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'ABSTRACT

One of the primary purposes of thls research was to develop technlques to
lmprove the quality of vacuum evaporated amorphous srllcon (a-Si), i.e. lower
the den51ty of localized states in the mobility gap The electron beam
evaporatlon of amorphouss silicon and hydrogenatlon by ion lmplantmg ‘has
proved promising. This technique permits 1ndependent control of amorphous
silicon disorder and the hydrogenatlon level, thereby:separating the process of
hydrogenation from that of film depos1t10n Electrical measurement of field
effect conductance changes was used as a probing tool to monitor changes in
the propertles of a-Sl before and after hydrogenatlon Field effect data was
transcrrbed by a computer program to determlne the dens1ty of locallzed states

, Amorphous SlllCOIl films were prepared by electron beam evaporatlon of a_
hrgh purity silicon onto the surface of .a thermally oxidized crystalhne SlllCOIl
substrate. The films were depos1ted at a fixed rate in a high vacuum.
Immedlately after depos1t1on some ﬁlms were subjected ‘toin situ thermal
anneal and some films were not. A comparison of the results of these two cases
revealed the porous nature of evaporated a-Si. Hydrogen 1ncorporatlon 1nto a-
Si films was performed by ion 1mplantatlon followed by a Iow temperature'
thermal actrvatlon of the hydrogen.

After hydrogenatlon a field effect conductance change of four orders of
magnitude was observed on the devices which were not in situ thermally
‘annealed. A comparison before and after hydrogenation demonstrates that
almost, three orders of magnitude reduction (from about 1022 to about
~1019/cm -eV) in thé density of localized states near the Ferml level (NE) was.
achieved. Varying the hydrogen implantation dosage between  1x10' to

1 5x10"/cm with all other sample preparatlon procedures ﬁxed caused a

~ decrease in NT from 8.6x10% to lxlOlg/cm -eV.

The effect of in sctu thermal annealmg prior to hydrogen 1mplantatlon
was also mvestlgated By performlng a 400°C - anneal for four hours
1mmed1ately following film deposition the film porosity was greatly reduced.
_ The film was then implanted with hydrogen to a total dose of 1);:10i7/cm2 A
- field effect conductance change of six orders of magnitude was observed which
 yielded a NT of 4x1017/cm -eV, approaching that of glow discharge produced

films.
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“The second purpose of the research was to develop modeling techniques for
the a-Si:H TFT. Despite rapid progress in the TFT performence, the
~ theoretical basis to determine static- and dynamic-characteristics of TFTs has

fnot yet been determined mainly because the influence of the localized states on
" 'TFT operation is very complicated. '

The theoretical expression of drain current as a function of gate bias and
drain voltage was derived. To use the theoretical expressions, the localized
state density distribution N(E) must be known. A derived yet practical formula
~ for the N(E) did not exist. A common way is to use the experiment of field
= effect conductance change to determine the N(E). With the data theoretical
- expressions the localized state density 'N(E) could be calculated by using a
numerical techmque but it is cumbersome and connot be determined uniquely.

As a design tool for devices and- cucmts a simple theory which can express
con01sely the TFT characteristics ‘is ‘very important. In this report, several
models for N(E) are listed. Approx1mate analyses for characterlstlcs of a-Si:H
: TFT are derived. In two special cases, i.e. uniform localized state density
.dlstrlbutlon and exponentlal localized distribution, some useful approximate
~ expressions was obtamed Compared with the expenment data, the uniform
densxty distribution of locahzed state model is a good. approxunate expression
for alarge dens1ty dlSCl‘lbllthIl of locahzed states near Fermi level. The
exponentlal ‘model is a good approx1mate expressmn for lower densntyv
dxstrlbutlon of locallzed states near Ferml level '



CHAPTER1

- INTRODUCTION -

We live m an electronlc éra of technologrcal advances based to a large_ :

‘éxtent on crytalllne semlconductor dev1ces The marvels of modern

semlconductor technology follow from sound physxcal knowledge ‘and

metallurglcal control of smgle crystal matenals Whlle_ » sermconductor
phenomena are-not unrque*to fcrystals, 'actrve devrces alrnost’ b.l‘alWays--hinvol’v'e
éiﬁgie ’c%ysta;lé Amorphous 'sé‘fﬁiconduc*tors- with t‘h}e weIl‘-eis't‘ablish'ed""érjirstall‘ine‘. |
) foundatlons as a departure point, oﬁer new frontiers for research and hopefully, _
‘ ~promlse for technologrcal developments ; o |
Consxderable eﬁ'ort has been expended 1n trymg to understand and predlct' C
’the electromc optlcal and physrcal propertles of amorphous semlconductors
Remarkable progress has been made in these areas, lnterrelatmg the basrc.” '
: 'characterlstrcs and in some mstances applymg the results in the reahzatlon of ,
devrce technologlss Its potentlal apphcatlon is in producmg large area low cost -
'.vsolar cells for energy converslon Other a-si dev1ces recently explored are thm ‘.

ﬁlm transrsters[l 4] charge coupled dev1ces(CCD)[5] 1mage sensors[6] and',



l hqu1d cry’stal_‘dispay(LCD) driver de‘vices‘[3,4]f. N

l.lDeﬁnition ofAmorphousSemiconductors

| The mechanlsms 1nvolved 1n the formatlon of crystalhne or noncrystalhne
states by condensatlon from Vapor and hquld phases prlmarlly depend on- the
trme that atoms or clusters of atoms mteract to from bonds i m metastable and
stable structures Crystalhzatlon is the long—range orderlng of atoms in 2
perrodrc sohd-phase lattrce ‘near equlhbnum condltlons Amorphous ‘and

polycrystalhne semlconductors are noncrystalhne

Amorphous semlconductors are noncrystallme but crystalhne state bonds
stlll predomlnate in amorphous sohds They lack long-range perlodlc ordermg"
of thelr constltuent atoms That 1s not to say that amorphous semlconductors ‘

~are completely dlsordered on- the atomlc scale. Local chemlstry provrdes almost
ngorous bond length and to a lesser extent band-angle constralnts on . the '
nearest-nelghbor envrronment Amorphous semlconductors contain covalently'
bonded atoms arranged in.an open network with. correlatlons in. orderlng up to
the thlrd or. fourth nearest nelghbors, 1e they have short—range order. The
short—range order 1s dlrectly responsrble for observable sem1conductor propertles. -
“ such as optlcal absorptlon edges and act1vated electrical conductmtles

Amorphous _ semlconductors are not | polycrystalhne : matenals
Polycrystallme semrconductors _are composed of . gralns w1th each gram "

contalmng a per1od1c arry of atoms surrounded by a layer of mterconnectlve or




boundary atoms The "grains or crystallines are’ formed by mdependent. 'v: :

nucleatlon and growth processes randomly onented and’ spaced w1th respect to o

‘one’ ‘another. An amorphous semiconductor can. be transformed to the. ‘

. "polycrystalhne state, but not the reverse The u'rever51b1hty lndlcates that the L

,crystalhne state has a lower lattlce energy. Indeed the polycrystalhne state
- - too, w111 transform to a s1ngle-crystal state by the reductlon of mternal
surface(graln boundary) energy. We can’ also 1nfer that the transrtlon from'
amorphous to. polycrystalhne state occurs by ‘the reductlon of mternal surface "
'energy Howeever in both case the 1nternal surfaces are reduced or: mlnlmlzed .
.but not necessarlly ehmlnated | | ‘ -
Amorphous semlcondutors, while formmg a s1ngle area of study w1th some
| ,umfylng ldeas often is divided into two. subﬁelds the tetrahedrally coordlnated_“ |
'srhcon-hke materxals and the chalcogemde glasses Arsemc from column 5 of |

the penodlc table, forms a bndge between the two classes of materlals

~ The 'terms ' glassy or v1treous are often used synonymously for». '

amorphous or “noncrystalllne However in some ﬁelds of study, glassy or.~

- v1treous connotes the technlcal preciseness of a deﬁnable thermodynamlc phase :
vThe exxstence of a glass state, thh its glass transrtlon temperature, has been
| _documented for some chalcogenldes, but not for the tetrahedrally bonded B

amorphous semlconductors For chalcogenlde glasses thls ls reﬂected in‘ the”

- ‘"ablllty to prepare them from a semlcondutor melt by rapld coollng(quenchmg): R

to temperatures below the glass transrtlon temperature. - For s1hcon and the -

hke; Qllenchmg ‘from the melt whxch in this case is metalhc w1th a dlﬂ‘erent“ o

short—range order then the desired semlconductor generally cannot be ‘done
' rapldly enough to freeze in an amorphous atomic arrangement polycrystalhmty

1is the more common result :



Once prepared a materxal is emplrlcally defined to be amorphous if its

drﬁ'ractron patten consrsts of dlﬁuse rlng(halos) rather then sharply defined

& 'Bragy rlng or spots characterrstlc of polycrystalhne or srngle crystal solids.

| ».Whrle mlxtures of amorphous and crystalllne matenals can exlst there does

“not seem to be a contmuous transrtlon from one to the other The conversion

'; Irom amorphous to crystalhne takes place by nucleatlon ‘and growth rather :

S then by homogeneous atomic rearrangement

| 12 illlabricat‘ion ol‘ 'Amofphbus S‘ilieon L

| Amorphous semlconductors that cannot be prepared dlrctly from the melt
are usually fabrlcated in the form of th1n films : by an atom1c deposition
N procedure such as. vacuum evaporatlon sputtermg, chemlcal vapor deposrtron,
-vplasma decompos1t10n of gases, or electroplatrng Ion bombardment of crystals

is also used to leave an amorphous layer in the collrsron traln of the ions.

The electrlcal and optlcal propertles of . the materlals are dlrectly
| 1nﬁuenced by the densxty of the locahzed elctronlc states[7] whrch differentiates
) _amorphous srlrcon vfrom crystalhne silicon. A prere_qnlsrte for fabricating
' -s.uccessful]devvi‘ce’s‘ ln a-'si'.‘_i\s»_tio’ h;avej?a,.low d‘ens_ity of_local_ized states, otherwise
| & the'F’ermi leyel 1s pi.nned’orinearly pinned at ’aﬁ'xed .energy- level |
It is.. known that hydrogenated amorphous srhcon ﬁlms(a-Sl H) have a
,,'.'vjlower densrty of localized ‘states. in the mobrlrty gap[8] then non-hydrogenated |

- ﬁ_lms Consequently the technlgues of hydrogen mcorporatlon and-the eﬁ'ects of -



hydrogen in reducing the localized states are of considerable interest: and have

~ been the main stream of basic materials research in a-si.”

Hydrogenated amorphous sxlxcon was first’ deposrted from a glow dlscharge o

7 " in. sﬂane(SlH4) generated by an external rf coil[g]. These f electrodeless -
dlscharge systems usually operate w1th1n a frequency range of 0. 5—13 5 MHz' |
and at S]H4 pressures of 0. 1—{) 2 torr The dlscharge chambers. are generally -
small(on the order of 7 cm in diameter), and the samples are usually positioned
horlzontally on a heated pedestal The best quality film are abtarned w1th .
substrate temperatures in the range of 200° — 40090. The SIH4 ﬁow -Kratesare |
,typi_c_ally in,the.range of 0.v2—5.0cm3/'mvin, and the deposition 'ﬁ:r‘ates_ are usually :

_in the range of 100 — 1000 A/min. The deposition rate increases rapidly w1th :

increasing power and pressure, but the film quality starts to degrade at high

deposition rates. Th_ese r-f"electrodeless ‘systems”havie: the advantage of e)k"t”-ernal_'
electrodes, ‘so tha’t'v‘f contamfina'tion of the films by -»sputtering 1sm1n1m1zed o |
However., these systems are relativ‘ely small,- and the uniformity’of the ﬁln_i is
generally poor AR “ | ‘ “ .
Radlo frequency capacltwe dlscharge systems employ parallel plate ,
electrodes inside the dlscharge chamber and are 51m11ar to the systems used for
sputter-depos1tlon[10] The capasitive discharge systems generally operate at-'_ |
13.5- MHz and at SiH, pressures in the range of 5—250 mtorr The ﬁlm. |

: unlformlty is excellent and some systems can accommodate substrates 1 l't2 1n

-area. The SLH4 flow rates are typically 10—50 cm3/m1n and depend on the srze‘ o

~of the system as well as on the pressure and power The power densxtres are ._
- usually in ‘the range of O 1—2.0 W/cm and the dep051t10n rates are in the’: o

range of 50—500A/mm



Deposition of 2-Si:H has also been done by means of a DCglow’disc.harge
in Sill4[11] -.Deposition rates in' the range of 0.1—1.0 um/min cccan be obtained
'b ‘_by varyrng the current densrty to a cathodic substrate from 0.2 to 2 .0 mA/cm
| :1n ~1. 0 torr of SrH4 Cathodls ﬁlms are bombarded by energetrc posrtrve ions
durmg the deposrtlon, and bombardment damage can degrade the film quality

at hlgh voltages and low pressures. Fllm uniformity is good 1f the substrate

drmensrons are much larger than the Crookes dark space(a dark reglon in the

| glow discharge near the—cathode)_.» _
| Another techniquethatvhas been used to deposit a-Si:H is sputterlng in an
: atmosphere of Ar and H2[12] In this approach a polycrystalline srllcon target is
sputtered 1n an r-f capasrtlve discharge system. The substrate is placed on a
| _heated_ counterelectrode locat_ed o_pposrte the target-.electrode. Thls te_chnlque'
o vh,as»,_the‘ adt'antage of ‘being able to control'the hydrog.en content of the ﬁlms by
o varylng t_he, partﬁial,pressure of: H,. »Howevver, prelimin'arjr resu-lts obtained"-at'
: .f RCA Laborat‘oriesf.indicate‘that the ﬁlm quallty is infer.iorto _that_ob\tain;ed in: a
| “SiH4 d’ischarge.k | | | B | |
R Chemical vapor depositlon(CVD) has also been used to deposit a-Si:H. The
non-doped CVD._ a-’Siwas deposited' by thermal decomposition of SiH; at
| 550—600°C[13]: The OVD a:Si obtained exhibits no detectable vibrational
absorption in, the. infrared due to Si-H bonds and incorporatessilicon: dangling
bon’ds amOunting to approximately 1x10‘9~ cm~3 “When CVD a-Si'H‘-iﬁlms are
' deposrted on a. substrate at temperatures. between 380.and 450°C in: 812H6[14]
1nfrared transmlssron spectra showed the followrng results @ At lower
temperature both SlH2 and SiH bonds are evident. (2 ) As- the temperature
Jincreases, SiHj bonds d1sappear and only SIH bonds remain. (3) From the IR

spectra ;1t'a,p‘pears that ‘W‘lth increasing temperature the »H _content_ is reduced.



