4if the T40,

Nevertireless, the etching susceptibilities of the Ti02 films decrease. as



the degree of crystallization 18 increased. A process of low tempera-
ture deposition followed by the pattemn definition and a higher tempera—
ture annealing is suggested for device fabricatioms. A flat-band voltage
of 2.0 V and a relative dielegtric constant of about 50 are also obtained.
Fast surface state densitles are substantially high and in the order of
10%%/en? ev. |

A model, based on the assumption that the surface state densities
are cbntinuously distriﬁuted in gnargy within the forbiddem band gap,
is proposed to interpret_the Jack of an iﬁversion layer in the Az—Tioz—

GaAs MIS structure with the Ti0, films deposited at 200°C. This model is

2
in good agreement with the expeximental results., This study indicates
that: 2 p-channel GaAs-MISFET can be successfully faEricated 1f the good

properties of the 400°C Tioz—GaAs interface can be utilized.

L
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L. INTRODUCTION AND LITERATURE REVIEW

1.1 Introduetion

The usezof‘silicon diqxidé (Sioz) thin £ilms in solid witate device
technology has been wide spread for several reasoms. The passivation of
surfaceAlay&rs, magking égainst diffusion, and the provision of an active
insulating iayer in metal-insulator-semiconductor (MIS) devices are among
the vé:y éomﬁon.usas..'The extenSive use of SiOz'in silicon techmology
caﬁ also b; partly attributed to the fact that Si02 can be readily grown
on.silicon by thermal oxidation. | | |

_ Almost at the same time that silicon tachnology‘received wide atten-
tion,'éalliuﬁ—arsenide:(GaAs} has_raceived similar bonsideratibﬁ; The:
major featuras of Gais compared te Si as an electronic material aref
(1) gféaferveﬁergy'gap allowing operation at higher temperature [lj,‘

(2) high electrop mobility giving theoretieally higher fraquency response )
[2], and (e) a direct baﬁd gap proﬁiding much shorter recombination time
. _ : ,

In spite of the featureé.described above, no satisfactory iﬁversidn
channel GaAs metal»insulator-semiconductor field efiact transitor GﬁISFET)
wae realized at the tiﬁe of starfiﬁg this reéearcha A promineﬁt prublemin
ancounte:aa in Gahs technology is that Gahs decomposes and=arsegic.atoﬁs
eﬁaporate.from the surface at a temperature higher than 700°C [4]. These
- formidable shortcomings make thermal oxidation diffleult. Many eiforts .
have beenxméde'to study. the low temperature oxidation proceaées, such as
chenfcal vapot deposition (CVDJ,_sputtering, anodic Oxidatian,iand plasma
pxidation. A.varietyiof dielectric films, such asTSipa.Sioz, A2203,

Si.N,, and Ge “have alsc been studied for this purpose [4]-[8]. Mest -

3% 3Ny !
of the dielectric film - GaAs -interfaces investigated so far have the
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common - problem tﬁet the intetfece stete denzity is very high (on the order

z-eV) and the inversion layer is. gcnerelly hard to achieve,

~probably due.to the high density of surface ste:es or high d-c conduction

in the dielectric films.,

The interest of this work ccnters.eround-titenium dioxide (Tioz) for
several reasons. Titanium dioxide is a dense material which_is ideally
suited for metallurgical protection of Gals surfaces during ionsimpieotaa -
tion. The high deneiey of the Tio 191 supposedly nllCWB constituents of _

the material to be prevented frem diffusing into the oxide film, Furthere

‘mote, T10, has a reported dlelectric constant as high as 150 [10]. MIS

structures using a high permittivify insulatinglmacecial will enjoy the
high cepscitibe density on the one hand,'end-a reletiVely large value of
transconductance on the other hand [11]. Due to the various favorable
rssaoss mentioned eboVe and due to the fact that no priot work on the Ti0, -

GaAs interfece properties has been reported, ‘the primary goal of this re-

 search effort is the study of the optical and electrical properties of

T?pytolytically deposited Tio2 and the Tio2 - GaAs interface,

The second chaptef deals with the theoretical background related to

) the enderstending of thts study. Among the theories prssented the

cepecitence-voltege (C—V) chatecteristic of the MIS cepacitor and the

-mechanisms of d-c conduction are well understood. chsver. certain

topics concerning the band modeliqf nonrcrystelline solids still remain

conttoversiel [12] The experimcntel techniques are treated in ehe third

chspter. XErey diffrection end opticel absorption are designated to study o

the etructure end opticsl,bend gap of the £ilms. In view of the study of

“the clect:icsloprepertios of the inte:feces, the most convenicnt end

_widely used: technique is the. capacitance-voltage (-C'—-'V_)_.__..aﬂ-@- -F‘_‘Frﬁﬁt-_vomsP
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(I-v) cherecterietice of the MIS structures. The experimental results .
' o o : - B S
are then presented in the fourth chapter. Finally, the summe:y,'cenelusienp

and the recommendations are given.in the fifth ehapter,v

1. 2 Dielecttic Filme for MIS Structures
In order to achieve ecceptable device propertiea, any insulating o

material ueed in .the metel-ineuletor-eemiconductor (MIS) stxucture will

'hth to eetiefy a number of requirementsn Ae far ee the dielectric prop-

ertiee are conce:ned, one would 1ike to heve a meterial with a reletively

"high dielectrie conetant, and it ehould heve a high breakdown etrqutha

,_It ie eleo important thet the MIS structure ehould temein eteble under L

operetional etreee. e.g.. high tempetature or high ele tric fieldp Thereﬂ

'eexilt two kindl of inetabilitiee, one ie due to ion migretien, the other_f_::

is due to chntge injection and trapping [13] It is generally required
thet the dielectric films be an effective barrier againet ion drift,

perticulerly eodium ionen The dielectric filme with 1egge band gaps are

- usually believed to be able to_deeteeee.tq gome extent. the peeeibility.tfa;;tu;e

charge?injection. It is known that beceuee'of disruption of therperiodieityf

-of the BemicondBCtﬁt~letti¢e_end.begeueeios_deiecte;et th¢~195P13$9¥*';'

semiconductor interface, electronic states will be introduced into the
forbidden gap of - the lemiconducter. Suéh'eIEctronic states ate‘referredt.:-~-“-"

to as interface states. From the point of view of device applicatian,

" interfaces with low interface state density are prefersble because intarfsce’

]

states usually act as surface recombinatien centers [1l1). The chemicsl nature -

L
n

“uof the.meteriel ehould be euch_thnt,it can be. teadily etchnd in liquid
'etchente at,near reqm»tempetetutei With eome refractory materiels (quu,.'

‘silicon carbide, rutile) one encounters difffculty in this respect. In




_conaidnring the davice reliability one also has to exclude the water
aoluable compounds.' o _ v
»» In reviewing the dialectric properties of binary compounds, ngrop
and Campbell [14] found a number of empirical rulea. Only those of our
interaest will. be diacusled here, - | 7
) The energy __g_ap (EB) of the dielectric _.m_a_te-l,‘.igl_s tendg to :lnp._regag
withldecfeasing mean atomic weight of'thé éonsfitueﬁfs. =§hus, A
:ln a number of oxides of metals with the same valence, ;he energy
gap will 1ncreaae with decteasing atomic,weight of the matal
-,azoms. In light of‘;his tule, one. concludes that materials ,
‘with large band gap will partiénlarly be found among, the oxides
' :jand nitri&es of 1ightar elements. et o
(2) Tho dialeetric constant (¢ ) of an insulator tenda to increase
| »,;;wd;h‘theamean:atpmic-weight»oﬁ,the'componentq o£.the compound.
" This ruié?iinynee that it :wni be tﬁlike_l.y to £ind métenals
" with both 1arge €, ~and large Eg. T _
(3) Mbraover. £ilms with 1arge dielectric constant generally 1ead
| to the poaaibility of high conduc:ion. ' men e
.“ Fbllowing thege rules. Hartop and Campbell concluded that among thef
:1arga poauible nnmber of binary combinations, only a limited number are - o
- worth . £urther consideration for application in matal—inaulatorusemi-'
:ifconductor devices. thneaium oxide (Mgo), aluminum oxide (szos).-
B l!.li.con a:la:d.dé {810,), silicon oxide (510), aluninun nicride (AWN),
 '?hoton nicti&e (BND, and silicon nittide (813 4) are believad to have S
a "c band gapa (E > 5 eV) with 1ow loaa, while biamu:h oxide (31203),

"hnfniumfoxide (Hfo ), tungsten oxide (“0 ), and tan:alum oxide (Tazos)

%_arc among the group showing large dialactric constaat (e > 10) but



5
somewhat smaller band gaps. The reason why titanium dicxide (Ti0,), which
.ahowa a band gap of the order of 3.8 eV and ¢ £y of 1530, was rejected in.

this list is not known.

'. A feitly complete review of the properties of the dielectric marerials
..has-been pfﬁsented by Balk [15] in 1975. A variety of dielectric materials
such as: Azz g SISV 4; 3102, éid and Tazos have attained a level of prac— .
tical application in some particular aspects. Readers who are interested |
in szos [16,17], Si3 4 [18], or-Ta2 5 [19,20,21]'ereﬁeuggested to reier
to the literature.. |

Although titenium diexide wasg excluded in Harrcp 8 liets of the
_dielectrics showing potential application in the MIS structure, the interest
centered around this material has been strong.' Harbison and Taylor [ 31
_preaenued their reeults of hydrolytically depoaited Tioz iilms on silicon
in 1968, A dielectric constant varying from 50 to 80, and a breakdown
~_strength of 52105 vlcm were reported. It is fairly plausible to attxibhte
such a low breakdown.field to the fact that tne filmB deposlted were poly— -
crystelline, as pointed out. by the authorsg_ Alao, capacxzance- Gltage
deta indicated a surface state density of approximately 1012 stetesfemzéeﬁ;'
and the.PooleeE:enkel.effect-Waszconside:ed es_the:dgminent cenduction
mecheﬁlsm, as 1nditated.by I;V‘measurements. | 7 N .7 | | 7

'Stoidhidﬁétrleelly,'T102 ezista_in_threeudisFidc; polypprpdic forms:
rutile, anatase;.and brookite, Both rutile and aﬁatase heve tﬁe tetrageﬁal

.rueture, whe:eas brookite ehowe ‘the orthorhombic stxu:ture [9}

“Low tempereture hydrolytically depoeited T102 films were «eparted by

' Pitsbibbons, et al. [22].  The as-grown f11ms are amorphous, but annealing_u__

in air caueed cryatallizatlon, with anatase formed beginning at. 350°C

"and rutile-at-?ﬂﬂ‘Ca “The density and- index of refractien 1ncreesed
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substantially with increasing annealing temperazture, while thes sich sus-

ceptibility in hydrofluoric acid (BF) and sulfuriz zcid <HQSO¢) decyaaaed.

Also, an optical band gap of 3.9 eV was obtained, No detzils on the elsctri-

cal properties of‘the_fiims were givenQ'
_ Electron-beam deposited 1102

Again, the leakage current thzough the as-deposited films was lzrge.

films were investigated by Brawn [9].

Post depoai;ien oxidation was shown to rgduce the mzgnitude of leakags
current. More impoxtant is the fact that depositian of Tioz films in =n
oxygen ambient yilelds a much lower value of lsakage-curzent; A surfszce
gtate density as low as 1011 stateslcmzwev was mezsured by the quasi-static
capacitance-voltage wechod. Dielectric constants varying from 4 to 40
and optical band gaps of 3.93 ;V were aiss given. Seme analysis techniques
were used to indicate that thin fiim Tioz iz impervicus te scdium isn €Na+)
migration, and can be etched in a buffered oxide etch.

Reecently, Geraghty, et al. [23] published thesir resulgs of reactively
sputtered Ti0

2 films. The as-deposited films are amsrphous and cam be

q° The opticsl absorpticn spestzum showed zn absorp-
tion edge at abecut 330 am, which corresponds ts a band-gap of 3.76 &V.

Electrical properties of the as—grownnfilms ware not reported.

 1.3_ Dielectric Films on Gaés
In the 1960'5, the ITII-V compounds attracted considsrable zttention;
and of these materials gallium-arsenide (GaAs) received the wost sericus
conaidaraﬁion,- The need for forming inaulatoré with good dielectric and
1nter£aca.tfopertiea_on_GaAs is avident in view of app;icatiops te surface

passivatioﬁ end device fabrication. Such s te:hnolcgy'ﬁill cover a whole

range of applications including optoelectronic devices, microwsve
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7
field=effect-transitcts (FET), and high performance charge-couple-devices.
(CCD). The dielectric films on GaAs investigated so far have incliuded 810,
510, [4,5,24], S1,8, [25,26), AR,0, [27), S10,-4i,0, (27], Ge,N, (28], and
native oxides prepared by thermal oxidaticn {29]; chemicsl anodizagicn 130,
311, and plasms oxidation [B]. Each of the dielectric films wmenticned here
will be surveyed in this seccion with specilal emphasis cn the inveviace

properties.