Post-hydrogenatlon of CVD 3a-Si can be used to ehmrnate the electron spm o
densrty, Whl"h 1mp11er bond-gap states Anneahng in a hydrogen plasma has"_'
been developed for CVD a-Si[15]. Undoped a-Sl ﬁlms were obtalned by the

’bchemlcal vapor deposrtlon of SIH4 at a temperature of 650° ' C The': o

experlmental setup for hydrogen plasma anneallng is shown in Flgue 1 1 The
pressure of hydrogen the substrate temperature r-f power, and anneallng tlme'
were' 0.6 Torr, 350° C*, 40W(frequency : 13.56MHz), and 60 mmutes,
respectlvely The hydrogen ’plasma ’Was ’maintained“ un‘tll ‘the ‘s-ubstrate
temperature fell below 250° C to av01d an effusion of the hydrogen atoms out_

of the films durmg cooling. The' followmg conclus1ons are drawn on the results

of post-hydrogenated CVD a-Si: (1) The electronic - propertles are closely |

connected w1th -the -hydrogen- distribution, whlch descrlbed by a
complementary error funetion. (2) The hydrogen pe'netr.at1on depth is estlm.ated" :

to be 0.5 " where the spin density is reduced from 1x 1019 cm—3 to 7x10'% cm n~3

Another 1mportant method to obtain a-Si is by electron—beam evaporatlon
'The typ1cal procedures are- that the vacuum, substrate temperature and rate of
evaporation are 10~ 8 torr; 200° C and 1—5 A/sec respectlvely After a-Sl is
deposited, it is kept in a high vacuum(lO and annealed for 4 hours at 400° C.
* The dens1ty of locahzed state was measured to be 6x IOIQ/CMs—eV '
Hydrogened a-Si, made by electron beam evaporatlon has been
" produced[lB] by anneahng in ‘a hydrogen gas ambient at 400° 'C for 1 hour.

VThlS step has a dec1310n beneﬁt for the augmentatlon of the photovoltarc

i ’performance On the other hand, by using hydrogen pplasma annealmg

_ descrlbed in a—S1 llterature[17] nonone has been able to obtain the same degree
of benefit. A point of departure in thxs approach is the use of ‘molecular

. hydrogen 1nstead of plasma[17] or atomic hydrogen[lS] for hydrogenatlon The
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Figure 1.1  Experimental setup for post-hydrogenation of CVD a-Si films

(from Reference 15)



hydrogen content after thls anneahng treatment is found to be from nucIear f o

‘ reactlon analys1s[19],about 1 to 3% of the s111con content ThlS value 1s rather»"v -

o vlow in comparlson wrth pubhshed data of as hlgh as’ 30%[17] Whether thls Iow =

' value 1s due to the hydrogenatron belng 1ncomplete or’ alternatlvely the a-Sl '

has Tess defectlve states to bond w1th hydrogen 1s an 1mportant problem

1.3 Purpose of the Report

To date, the best dev1ce electrlcal performances have been achleved wrth' o

) 'glow drscharge depOSIted a-SlH ﬁlms whlch have a low den51ty of locallzed'

- states in the energy gap [20—23] Yet the propertles of the depos1ted speCImens f

'are crltlcally dependent ‘on’ a number of varlables such as substrate
'temperature type of dlscharge dlscharge power SLH4 pressure and SlH4 ﬂow”
rate Complex surface reactlons whlch 1nvolve electrons and posmve 1on‘g'
”.fragments such as SiH, SIH2, and SiHg take place durlng ﬁlm growth ThlS-T
-'behav1or 1nd1cates that the den51ty of gap states is strongly mﬁuenced by the |

e . depos1tlon condltlons Hydrogen 1ncorporatron by thls method is determmed

by the detalled plasma condltlons at the speclmen surface durlng deposrtlon

"The 1nherent complexxty of the glow dlscharge process and the lnterrelatlons’ '

_ among the deposmon parameters make 1t dlfﬁcult to. study the ba.sw materlal

propertres “of films prepared by this technrque Because of such a complex

“ deposrtlon process whrch 1nterweaves with the reactor de51gn or operatlng':_ v

: ‘parameters what cntlcal specrﬁcatlons are needed to unlquely deﬁne a s1lane>
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{’decomposmon system is - stlll uncertaln and unsolved In. another words, the

7'7“‘~=_j”"'_:experlmental control of the plasma condltlon and surface reactlons during

21 vdeposxtlon, to obtam well defined and reproducrble electronlc properties,

:'remams a ma]or problem Hence the samples produced by this techmque tend

E to have poor umformlty from run to run due to the: complexrty of the reactlon

: _'process Therefore it 1s not surprlsmg that ‘different characterlstlcs of a-SlH

e '"produced by th1s method are observed at dlﬁ'erent laboratorles For instance,

Goodman [24] found that the denslty of locahzed states at the Fermi energy is

o lower when deposrtmg at the substrate temperature (T,) of 160°C than for the

o ﬁlms depos1t1ng at T = 280°C But the other pubhshed results mdlcates that

,_'250°C < T < 300°C is the optlmum range for producxng hlgh quality films

s : w1th a low densrty of locahzed states [8 25] Even in’ the same Chxcago group,
'l,Goodmans results [24] dlsagreed w1th Tsals results [25] -on .the substrate

,‘temperature eﬁ'ect Moreover, in the fabrlcatlon of a-S1 H ﬁlms two 1mportant
. factors namely the degree of dlsorder and the hydrogen content cannot be :

- ,1ndependently controlled in glow dlscharge or. sputter dep051ted ﬁlms ‘

In thlS research a. techmque is: reported for . the deposrtlon of a—Sl and its
- subsequent hydrogenatlon, whlch permlts mdependent control of a-Sl dlsorder
'.and the hydrogenatron level In addltlon thls techmque serves to minimize the
number of fabrlcatxon parameters thereby faclhtatlng the study of |
.‘hydrogena-tlon phenomenon Wlth the number of fabncatlon parameters“_: _

: mmlmlzed the techmque is . greatly srmphﬁed compared w1th the 1nherent

SR vcomplex1ty of the glow dlscharge process Samples w1th excellent unlformlty

B rfrom dev1ce to. dev1ce and from wafer to wafer were obtalned Thns unlformlty’ |

S w1ll be demonstrated in the IDS vs. VG ﬁgures of Chapter 4




» The devrce structure used ln thls research 1s s1m11ar to the MOSFET w1th'b’l

‘ 'a thln ﬁlm of amorphous srllcon for the semlconductor whlch was produced by,f
"electron beam evaporatlon 1n a hlgh vacuum Hydrogen is lncorporated lnto the..'

B film by ion, 1mplantat10n and therefore can be quantntatlvely controlled Thls is -

lfollowed by a low temperature thermal anneal o actlvate the 1mplantedd .

hydrogen A comparlson of electrical propertles of the evaporated ﬁlms before_

'and ‘after- hydrogenatlon prov1des valuable 1nformatlon on the eﬂ'ects of‘

, hydrogenatlon lndependent of dep051tlon parameters The hydrogen content s

"can be easxly controlled by this techmque as’ compared to the technlque o

- 1nvolv1ng exposure of evaporated a-Sx to an atomlc hydrogen plasma [26] glow
' _dlscharge decompos1t1on of sﬂane [20—23] sputterlng depos1t10n in the presence' -

of hydrogen [27] and chemlcal vapor deposxtlon (CVD) [28]

The electrlcal propertles of a-Sl thlu ﬁlms produced by the above methodsﬂ i
" are heav1ly dependent upon the fabrlcatlon parameters [7] such as’ the-_

k"deposmon condltlons nature of the substrate post-deposrtlon heat treatments,v

. and the hydrogenatlon technlques Therefore 1t is necessary to determlne what o

y parts of the observed expenment are due to fabrlcatlon what parts are :

: ,lntnnsw to amorphous materlals and what parts are due to hydrogenatlon':.
: ﬁects In thls research all the fabrlcatlon condltlons were ﬁxed Only the lOll‘
lmplantatlon dosage of hydrogen 18 varled once an anneahng procedure lS,.,‘
;estab-hshed » | E |
The ﬁeld eﬂ’ect measurement of the conductance change was employed in
this research as a’ probmg tool to study the characterlstlc changes of the a-Sl

= upon hydrogenatlou These measurements were performed on- the devrces whrch g

o _ ‘were subjected to a thermal anneal n sttu 1mmed1ately followmg a-Sl ﬁlm_':d'

o deposrtlon and also on the dev1ces whlch were not anuealed m. sztu Comparlng
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' _the. -results : o‘f “ th’ese twoca‘ses gave valuable information ‘about the porous

;:,;nature of evaporated a-Sl ﬁlms and the eﬂ'ectlveness of the hydrogenatlon

o process The eﬂ'ect of hydrogen in reduclng the den51ty of 1ocahzed states was

quantlﬁed by varylng the lmplant dosage Analyses of the ﬁeld eﬁ'ect data

“ mdlcated that the den31ty of locahzed states near the Ferm1 level (N5
- ""':decreased as the 1mplant dosage was 1ncreased w1th all other experlmental

:if.procedures ﬁxed

‘l 4 Orgamzation of This Report
Chapter 2 presents a rev1ew of the relevant hterature on a-Sl and a-SlH

- The revlew 1ncludes a summary of generally known propertles hydrogenatlon,

and doplng of a-Sl The theoretlcal analysxs of ﬁeld effect. conductance

L ‘modulatlon and- a bnef dlscusswn of the ma_]or apphcatrons of a—Sn are also

j,presented Detalled experlmental procedures are descrlbed in Chapter 3 whlch

o ‘vlncludes the sample preparatlon field eﬂ‘ect measurement procedures,ylon

1mplantatlon and thermal actlvatlon Chapter 4 contalns the experunental

J:results of hydrogenatlon versus nonhydrogenatlon ﬁeld eﬂ‘ect conductance

o change after hydrogenatlon, lnﬂuence of 1mplantat10n dosage on the reduction

v dof locahzed states, hydrogen eﬂ'usuon, _ the eﬁ'ect of a pre-lmplant in. sslu

. thermal anneal on the reductlon of locahzed states and a. d1scussron of surface

" V;v‘;v‘lstates In Cha,pter 5 the a-SlH TFT is d1scussed whlch 1ncludes the'

’ 'theoretxcal analy51s the approx1mat1ve theoretlcal analy51s and a brlef
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' vdlSCllSSlOll of some experlment results Conclusrons drawn from this re.search-i f’ : :
are m Chapter 6 which also mcludes sbme recommendatlons for future
research Two appendlces are also mcluded as part of this report Appendlx l‘;' -
| ] presents the 1n1t1al wafer cleanmg procedures Appendlx 2 1llustrates the o
procedures to run the computer program and the program whlch s used to
vdetermlne the densrty of locallzed states in the moblhty gap from experlmental'

data. -



M

. CHAPTERZ

' REVIEW OF THE LITERATURE ~

Pl‘lOl‘ to 1970 very httle research was performed on amorphous materlals

Slnce then more research has been mvolved in thls ﬁeld and most of thelr .

- pubhshed results are expenmentally orlented Only few papers have dealt wrth o

e any theoretwal work Up to the present a concrse and complete theory of

, 'damorpholls mater1als whrch ean explam all the observed experlmental facts “

has to be made avallable o o

Several good reviews on amorphous semrconductors have been wrltten by o

‘-’,Davrs and Mott [29] Adler [7] nghts and LuCOVSky [30] or e dlte d by S

-'BrOdSkY l31l The review ln thls chapter is only concerned w1th the hterature-l, B

on amorphous srllcon The rev1ew mcludes some generally known propertles of ’

'1ntr1ns1c a-Sl hydrogenated a-S1 doped a-Sr ﬁeld eﬂ'ect conductance

, modulatlon and a brief d1scuss1on of some major apphcat1ons of a-Sl
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. 2 l Amorphous Slllcon Structure, Densnty of States Models,

Hopplng Conductlon in Locallzed States at the Ferml Energy

L [A] Structure
Slhcon, an element in column IV of the perlodlc table tends to bond

'tetrahedrally In 1ts lowest entropy state s1llcon crystalhzes in the “dlamond”

o structure 1n whlch 1t lS most stable

Amorphous semlconductors that cannot be prepared dlrectly from melt-' :
'quenchlng are usually fabrlcated in" the form of thm ﬁlms by an atomic
v.i.deposmon procedure Among the fabrlcatlon methods of - amorphous

'semlconductors several 1mportant and commonly used methods for the

"'”preparatlon of a—Sl are vacuum evaporatlon r.f. sputterlng, chemlcal vapor

o fv'depos1tlon (CVD) and glow dlscharge decompos1tlon of s11ane (S]I‘I4) gas. X-ray |

N ‘dlﬂ'ractlon studles [32 33] have conﬁrmed the. amorphous nature of these ﬁlms

'Further studles of- X-ray, electron or neutron dlﬁ'ractlon data [34-37] yield a

~rad1al drstributron functlon (RDF), the Fourler transform of the scattered

o ',"radlatron, whlch is. the average denSIty of atoms at_ a glven dlstance from any

o "'other reference atom The RDF shows that the ﬁrst lnteratomlc dlstance and :

ithe coordmatlon number m a-Sl are of the tetrahedral arrangement The

) 'average bond length is 2 38 A as. shown by Flgure 2. 1

o : To date the most wrdely accepted contmuous random network model
: (CRN) of the ideal amorphous SlllCOIl structure is that of Polk [38]. “The Polk
’ 'model s “ball and stlck” model contalnlng 440 atoms Each atom in the

.ﬁ, ;H;model has four lmmedlate nelghbors arranged in a dlstorted tetrahedral

»}.' jgeometry 1n the sense that bonds may: be shghtly bent or stretched The short-"



>

NN TN N TN

| ViFiguré-Q'l F“St nelghbor peak of the radlal dlstrlbutnon functlon for o

o " evaporated a—Sl and. glow dlscharged a—bl H (from Reference 34) ‘
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range order is preserved to a d1stance of the first nearest nelghbor Beyond the
h second and thll’d nearest nelghbors the structure gradually loses the long-range
| perlodlclty due to the shght bond stretchlng and bond’ angle dev1atron In the
model the bond angles are dlStl‘lbllted about therr average value of 109° 28’

w1th an average dev1at10n of :l:10° and a maximum dev1at10n of +20°. The

. .' maxrmum bond stretchlng is 16% The densrty of th1s structure was found by

Polk to be about 93% that of a correspondlng crystal lattlce Avallable
' publlshed dens1t1es [39] for amorphous and crystalhne s1hcon are 2. 35 and 2. 42
3 gm/cm respectlvely, yleldlng a’ dens1ty ratlo of approxrmately 97%. In
addltlon to the snrfold rlngs of crystalhne s1hcon the model also dlsplays'

ﬁvefold and sevenfold rlngs Polk's model represents an 1deal structure for the

amorphous state, low energy metastable structure wh1ch can. be extendedl

'~ 1ndeﬁn1tely w1th no lnternal unsatlsﬁed bonds It 1s a structure toward which

o fabrlcated amorphous ﬁlms approach

‘The' above 1deahzed‘ network structure gives 'ﬂsan Kimage- of no dangling.
bonds Each atom s satlsﬁed by 1ts chemlcal valence bondlng requlrements In’
: the real world defects (a lone broken bond or “danghng bond”) ‘always exist in
‘ amorphous materlals These lmperfectlons ex1st even in. the _crystalline
g materrals Frgure 2 2, 2 3 and 2 4 v1suahze the CRN model and some possrble |

defects | |
The ha-‘Si ﬁlms producedv bv‘v‘acuum evapora'tion: method contain’ large
numbers of vords, defects and other 1mperfect10ns (thermal stralns density
ﬂuctuatrons) [12} Evrdence of the presence of mlcrovords in a-Sl is found in the
work of Moss ‘and. Graczyk [40] and also Brodsky [32] Low angle electron :

| scatterlng data of Moss and Graczyk clearly 1nd1cate the presence of voids i in

the ﬁlms Brodsky observed the large electron spm resonance (ESR) s1gnal '

i
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Fig_ure,i2.2 " A continuous random network (CRNj model of a—vSi"cdhtaini‘ng a

o dangiing bond (from Referv.encevl}l) E

Figure 23 Hypdthi_atic}al,construction of an a-Si »latt‘ic’e shbwin’g the. exki'st'ence

of a lone broken-bond ‘(fromR,e'ferénce 31).



T

~ Figure 24 ‘Scl}eﬁmtic‘f.ebrésentétion of Vposs'ible defects in crystalliné (top)

and amorphous silicon (bb'ttom)(fr,on‘i Reference 31)



which is attribut'ed to the 'unpaire'del'ectron spi'ns from'dang‘lingibond’sonbthe '
void edges There w111 be more dlscussmns on the subject of mlcrov01ds in

evaporated a~Sl later in Chapter 4 section 4. 6

[B] Densnty oi‘ States (DOS) Models

Knowledge of the density of states functlon and the moblhty of the states '
in amorphous materials ‘is essential in the vunderstandmg ‘of  the electrical
transport and other propertles of these materlals A good 1ntroductlon on the
theory of electronlc states in amorphous semiconductors ‘was glven by Kramer‘ ,
| 'and Wealre [41], whlle an- 1ntroduct10n to the localized states in the ‘mobility
gap and: defects in amorphous semiconductors was written by Davis 142]. ‘The
whole sub]ect ‘of the theory’of states in a-Sl is stlll m its lnfancy The purpose
of this sectron is only vto_quahtatlvel’y revrew the important features of several
den"Sityb of states "m_odels.' S | “ L ‘

D'ue to’- theab'senee-of 'liong range order inamorphous ’s'emi'conductors a

v'rlgorous quantltatlve solutlon of the Schrodlnger equatlon does not ex1st.

However, the model of ‘purely topologlcal d1sorder as represented by the

,Hamrltonlan used by Thorpe and Wealre allows a dlscussmn of the behav10r of

~bands and band gaps in tetrahedrally bonded amorphous semlconductors The .
Anderson Hamlltoman represents ‘‘pure composrtlona] disorder” and is the key
‘ model for the understandlng of electron locahzatlon in dlsordered systems -
| v_ Weaire and Thorpe [43,44] demonstrated that by quantum mechanrcally .
manipulating the matrix elements of the Hamiltonian, ’an'energy gap exists in

the “ideal” random structure which is defined as an amorphous solid withno
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1mpur1t1es, no. defects and no danghng bonds However, due to the deviated
| dlstrlbutlon of the bond - angles and interatomic dlstances some kind of
electronlc energy states (so-called ‘intrinsic” states) do exist in the gap. These
gap states are fewer in number but nonzero as compared with those in the
| _ conductlon band and valence band in which are named extended states The

carrler mobility [45] in the gap states is far less (several orders of magnitude)

s 'than that in the extended states

The energy separatlng the gap states and extended states is called the
-mobility edge hence thls pseudogap 1s s named the mobility gap. The intrinsic

gap states are. belxeved to be the band talhng states prolonged from the
» extended states mto the energy gap as Flgure 2.5 illustrates. While based on
"'Andersons Locahzatlon Theory [46] Mott [47] also demonstrated that the

"spatlal fluctuations. 1n.the potential caused by the configurational disorder in
amorphous mat’erials may lead ,to,_ the’lforr_nat“ion of localized states which forms
f va‘:tailg above the valence and,below:the, .conduc,t_ion ‘bands. | |

. As mentioned inv”the lasti‘.section"'fab'ricated a-Si ﬁlms contain a large'
.number of defects and danghng bonds wh1ch make - them depart from an
‘ rdeallzed structure and result 1n addltlonal electromcally actlve states in the
’:pseudo kenergy gap.. These defect-caused locahzed gap states. .are namedv

“extrinsic” states to be - dlstlngulshed from the band tailing-caused 1ntr1ns1c

. states The states. in the pseudo energy gap are called locahzed in the sense

‘ that an electron placed in a reglon will not dlﬂ'use at zero temperature to other
reglons w1th fcorrespondlng.potentlal ﬂuctuatlons : Thelr quantum mechanical

: wave functlon has a ﬁnlte reglon of lnﬂuence as compared to an extended state

Fi lgure 2 6 1llustrates two of the density of states models proposed for the

, band ,_sﬂ_tructure of amorphous _sermconductors known as the Cohen-Fritzsche-
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. Figure 2.5 Den31ty of states in the conductlon band of a noncrystalhne

o matenal showmg the band tallmg states (l'rom Reference 59)
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Figure 2.6  Schematic density of states diagrams = for amorphous

~ semiconductors (a} the CFO model, {(b) the Davis-Mott model

(from Reference 31)
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Figmé 2.7 Band tail overlapping of CFO model



- Ovshlnsky model [48] (CFO model) and the Dav1s-Mott mf*del [49] Recently a -

dlﬁ‘erent model called the small-polaron model was proposed by Emln [50] It_' . |

should be noted that preparatlon methods and condrtlons have been shown tov, , )

'have ‘a great mﬁuence on the number of localrzed densrty of states ln'

| lamorphous sﬂlcon [239 51 52] All tne experlmental data obtalned from ﬁeld‘ o S

; effect [8 23, 53 54], noise - [55] and photoconductwrty measurement [56] support
: CFO model for amorphous 5111con SR PR T

. If the system dlsorder is sufﬁclently hlgh then the tall states of the.

‘ 'conductron and valence bands extend $0 deep lnto the moblhty gap that they o |

'veventually overlap each other In the CFO model “the locahzed states are.
believed to be due to the overlappmg of the conductlon and valence band talls |
leadlng to's an appreclable den51ty of states in the mlddle of the gap (see Flgure'
2. 7). As a consequence of band overlapplng, some’ electrons in the tall states of :
the valence band have hlgher energres than those from the talls of conductlon
band Such electrons from the top of the tall states of valence band fall lnto ’
 the lower tall states of conductlon band. The Ferml level EF, thus falls close to-

the middle of the quasr energy gap where the total den51ty of states reaches the

minimum value Assume the tall states of the conductron band are of the )

"acceptor t,ype‘ (;r.e neutral when empty and negatlvely charged when belng |

o filled), “and th’e'tall states of valence band are of the donor type (1 e. neutrall' |

:.when filled and- posrtlvely charged when empty) The redlstrlbutlon of . the - oo

electrons mentloned above glves rise to the empty pos1t1ve charges in the talls- .

of valence band whlch are neutrallzed in equal number by the assoclated '
' negatlve charges from the tall states of filled conductlon band. - |
In the Dav1s-Mott model the band talls are not extensrve but rather

;:narrow and extend only a few tenths of -an electron volt. 1nto the quas1 gap
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iThese locahzed states are assoclated w1th ‘the absence of long-range order i ie.

: 1ntr1ns1c states Furthermore there ex15ts a band of compensated levels near

'_-the mlddle of the gap that can pm the Ferml level TlllS band referred to as

o «the J-band orlgmates from defects in the random network e.g. dangling bonds,

e Preferable DR

: _vacancles etc Experlmental data on chalcogenlde glasses [57], whlch are

""'amorphous materlals 1nvolvmg S Se, and Te, showed that Motts model is

- [C] Hoppmg Conductlon in Locallzed States a.t the Ferml Energy

A short note should be made on the conductlon in locallzed states near the

' ’EFermx energy whlch is. unlque in amorphous materlals The 1nterpretat10n of

3 __electrlcal transport data is- closely 1nterwoven w1th the energy dlstrlbutlon of

the dens1ty of states On the basrs of the CFO model there can be two

_processes leadmg to conductlon in amorphous semlconductors

AL elevated temperatures, charge carrlers can be exmted beyond the
" ,Tmoblllty edge 1nto the extended states "The current transport in the extended
states is srmllar to usual band conductlon 1n crystalhne semiconductors but

"»lwrth much smaller carrler moblhtles compared WIth those of- crystalllne

'-',_:-semlconductors R

At low but nnrte temperatures the conductlon mechamsm is domlnated

by the low moblhty hopplng conductlon in the locahzed states near the Ferrm

‘energy The carrlers can Jump from locahzed s1tes to other sites through a "

".‘f':phonon ass1sted tunnehng process ThlS transport known a's “thermally '

| actlvated hoppmg or varlable range hopprng 1s s1mllar to 1mpur1ty band, »l
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- conductlon observed in heavﬂy doped and’ nlghly compensated semrconductors
at low te'nperatures [58].- A full and lengthy treatment on- the temperature
dependence of the hopplng conduct1v1ty at EF has been glven by Mott [59] and :
| a review artlcle on 1 this subJect has recently been pubhshed by Overhof [60] and :
‘Nagels [61] | ' -
Later 1n Chapter 4 the analyses of the field effect experlmental data on
the as-fabrlcated” ﬁlms showed no ﬁeld effect condnctance changes It is
belleved that hopplng in locahzed states at EF dominates_ the conductlon,
| m'echanlsm in these cases. The hopplng conductlon‘ formula derlved by Mott
| w111 be used to. estlmate the initial density of states near EF on the las-’
fabricated” ﬁlms It must be. mentloned that Mott's derlvatlon 1mp11es a
- number of 51mphfy1ng assumptlons of which some are controversial. The ﬁnal
hopplng conduct1v1ty (o) derived b y l\/’ott [59] is clted as follows |
o=0y(T )exp(—A/T'“)

~ where

| %(T)Fagf)-lﬁ(uph)[N(EF,),/dk‘T] Ve

: _'i:’uprh 3~Ph9110,1‘1' freduen’c_& ~v-l(\)-l:3/SVeej | .
: --'a : rate of fall-off of the wave function at a site
Trx“ ~ 51-02_( | | |
| N(EF) :-density o’f‘_s:t‘ates at the F.e‘rmi level

‘e : absolute value of ele’c"‘tronve‘harge, 1.6x1071° conlembs .
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T "absolute temperature in Kelvin
k Boltzmann 8 constant 8 62x10’5 eV/°K '

It should be noted that the temperature dependence of o has been confirmed

expenmentally [59] However many other functions also fit the data.

2.2 Reductlon of the Locallzed States i in the Pseudogap

As mentloned in the sectlon 2.2[A], a large number of defects and danglmgl

- bonds exist "in 1ntr1nsrc : amorphous s111con as. lndlcated by a detectable

electron spin resonance (ESR) signal.. A dangling bond, wrth its electron energy )
level lylng in between the valence states and: conductlon states contributes to
: optrcal absorptlon and electrical conductlon processes and hence masks many
1nterest1ng semrconductor phenomena Further, a large density of fast
'nonradlatrve recomblnatlon centers onglnatrng from the moblhty gap states,
‘mal{es photoconduct1v1ty,or photolumlnescence uninterestingly small in pure
amorphous silicon' Finally, the Fermi .-level can not be moved signiﬁcantly due
to the large number of gap states when conventlonal lmpurltles (phosphorus or
boron) are 1ncorporated In other words we have serlous dlfﬁcultles in doping
such defect-rlch amorphous 51llcon As 1ndlcated in Chapter 1 the gap states
" have to be reduced in order to rmprove the quahty of a-Sl ﬁlms for device
apphcatlons In thls sectlon two commonly used methods to reduce the gap
.states, : namely thermal anneahng and passivation. w1th dangllng bond

' termlnators, are revrewed_.



[A} Thermal Annealmg and Crystallrzatxon

Tradrtlonal thermal annealmg [53 54] has the e‘l’ect of heahng the dangllng" =

bonds removrng the v01ds ‘and reducmg the d1slocatlons by reconstructlon and
: rearrangement of the amorpbous network Therefore thermal anneahng has theﬁ -

effect of reducmg the extrmsrc gap states Anneahng at elevated-'.,:

temperatures increases resrst1v1ty by orders of magmtude The clearmg up of P

the gap states by thermal anneallng or with an elevated depos1t1on temperature.

1s also demonstrated by the reductron of ESR s1gnals as Flgure 2 8 shows. More ’
‘recently it was estabhshed th-at under clean condlt1ons without contammates -
the anneahng eﬁ“ects are hmlted and that a-Si will crystahze before all the

dangllng bonds are removed [62]. Further dlscussxon on removmg the v01ds 1n'

evaporated a-Si by in situ thermal'anneallng unmedlately after ﬁlm deposmon _

is glven in Chapter 4, sectron 46 Incldentally, Prerce and Splcer [51]_1 B

determlned the deposrtlon condltlons necessary for the fabrlcatlon of vacuum .

evaporated a—Sl w1th a structure close to the ideal amorphous structure wh1ch

 seems to ex1st though in concept only These condltlons include : ) depos1tlon

"pressure less than 5x 1078 torr, 2) evaporatlon rates in the range. of 2 tos A/sec

3) large evaporator to. substrate distance (greater‘ than 20 cm.), and 4)

, 'anneahng or depos1t1on on a substrate maintained at an elevated temperature RENEA

, (w1th1n 100°C of ‘the. crystalhzatlon tempera’ture)' It. should be pomted‘ out th'at _ ’

.when the films are subjected to hlgh temperature processmg and lf there is- a'-' et

thermal mrsmatch between the substrate and the film, then thermal stralns can

be. left in the ﬁlm

In an even hlgher anneahng temperature range, about 600°C to 700°C the-_ '

amorphous SlllCOIl wrll transform to a polycrystalhne structure The graln s1ze o

'm the polycrystalhne structure 1ncreases w1th anneahng temperature Flgure |
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Figure 29 Temperature dependence of couductmty for undoped glow
. dl:charged specnmen ( ) after crystalhzatlon (u) results of Pearson

and Bardeen (from Reference 31) }'
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29 lllustrates that the crystalhzatlon temperature is about 620°C In these L

",experlments the temperature was ralsed from room temperature to about’:- '

700°C The results show a well deﬁned actlvatlon energy up to a temperature_”ﬂ_ v'

T, 1ndlcated in the graph More clearly shown by the 1nset a dlscontlnulty 1n

| gradlent occurs at T When heatlng to T > Tc, an 1rrevers1ble change in the; L .

conduct1v1ty has been produced Curve »1) 1n Flgure 29 was obtalned after :
f heatrng the sample to 700°C and allowmg it to cool Conduct1v1ty has 1ncreased’ ’
' by over four orders of magmtude at room temperature and the X—ray pattern'v_
' ‘shows that the specrmen has been crystalhzed For comparlson curve (11) was
N obtalned by Pearson and Bardeen [63] on a specrmen of polvcrystalllne s1hcon \

Grlgorovrm [64] also reports that at hlgh temperatures the thermoelectrrc eﬁ’ect”

' »'-1n a-S1 approaches the values of crystalhne sﬂlcon ThlS 1nd1cates that the‘

- conductlon process “at hlgh temperature is srmllar to that in the correspondmg '

'crystalhne structure o

[B] Passwatlon wnth Danglmg Bond Termlnators .

The electrlcal propertles of a-Si- prepared by vacuum evaporatlon [32 65] .