]
&
w
i
el
I=]
i
Z
5]
=}
[72]
'
o

time by Becke, et &l [4] in 1965, in an attempy to make =
as the zate insulator. Room tempevsture hysterssis znd a suriaze stace

density of the grder of 10%2

states/cmz—ev wexé teporved. In 1968, Satc
[24] investigated evaporated S5i0 and pryclytically deposited 510, on
GaAs. The instabilities existing in these interiace systems weﬁe attziﬁuted
to positive ions in the insulator. Suiface stste demsities in the range
of 321011,cm2_ev were reported. The interface propertiga o thé.SiﬂszaAs
interface were Eurther investigated by Kern and White [5] in 1970, The
8102 films were deposited primarily by pryclysis of tectrsethyl silozans in
argon, - Generally, minimum.hegf exposure (luw temperaguze and short heating
period) tended to decrease théﬁinterfacezata;e dénsitya By.combining ﬁhe
optimum conditions (indicated in their papers); a de:ﬁease_sf the interface
state density was achieved from values'of greater than 1013 Lo 1011[cm24ev,
.'The electrical prépeztias of the-SiaNa—Gaﬁs,interface-datezm;neé by -
C~-V characteristic was scrutinized by Foster [25] in 197C. The SiBN&
films'ﬁefe.pyrolytically deposited from silane~($iﬁ£) and ammondis -(NH,)
in the range 650-750°C on n- and p- type, (1l1) GaAs. The C-V cyrves
§b;aihed'oﬁ p- dhd‘n? substrates showed the presence of fast surfzce

states and room temperature hyateresis; By increasing the frequency of

TR ot
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the a-¢ signal in the C-V measurement to freeze out the fast surface states.
‘the difference in the frequency response of the fast surface states asso-

ciated with the films deposited at different NH, to Siﬂé ratios was ob-

3
ée:ved. ‘Room temperature Eias stress shdwed that the instabilities were
.dug to cha:gebinjection and subsequent trapping in the insularor~ Flat band
VOltagas-weré raportéd to be about =15 V and'+20 A foi p- and n~ substra;és,
fnspectively. .beeova:, n-type samﬁ;es ghowed much pocrer repeatability
froﬁ,ruﬁ'to run than did p—tybe aamples; Surface state densities in ﬁhe

1012

- 1013/cm2ev range were also obtsined by comparing a high frequency
C-V curve with a theoretical one calculated for the same insulater thickness

~ and substrate doping {32]. The S1,N,-GaAs interface in depletion region

34
uaie further investigated by Cooper, et al. [26] in 1972, using the
conductance-voltage (C-V) technique. A significant density of craps was
observed in the bulk insulator. It was proposed that the densicy of trap
states was a function of both energy and distance from the interface.
It was also concluded that in the first few dngstroms of the insulator
the states associated with the interface added to the insulator traps so
that the net density of statea became greater than in the bulk insulator.
An 1ﬂVarsionwmoderGaAQ-MISFET;waa réalized by Ito and Sakai [33]
using the alloying technique for formation of source and drain contacts,
and chemiéél-vapdt-deposited double layer films of Ai0, and.SiOz’as’
gate insulators. No hyateresis phenomenon due to interface states or
'-bx_':ik i:rqp’s wgé feéogni-zeé_‘yin their studies. This result seems. fairly
_accaptablé if it is considerad that the main instabilities in 5102 and |
"Azzos'dtc.dué"tb:ioﬁfﬁiér;éién_én&Vtiapa;"féspééﬁiﬁélyg - '
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| The electrical properties of the AR.203—p 813N4-, and Sioz-GaAs inter-

A'bfacea were restudiad by Miyu.aki [6] in 1974. The energy distrdibuticn of
_the interface state density was cbtained from the high frequency C-V curves.
All samplas exhibited an U<ghaped distributien with the largest values
located between mid-gap and Fermi level. The values dspended on the sub-
strate céndﬁcﬁivify type and the deposition comndi jtions of thg insguiator

films, and ranged from 0°9x1011

12.

to 20x1011/cm4-ev.f5r p-type substrztes

and from 1x10™° to éxlolzlcmz eV for n-type substrates. It wss indicated
that the interface state densities were higher fcz 813N£ Films than for
other ingulating films. Frequency disperaion in the sccumulacisn zregion
on n-type substrates was also obsexved. This was ccnsidered tc be dus
to deep traps formed by cxygen-atem doping &uring oxide deﬁssiticn=
»‘Reeengly, much interest has centered around the zncdic nétive cxide
of GaAs due to the fact that ;his is a room temperature prosess, and
surface state densities can be drasticalily reduﬁeu aftcr &n appropriate
low temperature annealing. Ancdic oxidation of GzAs was fivst reported
by Revesz apd Zaininger [34] in_l963 but zesulted in a severely pitted
surface. Growth of uniférm films with low conductivity was fizst resportad
in 1973 [30] using a constant voltage anodization in am zquevus scluticn
| of H202 Recently, Hasegawa, et al. [31] repcrted = new method cf growing
_ anodic native oxides of GsAs with good dielectric and interface properties.:
‘u - A breakdown field strength of'SZiQG;V/cm and a relative dielectric constant,
measurad at 1 MHz, qf 7-8 were reported. Fairly large hysteresis was |
shown for the as-grown oxide, which gave an effective fiatﬂband'%ﬁltage

shift (8V,.) of about 15V.. More important is the fact that sheft time,

low temperature (300°C) annealing in hydrogen results in greatly improved
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interface properties with a density of fast interfaee states near midgap
of 2x101 /cn’ev. | |

Plasma oxidation of GaAs was recently reported by Chang and Sinha [8].
The curreat-voltage characteristic at room temperature showed thzt the
d-c conduction was mainly a bulk—limited_Frenkel—Poole_[35] mechanism.
The absence of a well-defined inversion region in the as-growm oxide
was attributed to either high surface state densities or high leakage
current through the oxide. Instabilities predominantly due to slow
crepping were aleo reported.

More recently, Bagratishvili, et al. [28] reported their results of
the Ge3 4~Cads interface properties. A dielectric constant of 6.5,
brealtdown field strength of 3x106-6x106V/cm.'and an optical gzp of 4.4
eV were reported. It is important te note that the interface propecstzes
of the structure were observed to become poorer upon raising the annealing
.temperatute. Hystereeie was also attributed to tvapping effects:

.In summary. the general features associated with the C-V character-
istics of GaAs-MIS structures are (1) room tempefature h&steresis caused
by trapping effect (except 8102), (2) high surface state.densities (1011-

Icm eV), (3) difficulty in’ obtaining an inversien layer without a

‘iﬁitable heat traatment, and (4) 1arge frequency dispersion in ehe

___accumulation region° The author believes that at the present Stageg
except for the.Tioz films studied here, only. the native oxide and 2

. germanium nitride deeerve further inveatigation to achieve the level of

practical application,'
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2. THEORETICAL BACKGROUND

Certain fundamental theories which are crucial in undewstanding the
prasent o:u&y will.bovdiécussed in'this chapter. D-C conductizu is
generally employed to check the quality of the insulators as well as to
identify the pertinent conduction processes. The capactlance—voltage
characteristic of an MIS capacitor is believed to be a versatile technique
in atudying'ﬁhe oropertiés of 1nsulator—semiooo&uo;oi intorfécesn The
study of localized states in the forbidden gap of a non—crysta*line solid

13 olso very interesting. Optical absorption is one of the techniques

used in this study. The relation between these two will be discussed,

2.1 Current-Voltage Characteristics

Among the many techniques for studying the properties of dielectric
£1lms, d-c:conduction has attracted lgss interest than it may deserve.
 Tﬁ..tealon'£or this may be found in the fact that most researchers wish .
their dielectric films to be good insulators and therefore consider
conduction thfough_thé films as a nuioance. AlthoughAcomprehenoive reviews
in this field have been available [36,38], controversies still remain in
'cottain'atcos. aooh as the-seporaoion of the ionic and eleotrooic canaua-'
tion and even the baaic problem of whethor the conduction is electrode-
linited snd/or bulk-linited [39]. | o

Idoally. tho 1noulating £11lm of an MIS or (MIM) structure should exhibit
saro conductance. In practice howevor, :ypical insulators may. show conduc-
: tion at connidorably 1ower fioldl than those reqoired for the intrinsic
proooasos in the 1dea1 1nsu1ator. This oonduotion may be 1inear or non-:
_linoor, and may be due to eleotronio and/or 1onio conduotion. The number

of f:.l nllctrons in the oonduction bond of a large band—gap inanlator in
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thérm31 equi1ibrium is negiigibhle in m@st-ﬁractical sases. Comduction -

can take place only after carriers have been introduced inte the conduction

. band .of the insulator by vatioﬁa'méchanisms.- Somé of these mechanisms are:

injection of electrons from a comtact over a barrier, tunneling thryugh

a barrier frvom a contact, and e12¢trdﬁ emissicn from traps. The tunneling

process is inherent to very thin £ilms, and accordingly will not be

considered here. Injection of electrons from a contact over s barriéﬁ is -
called Schottky emission [40}, whereas electron emission froﬁ the'traps
.is called Poole-Frenkel emission 135],7 The former is an eiecﬂrﬁée—
limited process, while the latter is a bulk-limited one. Most of the
_1nsd1&iofs investigsted for application in MIS devices éxhibit &;; |
conduntion either due to Schottky emission [41] ox due to Poole-Frenkel

emission [39,42,43]. Only these two processes will be conside:ed in de-

tail in this section.

The equation, called the Richardson thermionic emission equation,

describing the emission of electrons from a metal surface into the vacuum .

is
R e NPT N
AR
A e -3 @D

-where.J is the current density. m 19 the mass. of electron, e is the

magnitude of alectron charge, ¢ is the metal work function, k is

: Boltzmann s constant, h is ?1anck's ﬂonatant and T is the ahacluta

tamperatute. -Certain modificatione have to be canaidered as one applies

_ﬁ“tha Richardson thermionic emisaion equation to the case ef a matal- o

: inpulatorfinterface; it is well understosd that a positive _harge will
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be induced on the metal surface as an electron is placed ar a distance x
from the metal surface. The attractive forece between the electren znd
the induced positive charge is called the image force. The potenvizl

energy of the electron due to this image force is given by

.'32'

®im = 16weoK#x _ (2°2)_

The dielectriﬁ constant K?-ia'the.high-frequency constﬁnt, since in the
coursi of emission from tﬁe électrode the transit tims_cf egeaping elec-
trons is short compared tc t‘m’; dielactric relaxation time [2]. Ths
potential barrier with thé attendanf”image.pQEEﬁtiél qé a function of X,
and in thg presence of an electron, is givey'by 7

2
$x) = ¢ + ?im.- 4 - EE;EZE;; (2.3)

| In the presence of a uniform electrip field,<E, the éxpression is then
given by | |

S ez - _ '
8 = ¢, - Tge x-S EX - (2.4)
o

where ¢6'ie the ideal interfacial Birtier'height,' This equation has a

maximum'at X, ™ (ellGnKﬁeoE)llzn_ The barrier lowering due,to the inter-

" action of the applied field with the image potential is given by
Mg = e, - o)

4rKAe
1/2



where

( 1./2
s AwKReo

Subaiitﬁting ¢° ~VA¢5 fer ¢ in Equation (2.1), éne cbtains

2 by Bg gt/2 o .
J = AT" exp (- Eﬁﬁtexp f“"EE“ﬁ (2.6)

which is called the Séhottky.emissiﬁﬁ equation. Thus, the attenustion
of a metal—insulator barrier ariﬁtng from the eleﬂt nde 1mage force
interaction with the field at the metal—inaulatc. interface is ﬂalled the
Schottky aff@ct. Figure i.l ;howa the schematic illustratian of the
~ Schottky effect.
A prpcésa cal;ed Poole-Frenkel gmiséion. which'is a bulk analogue tc
___ﬁhe'Sthtﬁky emiggion at the interfaciglfbgrrier, will be discussed in -
| tﬁé ramaihder of this aqctidnn ~ The Pocle-Frenkel affeet; cr field-
aasisted thermal ionization, is the lowering of a Coulombic potential
barrier when it interacts with an electric field as shown in Figure 2.Z,
Gopsidér the case of a domor gite in which an eieeiron is trapped. The
poténtial energy of the.eleetron_is_a;?waK*;ox, wheze K¥* ds the optizal
diéiéctrtc cénacant, and x is the distance from the pesitivé ign. In the
: _-prndapcg-of the electric field, the potemtial energy of the electrsn =
becomes | | | |

L @R

- ag(x) = - m- e Ex ' (25?) -

- The barrier lowering, denoted asgniiﬁ-._-..'fris'. t_-hé- mmm value of [46Ge)].