'and 1nert gas (Argon) sputterlng [32] were found to be s1mllar [66] but were '

o ;qulte dlfferent from those prepared by the rf glow dlscharge decomposxtlon of

'_s11ane (SIH4) gas [66-68] Evaporated and sputtered films were found to have‘ B
: con81derably lower room temperature d c res1st1v1tres than those of rf glow -
.dlscharge ﬁlms [66] Also ﬁeld eﬁ'ect measurements showed that glow dlscharge'_ |
' 'ﬁlms have a den51ty of gap states: two or three orders of magnltude less than

B \ that found in evaporated and sputtered films. It is belleved that durlng glow |
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..discha',rge of silane gas a substantialamount of hydrogen is incorporated into .

the a-81 ﬁlrn to form the s1hcon alloy or silicon matrix : Siy_H, (i.e. SiH, SiH,

| ‘,:’or SrH3 [69 72] The hydrogen atoms act as termlnators to ‘passivate” the

,i_{danghng bonds and hence prov1de a method to reduce . the gap states other'

:"*.;;v',i'than thermal anneahng One dlsadvantage of hydrogenated a-Si is the

- hydrogen evolutlon when the ﬁlm is thermally treated above 350°C but below

SR -A:;w.; the crystalhzatron tempemtul‘e

Besrdes hydrogen several other specles such as chlorine [73] and ﬂuorlne_

-[74 75] have been consrdered as good candldates for termmators of danghng

-bonds It 1s found that the bond energy of ﬂuorlne w1th s111con is about 1.6

’”‘ftlmes as large as that of hydrogen-srhcon, whlch lndlcates that ﬂuorlne forms a -

- . 'srngle bond w1th sﬂlcon more tlghtly than hydrogen More prec15ely, the bond

strength of H-Sl is- 71. 4 Kcal/mole and that of F- Sl is 116 Kcal/mole [76]

- »Pubhshed reports [74 75] lndlcate that ﬂuorlne has remalned in the a-Si ﬁlrn

- -and kept their bonds w1th Sr even after an anneahng at 600°C (hence the name

heat»resrstmg) In thls sense ﬂuorlne prov1des an alternatlve candldate for the

danghng bond termmator whlch 1s more thermally stable than hydrogen

A consrderable arnount of research eﬂ'ort has been centered on the

hydrogenatxon of -amor phous semlconductors» AL good revrew on this sub]ect ;

"was wrxtten by nghts and Lucovsky [30] Thls subject bemg the core of this

: };research and report 1s so lmportant that iy deserves a whole sectlon
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2.3 Hydrogen in Amorphous Silicon

[A] Preparatlon of Hydrogenated Amorphous Slhcon |

The preparatlon technlques used’ to date ' to produce hydrogenated

amorphous silicon fall into three broad classes : 1) Decomposmon or' reactlon of

- . a hydrogen-contalnlng compound, 2} Addxtlon of hydrogen during a physrcal

deposition process, 3) DlﬁﬂSlOﬂ of hydrogen into a materlal deposrted by some
o-ther technlque.' . | e |

In ‘the first class there’ includes glow—dlscharge (or plasma) decomposxtlon _
of hydrides (sﬂane) pyrolysxs (thermal decomposmon 51mllar to chemlcal vaporv
V(lepOSlthll) of hydrides, and reductlon of halldes The amount of hydrogen in
the 'd'epOSthd film " is controlled by the reactlon chemlstry and is not an.
independent variable. Hence"'inde-pendent co’ntrol of this property i ‘ot
possible Studles of the reactive species generated durlng the decomposrtlon of
. silane [77] 1ndlcate that the dommant specles in gas-phase reactions are the
SiH; SlH2, and SIH3 Isolated silicon atoms are not present in any appreclable
concentration. Thls lS in strong contrast to. the physrcal deposmon technlques :
- such as evaporatlon and sputtermg that fall into the second classk In the
plasma decomposrtlon of srlane method, substrates are typlcally placed on a
| ,‘surface whose temperature can be controlled w1thm the range 25 ‘to 600°C.
Dep051t1on reactor desrgns can be classxﬁed by the type of electrical excltatlon
~ used; direct current; (d.c.).or radlo-frequency (r.f). I_n the case of r.f. excltatlon,
the reactor designs can further be classified by how the ‘excitation is coupled
into the plasma inductive or capacltatlve The growth of the films is expected .

to proceed through nucleatlon, growth and coalescence of 1slands The
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~ deposition :process: is a'surface reaction which is strongly affected by the
: deposition‘ system parameters. .

The second class cornprises reactive sputtering and evaporation. In these }.
technioues' the hydrogen partial Pressure at the 'growing surface can be
b controlled The prrmary part1c1pants in. deposmon process are most probably
- atomic, eg srhcon and hydrogen In the method of reactlve sputterlng in
hydrogen both hydrogen partlal pressure and argon pressure have been shown
e to .be rmportan_t variables in determmlng film properties [78]. Bias may also be
a ’factor’ although littie has .be'en reported about its effect.

s Thevth‘ird'cla'ssr of ’techniques involves the exposure of a predeposited thin
ﬁlm to atomic 'hyd'roge‘n. :’The major difference between - this andpthe other
“classes _' is “that the -structure of the. ‘material is de‘termined | prior to
o hydrogenation; lndependent_control of hydrogen content can be achieved. Using
'ﬁ_lrns.fdeposited_ in ultra highjvv’acu'um,' Kaplan [26] ercposed the deposited films
to anatOrnic hydrogen,plasrna_while the films were heated to 500 to 550°C.
Pankove [79} rehydrogenated a plasrna-depos1ted ﬁlm from which most of the ‘
hydrogen had . been drlven off. Recovery of photolummescence to ~50% of that |
of 'th,e-orrglnal_ﬁlm was achleved. One limitation of the preparation method of
' }cla‘ss“‘,three,_ s‘eems'_to be ‘_the: rjequirement_’;that _the rna_terial_‘.be heated, so that it
. ’}i}s in an annealed state as it is being hydrogenated

In this research, a new techmque of hydrogenatlon is developed by ion
1mplantatlon ‘of hydrogen into. a—Sl produced by electron-beam vacuum
evaporatron It allows mdependent control of hydrogen content and materlal
dlsorder This facilitates the study of the hydrogenatlon phenomenon This
preparatlon techmque can be classrﬁed into class three. Slnce ion 1mplantat10n

'1.51_@,71,9“7; temperat_ure process_and the ternperature of post-lmplant thermal



- "actlvatlon 1s only 230°C the hmltatlon of class three does not apply to thls |

) ’»method

| [B] Content and Stablllty of Hydrogen in the Amorphous Slhcon

By far the largest hydrogen content (~08 at %) is’ ,found' ,m‘p'lasm'é |
'dep051ted materlal [80] Hydrogen content' in the 'ﬁlm"‘produéed'.by'*'-th‘is

‘techmque depends strongly upon the - fabrlcatlon condltlons eg substrate o

: temperature rf power, and srlane concentratlon etc All these system |
v‘parameters 1nterweave to each other The largest reported hydrogen content in .

o ‘reactrve sputtermg produced a—Sl 1s 25 at % - [80] Thls reﬂects prlmarlly the’ .

a *fact that hydrogen has to be removed from the startlng materlal m plasma -

depos1t10n as opposed to being’ added 1n the other techmques s

Frltzsche and hlS coworkers [22 81] were ﬁrst to 1nvest1gate the stablhty of
| hydrogenated a-Sl produced by plasma deposxtlon Usmg a hydrogen evolutlon' |
‘techmque they observed the followmg results 1) Hydrogen d1d not effuse at )
" temperatures below the deposrtlon temperature ) Dependmg on the deposrtlon', '
‘»parameters the hydrogen could eﬂ'use out in’ two dlstmct temperature reglons

'_‘One centered at approx1mately 350°C and the other at ~ 680°C jllSt below the -

‘_b‘crystalhzatlon temperature Frltzsches group suggested that these results':ﬁ:’-"v o

- lndlcated two dlﬂ‘erent env1ronments for ‘the hydrogen and proposed that these v

'srtes mlght be SIH2 and SlH sltes rdentlﬁed in Infrared Spectroscopy There is

. some- correlatlon . between v defect structures and hydrogen bondmg.

o conﬁguratlons which will be further 1llustrated in sectlon D. It seemns hkely_

from this - and other observatlons [82] that defect structures may be the :
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o strongest 1nﬁuence in. evolutron patterns

| Other researchers also observed the evolution phenomenon of hydrogen

. 'A and the subsequent lncrease in the densrty of locahzed states in a-Sl [82-84]. It

; was also observed that the de—hydrogenated a-Sl film could be re—hydrogenated
e ’by exposrng the de-hydrogenated ﬁlm to a hydrogen plasma [26 69].

o [C] The Role of Hydrogen .

It 1s now w1dely recognlzed that a prlmary role for hydrogen ln a—SlH

S v‘bﬁlms is- that of a defect “passwant” The hydrogen atoms act as termlnators to

! passrvate -or. compensate the danghng bonds 1n a-Sl, hence reduce the

. »'denSIty of locallzed states in the moblhty gap: [20 21 22] Flgure 2 10 and Figure -b

L | 2 11 1llustrate the role played by hydrogen in the pass1vat10n actlon

| D1rect evrdence of the neutrallzatlon of the dangllng bonds by forming

':-'bonds w1th the hydrogen atoms is. glven by the dlsappearance of the ESR :
‘ srgnal in hydrogenated a-Si as compared to pure amorphous srhcon [85, 86]

' »The ESR s1gnal orrglnates from the unpalred electrons whrch are produced by

f'_danglmg bonds An addltlonal plece of dlrect ev1dence concernlng the role-

g played by hydrogen 1s from the work of Kaplan et al. [26] on hydrogenated a-Si

’ whrch is. produced by evaporatlon By exposmg the ultra hlgh vacuum (UHV)
» evaporated amorphous s1llcon to an atomlc hydrogen plasma, Kaplan
| demonstrated that hydrogen bonds wrth srlrcon in a smgle Sl-H conﬁguratron :
that produces an. ESR s1gnal reductlon very srmllar to that observed for

‘,’?“hydrogenated materlal produced by sputterrng There is. ample ev1dence that J '

atomrc hydrogen by formmg a bond w1th a. dangllng bond 1s responsrble for
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W _
Figure 2.10. - Bond pattcrn (a) before .md (b). al'tcr mtroductlon of a palr of .
o - hydrogen atoms (from Refcrence 3())

| oououcnon . ANTIBONDING

111////11~ /.///»/L_l/lul""x{%.lr ;

Flgure 2’_.111" A locahzed center giving a smgle level in the gap The addltlon . |

| “ of an other clectron makes a bondmg or antlbondmg level whlch o

| hes outSIde of the gap (from vacrence 31)
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the observed reduction of the‘electron'spin density in amorphous silicon.
Eﬁ'ects consrstent wrth the reductlon of defect densrtles by hydrogen are

'”v_w1dely observed in the transport _properties  of hydrogenated amorphous

nsemlconductors In evaporated or sputtered a-Si whlch rs unhydrogenated a

,‘v comblnatlon of d.c. and ac. conduct1v1ty measurements rndlcate that the

| prlmary conductlon mechanrsm at low temperatures is variable range hopplng

~>'.1n the locahze d states (~1020 /cm -eV) at the Fermi level [87] The first report

o vthat hydrogen drd in fact alter transport propertles ‘in an amorphousv

l "'semlconductor was made by LerS et al. [27, 88] As hydrogen was 1ntroduced ‘

- to the sputterlng gas the room temperature conductwrty of a-Ge ﬁlms was

_“found to drop by several orders of magnrtude and the conductrvrty then

o _’showed an actlvated behavror consrstent with carrler motlon in extended states.

"-Thls eﬂ"ect was attrlbuted dlrectly to the saturatlon of dangling bonds wrth

N hydrogen, thus removmg locahzed states from the gap Subsequently 51m11ar

, behavror has been reported by the Harvard group [89] for a-Sl H. Snnllar eﬁ‘ects
have also been reported for materrals produced by d c reactrve sputterlng [90]'

B and by plasrna hydrogenatron of evaporated ﬁlms [26]

| It s 1nterest1ng to note that hydrogen 1n addrtron to passivating gap
" -states also plays an actrve role ln enlargrng the quasr bandgap by alloylng with
~Si [91] Producmg a-Sl by sputterlng in the presence of hydrogen gas Anderson
-[89] was able to make a-Sl H ﬁlms with actlvatron energles as h1gh as 0.95 ev.

: .A number of studles have been centered on the propertres of hydrogenated a-Si,
) 1nclud1ng the thermally actlvated conductmty, optlcal absorptlon edge [92],>

photolumlnescence 126 93], electrolumlnescence and photoconduct1v1ty
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[D] Structure of Hydrogenated Amorphous Slllcon

A comparatlve study of atomlc scale structure for both a-Sl and glow
dlscharge produced a-Si:H has been done by Barna [94]. It was an electron
dlﬂ'ractlon study which showed that tke radial dlstrlbutlon functlon (RDF) of
~ a-Siis not drastlcally perturbed by the introduction of hydrogen, except that
an add1tlonal‘ peak at 5 Awas_o-bserved on 'a-Sl.H. This peak also appears in
Rl)F’s of :.randOm netWOrk model structures. Therefore there is a higher. degree
of local order in the plasma deposited material than pure‘ a-Si. Fi |

To ‘inyesti'gate the local enyironments‘ at the H sites, a number of groups
[69-71] have studied the mfrared absorptlon and Raman scattering of a-Si
containing substantlal amounts of bonded hydrogen ‘The : material:- was |
described as a SI-H binary alloy, a-Si;- H,. Spectroscoplc studles of the local

atomic structure in these blnary alloys yleld evidence: for multlple as- well as

single’ H-atom attachment. Flgure 2.12 illustrates the atomic: motlons of the_ o

vibratiOnal modes used to 1nv—est1gate the structure of hydrog«enated amorphous
sxhcon Fllms dep051ted on substrates held at 200°C or ‘higher generally show
absorptlons and v1bratlon modes corresponding to SIH Sle, and (SIH2)
groups, with no evidence for SIH3 However, SIH3 groups are’ clearly evident at
‘samples produced on room temperature substrates

- Figure 2 13 further shows the sketches of a theoretlcal’ study by‘ Chin et

al.[95] on the bonding conﬁguratlons in hydrogenated amorphous 51hcon “The

H-bonding conﬁguratlons consrd-ered 1nc»lud'e the following : 1) monohydnde
- SiH,; 2) d1hydr1de SiH,, 3) trihydride'. SiH3, 4) broken-bond model;ca broken
Si-Si bond with two H atoms inserted i.e. SiHHS], 5) (SiH2)2;‘ a special c.ase of" :
the polymerlc form (SiH,),, 6) bridge model, SiHSi, 7_)”.ring-center>rnodel; H '

“atom at 'th‘e,center of a six-member ring, 8) interstitial H atom. ’The‘method
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@SHHS o) (Sikg), (1) Sibsi

Figure 2.13 Two dimensional sketches of structural models for a-Si:HH. The
H stoms are denoted by hollow circles, and Si by solid circles.

(from Reference 95)
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they used is a linear combination of atomic orbitals (LCAOQ) for first principles
calculation [96,97] of electronic energy of a-Si. The conclusions drawn from this
~study are as follows. In the cases of the SiH, SiH,, SiHj,;, SiHHSi and (SiH,),
configurations, the theoretical results are consistent with the observed
photoemission experiments. But a distinct discrepancy is found between
theoretical results and photoemis‘sion spectra for the SiHSi bridge model, ring-
center Iihodel,k and t’he interstitial model. Therefore these three models are not

appropriate for the major constituents in a-Si:H.