After some menipulations sinmilar to the case of Schnﬁtky emission, one gets
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Bottom of insulator conduction band
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Figure 2.1. Schematic illustration of Schottky effect
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_ donor site

~ Figure 2,2 Scﬁemgtic representation of_roqlgéF:enkel emission
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2 By E | (2.8)
where By, = (ﬁzék*)llzu ‘This result was first applieq‘by'Frgnkel £35]

to the hos:’atomg_iufbulkaaemicdnduq;o:s~and ingulators. He proposed

that the ionizatiocn energy.of‘the atbmb in a solid ié iowéred.an amcunt'
given by Equation (2.8) in the presence of the electric field, _Iﬁe faect
that the illumination of a semiéonductor can-resu1t in an inérease in con~
ductivity independent of E supports the contention that the incgease in
electrical conddctiVity in an intensive field is due to the 1nc:ease‘6f

" the number of free electrons rather than that of the mobility. Therefore,
discuséion,will be centered around the dependent of the free carrier con-
ceﬁtrﬁtion on the electric field, The éledtron concentraﬁi6p of an intrin-
sic material is |
iy

n= (NN, exp[-(Ec—Ev)ll‘kT] 7(2. 9)

where N is the effectlve density of states in. the conductioﬁ band N,
1s the effactive density of states in the valanee band and. E and Ev

have their usual mehnings. For an n-type material with no acceptor sites

oty

n= (ucublzyll? exp[-(E -E )/21;‘1:] o (2'310_)' N -'

:'whano ND 15 tha denaity of donor sitea ‘and Ed is their energy 1evelq A
'atmilar expreasion appliea to p-type materiaia with e’ donor sites.' '

_ _Equatiqna (2 9) and (2 10) are of the form
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‘n= n, exp (-¢/2kT) ' | S (2.11)

where ¢ 1s the energy difference between fhé'amissiOn.site and the bottom.
of the conduction Haﬁﬂg“'Afterﬁsubstitﬁting“thé'Pddle4?rénke1:effecﬁ éf

bhrrief 1§wering éa dEScriBéd'by Equation (é.a)lintorEquation (2.31i}, cne
1/2

neew G

" Thus the acndhcti#ity:is.field—dapéﬁdent and of phe.fbxm

¢ =g, exp (BPF 1,2/2kT) @i
_"where.ob is the low-field condnc;ivity;"Eqﬁatian (2.13) may bé wTi=tan'
--,inptha.formg:- | |

J = J eap (BPF gt/2

l2k‘1‘) o (2.14)
'where J - a E is the low—field cuxrent denaityn
When trap and anueptor sites are presant, the situatian may be

different. Since these levels are 1ower in energy chan the bgtrom_ef

7‘the conduction band, thay tend to fill firstu Whan the nﬁmbez or the |

‘elactrona in the canduction band 1s small campared to either donor gz“f;';l:_: _:

N acceptnr danﬂity, i E-: n << ND"n << QA, then the cancentration af ‘-

| \'electrona 13 givan by [ﬁ4]

'-* f:-f§63§§§fI%¢lkT) f. >' (2 15)
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Thefufbrd;-the curreht dahsity for the Poole—Frenkei effect with cnmpénr
- sation present is given by -

1/2

I = Jo ex? (BPF E™ T /RT ) (2.16)

In general, the Poole-Frenkel effect is governed by an equation of
~the form [45]

172

pp = Ty 8% (Bpp BT /XKD o @an

where T describes the degrae of compenaation,
After scrutinizing Equationa {2.6) and Q. 17), one. concludas that both
SGhottky emission and Poole-Frenkel emisaion can be ganarally described

by an equntion of the form

J e J exp (BEll2

Kty  (2.18)
'Thifﬁfdtaj'whethéf a conduction process is Schottky emiséidnvteléctrode~.
1£m£ted) or Poole-Frenkel emisaion (bulk-limited) can be determined by
g/

mnasuring the slope of 1og(1) vB. 2 plot.

2.2 Cupacitance-Voltage Gharacteristics
of MIS Capacitorh
Thu eaperimental technique utilizing an MIS capacitor to innestigate

'Jﬁ thl prop.rtiee of the 1nsulator~aem1conductor interfane 1nv01ves measuring

,thn renisniva companunt (G-V) or reactive component (C-V) of che |

;-1mp:fanne.. Among the various applicationa of the c~v characteristic,l_

T the mnasuzement of the faat autfane ltate density is one of the most s

;,; widely used‘ Befora.going 1nto the discusaion of the b—V charactaristic, N ‘_

‘,;'tha prtsant state of tha knawledge ahout the surface sLate measurement will.'
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be briefly reviewed. In general, the most commonly used. techniques [46]

are the high frequency C-V described by Terman [32,47,48), the low fre-

3 qubncyﬂo:»quasiestacic,technique_euggested.by-Berglucd_[49] and Kuhn [50}.

| and a-¢ conductance technique. by Nicollian and Goetzberger [51]. The
relative advantagés and disadvantages of these technlques have been com-
' péﬁéd 1ﬁ-d9teil'bywnec1erck, et al, [52]. The.CQnductance—voltage (G-v)

techniquc by Nicollian-Goetzborger is believed to be the most complete

'and accurate one at the present time. A-surfece stste density 2s low as

109 cm -2 eV " has been measured by virtue of this technique [52]. In

7addi£1a§. hot;oolj.tﬁefeurfece ecece ceneitifbut.elso the electron (or -
hole) cep:ure crose-eection can be obtained by directly ficting the
 experimente1 curve to the theoretical onie.,. However, a large number of
_meaturemeuta are required to achieve such detailed results, and only that
'“portion of the energy gap between mid—gep and tho Fermi-level cah be |
examined with this technique [50]. The original low frequency C-v
'techniqua of Berglund has the advantage of covering a wider range in the
-88Ps However, reeeerchere have reported thar sometimes thie is also
eherd to achieve due to the limpitation of the experimental techniqueg =
.The low £requency Cc-v curve is eesy to obtain by ueing the QUnSi"Statlu
.technique of Kuhn. A aensitivity of the order of 10l "2 ca\r"'1 fcr |

‘,chis quasi-etetic 1ow frequency technique hes been reported [52] The

high froqueccy capacitance technique developed.by Terman yields surface

-:eta:c‘deneitiee by the . comparison of a high frequency c-v surve with an

idealrene. The limitations of thia techn1Que have also been StudAEd [;3]

end the most serious limitation is that s graphical differentiation of ~

- the ecelyzedfdeca:ie-requireﬂa iherefore;'meeeurement,of_eurﬁace.State"'

2 1

' :'=déﬂsi=iée:'..-_bs’i.‘lic_.iw-:_as' 101? e eV with this tecﬁnie;ue generally cammot - . .
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be achieved [52]. In spite of the disadvantage for the nigh frequency
€=V technique described here; it will be employed in this study dus £ iis
simpiicity and its convenience in analyzing the insizbilities associsted
with the MIS capacitor., Morecver, the surface state demnsity zsscciated

with the Ti0, -GCaAs interface is expected te be much higher than the

2
limiting sensitivity of this technique.

The detailed treatment of the C-V characteristic can be found élse-
where [2,11}. Ouly the marerials that deals with the fraquency dependenca
- of the C-V curve and therdens;;y-ofusurface state caleuiztions will he
' §ré§§ntéﬁ‘Heren

Gdﬂéi&ér éh HIS éapacitoi aa ahown,1n Figure Z.3. Iﬁ enalyzing a
capacitor it 1s convesdent to start from the considezstion of charge
storage. TFor convenience, ail the various kinds of charge considered
.hera ara_réfgéred to charge pei unit area. When 2 voltage VG‘is‘appiied"
to the MIS capacitor, the charge at the metal plate QM is balanced by
_'thé charge in the'semiﬁdhducter;.QT, either in surfaces ezatés;QSSs or

in the semiconductor space charge region, QSC“

m

, Hla 56

chmic contact

Figure-z,a; Schematic representation of the metzi-Ti0,~Gahs MIS
E  capacitor © - o - Lo T
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’I'hus.

QM = - QT = - st - Qsc .' (2.19)

In the absence of a.WDtk-funcEion difference between the metal and semi-
conductor, the épplied gate voltage will appear partly zcross the oxide -

and partly scross the semiconductor.. Thus,

VG - Vo + VB (2.20)
whare V. and V denote the potential variation across the oxide and semi~
conduetor, raapcctively. The total capacitance of the MIS capaéitor is

_aivun by

’ | 4Gy

I | cot {221
G .

- Bubstituting Equations (2.19) and (2.20) into (2.21), one obtains

Lelid | L tauns
: o
dQy By
‘whisre C, = w7 is the insulator capacitance, and Cg ﬁje_ﬁﬁ;;is ghe-sem1f

conductor capacitance., If ehc_rnlqtion‘qr - st + Qsc la'employad.,cs
- can then ba written as |
-QBJ

9Qee ¢
vheze css L] -*wz- is the surface state clpacitance and CSc - av is

- csa"+fc3¢' o o (2.23)

the ssmiconductsr lpacl-chlr;l elyacttlnec. According to Equations (2.22)

- and (2,23), the totsl cnpqci:nncn_cf_thq MIS capacitor is given by
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;Equaiibn (2.24) indicates that an MIS éapacitor can be considsred 23 an
insulator capzcitor in series with a parallel éqﬁbinaziEn of oo gspaci-
tors, associated with charge storage in the apacewuhatge region and in
surface statea, regpectively. As a matter of fact, uhiﬂ Teprese nt;tianlxs
- valid only when the various loss mechanisms are neglected. & fairly com-

plete equivalent efzcult of the MIS capacitoz insluding z11 the loss

mechanisne is shown in Figure 2.4 if the capaciter iz biased in the depietiom

dﬁ'inﬁeraion fegion  [54]° The cutrent fioﬁ in the.MIS.structﬁze can be
-understood in terms of three parallel current paths: .(1) EY p;tﬁ through
CD’ the depistion layer sﬁaée-éha?ge céﬁacitance; (Zj_a path threugh knD’
R nS? and C, 58 representing the reaistance"aaaccia;ed_with the electron
flow acrose tné depietion region, the loss mechanism.dua = the trapping
of electrons by surface states, and the capacitaneg due to chznges in the
surface state charges as a result of elactron,tra§ping, vespactively;

(3) a path thropgh Rpp Rppe RPS’ and CSS’ representing the vesistanze
due to the diffusion of holea_1n.thg_neutra;_ragion,_ﬁha resistance dus
to the diffusion of heles acress the dﬁpletien regiﬁn, the lcss mechanism
dua to the_trapﬁing_of holes by gurface states, and the czpacitance

- associated with changes in the surface stﬁtg charges a3 3 vezult of hcle
trapping, respectively. The capacitance C

I

storage in the inversion layer at the insulator-semiconductor interfase.

represents the minericy carvier

Gc.ig-the oxide capacitance, ahd-Rb_ia.tHE'bulk resiztance. This equiva-
lcntlcircuit hes been further aimplified and modified by Szka [46] as

~ showm. in Figurs 2.5. Notefthat-kg iz included to accoufit “Qz Lhe
generation—récembination mechanism.
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When a volt:age is applied to an. MIS capacitor, there are basiﬂally
thtae typea of bias conditions, wh:lch are accumulatiocn, uaplatiﬂn, and
:_lnvg:a_ion. Each of these is associated with a specific range of semi-
'cﬁnductor'surbface potential [2]. If _':I_.t_: :ls.assun;gd that éii' the chérge in :
the .Q:u._da ..:l.a near the seggiconduct;of§inls_ui_at:,qr_ .in.z:n.rfaegs the e.f!;:ect:ria fi_eld.

within the oxide is uniform. Then from Gauss' law it can be shown that

Cm o0
v, av,
= Go (1 - .5-&- - (2025)

If the voltage equivalents of the charge in surfaze stete, V gg» and '

. _ _ Q
the charge in the gpace charge layer, V‘Sc,i are defined as VSS GSS_'

Q¢ ) ons °
and V.. = =, Equation (2.20) can be written as
SC Co
Vo = Veg *+ Vg * Vg (2.26)
Therefore,
aV ‘ ,
W, W, Ve (2.27)
G ,,.8c,. 88 |
v W

s s

The: MIS capacitanee as a function of surface poten zal is obtai: ed

. .after s_i_,lb_stitu:tip_g_, qugtim;». (2.27) into.(2.25), i.e.,

(av Iav ) + (av /av )
ClVg) = & T (avsc/av X (avss,fav 7

{2.28)
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s
If ehe frequency of the a-c aignal is 80 high that none n* the suvzace
| lta;ea can follow, thEn avss/av apptoaches ZeT0. If this is the nase,
::h. §ISjcgEacitance_redq:ap_tp

Vg, /3
Cec sa/®'s

" Co TF (oVgg/ovg) (2.29)

_If th. bias condition is such that 3V /§V > }, - 'SC > C_, then
C» c which corraaponds to . the accumulation zegion in Fi igure 2.6, In.
thg‘inve;sig; region, curve (2) holds if the minaritf carriers cannst
~§éhie§e equilibfiﬁm, If fhéy cén foilow the ap?iied biés,sﬁgt ngt.ﬁhé.
a-¢ lignal, curve (1) applias. At iarge-negative pstentials. the space-

charge layex is in the iaversion region and the space charge capacitaqre

accumulatisn region

@

0 .V fvolgs) -

riﬁgurciz.s."High'frequehcy c-v éhhracteribtie.bfitﬁé HIS’séﬁéﬁiEéé
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~ arising from majority carriers is given by [54]

N qec ao 1/2

'SC [(leq) kn(N /n

(2.307

vhere N is the doping level.. This Cg, in series with C_ accounts for

th.'flat pertion of the C-V curve, labeled C,, wherze

e
Cn w —SC0_ (2.91)
Co M CSC .

As far as the flat band voltage and surface state density are con-
_ éetnid. the result of Lehovec [54) will be used. The resulting ékﬁression

_?br_ﬁhn flat-band capacitahde, CFB' of the obaerve& -V curve is given by'

. C
EB- —_—l . : (2.32)

() Go + 2c§ &n ni

'Thizintitéect'@f'the f1atFBand“capécitance with the chserved C-V curve
provides the flat-band voltage. The density of gurfzce states, D, at
the flat-band voltage is |

(c, - C)C ¢

v- e ew
3-3-9qk'r (c‘o ©)a” _ o

; Tﬁifvalﬁa§7cf‘C.sﬁd-aGIav_ére'ﬁo”beftakﬁq~£fom the experimental C-V -

curv; at the flat-Band ﬁoltagé;
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2.3 Band Mbde1'§n§ 0§t1n|1 Absorption of Amcrﬁhous Saliés |
: thq‘band-model_is,gquamenthlly;imppp;ant_in.unéeratanding_the elea=
“trical and optical'propertie§ of.matg:ials; It-is.enly Si;ﬁe abgut 1966_
that the theory cf;alegtrﬁnp-in non-crystalline msterizls has bscome an
important part of solid ataﬁe_phyaics [55]° It is well-known that in

_crystalline materials both a conduction band and & wsi

ﬁl

band are well
defined and sharply separated by a forbidden gap, which iz linked with the
bahavior of elentyons in the periodic crystal potentini. Ihe situation
for amorphous materials is completely differeat due to :he izck of long

' range.order. Thersfore, the’patantial*in which the sizstzens move is no

-Ioagqr periodic. Nevertheleas, it is generally acceptad that there exists
a8 baﬁd'glp'in nhe-deﬁsity'éf'statessaf'the'émbrphous wskerials &35 mani~ -
fested by the transparency_of the glasses kﬂpwﬁ to evez?eﬁaa }Scme zf the
qunntioﬁh coﬁqarning the effects offdisdrdei on the elestzonic states of
an amorphous material are still open to debate; sud countvoversies still
r.main as whether or not there exist localized ststes in the gap 114]
It ia the purpoaa of this secnion to introduce a somewhzt gﬁﬁ&*a;*y
accapted band model, called the Mott-CFO model [56,57], and then discuss
the optical absorption. |

Thl Mhtt-CFO band mndal, propoaad by Mott in 1967 end Cshen? Fr itzache
and Ovlhinaky in 1969, is shown in Figure 2 7. The shaded area zepfesents'
thn locnlized statea.: Tha optieal gap;ia defined by Egp. = E '— E s |
__who:. ! and E ~are ohtainad experimuntally by extrapc : g tnﬂ densir1es |

cotrnlpunding to the ex:ended.ltatea. The important :ea?uva of tnis nodel -

- 1! contlined in the ‘two energie., E and E. ne whi h sap zate tnn loﬂalized ' -

:tgi;.lqa:qp from,the band (q: ex:endad) states. This &ria=5 fz:n the fact: |
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Mobiiiry gap -

. .-L. N
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Figure 2q7n: Denbity.of states of the amorphou@ saLid in Eta‘ﬁééivﬁFG
: o model. ' SRR ' R
that the large diffgrence in the conductivities cf sEosrphous and :tystalw
| lipne ﬁemiéonaucébré cgnnbt be'exélainéd'by the scattsf’ns sf & qﬁa&i;f:ee
car:ier_on_;he diso;éered la#tice, Therefore, it is necessary t: ;;nz;ade
_that the dissrder &haﬁgeé thé charactét.bf fhe wa#a f:ﬂcﬁi;nsg.tha at;aaa
become localized and the ccnduction mechqm.sm_.‘nangesv Alfhuugh ﬁha
. lrdensity of stsces is assumed to decay exﬁbnentiaiiy intn tha i3 h dden
. B8P, the staies in tha exponential tatil are losalized,gnd hun»e naxﬁ
'little contributlon to electron tzanspart prQEEaSEB; Thls £eaL
_-manisﬁegygd in Eiggre_znalag ptqposgd:by"Cohgn,_et_a;f,iSngm
'-Aharphous aemiaanductaré ofrinéuiatars arezﬁranséa;entrlﬁ the'iﬁ~
_frarad{;agionﬁ $he~on$et_of;aptical ;gggﬁban& tﬁanaitiaqa dgiines an -

- energy. gap betwaen the.vﬁl&hgﬂ‘bandAénd“cenductiﬁn band. Figure 2.9
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@ T

energy|

mobility gap

= i — omam

N

v

mpbili_ty (2

Figure 2.8. Mobility a8 a funct:l.on -of energy in an- a:r.o*phous semi-
' ‘ conductor

- Twn (hw-eg_)_r

hw

- :-F_:‘l-q'u:é-fz;»s.. Absorption cosfficient a versus photon energy e for 4 -
SRR Asz 3 after 'rauc [58] , .
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~ _shows the optical abao:pr.iqﬁ of o - As,Sj g_:_!_.u_rgg_\‘bj Tauc and Menth [58].
Inv:llw of tﬁg high opticél gbib:ptian'cboffiéieﬁt,‘_ part A is aﬁparéntly-

.‘fdﬁi}to:t:unaitions associated with\th&ritagea_glqsa to the mobility edges.

i'_"A‘ggmun,-but not universal, behavior §£=the[dbsorption coeffiéient in

. thisrenn:gy range is
o = constant (hw - eo)zlﬁm. | (2.34)

-wheru o is the abaorption coefficient hﬁd'hm is the photon energy. The
| 3&9. €, can be defined by using this equation. Derivations leading to
” thit rcault will be ghywnrbelow.A Certain'concep;s.par&llelihgithbﬂe qf'.”
'ﬁryitilline solids aréiborrowed eic;gt thét’thé romantum-conservation
'-&i.c'mi rule 1a féflagtéd due to the fact that the momentun is:ino ldhiger
Ea maaniusful quantum number £or~amorphous semiconductors.
A The relntion beeuaan the qbsorption coafficient a and the transition

probability P is governed by

- Duf

.(2;35)
|'§; _ _

where § is the Poynting vector of the incident radiation. The transi-

tion probability Pits given by

Pc‘h_m"f g g (s') gv(a') 8 (s +el ~e o de! ds | (2.36)

- __um'li'r the ‘assunption that the matrix element H associated with the

transitioni is 1n&ependnnt of the photon anctgy [1] Here

'm B - F : |

o

e = 0 - €,
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Note t‘hat the incorpcration of t:'he G-Eunction guarantees ene*gy ccnse.r- .

"tion. After integrating the G-function. we get
P -—-J‘ Bv(e') 2 ey - &) dey ’(2;38;)'
‘ Iff'thé--sh&q;p -'é'é_rminatidn'of,the vdan'éitiy of atétaé 48 true, f.e., o
Ec(am --e"r): =0 if'st'n <e:', then |
P e —-l-f gv(s') 8 (E: - a') de ‘ ‘ ;-»(".7;4:39-) :

If ve assume g, ® _(E-v - 'E') -gt®

T by éhaligiri_é ‘Va_'r:"l'able's,- we obtain

el - R |
P e s (1-:7)P ys dyd - (240

huw
__Th. quantity 1n the bracket 15 known to be,r(s + 1} r(P + l)lr(s + P + 1),
wh&re r(8) is the gamma function. Combining Equations (2. 35), (2. 37),

- and (2,40), we finally obtain .

| Equat'.:lon (2 34) :I.s raadily obtained 1f we assume S = P = %, .:.,e s bot:h -
“ t:hc extcnded bands have patabol:l.c densitiu of states, 4 |

| !':l.nally the abaorpt::l.on cheff:l.cients aalabciated wit:h band—to—ba-ad . |
trlnlitiona for cryst:alline or polyctym:alune materials are simply

- Mated as follovs, and are discussed in detail elsewhere [1].

L . _i 31? ;;;19 S i bhawdee
ev,‘ ‘and lge‘ = (E , E.c) =gl and .1nteg§f§t§ .




-

Caoe (bu - _)'1/ 2 tora d:l.rect band gap meterisl.,  (2.4%)

'y (hm'e.gg o ) for an 1nd:l.:ect band gep matertsl. (2.43)
whare sg is. tha enargy of the band gap, ‘and hw i the g h o7 ene‘:gyé "

Plntting & V8. ‘hw ia one of the comonly used technxqu-s ¢6 denfinjr

whether a material has a direct-‘ban‘d gap or inuirec»t—'i:am 22p .
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3.. EXPERIMENTAL TECHNIQUES

'*;ychapter, the pracedute for fabricatiom of the davizzs used
 in this study is described. X-ray diffraction to determine the fiim
_‘structure, ellipsometty to measure £ilm thickness end vefraczive index,
and optical abseiption are then discussed, A substanzizl effert in nhié
resnarch is applied to the study of the euirent-voliz zge (I-¥) zad apaci-

tagce-voltaga (C-V) characteristies, f'z"om which the preperiies of the
-

T A L RS A0 LA IRl AT A e K VAR o A 3 5m 0

ingulator and those of the inéulatcr‘semiéonductar irtarfa-es zis

determined.

3.1 Chemical Vaﬁor Deposition of Titanium Digxide Films
Chemieal vapor deposition (CVD) is one of the w8t widely uced tech-
niques for the preparation of thin filma for solid staie devicss, 28 well L

_as f;lms for ‘optical pnd_p;q;ective cogtings.  Chemigal vapor deposirisn

offers several'advantages in the f£iim growth. Thege zre: versatility inm

_qboicgzgf;ghe_sgbstrate, uniformity and reproducibiiity of the filims, %
tbe a¢hievément'éf'hamogeneous compogition, easy cenizcl owex the thick- %
-ness and growth rate, and ease in varying the substrste femparzture to %7
magt_spgcial*purpoaes [59]. A detalled description of tﬁa CVD precess : %

for the preparation. of Ti0, was 31Veq bY~Harhiabn;aﬁﬁ Ta?l&i'313ig--ﬁst" ' L ';-?.
the hydrnlysis anﬂ Pirglyaié of orgaﬁémetallic conpounds wers mensionad, %
'_wééétiﬁgpprunse&'ithydrdlxais is generated by thevteaekiﬁnvﬂé.¥ cof'4 §
EEEEQ§CG”at;theﬁsubstréfe.1f the tempersture of the gzzes is greatsr
o  ‘§hahj80éfﬁ; It is rejdily apparent that this kind of nigh ‘cemperature 3
proQQSQ.is particularly undesirable if the substrate is = IIT-V scmpound. |
 Consequently, the low temperature pyrolysis process is used in rhis stuiy




ORIGINAL PAGE IS
OF POOR QUALITY

Tetraisopropyl titanate (TPT), Ti (063H7)4, obtained fzom the Vantwon
Corporation was used in this study due to its high vapcr pressure at room

temperature. The suggested reaction is as follows:

71 (0C b, Ti0, + volatile exusust.

i
,Figufe 3f1 {llustrates the deposition apparatus. The uiwing chambex
sé:veazas.a buffer -and helps the TP?Aand,main iiﬁw.mix hémzgénecusly be—
fore entering the reacticn'chaﬁbet, The reacticn furr.ice is R-F
induction-heated, which allows the furnance temperaturs £c range from

room temperature to 1200°C. The exhaust is comnected to 2 21l bath to
_prevent‘cxygen contamination of the reaction chamber. Deizils on cperziing

this apparatus are presented in the next section.

3.2 Device Fabrieation
For the purpose of this s;udy,_both the metal~-insuvlztor-semiconductor
fMIS) and metal-insulator-metal (MIM) structures ﬁere febricated, The
fabrication of the MIS devices included the following stepa:
i) Preparation of the substrates.
ii) Deposition of TiOz thin films.
111} Annealing of the films, if required.

iv) Metallization. .

fha
m

The procedure fo:ifabricating.MIM devices is the =same fer MIS
devices except before step 11) a thin metal layer is evaporated on an
'insulating substrate (fused quartz is used here). Eazch step listed zbeve

will now.be considered in mora detail. -



mixing chamber

 quartz boat

two way valve

TPT socurcs

Figure 3.1. Jchematic representarion of tha CVD apprxstus
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 ;; 1) Prtguz&tgbn of . the eubstracea |
Tho wafera used in this study are n»t&pe, epitaxiaxmgaﬁwn, te iurium
_CTA)-dapad galliumfaraenide provided by Laser Dicde Lzborstories, Iﬁ-,_
V_Tho epi—layar is (100) oziented and has a carrier concentration of 1.2 %
17 '3

_ :10 The thickness of the layer and substrats zrs 70 sicrens znd

.~¢300 mictensg reapectﬁvelya The at gsubstrate has a doping level as high
:an.lola 3
area, the wafers were claaned 1n trichlorethylene {TCE) to remove WaX,
'Vf'than acetone o eliminate organic contaminatian, aﬂd {1nsily & methsnol
bath [60]. the that a11 the,organic solvents were heated te B80°C before
cleantng.. It is generally believed that the GaAs surface is oo vered by
& thin layer of native oxide. Therefore, following thes crganic salvent
cleaning, the substrates were etched in ailu;e‘ﬁﬁ&on ¢c zemcva the
native exide [61]. Just prior fO'tﬁéfcxide'depositioﬂ, the wafers weve
' :tmovad fram tha mgtﬁgpol -ath and dried in a nit*ag;ﬂ jet. Care was
takan to prevent the wafers from further contaminafldn by dust or water.