2.4 Doping of Amorphous Silicon

Based upon what was learned experimentally, it was established that with
the ihcorporation.of hydrogen into a-Si films, the density of localized states in
thgz ‘m‘aterial could be reducedd.rastica,lly. The next quesfion to ask is the
possibility of doping a-Si into n-type or p-type for solid state device
applications, analogous to s‘ubs.titutiona,l‘ doping of crystalline silicon. |
Nonhydrogenated a-Si, prepared by sputtefing or evaporation, usually possesées
a large density of localized states, 10'° to 102°/cm®-eV or greater. Even large
‘densities of pentavalent or trivalent impurities would not move the Fermi level
by more than a few kT [98], since any generated e)écess carriers would be
absorbed by:the défeét states. Ih another words, the density of localized states
is far too high to allow much change in the Fermi level position and

consequently in the electrical properties. That is the reason for the insensitive
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.behav10r to . doplng of nonhydrogenated a-Sl produced by evaporatlon or -

“sputterlng method However glow dlscharge deposxted ﬁlms w1th hydrogen '_

mcorporatlon ‘were shown to have low densrty of locallzed states 1017/cm -eV‘ -

T oF legs: [98] Therefore 1t was possible to substltutlonally dope a-Sl prepared by» B

- ther.f. decomposmon of sﬂane

- -Spear -»and -L-eComber ‘(98] succeeded in*' d‘e:m'onstratin‘g -"-that’ 3-‘vinz°vglow'

_ ‘.dlscharge produced a-Si the Ferml level could be moved from 0 6 to about 0.15 ‘_. "

v below conductron band by addition of a small amount of PH3 gas to the o

' SIH4 sourc¢e durlng the glow dlscharge deposrtlon process w1th the substrate' o

L held at a temperature between 500 - and 600°K Meanwhlle the Ferm1 level

could be relocated to about 02 ev. above valence band by addrng dlborane -

(B2H6) to the sﬂane gas They demonstrated that the lntrlnsw conductrvrty R

of about 10° 12 mhos/cm can- be mcreased to 10 mhos/cm on both the n-type

"~ and p-type materlals

By usmg mix tures’ of arsine and srlane Knrghts [10] showed that glowV ’

dlscharge deposrted a-Sl can also be doped wrth As donors The Harvard group .

[99] showed that 1t is also possrble to dope r.f. sputtered a-Sl by the addltlon

R “of either phosphme or dlborane to the argon-hydrogen sputtermg gas In thlsa
" ;way, the room temperature conductmty of ﬁlms could be 1ncreased from:
_,“~2x 107 10 to 4:»(10_6 mhos/cm by addlng phosphlne | i
Spear and LeComber [100] made a comment about the efﬁcrency of gas |
, phase doprng in. a-Sr whlch concluded that about one thll‘d of: the 1ncorporated_ _'
' phosphorus atoms act as donors Addltlonal valence bonds of the remalmng:”
' phosphorus atoms are most probably accommodated 1nto the random network

"The same seems to apply to doplng w1th boron
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2. 5 Theoretrcal Analysrs of Fleld Eﬁ'ect Conductance Modulatnon

Fleld eﬂect experlment measures the current change from the source to

7 drain due to an applled transverse electrlcal field. This technique gives more

o .v-'ff-'detalled 1nformatron about the dlstrlbutlon of locallzed states than other

.?,.'measurement technlques In this sectlon ‘the relatlonshlp between field effect

conductance modulatlon and the densrty of locahzed states is. revlewed The

- .rev1ew is based upon the theoretlcal analysm done by Neudeck and Malhotra

l [54]' wh_lch, 1ncludes several s,1mpl1fy1ng_ assumptlons. In Chapter 4, section 4.4,
a computer progra.m 101, 102] vd’eveloped by the 'Chicago group is used to
analyze the ﬁeld effect experlmental data The theory behlnd thls computer :

Av program is basrcally the same as that of Neudeck and Malhotra However this

E ,computer program numerlcally solves Poisson’ s, equatlon for a- glven density of

.'states, dlstrlbutr_on, N(E) 1nstead of usmg approxrmate solutions. The computer
' program also "u'sesthe' ﬁnlte temperatu-re statistics on the Ferml-Dlrac function.
v»The method to run thls cumbersome program is glven in the Sectlon 4.4 of

:'Chapter 4 and also in Appendlx 2

The densrty of states model used : for the analySIS is shown in Flgure 2.14

at 0°K The chorce of the: type of states above and below EF is arbltrary Any

L comblnatlon of acceptor and donor states, whlch satlsﬁes the charge neutrality

condltlon w1ll 'also g1ve 1dentlcal results Flgure 2 15 lllustrates the energy
band dlagram w1th a p051t1ve gate voltage Some deﬁnltlons whlch are used in
| bthe calculatlons of the characterlstlcs of the space charge in the semlconductor

. »'are grven below

B 1) -x‘x{ls the: drstance’:into‘th'e semiconductor frorn the semiconductor - -
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Figure 2.14  Simplificd CFO model (from Reference 54
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o 0

w(x)*E(x) -Ef
Coawe wx)

“Figure 2.15 ’Band‘diagr‘am‘ for ﬁhé s‘u'r'facve of the amorphous ‘material' near

o the ihsu-lat‘or wnth a poSitive ga’tvev.volltz‘ige (from Reference 54) |
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infsulat»ci)rv intérface
x) is the energy with respect to the Fermi enefgy Er.

3) The subscrlpt “b” is added to a varlable at a pomt where‘the
: ‘bands are flat.
4)’ Ej(x):: wb-W(#); aiﬁount of band bending in the semigonduétbr._ :

.';’(x) is a pvositi've‘nlilvmber for positive gate voltages. . N o
5)Nt(w) is the‘numbefv gf localized svtz‘x,tes’per unit vc;lume

per unit energy. | |
6) n(x)-and p(x) ar§ the number of el.ectrbn‘s and hoies

per unit volume.

[A] Space Charge Regidn

For a band bendmg &(x ) the charge dens1ty p(x). 1..n'»t:he space charge

regan can be written as : E |
€(x) - e e _
p(x)=—e [ Ny(w)dw . : S (25

0 : _ L v
~ The mobile chafge’a,re included. stuming that the‘véxtvenvded; s_vtatevs ele:cvtron_s -
a,hd»holes obey Ma,xwell’-Bolt,zmann’} statiStics. o ., |
w0 | | | R

p(x)=—e f N w)dw +epbexp[—£(x /kT]-enbexp[f x)/kT] (2.5.2)
| ‘whe.-r-e'_n-b' .v'a,nd pb areb the., bulk »concentrations of electrons and holes in the

extended states.
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By inspection of Figure 2.14, the above equation can be written as :

p(x)=—e{NFE(x) + nyexp[€(x)/kT}-ppexp[-€(x)/KT]}  (2.5.32)
for £(x) < wy, i.e. E < E4 at any point x. |

For E>E, or ¢§>w, the exponential increase in the density of states can

be included and N, is written as :
Ny(w) =Ny exp{m[w(x)-wa]}

where m controls the rate at which the states increase and NJ is the density of
localized states at the Fermi energy. Therefore, for £{(x) > w,, by carrying out

the integration :

p(x)=—e[N{ W4 +(NJ/m)(exp{m[E(x)-W]}-1)

tuexpld)/KTpiexp-€)/RT] (2:5.30)

[B] Relation between the Band Bending and the Gate Voltage

To determine the amount of band bending, f(x'), Poisson’s equation needs

to be solved for the electric field which in turn is related to the applied voltage.
By Poisson’s equation :
VE(x)=p/e
where ¢(x) is electrical poteﬁfial.
Poisson’s equation for electron energy inside the amorphous material in

terms of energy variable {(x) can be combined with equations (2.5.3a) and

(2.5.3b) to form the following equations :
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ﬁéﬁiz_—[mf(x)+nbexp(il)-pbexp(;§,l¥l)]“‘ | | v(2.5._:4a)."‘._..

dx : kT
for f < WA and’

F

S ;
i(ff—‘l NG WA+—-{exptm(e(x)—wA)j iy
- +nbexp(.§(._).)—pbexp(ik(rlj‘)') : L Fo (2'.5.4‘1‘)‘)‘
fOl' f > WA

 The electrlc ﬁeld <I> is given by the followmg equaﬁzlon

In order to solve for QSI;X_)_’ both sides of equatiogs 2.5.4'('3), 2.5.4(b) can be "
multiplied with %{ and integrated from -oo ,to,x or equivalently from 0 to
£(x) as follows :

fdede 5 a e W ae, g,
Jrgate=l Ge CarPax= L atgh o

Then from equation (2.5.43),

: (%—)2: ¢ { NF€2+Dka[eXp('£—) 1]+pka[exp(— )—l]}

and -

| o
—‘i——Fl 2—{NF-1-52+nka[exp(—§—)—1]+pka[exp(——§—)—1]}] (2:5.63)

for £ < WA~.
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- The negative sign is selected to make the field in the correct direction for
pos'itive ’gvate voltages. Similarly, for the case of the exponential localized band."

. tails, 1ntegrat1ng from zero to WA and then from WA to €(x), yields :

F F-

. N! N]
—if Fy=- 2%—{NSWA(5—§WA)——;(&WA)+;;{exp{m(e—wal-—1}
, - /2
"+, kT{exp(~5-) 1]+pka[exp( ‘)—.1]}  (2.5.6b)

kT

for f£ > WA.. Again, F, is the positive root and is a positive number for a
pos1t1ve E

F rom equatlon (2 5. 5) the electrlc ﬁeld at the surface 1s

e -1 de}- oy o
® =P (x=0)= —”“{I’_()::Fn(fs) .

e dx
where . & = £(0). - n"-".:i_‘i for €<Wy a'n‘d"n=‘2"_ for’ _§_’>_'WA_, The surface states
between two‘ amorphous materials (Si02 and a-Si) are unknown. For the'large
denSIty of states case the surface states are probably 1ns1gn1ﬁcant In the case

where the locahzed states are much less, then surface states effect the result.

For a simple and ideal case, assume there is no interface char-ge then

o€ q)ox 6‘I)(x 0)

ox
there(I)'ox is the electrlc ﬁeld in the ox1de € and eox are permittivities of

- semlconductor and oxide respectlvely Therefore

’

@ = Fn(e;). |

Let d,, be the oxide thickness and AV, be the voltage drop in the oxide, then
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- ) . edox ‘ '
: AVQ‘X’:"I) ox;(‘l,;o;:.,é' — Fn( )

oX
Since Vg = AVyumi + AV, where Vg is the applied gate vgu;gg and

= = is the voltage drop in the semiconductor, hence’
e , : : _

AV

semi
Ve= €s + — ..°x F (¢ ‘sl o ’257)
T le ee, n % B

[C] Conductance Modulation
'Wit_h zerongaté bies, sﬁeet conductance is giverfl‘ by o

Geo= t(”nnb +HPy)

where “t” is the amorphous silicon thlckness When a pos1t1ve voltage is .

apphed the energy band near the surface is moved closer to the conductlon
‘band mobility edge thereby increasing the electrons in the extended states The
total conductance is

G,=e(p, fudx +p, [pdx)

. . (o] : : (o]
_and the change in sheet conductance AG, = G, - Gy, is.-g_ivve_n;by y

t ) 11

 AG el f(nny)dx +pp [ (ppy)x] T (2539

: The integrals can be written as.
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| An=f(n—nb»)dx’ f(n— ‘nb) T (2.5.9)
o &, |
~and i |
P 't, - | . 6. . ‘v | |
Ap=[(p-pldx=[p—dE - - (2510

) Fl(ﬁ) '
o The’ sheet c,ohductsnc'é‘m(')’dulation would be

& | &, v

where £ is related to ‘the gate voltage by equatlon (7) ‘For the case where

W,

o e exp(ng! exp(ﬂkT[
paE "“"{ F(9 _‘lf \lr, g a0

e kT) : exp( f/kT) 1
bl [ 22 als de)
P { - Fy(9) W{A Fy(§)
- A similar ’expr'esSloni for AGS and F (§) can be obtained ‘,for_"negative gate
| voltages'b’y changlng the signs of m, W, and &,
The experlmental results are the total current from the source to drain for

’ varlous gate voltages with a fixed value of voltage from dram to source. The

drain to source current IDS can be written in terms. of the sheet conductance as

w1dth w | : AGs
R +

IDS_VDS(GSO + AGS)

S0 -

.Or-
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o AG, S |
Ips=VpsGr(1+-—5—) | | o (25.11)

SO

where Gp is the total source to drain conductance. From equations (2,5,8),

(2.5.9) and (2.5.10),

AG, _ mdotp,AP _ aAn+Ap
Gy tpgn, tppy)  tonytpy)

where the mobility ratio a is defined as g, /g,

The d'ensity of localized étates at the Fermi energy, NF, is ent#ngled' in
the expression of AG, through the terms of An and Ap. As shown in equations
(2.5.7) and (2.5.11), NF is embedded in the expressions of both Ipg and Vg
which are éxperimentally measurable variables. Information of NF can be
extraéted from the analysis of Ipg vs. Vg data by the aid of a computer

program.

2.8 Major Applications of Amorphous Silicox; |

-Several »importsant and major applications of a-Si are presehted, in this
section. Some other new ideas for device applications of a-Si are still being
éctively explored in research. The 'pifeSentations are intended to be brief and
introductory '6nly. Detailed information ,can> be found in the references

provided.
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'[A] Amorphous Silicon Solar Cells
| The solar cell ‘is a semiconductor device that converts sunlight directly
into electrical power. W.hen light is absorbed by a semiconductor junction, the
B photogenerated velect_rons and holes are collected bythe contacting electrodes,
k - rgesulting in-a photocurrent. A solar cell under load is subjectto a forward
- bias. If theilluminated device operates in t_he fourth quadrant of the device IV
- characterlstlcs, 'then.,th.e device can ‘deliver electrical power to the external load;
“For a thin film semiconductor device to act as an -efﬁcient solar cell, several
_conditlons must be satisfied. First, the optical absorption coeﬂlcient‘ must be
sufﬁ-‘cientlylarge to:;absor,b’ a _‘signiﬁcant'l fraction of the solar energy. Secondly,
, the photogene‘rated' electrons and holes must be efficiently collected by
” contactlng electrodes on both srdes of the semlconductor film. Thlrdly, a large,
bullt -in potentlal is also necessary for efﬁc1ent photovoltaic energy conversion
smﬂce thls potentlal determlnes the output» voltage of ‘the cell. Flnally, the total
re51stance in. series w1th the solar cell must be kept small so that the IR drop

durlng operatlon is only a small percentage of the output voltage.

The main a’dvantage of an amorphous SlllCOIl ;solar cell is its promise of
low cost fabrlcatlon of large area solar arrays; The low cost merits are due to
both the low cost processmg and the use of relatlvely low cost substrate
} materlal Amorphous sxhcon ﬁlms can- be dep051ted on 1nexpenswe substrates
-whlch are electrlcally actlve or. passwe such as glass, plastlc ceramic, metal, or
graphlte The total matenal costs are on the order of a few dollars per square
_»foot On the other hand the ‘main dlsadvantages of a-Sl solar cells are low

' efﬁmency and long term lnstablhty Recently, a-Sl solar cells of 10% conversion

- -,efﬁclency have been produced by RCA. The long term 1nstab1hty is due to the

f'gjfva_ct that hgh_t _ca__n___lnduce changes in the electronic pr_opertles of a-Si:H film,
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the “Staeblfer-;Wronski' effect. 'Staebler ‘and Wron‘ski : '[1‘03]"‘o5s"efved that:'th-e o

photoconductrvrty and the dark conduct1v1ty of undoped a-SlH decreased':f .