'iii'DQpaaitiog:qf'wiQérthin filﬁs-

After being cut 1nto pieces of approxinpte;y Oy5¢m % 0.8em

-The schemaric representation of the CVD system is shown in Figure 3.1. - -

Thg;ﬁET'aou;ce'aélvant was heated by a hiatingrtépe and controlled by 2
'7* t§9:ﬁ§1799@t??%%§:‘.;:hg_@empefitnra-°f the hesting tape was kept at

'lﬁﬁ-t'39ﬁffcr the purpose of attaining a desirable vapur pressure of

vtj;?ﬁ~;;ﬂ}ﬁ_3thi.TPT aourcea - The: raaction chaﬂbar vua heated.by R=F. ;n-ﬁtti“n co&L;f[”"” -

“tampezatute was monitored hy another thermal csntreiler. fThe» -

_&:emﬂerature. The fuznance'ual fluahen with 11:* gsn and the*f”:"’ o
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TPT was hﬂltﬁd tﬁ 160°C bufou loading the samp?ea*n To px-a«;a«;;; m; L
e Mil:lbﬂity of: Bxplol:lon induced by thc TPT vaper ::'.E nee.::em a tw —way
vlivc'vn used to direct -nhq m ﬁpﬂt ‘to the ai,‘s.v b5l Aft_e.r.--tna' |
sanples vere placcd in the cont:u- m& of the reack.*. _ns.mna;, th aw 0-

Py

way valve was switched on and thn timr was set. It i3 2guzily ofs 'zﬂre&'

that th! depositicm ratt is aapondcnt upon t:he ubs Vf:z ve -empea.att.ue and’

the bubbler f£low rate. Gonu:ldlublt lffurt WAS mide Lo :uhiﬂ"ﬁ'a un..fmm _____
"'dirpu.‘st:l.m by adjm:lng mtin flaw lnd bubble*- flow :a&a Speﬁla_. effc.rt o

m aho mda to study t:hu lffcct: of o:n;n dﬁfic.:.em <y ny_ igtgn;_iqu;;y_ _. _' L

' 'dmuiting tha T102 1n an o:ygcn mbunt [6.".]°

:l.:l.;l.) Anunling af t:ha f:llm ’
‘ A variety of hnt ttt&tmntl mc carried cut ot the fiimd to atudy T
_thl tffnctu of annealing en the " propcrtiel of the m,_m c::'a mose of the el SEL
!B;aé-Gi,Al,interface. Annul:mg at 400°C, 500”8 snd 300°C wirth uifferent'.

por:l.od'l of time was studied. In- the 1ight ‘of the ::—aerscnnaing of the ¥

efficts of annealing amb:hnt on the uilicon—silz.mn diw:‘g-ce {SimSiO 3

= :lnnr!nu propartiu, both oxygen and nitrogen ﬁmb;en v‘i‘ﬁ"‘e :xsidecem
Tha- mum will be discussed ia mm ehapte« | G L

| :I.v) l‘htiliisation

An. NRC Model 3116 vqcum cunr aystem was used oo parfc che mamm
dcyon** m. Indium or a. gold-gcmn:l.m allow was se“a--_:e :g foum ths;'a L

L bnek nhl:lc contact to n=type Gm A dttailed revizy of-ohudt vc,entum:s
L to nx—v eompcund umiconductcu hu bun given by Ri:acut (63} A

| _.nutl'mk;af 0. Seu x O.Bcn az:u m nud for- ehmir. e m_azs:sn Tha e-w

,'m pnrfamd lt a vacuum ef m:oﬂmtmy 4xL0 6 Totz. The
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#1814 plate (or pate elactrode) svaporation is similzr rc the chmis zon-
tact evaporation, except that ﬂﬂn:lum was generélly weed ancd the metszl
mask vas an arrgy of circular dots 10 milk in dismeter. Ths thickness of
t.hiiltal films is not critical, but 'athickﬁess 2f G.3 ~ 1.0 miﬁim;s [
the back contact and at least 0,3 microns for the fieid pl:te were
m.ully used. The MIS device fabricated by foiiswinz “hes steps described
m :l, ?chmtica,lly shown .in Figure 3.2 |

i
!

Ai fisld piags

.. Ity . Ve B Wy

> . H
2% 5 2 ¥aoe o teyn

|

!:l.;m 3.2, Schematic nluatration of thtf'\i;llm\:‘liaz.—nsaas s;‘:ucfcuggb
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3.3 X-ray Diffraction

It is widely accspted that the structure of the thian films will
affect their electrical properties., Tremendous differences in the conduc-
tion prncoll.ana.the band structure between crystzi.ine zud amozphous
saterials have been observed [13,64]. Therefore, the stiucture of the
as-grown Ti0, films is of fundamental impertance in zhis work, The X-
ray diffraction instrument used for this structural scudy i composed of
& Philips high angle apectromstcr gqnibmgt.r with type 42202; Philips
water cooled diffraction unit, and a Philips electroni: circult panel as
.hnuu_in-!;gﬁrc 3.3 The spactromater gpnicmeter is & device to measure

the angle 26 as required by the Bragg formula. The us:ble range of the

goniometer is from -38° to 160° (28), which is large enzugh for the
purpose of this study. The X-ray is generated by using Cu-Ka as the
tlrgct-nnd Ni as the filter. In ordct'to prevent siny pe4ks generated

by the substrate, the T:{.OZ films were depasited cu zmi:iphous fused quartz.
Pilme deposited at different tcmpﬁtatur.s were investigated. The results

of the X-ray diffraction will be given in Chaptez 4.

DIFFRACTION SPECTROMETER ELECTRONIC
UNIT | GONIOMETER .
| >
(X-RAY GENER- (26 MEASUREMENT REGORDER
ATOR) AND SPECDMAN
'liium;iS.a. Block diagram of the X-ray diffractowste: N

OF POOR QUALITY
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3.4 Optical Muluremen.,s
In the study of thin films on nubotrm:esF three aifferant op:ical
matheds of investipation are avniltbl. [65] Thase azve: ‘(l) phutéﬁptxié

messurement of incident and rcflucthd or transuizted rays to determine

‘the optical constants and sbsorption pesks tc cbtain information concerning

compesition and structure of the materials, (2; pclzzization measursmant

d!_ ;ho reflected iight to determine the optical ccnstents of the reflecting

-surfaces and to mnasuri thc-thickhoin of ;ha £ilms on substrates,

(3) intarference measuromlnt to dltcmine the £iim thickness and/or surface
structure. The firat will bc cav-t.d in Sectian 3.4.2, and tht ncoml in

s.cti‘n ‘3‘!! 4«:1 L)

’;‘\"l w : sometry . ~

Ellipsometry, which may be characterized as reflzction polsrimetry

. 5,
or pélarimetric spectroscopy, is the measurement cf the effect of reflection

on the state cf polarization of light [66]. Such measurement is inter=
preted to yield the optical constants of the reflecting material or, when
the reflecting msterial is a film-covered substzste, the thickness and
optical constants cf the films, Detailed discussicns of the theories in-
volved are avsiisble elsewhere [65-67]. The fundamental principles which
facilitate an und.rstanhing of the measuremant wii: be discussed here.
It is well known that a wave of Qlliptiaai poiarizstion can be

d@conponnd as the sum of a p wave, which is in tha‘pZahe of incidence,

and a s wave, which is normal to thc=p1ahe of imci~cn.e  In general,

_zeflection causes & change in the relative phases of the p and 8 waves

' lﬂd‘i'chingi'in'ihi ratic af’fhdit'ahplifﬂ&e;:'beébapscificaliy, the

state of polarizauien of the wave vill change unae reflastion. Thn

'ltfyct e; reflsction is characterized by_the acgle ﬁs which s lllOC1lted

ORIGINAL PAGE I8
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: _'n]; memgg phiu. and the angle ?. the aretangent of the factor.

iﬂl',lch t.na amplitudn utu changes. Ellipsometzy is the measurement of

...‘.‘ M!' whieh cnntnin ghg chaucthrhtien of the reflecting surface.
0”5.,‘ . and \? are aagem:l.ntd, the bptichl constants and the thickness of

| t'lu :fﬂ.nf ‘can be subasquently dc:hrmimd.,

ﬁ;. ¢llipsometer used in thhir.tudy is the Gzeztner Ellipsometer
'Hiilli 1-119 A schematic representation of the ellipsometer is shown in
ﬂ;uu a. 6. The light source used. in this study is = He-Ne laser with
a wave length of 6328 A. The ineddent beaw is tzansmitted in uqucncc

b‘_y_ the polarizer (either a Nicol or a Glan-Thompson prism) and the
cm'lpcnutoi (a mics quartar wave plats). The azimuthal oﬂcn::&ti‘on- of
thess divices determine the relative amplitudes and phsse difference
: bitwun the p and s components of the incident bezm. The orientations
;ar;:'idj-usnd 50 that the difference in phase just e:.esmpnnhhtn*-ﬁhat which
l-'iinltl frcnn refleccion; thus A 1is mnnu:ce.n lThe plane-polarized
.rl!hcnql baam is then transmitted by the aneiyzer ¢c a telescope and
dc:_cctor. The snaiyzer is than oriented to extinzuish the reflected
bean. . T,l@.a extinction setting measures Y.

"A Portrsn 1V program adpated from McCrackin's work [68) is used in
this study to periorm the complicated calculations zequired to analyze

: 'tho.mluumento. The resulta of this measurement technique will be

given in Chapter 4.

3.4.2 Optical Absorption Measurements
o Optical a‘bsér'ptidn ‘is coi_'qiidc’rid to be = versatile technique in

s0l4d stete materials research. Not only the optizal constants, such as
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the dtbicctric constant, refractive index, snd abscrption coefficient, |
but alsc the bznd strésture of the materisls czn be studied, By appro-
priately -'plotting sbscrption coefficlent (u) verszs photon enexgy (hw),
ons can determine whethar the material has = di:eat—b;nd gap or an;in-
divect-band gzp {i]j. Moreover, optical ebscrption is applied to study
ghc.lgulized atates in the gap of amorphous aciids [35,58,64,69].
!tg§:¢;3;5 shows the cptical region of ﬁho éieﬁtrcmagnetic%ip§c§tuﬁ and
gﬁg»uﬁr:nipon&ing transitions [_70]e FIt is appa:ént that the electronic
.ttdpoition. of intgrest cover thc rungn cf tﬁa vizible and near ﬁlt:a#
vtoiit (UV) regions. The instrument used in this study is the cnty 14
spactrophotometer. The spectrum is plotted on the res cording charts
auppligd'by Graphic Controls Corporation. The rzeczordiag charts have
gblarbcncc as the ordinate and the wavelength ss the abscissa. The
gblorbjnc; (A) is defined as log(I /I), where I_ 2nd I are the intensity

of the incident and transgmitted waves, régpectively.

. Vibraticnsi — . ..al——Rotational .»

Transitisas o Transiticns | Transitions
o £ |
1¥ |
Vacuum 5 3 gﬁ Near IR Middie IR Far IR
v 23 ol gH _ _ . |

0.1 0,2 1 2 1v 20
:  wavelesgth (micron) o

Pigure 3.5. The optical region of the llﬁet*@masﬂa“i” spnc:ru- and
SR .-csxvespending :ranuitionu _ _
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iﬁl-Tiaz $iims tc be studied are depcsitad %n SI-UV fused quarts,
purchased from ESCO Optics Products. The SI-UV fusad qu&tté.lhoﬁcvgx-f
cellent transmissicn in the visible and UV region. Im order to get an
absorption spectrum for the Ti0,, three runs zre requived for sach sample.
The first run gives the air versus alr spectrum, i.s., the base line.
Secondly, the spectrum assoclated with the fusad quarcz subitr’até‘ veraus
air is obtained. The iast run supplies the Ti0, oated fused quarts
versus air data. The absorption spectrum cf IiOz itseif is then obtained

after some manipulaticns.

3.5 Device Tests

Pollowing metzllization, the MIS (sr MIM) wsviczs ste subjected to
various tests for the purpose of investigsting the properties o£ the in-
sulator and of the semiconductor-insulator incerface. Cuzrent-voltage.(I-V)
measuremants ars utilized to meet the first purpsse. The capacitance-
voltage (C-V) measurement is by far the most fraquently employad technique
in determining the interface propexties due :c vhe simpiicity of fabrie
cating test devices, the ease of making (autcmatic) messuzements, and the
large amount cof infezmzticn that can be cbtained as described in Chapter
2. The determinations of the conductivity type, impurity soncentration,
minority carrier lifetime, interface atate density. snd the properties
of the insulator itseif are among its mest geneval sppiications. The
tx?criutntal procedures and set-up t6 do these studies will be discussed

Cin th:l.—l section.

3.5 1 C-V Measurements

Pigure 3.6 shows the hlogk diagram of the C-V systen used in this

.' ¢tudy. The system basically consists of a HP7035B X-Y Recorder and a
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X-Y { - C-v

RECOKDER - PLOTTER CHUCK

Figure 3.6. Biock diagram of the C-V system

Model QLO C~V Plotter purchased from Princeton Applied Research Corporation.
iha.c-v plotter primarily includei a variable d-c voltage f&r bias stressing,
a 1 MHz capacitance meter, and a ramp gensrator. By cperating the Model
410 in conjunction.with the X-Y recorder, a resi time C~V plot is readily
qb;ainqd. The C-V plotter has other capabilities as well, including that
of direct a~c parallel conducténce measuren@nts and tzansicnt~(lifetime)
measuremants. Figure 3.7 1s a simplified bleck diagram of the Model &lﬂl
C=V Plotter. The i MHz oscillator provides & i3 mV rﬁs modulation dfive

to the device under test. It alsc provides & reference signal to the
phase sensitive detectcr (PSD). The mode switch can conttoi.thl.pha;e
capacitive current component or the conducrance current component, which-
svar mode is selected. The modulation drive is applied to the substrate
of'thifHIS wafer. The resultant current signai ztr the gate is applied

to th.;ﬁxoﬁe and connected to the Mbdgl,&lﬂ,ihput; Following several
stages of lﬁplificéﬁion, the signal is applied tz zhe PSD where it is
'.dlﬁbdﬁlittd; producing & d-c{level pfépa?ticnéi tc the level of the signal

of interest. After certain stages of d-c amplificazion, the signal is
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Mgure 3.7. Block diagram of Medel 410 C~-V plogre:

ullﬂ to d&ive the capacitance meter and the Y axis output. The ramp is
divnldpnd by a ramp generator circuit contrellied by the Kamp Generator
Cbhﬁrbli; This provides the X-axis drive to the X-¥ recor&er ahd also
the ramp that is applied to the device under test.