- “ assumlng that optrcal lllumlnatlon 1ntroduces states close to the center of the ":
band o, . L .
A good and brlef overall rev1ew on solar cells 1s glven by Szeln ‘the
chapter 14 of hlS book “Physrcs of Semlconductor Devrces 2nd edltlon A
| ‘detalled rev1ew on the spe01al toplc “Amorphous Slhcon Solar Cells 1s wrrtten- -
_’ lby Carlson and Wronskl in the chapter 10 of the book Amorphous | B
"_Semlconductors edlted by MH Brodsky Photovoltalc energy conversron of
.‘a-Sl solar cells ‘was observed in several types of devrces such as p-n p-l-n and‘
- 'Schottky barrrer ]unctlons as. well as hetero;unctrons Flgure 2. 16 demonstrates :
varrous devrce structures that have been used to make thin ﬁlm solar cells’ w1th |

_hydrogenated amorphous srllcon ‘The cells w1thout an antrreﬂectron coatlng.v

v'transmlt only ~40-50% of the 1nc1dent lrght lnto the a-SrH The average'_

transmlsswn can be 1ncreased to ~80-90% by means of antlreﬂectlon coatlngs ‘-

' (~450A) such as. ZrOz, T102, SigN, and ITO (1nd1um tln oxrde)

The photovoltalc propertles of a—Sl H solar cells are dependent on the a-Si -

ﬁlm qualities whlch are ‘again strongly 1nﬂuenced by the substrate temperature‘

durmg glow dlscharge deposrtlon Efﬁcrent a-Sl H solar cells can only be made ’

- with® substrate temperature in the range between 200 and 400°C because the‘l B

ﬁlms depOSIted m thls temperature range tend to have mmlmum defect densrty :
of states Beyond thls temperature range the devrces exhrblt very poor‘ _

photovoltalc propertles due to large defect states [22] It must be emphasrzed"

"'v’,*vthat since the electronlc and optrcal propertles of glow d1scharge a-SlH ‘are

vstrongly dependent on dep031tlon' conditions a w1de varlety of cell,,. =
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characterlstlcs can be obtalned Up to the present, our knowledge concerning -
'the defect states in a-SlH is Stlll not. sufﬁcrent and our understandmg of the

relat1onsh1p between the drscharge klnetlcs and ﬁlm propertles is even less well

o developed Therefore many of ‘the propertres of the a-Si, and’ the related a-Si

solar cell dev1ces are not well understood Much more research is needed in’ thls
 feld. Hopefully, in’ the near future thin film a-Sl H solar cells may prov1de the
people of the world with i 1nexpensrve nonpollutmg power from an mexhaUStlble ‘

source.

[B] Amorphous Silicon Thin 'l';‘ilm Transistors'

Besides solar cells amorphous srhcon thin ﬁlm transrstors (a-Si TFT) have
also ._been"’lntenswely studled and explored' recently. Some proposed .
applications‘ of a-Si are simpl'yi »modi‘ﬁcations"or_ just an,extended« usage of -a-‘Sr ;
TFTs. ) | |

The ﬁrst pubhshed work on ‘an a-S1 TFT was done by Neudeck and _
Malhotra {1]. Figure 2.17 demonstrated the geometnc conﬁguratlon (both |
experimental'and'c_alculated) for the devrce. For a-Si TFT, transistor operation
depends entirely on the transport properties. of bthe m’ajority carriers, ie
- electrons .in"most cases. At zero- gate voltage, "'low'oﬁ(" current:ki"s achi‘eved»' '
because the conductivity of a-Si is low. In the turned-on condition at Vg > O,v
a strong majority carrier accumulation layer is induced in the a—Sl channel.‘ Th_e
drain characteristics Iy vs. Vb for a ﬁxed‘ value ol' VG appear quite similar to
an ordmary MOSFET As the drain voltage (Vp) is 1ncreased the. draln current

(Ip) 1 increases but begms to saturate at large values of VD, mdlcatmg a channel
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- pinch-off type condition.

‘The most promlsmg ‘and important appllcatlon of a-Sl TFT’s is in the ﬁeld -

of large panel matrlx addressed quuld Crystal Drsplay (LCD) whlch is drlvm SR -

w1th a-Sl TFT arrays [104-106]. Flgure 2.18 illustrates the equlvalent c1rcu1t of
TFT—alded LCD plcture element. The operation speed of a-Sl TFT 1s'- |
mtrlnsrcally much slower than that of single crystal silicon MOSFET -Ye-t a-.Sl

has the ﬂexrblhty to be deposrted on various mexpensrve substrate materlals in

a large area. Therefore it is believed that a-Si TFT wrll be useful for some' Tow o

cost slow speed sw1tchrng arrays,p-such ‘as a scanner for large area lensl-ess-'
facsim‘il;e‘ transm'i:tters and lar:ge area chara-cter’_displays as :Well{ as '--th‘ree‘
dimensional integrated circuits - | o e i
A variety of experlmental dev1ce structures such as. mverted nonmverted :
dual gate etc. were mvestlgated Figure 2.19 shows a schematlc structure of an
- inverted gate device [107] Flgure 2 20 1llustrates the schematic of a dual gate "
a-Si:H TET. [2]. In the dual gate structure two conductmg channels in the a-
- Si:H film, one at the top srhcon-srhcon nltrlde interface and one at the bottom |
mterface, can be formed by applymg ‘positive blases to 'both gate electrodes

The device can also be. operated in the single gate mode by groundlng one gate

- electrode and applymg a positive blas to the other gate electrode Flgure 2.21

shows the cross sectional view of an a-Si enhancement/depletlon (E/D) inverter -

' [108] ‘Figure 2.22 illustrates the equlvalent circuit of the proposed inverter and

- Figure 2.24 demonstrates the transfer characterlstlcs of the inverter.
Amorphous silicon FET’s can operate with ‘both n- and p- channel by only
changmg the gate voltage polarlty The ln;yerter shown has a p-channel

’ depletlon type load
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A short comment should be addressed to the nature of the contact
. ‘between the metal (usually Al) and the a-Sn It has long been known that’;, :

contacts produced by the evaporatlon of metals onto amorphous semlconductor

| _surfaces tend to be ohmlc in nature 1e they dlsplay httle of no rectlfylng.: L

effect. [109] Sputtered and evaporated a-Sl films, 1n partlcular, show 1o ,‘_.

~ evidence of metal—semlconductor rectlﬁcatlon Glow discharge produced ﬁlms

on the other hand have been found to dlsplay strong rectlﬁcatlon propertles

when coated w1th metals snch as Al Cr, Ay, Pd and Pt [110] That is why in
some a-Si TFT’s there is a nt doped layer of a-Sl between the metal and the

undoped glow dlscharged 2-Si film; to make the contact be ohmlc

3

[C] Amorphons Sllleon Image Sensors Ve e

Flgure 2. 24 shows a unit cell structure of an a-Sl 1mage sensor [6] The L

eell cons1sts of an . a-Sl FET an a-Sl photoconductor and an MOS capac1tor '_

S The eqmvalent clrcult is shown in Fxgure' 2.25. The dev1ce operates as follows :

'Whlle the FET is off, the current whlch ﬂows through the photoconductor lS_ .'

accumulated in the capacltor When the FET is. turned on, these accumulated .

A charges are dlscharged If the RC tlme constant of the capacltance of- the MOS |

R capacltor and the dark resistance of the photoconductor is much longer than @i

. period of the clock pulse apphed to the FET the amphtude of the currenti 8
b packet passxng through the FET 1s proportlonal to the 1nten51ty of

\llllumlnatron Thus by successwe appllcatlon of a clock pulse traln to. the cell _' L

array, a one—d1mens1onal or two~dlmen510nal 1mage can be plcked up
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PHOTO ~COND; MOB—CAP L FET '
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 Figure 2.24

. Ref erence 6)

: Figure 2. 2"5
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’lhe unit ce]l structure of a proposed a—Sl ]
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Reference 6)

Image sensor (from.

Sl 'imag'e sensor (from
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The features of this unit cell can be summarized as follows :’ l)The

accUmulation of the photocurrent can be realized by a small vc’ap‘acita’ncev

because the dark resrstrvrty of the a-Si is very lngh 2) The electron moblhty- -

llfetune product and the quantum efﬁclency of a-Sl are about 10™ cmz/v and 1-
respectlvely [111). The galn of the a-Si photoconductor at apphed voltage of 10'
volts w111 be about 1000 Thrs high gain can be utilized effectively. Thls is one
of the merits of an’ a-Sr image device. 3) It is poss1ble to fabrlcate large area
1mage Sensors, because the a-Si can be depos1ted easily and uniformly on
various substrate 'materials such as glass, ‘meta_l and so on. The device'-Will'be
useful for a cheap and large area sensor IC, '.fo.r " -exarn‘ple in -facsirnile.

~ transmission.

D] Aimorvphous'Silicoin‘ 'Char":g"e Coupled Devices -

Figure 2.26 illustrate’s.the, cross. se-ct'ional view of an a-Si charge couple(l
~ device (CCD’s) with a lfOur phase clock pulse [5]. The a-Si in the s'tructiure is
sandwiched 1 between staggered transl'er electrod_es with a“'s_ili‘con-ox.yuitride
insulator. Elek:trdns are transferred along thei.a-Si bﬁlrn_ -wlth a serpentine

| motion. It is difﬁcult to realize a-Si CCD’s in va‘c-on_uenti_ona‘l ‘:st"rucfture because
. an electrie field cannot. penetratesufﬁcien‘tlydeep "into'a-S’i for 'charge"'coupllng
Therefore the sandwrched and overlapped structure is used for the ease of
charge transfer. The prototype devrce fabrlcated on a glass substrate had a
transfer lnefﬁc1ency of as low as 0.4% transferrmg at 0.5-1 KHz clock
frequencres Amorphous CCD’s will be potentlally useful for large area lmear or

two d-unensronal 1mage $ensors.
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Transfer Electrodes

Glass Substrate

: F_igdre 2.96 The cross-sectlonal view of a proposed a-Sl CCD ] w1th a four

. f phase clock pulse (from Reference 5)

A(0)

o

Figure 2.27 Schematlc motlon of electrons in the proposed a-Sl CCD’s (a) v

electrode A at a hlgh level (b) both electrodes A and B are at a

hngh level (c) B remams at a high level while A falls to a low

level (from Reference 5)



Flgure 2. 27 shows a schematlc motion of electrOns in the a—Sl Inltlally
only the transfer electrode A is connected with clock pulse <I>1 which' is at a
‘hlgh level voltage Slg;nal electrons (excess) are gathered at the a-Sl/lnsulator
1nterface just under electrode A. When the next transfer electrode, B, which is
initially connected w1th the low level clock pulse k2% rises to a hlgh level <I>l,
these electrons move easlly to the ‘bulk a-Sl reglon sandwnched between
electrodes A and B, where overlapplng. of ‘the depletlon reglons under two
electrodes oceurs. When ‘I’l, at electrode A, falls to a Tow level then electrons

move to and are stored at the opposite a-Sl/lnsulator mterface just above

electrode B. Thus one’ transfer has been accompllshed Durlng the charge -

v transfer, electrons experlence trapping and detrapprng by locahzed states in a-
Si. Analysis indicates that more than ’95% of the initially stored electrons can
" be transferred within 2’50 ﬁfpsfec_. | |

It should be noted that a great deal of research on the apphcatlons of a-Si
in the photocopy techmques has bemg done by Xerox Company at their Palo
Alto Research Center. These documents have been kept 'secret, unable to be

‘accessed by the general public.
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- 'CHAPTER S

' EXPERIMENTAL PROCEDURES

"Det'aile’d ‘ ‘e’)ktper_in'lentél ’procedu'res are descv‘r.i'bbe‘d' in 'this‘bc‘hiaptévr..” The
‘ subst‘rat‘e‘ and the film fabrication procedures afe' pl;esénted”"'ﬁrs.t,' followed by
measurement - _an,d‘ test procedures. Hydrogenaf’ion by ion implahtation is-‘»the
last process 'ttl)"bé described. | :

o Figdre&l shows thé device structure which was used' in the ear_l‘y course
of this -i‘esearch.- In order to avoid surface contaminatidﬁ duegto‘:wet» chemicai
etching of the gate confact windbw and to simplify the fabrication proéedures, :
the device structure was chva',lig'edr to that illustrate‘d in Figuré,3‘.2.v .‘The
'substrate.waé éhanged to,N/N+‘ epitaxial type of sili_co:p ~and the aluminum
' ..gate'v‘contia(»:‘t- was ‘l‘ocate'd on the back_i (bottom)v of’. the k'subs;tr'ate. Tlié folIowiﬁg
fabrication procedui'es are presented only f‘or‘thé‘.d’e'\'ri‘ce structure shown in

Figure 3.2, known as the inverted gate structure.
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3.1 Sarnple’v_'Prepar‘atiOn '

| [A] Substrate Fabrication

In order to study the propertles of amorphous silicon ﬁlms usmg the ﬁeld
_effect measurement techmque, we must mlnlmlze the eﬂ'ects of the non-ideal -
| '_‘underlymg MOS system Thls requlres a low leakage pmhole-free thin
h insulator with negllglble ionic motlon and hlgh breakdown ﬁelds The best
'“‘::charactenzed msulator to date is thermally grown sﬂrcon dloxrde on smgle
4 crystal s111con It grown carefully, thls kmd of hlgh quahty sﬂlcon dioxide
“satlsﬁes all the aforementloned requlrements and thus was - chosen as the
jlnsulator needed for the ﬁeld eﬂ'ect measurements In addltron ‘the silicon"

‘-.vsubstrate matches the a~Sl thermally and resulted in a-Si films with less

= ‘thermal stralns ‘and structural defects

The substrate is a. smgle crystal srlrcon wafer of 1. 5 mches in dlameter
e supplred by the Monsanto Corporatlon It is <100> orlented N/N+ ep1tax1al

."'type s1hcon The eprtaxral layer is . about 8 to lO microns thick, havmgv
res1st1vrty of about 3 5 ohm—cm The heavrly doped Nt SIhcon base is about 8

| to 9 mlls thrck havrng resrstrvrty of about 0013 ohm-cm Slhcon oriented in

the <100> drrectlon was used because the thermally grown srhcon dioxide on o

f the surface has a lower ﬁxed charge and a lower denslty of surface states at the

L Sr-8102 mterface [112] than the ox1de grown on <111> orlented srhcon

The wafers were ultracleaned usmg electromc grade solvents dlstllled

i i_'_:delomzed water teﬂon beakers and clean tweezers The ultracleanmg

o 'procedures are presented ln the Appendlx !. Great care ‘was. taken in these -

. '-}"*cleamng procedures to assure a hrgh quallty ox1de could be grown successfully




’durlng the subsequent thermal oxrdatron Each successrve step in’ thrs cleanrngv o
' vprocess was performed rn an lndrvrdual labeled teﬂon beaker Tweezerr g

"‘handhng was kept at a mlmmum The oxrdatron furnace had been purged wrth

'v HCl for 30 mrnutes prlor to ox1datron to mrmmrze the sodrum contammatlon, o

[113 114] whrch leads to ionic. motron in the oxrde [115] durlng ﬁeld eﬂ‘ect

: measurements Zero grade dry oxygen was passed through the furnace for at

least half an hour before the. wafer was loaded in the furnace The wafer was o

loaded lnto the ox1dat10n furnace wrthrn 20 mrnutes after rt was ultracleaned to '

,avord any contamrnatron durmg the 1ntermed1ate tlme The dry oxrdatron was

performed at 1200°C for 125 mlnutes resultlng in a hrgh quahty oxrde layer of S

about 3000 A thlckness whlch was checked by a chart of color The wafer was
pushed in and pulled out’ from the furnace slowly to avord any thermal shock
Cleanhness of the oxrdatron furnace aﬂ'ected the oxrde characterlstlcs
| drastlcally A contamlnated furnace resulted m leaky ox1des wrth low

.breakdown voltage and undeslred ﬁxed charge 1n the oxrde To make sure ‘that

. a hlgh quallty ox1de was obtalned tests for Ieakage current and sodlum‘b

v contamrnatlon were conducted on. the oxide. The structure of- the devrces tested ‘

- was a srmple MOS structure The leakage current through the oxrde was"
'measured at a voltage of 140 volts on elther the drain or source contacts to be )

. ln the range of 1071 amperes neghglble as compared to the a-Sr ﬁlm current at
the same voltage The voltage shlft due to. sodrum contammatlon after abias
: temperature stressrng test (bras :l:20 volts T 135°C), a commonly used'vv"‘

ftechmque on metal—oxrde-semrconductor (MOS) devlces, is" only 0 8 volts X
Flgure 3. 3 shows the capacrtance—voltage (C—V) plot for the blas temperature'

: stressmg test The typlcal measured densrty of ﬁxed charge and surface states:

at the interface was in the range of 10'° to 10“/cm eV
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' [B] Amorphous Silicon Film Fabricatioh =~

A Evaporatnon Faclhtnes

Flgure 3. 4 is a schematlc representatlon of the Varidn Vaclon system used. '

o for the a-Sl thin ﬁlm deposrtron The system con51sts ol‘ a mechamcal pump,
‘ o

: three sorptlon pumps and an electromc ion- pump An 1on pumped vacuum‘
system can produce a very clean evaporatlon env1ronment free of the il

) contammatlon usually encoiintered in dlﬁ'usmn type pumpmg systems Thevl-

- base pressure of the system was' usually 6x10 ' torr.