The capacitance value at a 9pecifi¢ d~c bias can be read either
f?gp the ﬁaﬁel.meﬁeé cr from a digitalzﬁbitage ﬁeter.(DVM).ﬁhich ié
cqnnlqted_:b'the_Yraxis of the recorder. The C-V plotter can be either
in7q.i£ﬁgle tﬁace ﬁode br in a.téﬁraée mode. .Of course, the ihsﬁrument
,,_;i dpl#étgd in the retvace mode to facilitate ihe hysts:ésgs effect |

1008,8,7 TV Messurements

The purpose of the d-c conduction study is (i) to understand the

' conduetfon ‘level mnd therefore the dielectric propertles of TO, films,




&7
(2) to calculate the resistivity of the 710, films, and (3) to invar:igats
whether the conduction mechanisn is bulk=1limitad or slectrode-:ixited,
FPigure 3,8 shows tha block diagram of the erxperimental set=-up. The
Kaithley Modsl 602 Electrometar is a solid state battery opnrated instru-
ment vhich measures a wide range of d-c voltags, currsnt, rasistance,
and charge. 7The slectrometer hes tvanty-sight current ranges £:6':. 10'“
ampere to 0.3 ampers full scals, Current cﬁndunt:l;on through the MIM
(or MIS) structures was measured by applying a voltage batwasn the dack
contact and the field plate and obsarving the total cuticue _.‘Elw thfouih
the Keithley 602 Electrometer. Ihe applied voltage is increased t_i_il_:l_:
an 1ncrmht of 0,01V at low voltages and \d.ﬁh an incremeat of 0.1V at
highar ﬁo}.ngnq 8o that ohmic conduction in the lower voltage tﬁ_iop can

*ba detacted. The axperimental results will be shown in Chapter 4.

\.
| KEITHLEY
602
DC
bW | |VOLTAGE

Pigure 3.8. Block diagean of the sat-up Zor I-V m. suramencs
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4. EXPERIMENTAL RESULTS AND DISCUSSION

The material developed in this chapter will firs: preasent the rasults
of various studies, followsd by an analysis ¢f the experimental data based
on the theories developed in Chapter 2.

The physical and optical properties of Tioz,filnn are presented first.
Then comes the core of this thesis vhich is the electrical proparties of
the MIS (or MIM) structure., Special cﬁphasis is placed on the seni-~
conductor-insulator interface properties, which are monitorad by capacitance-

voltage meagurements.

4.1 Physical Properties of 1102 Thin Films

The titanium dioxide thin films prepared in this study exhibic
brilliant cclor hue because of‘the high refractive index. It is knowm
that much of the early effort to characterize Tioz vas dus to its
attractiveness for optical coatings. Prasantly, thes: properties are
being exploited in the fabrication of solar cells [71]). The “as
deposited" films show either deep blue or golden yellow, depending on the
depositing temperature and period of depositing tima, The films show geod
uniformity which can be easily controlled by adjusting the flow rate of
TPT mource. However, it is generally obssrvad that controllability covers
a wider range for iower substrate temperatures than for higher ones.
Excellent uniformity extending over the whole area of a 1" diameter
silicon wafer has besn achieved for the, £ilm deposited at 200°C.

As described in Chapter 3, an allipsometaer using a helium-neon laser

with wavelength 6328 A as the li~ht gource is amployed to determine the

refractive index and film thickness. The refractive index qc_dt:orpluod



ranges from 1.84 to 1.9 for fiims deposited ot 200°C and from 1.9 to 2.1
at 400°C. The increase of the refractive index with respect to the in-
creass of deposition tempzrzturc is reasonable since the films become
denser &t higher temperature, as will be corroborated later. These valuess
are lower than the value of 2.6 reported for single-crystal rutile [10,
72]. However, values from 1.96 to 2.6 have been reported [13,22,73) for
the index of refraction of thin film 1102. Alse, the index of refraction
for other cxides in thin film form are reported to be lowar than for bulk

oxides [74]. The TiC. riims adnere to silicon, gallium arsenide and fusad

2
quartz substratas very satisiacroriiy. No peeliang or cracking has ever
been observed.

X-ray diffraction analysis was employed to analyze the structure of

the Ti0, films using copper ¥® radiacion. Much of the early effort was

2
made in studies of films deposited on gallium arsenide substrates. Un-
fortunately, the appearance of the characteristic peaks associated with
the GaAs substrate snd sometimes those of the spurious peaks due to the
Cu KB or Fe K* radiacions make the interpretarion of the data difficult.
This difficulry was later overcome by depositing T102 on fused quartz,
which is known to be amorphous. The useful information shown below was
axtracted f£rom this kind of study. Figure 4.1 shows the diffraction
pattern of the T102 deposited at 400°C. The smzll peak occurring &t
26w25.4° was identified to be associated with a d-spacing of 3.51 ;
after adjusting the scale factor as shown in Figure 4.2. This line vas
then characterized to be due to the ticanium dioxide anatase phase.

A similar peak was observed for a film depositved at 300°C, as shown in

FPigure 4.3. The diffraction pattern of & 275°C £ilm, as shown in Figure

4.4, 18 interesting since no peak was cbserved at first glance. Howaver,
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an extrsmely wesk pealk corresponding tc the anatase phase was finally
characterizgea by meons of the bullt-in counter on the diffractomster.
Figure 4.5 reveals tie zworphsus characteristic of the film deposited at

200°C, The results are summarized in Teble 4.1, 1t 1s seen that the

Table 4.1. Cryscsl structure of the filus deposited at various

Lemperacure?
Deposition temperature °C
200 ! 275 300 400
Sctructure Amorphous Amorpnous Anatase Anatase

+ anatase + amorphous

trensition fzem anatase te the amorphous phase ocvcurs st 275-300°C. This
kind of phane transition hss been found by other workers. Fitzgibtons,
et al, [22] pave a somewhat higher transition temperature for their
chemical-vapor-deposited ’1‘102 filmz, The result shown here agrees
lltiifnctorily with those xeported elsswhere.

A dielactric £1lm is required to be etchable in liquid etchants at
room tempefatura $or electronic appiications. Crystelline titanium
dioxide iz known to be considerably impervious to chemical sttack [22].
Tne etchability of TiD: was determined for films Jeposited on GaAs at
various temperstures. As a matter of fact, nearly half of the effort of
the X-ravy diffraction study was exploited o help golve the etching
problem. Titanium dioxide films as deposited at 400°C ware found to be

impervious vo any kind of acids except HF, Mewever, the etching rate

4n 49 percent BF was too lov to be practically acceptable. More un-

fortunately, the results indicate that most of the films atched in 49

percent HF leave a residue. 1hese Facts have seriously imperiled the
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' angle (26)

Pigure 4.5. X-ray diffraction psttern of the 710, film deposited at
T 200°C R ‘
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posaibility of electronic applications of Ti0, films. 1In an effort to
solve these ptobieﬁs. studies were begun at lower deposition temperatures.
Following a series of experiments, satisfactory results were achieved.
Titanium dioxide films deposited at 200°C can be easily wtched in 49
percent HF. These results are in accord with the X~-ray diffraction study,
1f one notices that amorphous material is always easier to atch than
crystalline material, The results are also consistent with those of

Fitzbiggons I22] and Yokozawa [75). The results of etch susceptibility

are summarized in Table 4.2.

Table 4.2, Etch susceptibilaicy of T10, films

i , . _ﬁg;chant-aﬁgﬁggch :g;é “ ,
2‘9‘3;23:; [ sonwr 100% Kel | 1002 H,S0, | 852 RO,
200‘C very. rapid slow with véry slow ve:y slow
S residue '
300°C slow, residue No - slow residue slow,. residue
400°C , slow residue No No _ very slow

residue

Finally, the effect of annealing on the physical properties of the
T10, films is presented. Most of the films deposited in this study
were annealed at either 406°C or 500°C tﬂ nitrbgen 6: 1h-ni:tog¢nloxyg¢nr
mixtures. uure than a 12 percent decrease 4ir :hicknesu for the’ 200'0

£1lml vas ob:arvaa after 60 minutes of annualing._ The thickuess dlettnnc

’£ot Ann'c $ilins. vas not detectable uiuhtn the a:cuzaey af'zhc clltplencta:__;'-

};-uncurtmcnt. A aligb* anzease 1u tefraettvn tnénx ulﬁ alna notiecd for
"filn: dcposi:ed at 200‘ ,nnd &oo‘c. Diiftrenceu bt:uetn anncnitn; in
_ nitrogan.and nnncaling 1n vnrious pcrcnntagen of oayg!n were undct.etlhici

as far as thc—phynical properties were concernea._ ,_,,,_
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| -4.2,.0pti¢§1 Abaorttidﬁs |
The primary purpose of optical absorption 4n‘to_ca1cu1|te the optical
band gap of the Tioé'films as well as to investigate éhethet the crystalline
or polycrystalline Tio2 is a direct-band gap or indixect-baﬁd gnp_mntcrlql.
as thesé factors are of the utmost importance to the carrier transport in
the materiai. The basic functional dependences of the absorption co-
effibient on the photon energy have been discussed in Chapter 2. Based
on the functional dependences, one can determine whether or not a crys-
telline kor polycrystalline) solid is a direct-band gap material by plotting
a2 (or al/?) versus tw. 4 typical result of this study for the films
deposited at 400°C is shown in Figure 4.6, Notiece thar the absorption
“inereases rapidiy as the wavelength of radiation is umallér than 0.38 um.
An optical band gap of 3.7 eV, based on Figure 4.7, is obtained. This
band gap is considered tc be associared with 2 direct band-to-band transi- -
tion. Recently, the band structure of titanium dioxide by Daude, et al.
[76] reveals that the lowest indirect transitien (3;02-eV)»1i‘21'*'!i.'
The present result of 3.7 eV is close to the first direct transition.
Zaithéughln gap of 3.2 eV can be obtained by a direct 0x:tipolltion ftdm
Figura 4, 6. 1t is not adopted due to the 1nck of theoretical juncificltion.
- The optical absorptlon spectra of the 1102 filn deponit.d at 200' -
is lhoun in Figure 4 8. This figure 15 thcn converted ;o !igure 8.9,
hﬁron thc bllil of the cheory derived 1n Chapter 2. A dansity-of—utltcl o

___3_1  _ 1f ' Jancrgy gap o£ the order of 3 22 ev is obtaintd. Ihn rlport&d vnlucl__'

of thc ,ptical gap of IiO, range £ nm 3 65 tv to 3 95 cv 117.19,. ;ﬁﬁi@;,;rf'w

o thlt the-a valugs are. genetally e::imated from :he abncrptiou 'P.g:""fﬁﬁ;fi;.

Th- dngree of the accuracy of npplying this nftimation to an anorphous 'i  _ '
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' Figurs 4.5. Abscrption spertrum ¢f the T10, film depasited st 200°C .



4

L g

Pigure 4.9,

o

1/:

Dependence ot (hua)
thin £iir

versus T of the amorphous- Ti0,



‘”*Riﬂmdz.xy\ .
OF b “"GNJ(iE IS 62

solid is questionable. It is also interestinpg to note that & band gap
of 3.75 eV 16 chtuined if an c? versus hw plot, & shown in Pigurs 4,10,
is applied. Althcugh the consistency with the literature is evident, the
meaning of such a plor remzing uncertain.