The feedthrough ring shown in- Flgure 3.4 permlts the attachment of such‘ -

accessorles as’ a3 thermocouple (TC) gauge, ultrahlgh vacuum (UHV) andl :
mlllltorr gauge tubes, plus ‘water conductlng hnes for coohng the crystal}
'detector, and crucible hearthes Feedthroughs for electrlcal and motlonal .‘
‘purposes are also mstalled on the rmg Electrrcal feedthroughs mclude hlghf
- v.voltage electrodes for the electron—gun and 1ts control substrate holder heater
wires, and thermocouple wires for substrate temperature momtormg Motlonal.
feedthroughs are for controlhng and posmonlng of the shutter and ‘the

hearthes

Amorphous ﬁlms were prepared by electron beam evaporatron of ai» l_ : :

99. 999995% pure polycrystalhne sﬂlcon source contalned ln a v1treous carbon o

cruclble whlch was SItuated in a water cooled copper hearth The s111con chunks o

*were cut from a polycrystalllne SlllCOIl bar 1nto small p1eces and ultracleaned in

 teflon beakers and blown dry w1th ultrahlgh purlty nrtrogen The substrate was o

o .fastened w1th two copper clrps to a stamless steel mountlng block and placed

"*above the source-chlmney-shutter assernbly ’l‘he dlstance between the‘ o o
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- Figure 3.4 Schematic representation of vacuum evaporation apparatus |
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substrate holder and s111con source cruable was about 36 em. The mountrng

block had provrsrons for heatlng of the substrate to 400°C and temperature .
.measurements consrstlng of a tungsten ﬁlament and ‘a chromel-alumel.

‘ therrnocouple

The deposrtron rate was monltored and controlled by us1ng a Sloan Omnl

_H deposrtlon control master in whlch a local osc111ator was tuned to the

frequency of a quartz crystal monltor whlch was mounted 1n the vacuum‘ '

hsystem The evaporant was deposrted on the quartz crystal and the mass'

R loadmg on the Au coated crystal caused a decrease ln the resonant frequency of

the crystal The frequency dlfference between the crystal rnonrtor and the

tuned osclllator was converted into a d.c. voltage s1gnal Electromcally

»'dlﬁ'erentlatlng thls d c. voltage provrded an lndlcatlon of the rate of frequency .

change and lndlrectly the rate of mass or thrckness change taklng place on they

crystal The Omnl-II compared thls rndlrect rate w1th a desrred rate “and .‘
, 'generated a s1gnal that was proportlonal to the dlllerence between the two

" This generated error s1gnal was used to control a srhcon controlled rectlﬁer

(SC-R) power pack. The SCR chopped output wav-eform was applled to the_

'ﬁlament of the electron gun through a step-down transformer whlch controlled
the power dehvered to the source to regulate evaporatlon and malntaln the‘ |
'desrred (constant) rate of deposition. The total frequency shrft ‘between the_‘ .
crystal -and ‘the osclllator frequencles which was proportlonal to the evaporant T
’» thlckness on the quartz crystal was detected by ‘the Omm II The clrcular Au
’coated quartz crystal was mounted on a ‘water cooled holder The thlcknesses of
“the films were measured on a Sloan Dektak .thlckness gauge to 'cahbrate‘ the.
"‘-Sloan Omnl-H crystal - dep081t1011 momtor It- ‘was determlned that a1 KHz o

v;"frequency shift on the momtor corresponded to a thlckness of a-Sr of typrcally
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'abdﬁt;zso R It was ,very_: close * to the calculated value by wusing the

L ‘approi(lm’ate formula given by the Slo’an 'manual DAl DT/2 where Af is total

“ frequency Shlft D is. materral dens1ty in gm/cm and T is ﬁlm thickness in
Angstroms | |
The electron—gun (E—gun) is a Varlan 6KW hrgh rate source. Figure 3.5

illustrates the E—gun source parts. Note that in Figure 3.4, the E-gun position

\“’.":_" '1s 31dew1se to make a clearer draw1ng Actually the ﬁlament of the E-gun source

e 1S located vertlcally in front of the cruclble as demonstrated in Figure 3.5. This .

‘_pomtlon arrangement prevents source contamlnatlon due to the tungsten
1 "ﬁlament of the E—gun The beam is’ deﬂected by a permanent magnetic field
: from 1ts pomt of or1g1n 1nto a sharp curvature of 210° to 1ntercept the crucible.
‘The electron beam is moved» around w1th1n -the crucible by a varlable‘
_electromagnetrc field. The varlable electromagnetlc ﬁeld is controlled by two
- knobs labeled “A” and “B” whrch are mstalled on a remote control module.
’Electrons are accelerated toward the grounded crucrble assembly by a large
'negatlve voltage at the ﬁlament The beam current prov1ded by thls E-gun
source is m the range of 0 - 1000 mA w1th beam voltage of 6000 volts
Therefore the E-gun source can prov1de an electron beam w1th a maxrmum
"‘power of 6KW The cruclble whrch is 2 5 cm m dlameter is made of vitreous

carbon
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' II. Film Evaporation Procedures
The wafer was loaded into the vacuum system immediately after removal

from the oxidation furnace. After closing the vacuum system, an eighteen or

twenty four hour 140°C bake—out of the work chamber and pump was

Vo performed This bake-out procedure reduced the re51dual gas in the chamber to

a m1n1mum and removed many of the contammants The system was then
- allowed to cool and pump down for several hours to a pressure less than 6x10°
torr. After that period, the substrate.was heated to 400°C for one and one half

hours to thermally clean the surface of the substratev' The thermal cleaning
reduced the hystere31s [51] in- the field effect curves (Ipg vs. Vg) to an
‘1n51gn1ﬁcant value. ‘This procedure also decreased the time dependence of the
source draln current each t1me the gate voltage is stepped to a new value. The
substrate was. allowed to cool to 200°C before silicon was electron beam
depo_srted. The deposrt_ron w_as_pe,rformed ,leth,lv_n one hour a_fter \thermal
‘ cl_eaning.' ’_ P.ressuresvv priorf tov evaporation‘v were typically below 1x170~7 torr
(usually 7x>10—>8’ torr) The water coolmg system to the crystal and the Sloan
deposrtron controller were turned on and allowed to warm up before deposrtron
was initiated. The shutter was closed durlng the injtial part of the depos1t10n'
sequence thus shleldmg the substrate from the silicon evaporatlon source. The
eleetron-gun was turned on. After focusmg and posrtlonrng the beam spot in
the v1treous carbon crucrble the silicon source was melted and thermally
soaked below its evaporatron temperature for 10 to 15 minutes to allow for
outgassmg of the source. The electron beam emission current was adjusted to
‘ prov1de addrtlonal power to the source untll evaporatron began and the Omnl-
‘II controlled the deposrtlon rate After the dep051tlon rate was stablhzed at the‘.

de51red level the shutter was opened The vacuum system pressure durlng
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'depesition stabilrifzed‘ at a typi'cal value of 37 ',te 5x 16_7 torr. }In'v'this 'research,‘ the
deposition rate was fixed at about 3 A/sec. Films with hlgh ‘deposit_ion re,te_s
tend to have a less homogenreous structure and contain more defects 'andv‘oids_'_ =
than the films deposited at low rates. The density of lecaliied'statesiincree.ses
with the: depositien rate [51]. Typical evaporations r'equi'red’ 3toh rninutes. :
Amorphous'bsil‘i‘cbn'ﬁlm' of thickness 700 'to‘750 X ‘Were'deposi‘ted over the ent'iré' ‘

~ wafer. These values were used due to the fact that 90% of the current flows |
.through an a-Si conductlng channel which i isa layer less than 100 A thick [101]
adjacent to the SiO,-amorphous- silicon 1nterface. The .'dev1ce"1s mod_el_ed as a_
modulated r’esis’tor;whi'ch is in ,pardl_lel with a b-‘u'lk‘ re51stor vThe ‘a~Si ﬁ_lr'n"_is'

kept thin to maximize the conductance modulation of the field effect

- measurement. On the“other hand, the film sh-ould' befth'ick enough to prevent

penetration of the electrlc field through the a—Sl for the case of a very low

density of locahzed states film.

| Irnmedlately followmg deposmon some ﬁlms were glven a - four- hour "
7300°C or 400°C in sztu thermal anneal and some ﬁlms were not sub]ected to -
such an anneal. The final ﬁeld effect results, after hydrogenatlon were qu1te' ' '_
dlﬁ'erent for ‘these two cases. Further dlscuss1ons on these dlfferences w1ll be
presented in the followmg chapter The in situ thermal anneal was conducted &
by turning on the substrate heater element, which was a c011ed tungsten wire of "
- 10 mil in diameter. It required about 45 minutes for t‘he’substra_ute holder to

reach 400°C. |
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[C] Drain andi Source Conta.cts‘
The sample was allowed to cool to room temperature, then removed from
- the vacuu’m system and loaded immediately into another vacuum system for
vv aluminum (Al) deposition of the source and drain contacts The source was Al
staples of ﬁve nines purlty The staples were cleaned ultrasonlcally with hot -
- 'Trichloroetheylene (TCE) Acetone rinsed w1th delonlzed water and blown dry
| iw1th ultra pure nitrogen These staples were evaporated from a degreased low
alkali tungsten filament which had gone through the same cleaning procedures
as used to clean the Al staples. The NRC vacuum system pressure prior to Al
depos1t10n was usually 3 to 5x10™ 7 torr. An aluminum layer of about 1000 A‘

thick was depos1ted wrth a ﬁlament current of 25 mA for one mlnute N

;_ Aft.er_Al deposition-,_ the wafer was removed from the vacuum sy'stem and
subj ected to-_la process for stripping the l).ac_kside'sil_icon dioxide. Black wax was
applied on _a‘jpiece of Kodak s‘lide‘ cover:glass:whichvvas heated on a hot plate.
The Al ;icoated side of ‘the wafer vvas placed face down on the glass. - After being
. removed ,»fr‘omithe,hot plate and allo.w'edl__t,o cool, the back 0xide'was etched
: vvith-;.a buffered HF solution. The _w‘af.eri was then. removed from the glass plate
and. subjecte,d to ‘cleaning treatments with solvents. _Tric,hloro_etheylene was
used ‘ﬁrst»to dissolve the black wax which was left on the_- wafer. The wafer was
“then rins,ed: with,Acetone ,and finally rinsed with deionizedwater and blown’dry

‘with ultra pure n1trogen

, The source—drain contacts ‘to the a-Si ﬁlms were produced by standard
: photolithographic techm_ques. The contact -photorn_ask _was ‘made on a Gyrex
. mQ‘:del 105, pa,ttern‘_g;enerator.: A povs-i_tive;p__hotoresist,Shipley Az-1450 J, was
i"used, thrOughout the re_search. The photoresist was spun. on the wafer at a

,speed_of 4.75 Krpm for 30 seconds, resulting in a typical resist_vthi_ckness of
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about one micron. The resist was then dried, prior to 'exposu'rev7 by pfg-bakih'g
in an dven at 90’°C for 15 minutes. The resist coated wafer w”a_s"thex.x aligﬁéd.,
with the ph’otOmaSk on a Kasper model 17A wafer aligner. Alv't.er a 14'_secon'd
exposure with ultraviolet light (with light séttihg of 5.8 M-W/Cfﬁ2)7 the
photoresist pattér‘n “was produced by developing in Az develbpér,‘ diluted '3:1
with D.I. water; for approximately 35 seconds. Following a DI rinse for 2
minutes, the resist pattern was hardened by a 20 minute p(‘)s't-l‘)aké-..'a:t_‘QO‘v’:Cv.
Using a standard aluminum etch, which contained 760‘:‘C.c:.':H3PO;', 150 c.c.
CH3;COOH, 30 c.c. ,HNO3, and 50 c.c. HyO, the excess aluminum‘ was rem'oved;
‘leaving behind the desired source vand drain contact pattern. ‘Aft‘er‘ a D.I. water
rinse, the unexposed -photoresist was then stripped with Acetone a,f room
temperature.v The wafer was again rinsed with D.I. water and‘ blown dry with
ultra high pure nitrogen. The wafer was finally loaded into the ‘s‘aine NRC
vacuum system for aluminum back gate contact deposition which resulted in a
layer of aluminum of about 1500 A thick. A cross sectionf view of "th-e completed
~ device structure is illustrated in Figure 3.2. Sinc:ve. the rvesisti"v‘ity of the N¥
substrate base is 0.013 ochm-cm, Which corresponds to a heaﬁly- doping density
of about 5x10'8/cm?, a good ohmic contact is formed on the back aluminum
gate. Therefore no contact sintering is performed. In addition, éontact sintering
is usually performed at a high temperature of 550°C which is not a compatible
process for the a-Si. |

The Gyrex produéed pattern of drain source contacts was of an
interdigital finger geometry. This :éeometry ‘was used because of the. high
resistivity (~ 107 ohm-cm) of the a-Si material. The geometry reduced the
resistance between the source and dréin by about threev orders of magnitude for

ease of current measurements since only a small voltage will be applied across
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the conta,ctsv,.,’ The vpattérh “printéd” on the wafer was an image of the pattern
on the"photomask which consisted of 50 interdigital ﬁnger-pa.,irs.. These ﬁhgers
~ were designed to be one mil wide and 97.5 mil in length,.\o.vith 1.75 mil of
spécing between ﬁngers.b The actually measured dimensions of the pattern on
the -wafer were 0.98 mil, 953 mil a,n‘d 1.68 mil respectively.:"Conside'ring- the
| vdIY'»ai‘n source cﬁrfeni':i‘a(v:ross the spaée_between a pair of fingers, the ratio of
Hb"cv'hén"riel' w1dth to 'c'hgnne'l'length ‘(‘i'.e. finger leng’th/ﬁhgef Sbaéing) is 56.7 (i.e.
95.3 |

168 ) which is calculated by using the above measured values. With a total of

50 interdigital' ﬁnger pairs,vthe overall ratio of channel width to channel length
is 2836. Fi‘gui‘é 3.6 ri's a ‘Calcomp ‘plot illustrating the pattern used. Overlap
regions in portions éf the pattern were used to ensure électrical continuity due
to potential errors in the pattérn générator tolerance. There were eight

 identical patterné on each wafer.