The sbsorprion specirum presented thus far are assoclated with the
fiima, either polycrystslline or ancrphous, of thickness smaller than
400 A. The reason for wtilizing such thin films is to pzevent the spectro-
phoctometer from operatiny under an overload condition. One of the spectra
obtalned trom 2 thicker filw (1000 Z} depesited at 500°C 1a showm in
Fipure 4.11. This diagrem is especially piotted fo1 both percent tians-
mittance and &bsorbence. Ca:rain epsorption peaks which are not ssan
previousiy &are present. TIhe sheorption peaks ebove (.35 um are attributed
to interierence due to multiple interns? reflection [22). The absoxption
peak at the'QiciniLy of 0-3Z vm is believed zo b due to the band-to-band
transition. Extrapolarion bevond 0.3Z2 um gives rise to a band gap of
3.90 eV. The optical gap estimsted here 1s consistent waith both that

of Figure 4,7 and that of Fitzgibbons' [22]

4.3 CQurrent-Voltapge Characteristics

The d-« condu-tion tevel of the as-deposited T10, films is genexally
high. In the study of conduction mechanisms, elther a linea:r ploe (I vs.
V) or Schottky plot (log 1 vs- W) is employed., A linesa:r plot ia used to
detect the existenze of ohmic conduction and also to calculate the
tesdiptivity, whereas the Schottky plot 4s employed to investipate whethe:
@ Schoitky emissicn {(elettrode-limited) mechenism or a Poole-Frenkel
{tulk-1imired) mechanism 1s dominant. The linea: plot of a titeniun

aioxide film depcaited at 400°C in a nmitrogen atrmosphere is shown in
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Figure 4.12. Ohmic conduction at low voltage of the 400°C 110, thin
film
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Filgure 4,12. The slope of the curve is calculaied to correspond to a
resigtivity of 7.4x10& fi=cm. It is believed that the conduction mechanism
in thia ohmic repion is atr:ibuted to the hopping cﬁnduntiﬁn (77}, which
is a phonon asgisted tunneling between neiéhbotihs sites, as $llustrated
in Figure 4.13. The Schottky plot fite chtll-v characteristic qdiﬁc well,
&8s illustrated in Fipgure 4.14. The slope of this #chottky plp:‘il 2.76,
which is close to the thesretical value nf.2.5..1£ the Poole-Frenkel
mechanism is assumed dominant. This discrepancy is believed to be due
to the inaccuracy 4n the measuremant of the optical refractive index.
Nevertheiess, the conclusion that 2 bulk-limired Poole-Frankel mechanism
is responsible for the d-c cenduzeiun in tois region 48 justified., If

the applied voltage is furcher incressed, & gpace-charge limited process

finallv becomes importent,

o tonduction banc
o

s
e

‘\ A
‘\\
valence band \\‘*~h
metal inculator metal

Fipure 4.13. 1llustzeticn of the hopping conduction due to phonon
assisted tunneling between neighboring impurity mites
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Titaniwn diexide $£ilms depssited in en oxygen atmosphere, whieh will
undoubtedly increase the oxidation state, are alss investigated. A
Schottky ples of an as-dspositec film 1s shewn in Figure 4.15. It 1s
interescing to notire that the conduction level of the film deposited in
czypen is desreased by two orders o magnltude as compared to that de-
posited in nitrogen- It has been proposad that the cXygen vacancy consti-
lutes a donoy state in gitonium dioxide [78]. Consequencly, the phenomenon
sheeyved nire is plausibie In that the oxication efiewtively deciesses the
denzitv ;i goror sites snd subseguently decteases the density of free
CHCTIETS aclsinu} Lzem jlelo-sssisted i1onizatisn under bies. A resistiviry
a8 hivh eo 5.?11G1h WX O1E cmitulated

The faot that Pocole-Frenkel emizs.on 15 the dominant mechanismt in
thin ﬁitanium dioxiae {1im condw tior hes been identified by larbisen
and Tavior {13}. 1The resi.tiviry of single crystalline uitunium dioxide
(rotile phaéu) Was rercrred to be 1ﬂlb frecw [79])]. Had:, €t al. [80]
1eported che resistivaty of thin film T102, prepared by reactive sputtering,
LU ranpe rzem U.0) W-ci o lUli wu-cm depending on the oxygen partial
pressule Based oo this review, the result of tne present study 1s con-
sistent with those zepurtcu evlaewnere. Further inureesé in the resistivic;

15 4t c¢ourse possibie 1r awnnesling in an cxypen atmospheie 1s purtormed,

4.4 Lapacitance~Voltape Choratteristic.

The Lapscitance-voliaps neasurement 18 Jade 10 anestigate the exXis-
tenre. of an inversicn chanpel and ¢ caliulove the sUTIa & stete density
A systemati. C-V study 1% actuilly hasud on the tollowing consideratizos.

(1) Does the cfystaliine siracture ot cthe tilm afrect the TiOi-GaA&

interrace propeztic:.
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(2) It hes been observed, as presented in Section 4.3, that
titanium dioxide deposited in an oxygen atmosphere ahows
higher oxidation state than that deposited in nitrogen. It io
intuitive to zsk whether or not the oxidation state will play
any important role in surface state density reduction or inver-
sion channel furmation.

(3) Based on our experiences in silicon technology, it is well
understood that annealing generally lowers the interface state
‘dengity. Is this efiect also true in the came of T102~GIAI
interface? Also, doeg it mske any difference in the interfece
properties between annesling in 02 aud in NZ?

A variety of investigations have been performed to &nswer the gquestions

described above., To aveid the coupling of soveral variables, e.g., temp-
erature, annealing atmospheze, etc., &l1l eamples in the same Bet are
deposited allowing only one variable at s time to be changed. Under such
8 complete and systematic study, very good results have heen achieved,
Thoee of great importence for the present interest will be qualitatively
described as follows:

(1) The films deposited in the oxvgen atmosphere are better than
those deposited in the nitrogen as far as the interface
property is concerned, This result arises from comparing
Figure 4.16 with Flpure 4.17. It hes been pointed wut that
titanium dioxide deposited in the oxygen atmvsphure ghows a
higher depgree of oxidation, as described in Section 4.3,

Consequently, 1t 1s 1e2sonsble to draw the conclusien that

films with a higher oxidatinn state show better interfece
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properties. If this csné]uaian is ttue, 1&-:5 al;c'ﬁlnuéibie‘
to infer that the fi’ir‘na__anneaied__'inj'é*?ﬂi'ﬁﬁ- would have higher
guality. In effect, this phenomﬂnﬁn'has Eeen'ohserved as
‘t1lustrated in Figure 4.1B.-
{11) 1f the films are not'd&paaitéd.in an c¥ygen atmssphete, anhéaling
is genexelly required in order to achieve an inversion lhfgt;
: (11i) It 48 &iso observed that the lenger the perioed of gunealing time,
the better the guality of the £11ms . &nﬁealing for.ai least |
"40 minutea 1s peneraily requiied fto have any detect;ble effect
on the iut?ria property. It is genérall? balievad, howcver.
that Ap will eveporate from the GeAs surface at temperatures
higher than 500°C, and subséquentlyvaccumulatc &t the insulstor-
semiconducror Intexface If titarium dioxdide is a ditfusion mask
‘tor As atzms. Such an arsenic layer will uddoubcedly induce
trapping tenters at the 1ntgrfn;e, alvhough the detail of the
trapping mechanism is unknown. Baeed on this, the constructive
and destxuntive effecte are: assumed ro teach & comp:cmise.
The period of annaalzng time zanging i:um 40 to 12D minute: 1s

xeeommended

(1v) Iitanium dioxidt £ilms d;pcsited at - dﬁﬂ“c offer goni tesistlnke
ta ion miyraticn at ‘Toom. tamperatuze based on the negllgible
hyn:exesia (ut zToom tumpcratutn) asaocisted with the C-V. cutvt.

as damonvt:a:ed 1n Figure 4. 16~4 18,; A~rﬁdimentaty‘hinn~ ¢1M~,¢¢l

tampetatura stzess (B-T) study alag anppcxts this nonnluiion;”ﬁfvr'ﬂ

It 15 wall undern:ocd basad cn the knvwladge of zilican ttch-”9 **5

nalug;. that tilican.nitridt nffax: hn:tax 1an~m13:a:i
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protéction, aﬁd nf courge, a hﬁt;er diffusion or ilou~-implanta-
~tion mask than silicon dtozide. The result of the present
scudy.makea;tdzfpgnm diaiidé substantlally comparable to gilicon
‘nitriﬁe;in ahisvrespactz.f
(v) Hysteres i- ig :1£uallv observad io rthe accumulation repion,
Such a hysteresic is elther due to fast surface stares [18].
Aor due te the high rgnductivn‘level'ﬁf the oxide. This is
becaise most o} the applied bias drops across the oxide zs the
s&ﬁiLondu:tnr 1g ia the accumulation region.
(vi) Tha preperties nf thﬁﬂ?iﬂaQGéAé'interfaca are'beliévéd to be
Jdetermined par 1».bv zﬁE'ba:eriél characteristic ané'partly
|- by surface preparstion conditions: < Pipure 4.19'shﬁésva c-v
characreristic of én Ar-T10, 45 MIS capacitof. It is apparent
that a well deFineu inver jon and acchmulatlon region.are snnvﬁ.
However, in Figure &.20 the inve:aion reglon is not achiev-
'éble,. If the oonduction levels of the TiO tilms on Si end on
.LaAs ere asaumad Lo be the same, one can conclude that the -
':suizaca Qtate p'ayv an Jmpoxtnnf role iﬂ the format101 of an
.Ainverainn layer. Mcre di;cuga;oqs ou_tpis_w%li.be p:eseqtgd
’::later‘._" B AT . sl .

The ilqulator ga;]!uu nrasnidn 1nterfﬁtes invest‘gated bv othL

wozkera VELE mostly reported to exhib*t diffichty 1n achievinz En

1ayer [333 .H9HQV&IA,§nﬁ§GC%B$§b1¢-iﬂYﬁﬁaiQQ,ia

 Cean be" easily _db_ta'in'ed In the present .s:gafy, if the films are deposited

L'}qu.Lﬂchnblngicali mpurtan"& in. ﬁevice,app 

'fthat the 1nversion Lhannel can alsn be aghigved fur the £ilms depnsiteq
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at 275°C as shown 1in Fipure 4.21  Bscavaz of the fact that Tioz £1im
..aepasitéd at 275°C ean b eribed by WS, pattern definition and hence
device fabrication are achicvabls. Altopethsr, a p~ channel deple-
rion mode Gade MISFET ezn be built by ubilizing the inharent lnversiou
: p% channel arising from the built-in negarive oxide charges.
Finelly, the éuéatit&:iué_fEQQLtS-gcch a5 dielectric constant,
tlat-band voltage, and effective fised nxide charges will be given.
Since such & ealeslaticn wanEily requi?ea 2 strong accumulation &apaci-'
rance and 8 strong imversion eune & well, only those samples which exiioni:
atrcng.acaumulation and atrdﬁg iﬁveiéiﬁﬁ will te considered here. |
Figure 4.1b6 snowe & -V care wiih & ﬁapagitance of 320 pf in
sfrﬁng accuﬁuléticnu The tield wiize is an aiuminum dot 10 wii (16’2“
inch) in diamerer, Tne relative dielectyle congtant calculated_from the
BLIONE accﬁmﬁi&nion cnﬁﬂcit&n;a is abuﬁa B lsﬁbstituning ¢o}'6m, &

.t

an

Ny» and ni‘into Equatisn (Z.31), we obrzin = flat-band capacitance of

57 £, Ths intersect of the flzr-band capacitance with the observed -V

curve provides a flat-bend vultege (V

P

) ef 2,1V, The flat-band voltage.
1g relnted to the metai-semiconcvweroy work tunction diffarsnce and oindd:s

charge via the following eguation [1i)

S R
. [l 4 - el \d:g 1
\1 . [ - L wmem—n -;‘. H ———" ax 4 l
FLo- siooC L Lood (4.)
: ] * .

whe;e QMS ;s_the metal—aeadco:ductpr wc:ﬁ.functicn difference, Cc_ia
:ﬁe oxidé capacitance, QSS 1@ tue.iixed vxlide chargeé at.tﬁe inéulatax
semicanduc;qz interface, p(;} %s &% a\birtary charge distribution per
umit azrea inaide the oxide, d 1s tne urida.chickness. and x 1s measnreo

from the metal-insalater interfzes.  This 2quetion can he written a3
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Figure 4.21. “The c-v charactntistic of an Am-TiOz—GaAs HIS capacitur with the 1102 film

_ deposited at 275'
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,iifwhcrc streff-' 0 + f

o equal to -0. osev and a v of 2.1v m.o Equation (4 2), one obn.t

Pl e ek i o 32 538 0 ol R, et ki

:the calculation.is~performed fot-one sample only. 1: is Aa: typical result

- of the present study.,

i‘;'?f'dx 15 ths effec;iva fixed oxide chatgea :

j»at :he 1nsu1atar-aemiconductor interfaca. g“:;;_vg_jjj

__effective fixed uxide charge of -1 26:10 Icﬁ ; It 13 thia eha:ge that__;iak,_

~induces a spontaneous inversion channel in :he semiconductut. Although

Based on the tesult showm in- Figure,& .20, one concluﬂes that it is e

aaiffieurc:tn=g¢hiev¢-a¢-1nve:§£qﬁ11ayer-ih-%hacA&?Ii@gﬁﬁﬁgsaﬂiﬁf&srRQEQ:e~fu.f
'W1th':he 710, films deposited at 200°C. This-lhck.ofrau~inﬁer§1ﬁn lhyg:' :

is usually attrihuted £0- either high leakage curxent or- high surface statef- .

densities. In apite,of the lack of an inversion layer fot anrazwtlﬁz-'
GaAs capacitor, an 1nversion layer can.be easily achieved: fnr the At~ -
Tioé—SI MIS structure, If’the eonduction levels of buth are assumea

to be the aame, :hen ‘one can eliminate the conuide:ation of high leakage s

current. Therefore, one corvinces nhat htgh sutface state dengities

‘make the fnrma-tio_n_ of an inversion layer impass;thl_e. for the Az.:-f'l;‘ioz- :

GaAs capaeitor with the T10, deposited at 200°C. A’theoretical'uodel
based on a similar tTEutment of Hauser and B:idgea {32], 9111 b. pte- .;m ._
aented to account Eor this phenomenon. :'”:":' '

| Consider a donot-like su:fsce atate lacated somewhere batween the

,mid-gap and the vnlence band maximum of :he n-type GaAs. The energy

band diagrams for the donor-like aurface states umder 1arge positive

~ and negative blas voltage are shovn in Figure 4.22, For  large megative




' (d) Lirge negative bias o

F4Xled dnnor-like wtates,
neutral

detal - dinsulator - semiconductur

(b) Large positive bias

iFigure b4, 22. Bsnd diagzaonf an MIS capacitor at lazge negative and
large positive bias



__bial voltage, the donot—like states ara unoccupied and ate posi:ivoly
chatgnd,*while £ot a larga positive voltage the nite. are occupied by

. electrona nnd are electrically neutral Due to the dependeace aﬁ the

'charge atate uf the donor—like aurface stace on the suzface pntential. o
& SR <g,s;.;'._;the raaulting c-v eurye. will exhibtt a plnteau aomewhnre 1n tha deplntion; .
g ;regiun, as- shown in Figuze 4.23. The width oi the plateau Av 1. relnted o

B fta :he.surfare atate cha:ges st by

Q a N, -
A S8 L _SS _ .

'5denaityvin~uﬁitfasatesﬁémg;_-F;gu:gjﬁ;ZAushbws~thguc-vlgﬂtvﬁpﬁ#th 8. ..
step-like éharacte:ié:ic'&ée to fhe existence 6£:£our disé:&te sﬁzfﬁcé"
" states. Notlce that’ aa the ‘mumber of the disérete states increase and _
finally the atatea are distrihuted continuoualy within the forbidden gap,_f

'-a CfV'curva as ahown-in Figure 4.25 will ba;obagrvedf-_~~'

1 -Figﬁre 4,23, The c-v curve of an MIS device with & discrete surface
E ' ' C gtate ‘

gy



S et bbb e e s s

'_"mgdrefa;zd. The C-V curve of an MIS device wi.th four diacrete le.vels
R of surfane states

Eigute 4*25. The c-v eurve’ nt’ an MIS device. with a cnnr.inuous d:lstr:lhn-
' t.:lon of the surface gtates ' _
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7 Consider N es e funstion of the surface potentisl Y. The voltage
chenge due to the surfacerﬁﬁate'lotatearatvthbf!ﬂrfﬁcﬁ be‘“:iai'ws 1o

- glven-By |
g d¥g (he)

o

Ifnnss_;éla:contihgoue éénﬁﬁiohvbf ws; one @an ﬁgfipg‘

| | o dvg

7 _ - | L
‘where D is the surface state densities in states/em™-eV. Thus,
‘Bquation (4.4) becomes

q dh_

S 83
S dV e e dy
o Gb dbs S

4.6)

Co _ 8

" The blas voltage, relative to the'flatfband-cohaition. required to ob-

tain an inversion layer is given by integrating Equation (4.6) from wS =

0 ﬁb wé o Zﬁé - Z(Ef - Eij;.whére EF is the Feimi endrgy and E1 is the

intringic Fexm; anetgy {21. Thus,

V= fav
| "

= 4 D dig

'
Gn o
- —— (4.7)



'”suréace densities to be in the tange of 10

e K i l F— ____.l__m_ i NN _{ R T l I
- 85
where o
- . 26 .
T S A
‘D .Eagf_g. D db C (4B

' Based on the result of Iquation (4.7), ome concludes that an lnver-

VBibn'layér—is easier to achieve if the dielectric conotéﬁt ia'high'and.thé

'dbpiﬁg'ieVel is iéw; To calculate the tolersble subface gtate densities

Cfor the Purpuae of achieving an 1nversion 1ayer at an applied vultage
'”fleas :han 1DV one asaumes C - 2310 Pflcm and ¢F = 0 7 eV. Suhsti—

S 5 .
S _tuting V, C and ¢F 1nto Equation (4 7), one obtains D - 8 9x101 statea/

20 ; R
eV, Howevnr, baaed on the previous reaulta, one est:m&tes che av-zage

o4 stateslcmz-ev for the zs.z--'rm2

GaAs w;ch tHe TiO films daposited ag 200°C if the increase of the surface

c2

_sLate densiniah winh thg increase of aurface potential and the increase

uf dangling band due to the luw oxidation stare are. cons1dered.
The me del discussed above acuounts for the difficulty to achieve
an invetsion 1ayer ﬁor the Ai-TiOzuGaAs MIS scructure with the.Tloz films

depositgd»a; ZOO°C and is consistent with the experimental results.

!



Titanium dioxide films prepared by the chemical vapat de?°31tion nte:fffiﬁ

'investigated in this stuly &5 a candidare for the application in the GaAs-?-;:

“MISFET " In ’o‘rdér to gat & cnum‘le-t:e insig‘ht'of 'th't: 'ti’t-a‘ﬁium dioid.ﬁ'e-
: uallium arsan1de interfacc, nne skoula study the pnysinal and upttcal

, uropctties of the TiO film: ritst. an ellipsometer, an x—ray diffract -

"mater, anﬁ s UV-visible uﬂectrophotomate. :'e'among the 1nstzumants

N 7 o utiilzed for these scudia | Lne L*vstallinicy of tha TiO films 13"e- B

o m'tarmined by the deuogiciun temperatuxe and. of 0001395 bF the ”°3t’deP°3iti°“
,heat traatmenta aa wa11.  “he a=~d&p0=itﬂd fllma are; amozphous 1f nha 5 ~;-

“--depusition temnarature is lower than 275”C anu is polycrystallina anatase :7

:phase if the tenpexatur: is higher tban ﬁOO C.; The tempnrabure at 2?5“ f;f*
,,is thcught of as a,traﬂsition temperature betwecn the . amorphcua and anatase

_3__films.J Rafractive 1nd3xas, datazmined_b the ellipsometer, ranges from

R 84 ro. 2 1. depending on the depositian temperature., Ir has beﬂ“*ﬂbaervgg_f?
'--;{thaz tha higher the. depoaition :amperdtuzes are, zhe higher the: reﬁrac—-f?a*;-3

~{ :tive indaxes will be._ The polycrystalline'Tioz films axe impervious :o f

o most of" the ehemical etcﬁing p:ocessea, whila the ambr

oA be,rapidly etched by dilute hydrcfluorlc acid Ihererore, low- :

mPExatu£2rannaaiingwtaﬁnanﬁfffﬁ“ff

“-ﬂﬁtamperatu:a»dapbai:icn follcwed by hig“er;

auggestad,for devive Lahriujtion. Ihe amsrphm;ae TiB films hava &

e

'7'[deneity-of-state gap o¢ 3. 2 eV, annttha

cr}’stalline m02 fums'ﬁ ave

ia band-gap of 3,75 eV’based an e direut band~to—band optical absorp:ion.%

':'=”Such an ncreaselin tha hand-ghpﬂisfdesira 'e“as far ‘a8 a-barriet fo:

the charge 1njection from the semicunductur 15 cbnca*ned :




Cem -'-*-33 bbtainedy | These results ‘are in fairly pood agresme

_‘__'obtainaa baae.d on this study.'- An mversiomlayer_ia usually ol erved_as







:“,-'_:,';A. Von Hippla B 7
R Wiley and. Sons, Im:.

B fiﬁ&lk. 19 75,

J : ,'Elag.tpgni-cf Materials, 4, 6




LIST OF
21, E.
22. E.
23, K.
24. Y.

25. J.

2'6. \"’\l

27. T.

31, H.
32. K.
a3, T.
34, Al
3. J.
36. R.
37. A,
3. J.
39, P,
40, W,
4. W.
42. C.
43. R,
44, 8.

90
REFERENCES (continued)
Kaplan, et al. 1976. J, Electrochem. Soe., 123, 1570.
T. Fitzpibbone. et &L. 1972. J. Electrochem. Soc., 119, 735,
G. Geraghty, et 21. 1976. J. Electrochem, Soc., 123, 120l.
Sato. 1568, Jap. J. Appl. Phys., 7, 595.

E. Foster zmd J. M., Swartz. 1970. J. Electrochem, Soe., 117,
1384,

A, Cooper, Jr., et al., 1972, Solid~St. Electromn., 15, 1219,

Ito &and Y. Sakai, 1973, Traans. Inst. Elect. Eng. Jpn., 93-A,
i1,

D, Bagratishvill, et al, 1976, Phy. Stat. Sol. (a), 36, 73.
P, Murarka. 1975. Appl. Phys, Lett., 26, 180.

A. Logan, B, Schwartz, and W. J. Sundburg. 1973. J. Electrocham.
Soc., 120, 1385,

Hasegawa, et al. 1975. Appl. Phys. Lett., 26, 567.

H. Zaininger. 1968. RCA Engr., 15, 50.

Ite and Y. Sakai. 1974, So6lid-St. Electren., 17, 751.
6. Revesz and K, H. Zaininger. 1963. J. Am. Cerem. :Soc., 16, 606.
Frenkel. 1938. Phys. Rev. 54, 657.

M. Hi1l., 1967. Thin Solid Films, 1, 39.

K. Jomscher, 1967, Thin Solid Films, 1, 213.

G. Simmons, 1971, J. Phys. (D), 4, 613.

L. Young. 1976, J. Appl. Phys. 47, 235 and 242.

Schottky. 1914, Z, Phys., 15, 872.

E. Flannery and S. R. Pollack., 1967. J. Appl. Phys., 37, 4417.
A, Mead. 1962. Phys. Rev., 128, 2088,

Lalevic and G. Taylor. 1975. J. Appl. Phys., 46, 3208.

Wang, 1966. Sellid State Electronics. McGraw-Hill,



N

LIST OF REFERENCES (continued)

45.
46.
47.
48,
49,
50,
51.

52.
58.

54.
85,

56.
57.

58.
39.

60.

61.

62.
63.
64.
65.
66.

J.
N.
L.

K.

c.

8.

c.

P.
V.
E.
K,
R.

R. Yeargan and H., L. Taylor. 1968. J. Appl. Phys., 39, 5600.
S. Saks. 1975, Solid-St. Electron., 18, 737,

M. Termar. 1962, Solid-St., Electron,, 5, 285.

Lehovec. 1968, Solid-St. Electrom., 11, 13i.

N. Bergiund. 1966. IEEE Trans. El, Dev., ED-13, 701.

EKuhn. 1970. Solid-St, Electrom., 13, 873.

H. Nicollian and A, Goetzberger. 1967. Bell Syst. Tech. J.,
46, 1055,

Daclerck, et al, 1973. Solid-St. Electron., 16, 1451,

B. Zeininger and G. Warfield. 1965, IEEE, Trans. Electron Davices,
ED-12, 179.

Lehovec and A. Slobodskoy. 1964, Solid-St. Electron., 7, 59.

G. Lecomber and J. Mort, (eds.) 1973. Electronic and Structural
Properties of Amorphous Semiconductors. Academic Press, New York.

F. Mott., 1967. Adv. Phys., 16, 49.

H. Cohen, H. Fritzsche, and S, R, Ovshinsky. 1969. Phys. Rev.
Lett., 22, 1065.

Tauc and A, Menth, 1972, J. Nen-Cryst. Solids, 8-10, 569.

F. Poweli, et al. 1966. Vapor Deposition. . John Wiley and Sons,’
Inc., New York.

M. Sza. 1974, Integrated Circuit Technology. (private
conmunication)

C. Chang, P, H. Citrin, and B. Schwartz. (To be published in
J. Vac, Sci. Technel.)

Kofstad. 1962, J. Phys. Chem. Solids, 23.

L. Ridecut, 1975. Solid-St. Electron., 18, 54l.

A, Davis and N, F. Mott. i¥70, Phil. Mag., 22, 903.

H. 2sininger and A. G, Revesz, 1964. RCA Review, 25, 85.

J. Archer. 1968. Ellipsometry. Gaertner Scientific Corp.



T s i

92

LIST OF REFERENCES (continued)
67. F. L. McCrackin, ec al i%3 J Kes. Natl. Bur, St:ll., Qé_. 363,

68. P. L. McCrackin, et al. 1969, Tezhniesl Note No. 479, Natl. Bur.
Std.

69, J. Tauc., 1969. Optical Prsperties of Solids, edited by S. N.:delman
and 5. S, Mitra, Pienum Press, New York.

70, G. R. Fowlies, 1972, Introduction to Modern Optics, Holt, Rineha:i,
and Winston, Inc.

71, J. M. Wocdall and H. J. Hovel, 1977. Aappl. Phys. Lett., 30, 492.
72. J. R, Devore. 1951. J. Opt. Soc. Am. 41, No. 6.

73. J. Maserjian and C. A. Mead. 1967, J. Phys. Chem, Solids, 28, 1971.
7. M. Duffy, et al. 1968, J, Electrochem. Soc., 113, 61C.

75, M. Yokozawa, et al. 1968, Jap. J. aAppl. Phys., 1, 96.

76. N. Daude, et al. 1977. Phys. Rev. B, 15, 3229.

77, A. Miller and E. Abrahams. 1966. Phys. Rev., 120, 745.

78, P. A. Grant. 1959. Rev. Modern Phys., 31.

79. L. E. Hollander, Jr. &nd P, L, Castro. 1962. J. Appl. Phys., 23,
No. 12,

Bot 20 uada. et 810 1976. JBP. Ja Appl: Physa’ 2. 10780
81, B. E, Deal, et al. 1968. J. Electrochem. Soec., 115, 300.

82. J, R. Hauser and J. R. Bridges. 1966. Annual Progress Report, NASA
Grant NSG-588.