3.2 S_(’V)'nvle’ ;Experimenf Mea_surevments.si -

| .STRUCTURE:‘.X-ra)Vf analysis is used tobdétervvmine'_thei 'sémple structure.
A Ceneral Electric. XRD-5 x-ray unit was used .in the diﬁréction mode. Ka
»radié,ti.obn ffrom‘ a copper target,was used. kThe’ output was obtained in the form
‘of a strip chart pecording .Where diﬁ"ractéd X-ray intensity,vih relative units, is

. plotted as a function of 29, where § is the angle of insidence. :
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An-interdigital finger pattern for field effect. measurements

o

Figure 3.6
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 THICKNESS: Sample th_i'_ckness' of all a-Si film was measured using a
Sloan Dektakb .Estimatedaccuracy' for absolute thickness measurements using
_this technlque 1s + 10% The s111con dlox1de thickness was determined from
_ v’the time and the temperature of the ox1datron us1ng standard charts between

: the thrckness of the ox1de and the trme for various temperatures |

A more precrslon method to measure the Siog thlckness Is an

S elhpsometel‘[-lw] Elhpsometers ‘are precrtlon optlcal mstruments whlch

:measure changes in the state of polarlzed hght reﬂected from the surfaces of
- the sample Such measurements permlt determmatlon of the optocal constants
of sample surfaces and the thlckness and refractrve lndex of thin ﬁlms on those -
| 3 ‘surfaces The measurements mvolve rotatlon of a polarlzer and an analyzer to
| cause extlnctlon of a beam of polarlzed hght reﬁected from the surface of the B
sample The photoelectrlc elhpsometer system type 43603-200E was used in th1s

. research A Fortran 77 program that performs the calculatlons requlred to

s analyze elllpsometer measurernents was used to analyze the data The program '

: vwas wrltten for use on DEC ll /70 ] and 11/780 VAX’s w1th UNIX operating

systems The ﬁlm thlckness and index of refractlon was determlned |
_ RESIDUAL' -GAS ANALYSIS' - 'The residual“ gas . 'analyzer used was a
‘Granville Phillips. model Seprascan 400. For detectlon purposes a, Klethley 602‘

| 'electrometer ‘was used and a strip. chart was connected to the output to record

| the detector s, output - :
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- 3.3 ‘Fv‘.ieldEﬁ'e‘ct. Mea‘Sur‘elments.',‘ by Y SRR
The ﬁeld eﬂ'ect measurements in thls research were carrled out by applylng,l
a small ﬁxed dram-source voltage (typlcally 1.5 volts) and:-measurmg the ‘

- current as the gate voltage was changed over pos1t1ve and negatrve values

A hght shlelded alumlnum box w1th a hlnged top cover plate served as the .
_measurement compartment Shlelded cable 1nput/output termmals were made
usmg BNC connectors Ins1de the compartment an alumlnum block whlch‘, :
served as the substrate holder was. lnsulated l’rom the box by an alumlna plate :

and a thlck teﬁon slab To av01d any surface leakage due to m01sture or: other

?’_conductlon paths a curled copper tube was 1nstalled to prov1de for dry ultra’l‘ .

high purlty nltrogen to ﬁow over the sample durlng the measurements |

Three probes ‘were used 1ns1de the compartment ‘to" make electrlcalv'_
'connectlons to the dev1ce under test Each probe con51sted of & polyethlene
' block w1th a teﬁon rod attached SO as to extend 0. 5 1nch to l mch above the

| 'substrate holder At the end of each rod 10 mll thlck tungsten probes ‘were ‘

: attached Coaxxal cables were used to connect the probe t1ps to the. B

mput /output terrmnals ‘
A 'Kerthley model 6‘100 electrometer was uSed for-making measurements

_' on the th1n film samples The 1nstrument has an 1nput 1mpedance m excess of g

o 1014 ohrn and has the capablhty of measurlng current to 10 Rt amperes full-»:_

scale Throughout the current measurements the range multlpller sw1tch on the )
~'electrometer was set to glve a maximum drop of 0.1 volts across the meter»
The electrometer was also used to check the 1solatlon of the probes in’ the

. measurement compartment The . res1stance measured between two - probes

spaced -g _i‘nch ap'a_rt on a teﬁ'on'strip was,greater,‘than' the hi—ghe_st meter ra‘_nge. . |
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“Thle’.ire"s_ivstanceibe-tween'the ground and each probe was also greater than the
- highest meter _range. o
" The circuit for the 'ﬁ‘eld. j’eﬂ‘ect measurement - is- shown in Figure 37

‘ ."Con’nections to the "batteries , and : electrometer were‘ made with RG-62/U

*--coax1al cable through BNC connectors The Kelthley 610C electrometer was

o used for the source dram current measurement and a dlgltal voltmeter was
B 'used to measure the gate voltage | o
When maklng the measurements the ultrahlgh pur1ty dry nltrogen source

'was ﬁrst turned on- and then contacts w1th the dev1ce termlnals were made

_, :‘The gate voltage ‘was set by adJustlng a potentlometer across a battery supply.

o For each settlng of gate voltage the source-dram current (ISD) was recorded

- "after 5., mlnutes had elapsed to msure that near. steady state condltlons had

'”been achleved In order: to make sure that the measured change in source drain
' current was due to the: ﬁeld eﬁect and not. leakage current through the silicon
droxrde 1nsulator, checks were made by measurmg the leakage current between_
- gate and._;so_urce,_,gate:.and.dram‘,; »and, t_he source-dral_n current on reversing the
polarity'of the- 1. 5 volts battery. For good devices very Ismallchange in source-
| draln current was observed -and: the leakage was negl1g1ble as compared to the
source~dra1n current The data to be analyzed were obtalned by taklng the
| average value of IDS and ISD for each settmg of gate voltage The potentlometer

was then reset to a new gate voltage The electrometer was locked to protect it

. from damage when the gate voltage was changed The gate voltage was usually‘

~~  changed 1n'steps of 5 volts and ‘was - increased up to 140 volts Once the

o 'measurements for posrtlve gate voltage were completed the polarlty of the
batterles were reversed and the sequence was repeated for negatlve gate

_‘ voltages Typlcally, source draln currents rangmg from 10 " to 10 S amperes ’
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were measured for applie'd‘ gate voltages ranging from 0 to 140 volts. The above

measurements were made at room temperature, 23°C.

34 Hydr.ogen Ion Implantation and Thermal Activation

| Hy-drOgenation of the a-Si bin this research was conducted by ion
implantation of hydrogen into the evaporated a-Si films. After the initial field |
effect data . were tak_en, the sample was loaded into an Al model' 210_Vion
- implanter. Ion irnplantations.. wer_e performed when the system 'pressnre was
pumped down to a typical value of 8x1077 torr Since the a-Si film was only
about 750 A thlck a light element such as hydrogen, 1mplanted with moderate
energy, can easily penetrate the a-Si film. Therefore a technique, developed byl
_other researchers [117], was used in this research to reduce the hydrogen ener'gy
fol,“.-limplanktation. Th’ev_h'ydrogen jons .were produced by b.allistic. irnpact of
hydrogen molecules source with electrons which were ernitted from a hot
ﬁlarnent‘ The hydrogen ions entered into a magnetic mass analyzer By '
ladjustmg the magnetlc ﬁeld the analyzer could be made to select only the:
: deSIred ion specres w1th mass to charge ratlo of 2, namely H2 ions. These H2
ions - were, then accelerated by an electrical potential of 25 Kev, wh1ch is the_'
' mrmmum acceleratlon energy avallable at Purdue, to obtaln 125 Kev Hl
lmplanted ions. The channehng effect, to whrch attention has to be pard in- the
vllon 1mplantatlon lnto crystalhne materlal was not conSIdered to be 1mportant

here because of the amorphous materlal Hence the lncldent d1rectlon of the
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_,implanted ‘iOns' was normal to -the‘ sam'ple surface. In addition to the low
~acceleration voltage the jon beam current was also’ malntalned at a low value '
less than 10 pA/cm2 to avoid ion beam heatmg of the ﬁlm Dlﬁ’erent

2 to 1. 5x1017/cm were apphed ln_

' 1mplantatlon doses ranglng from 1x10’6/cm
this research.’Typlcally, it took about 5 hours to finish the lmplantatlon with a-
dosage' of‘ leOls/cm The 1mplant dosage was measured by a current .
integrator 1nstalled in the ion implanter. The concentratron proﬁle for smgle
energy hydrogen 1mplantedv1nto amorphous sﬂrcon is essentlally that of a
Gaussian distribution [117] with a projected range of around 1600 A [118].
Therefore much of the implanted hydrogen went through a-Si ﬁlm‘into"the ;
s_ilicon dioxide insulator. In order to increase the"implantedhydrogen in the a-
Si film, to optimize the hydro:genation"technique,"'athin ﬁlm'overcoa‘ting
photoresist of the wafer lS suggested (further discussed in ‘Chapter.‘ﬁ,’Seet’ion

On some /samples after hydrogen lmplantatlon, the field effect R
measurement was performed before and then after the samples were 'thermally )
annea-led in a Marshall oven at 230°C for 2 hou:-rs in a nitr,ogen ambient. vThis :
time and temperature was chosen 'based upon a series of experiments in v‘vh‘ich ‘
the anneahng temperature or the annealing tlme was changed while the other
parameter was ﬁxed More discussions on - ‘these experlments are given m
Chapter 4, sectlon 45 After thermal annealing the. sllghtly ‘milky surface :
which was observed on the films after implantation, dlsappeared The thermal
anneal actlvates (forms H-Si bonds) the implanted hydrogen and hence this
post implant anneahng is referred to as thermal activation to drstmgmsh it
from the in situ thermal annealing on the dep051ted ﬁlms The field eﬂ'ect |

measurement was again carried out after thermal actlvatron.



 CHAPTER 4

'EXPERIMENTAL RESULTS AND ANALYSIS OF THE DATA

F'Ex'perimental :r'esults' \alon'g”’ w1th ’the'ir‘ corresponding \discussiyons‘ Care
| presented in this”éhaﬁter Theresults’ are 'presented, in a way'Whic,h is intended
to elucrdate the followmg pomts (1) the specific: ’fa‘brication? ‘vsteps'fffor“‘the
device, (2) the field effect data observed due to thls treatment and (3)
interpreting the -data and to discuss the results. T.he:'data presented from
section 42 ,up to section 4.5 are the data ob‘tained ’from the hydrogenated
devices w1thout in situ’ thermal annealing. These reports include a comparrson '
of hydrogenated and nonhydrogenated results, ﬁeld ‘effect conductance change
. after hydrogenatlon influence of lmplantatlon dosage on the field eﬂ’ect curves,
and hydrogen eﬁ‘usron phenomenon A comparlson of hydrogenated results wrth

and without in sttu thermal anneahng is 1ncluded in. sectlon 4.6.

The ﬁeld eﬁect measurement of the conductance change was employed in
this research as-a probing tool to investigate the changes in the locallzed states
of a-Si upon hydrogenationb This measurement has ffbé‘come a standard

experime_ntal technique for determining the density of localized states in
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amorphous‘ silicon. Unlike other technioues, which can only estimate the
| ’density of states at the Fermi level or the totalnumber of unpaired eleétron
o snins, the field ’eﬁv'ect technique provides the most detailed information about
k the density‘of states Vt’ithin the span of the mobility gap [12,13,42,43,92,110.]..
“The field effect technique is alsolyery'usefvul for studying the changes in a single
'sarnple as it"undergoes a series of treatments'

Nearly elghty wafers have been fabrlcated and measured Two wafers :
were processed concurrently durlng each fabrlcatlon sequence There were elght.
devices on .eachwafer.. A numberlng scheme was devised for easy 1dent1ﬁcat10n.
of the _'d‘evicest .-fab_rica_ted; A single device on the last fabricated wafer, 42‘*-(2)»
[3], is taken as an example to demonstrate this numbering scheme. The first
two digits, namely “49” .serye.as an identifier which is simply the sequential
number of the cornplet_ed‘fabrication process. The mark “*” means the device
structure is :that of ‘a‘ back gate‘tcontact type. The following number in roun_d.
" parentheses_, ‘namely “(2)”, indicates ‘that _this is the second wafer of the
concnrrently processe‘d tWO ‘wafers‘ Therefore nearly eighty wafers have been
'fabrlcated in thls research The last dlglt 1n the square parentheses, namely
“[3]”, locates the p051tlon of the desrgnated dev1ce among a total of eight
devnces on each wafer Frgure 4 1 shows the locatlons of all the eight dev1ces on
a wafer In some cases, devxces ‘were cut, separately from each other for different

'ex perrmental treatments
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 TFigure 4.1 Schematic representation of the locations of eight devices on a
' - wafer B
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41 Resultsof 'Some'EXperim'entvMeaasuurements

L _:STRUCTURE

X—ray dlﬂ’ractxon studles were made to verlfy that the films were

-i;amorphous Because of the lower absorptlon coefﬁclent of srllcon ﬁlms of at

L least 10 mlcrons were needed to get a sufﬁclent dlfracted slgnal to be detected

:*H_“vDue to the lower evaporatlon rate(<5 A /sec) used, it was not feasible to o
' fdeposnt ﬁlms thlcker than 2 — 3 microns. Moreover thlcker films crazed and
"-:dld not adhere to the substrates |

Sllver coated quartz crystals whlch were used as the sensor‘forthe

thlckness monltor had ﬁlms of at least 10 mlcrons thlck these ﬁlms were

deposrted at an average rate of 5 A /sec on the- water cooled quartz crystals '

- - The main dlﬂ’erence between the ﬁlms on the Ag coated quartz crystals and the

~ﬁlms on the oxrdlzed srhcon wafers was the nature of the substrates Thermally

- grown srhcon dloxrde 1s amorphous whereas the ﬁlm on a quartz crystal is

o polycrystalhne A ﬁlm depos1ted under 1dent1cal condltlons is more hkely to be

amorphous on an amorphous substrate then on a polycrystalhne substrate If
the thrcker ﬁlms on the polycrystalhne substrate are amorphous then the films

. on the amorphous substrates should 1ndeed be amorphous

Flgure 42 shows the X- ray dlﬁractlon pattern of a 9 p thick as —
deposrted s1hcon ﬁlm on an: Ag coated quartz crystal The broad peak near 27°

in: 261 1s due to the dlﬂractlon of Cu Ka radlatlon frorn the <111> plane of Sr

":_The second broad peak from the <220> plane can be seen around 53°

) Complete lack of structure is 1nd1cated by the broad peak similar to that

obtalned by Brodsky et. al [119] The two relatlvely sharp peaks shown are due

S to__lth_.,e_._drﬁ'ractlon _;from. Ag ﬁlms beneath, -Tthe _a—_Sl .ﬁ_lms, For comparison

_ purposes; x-ray.-;diﬁractionvpatternsf}from_ an Ag 'coated'p-,_,quar_tz- Cr._yst,al”without ‘
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any a-Si film is also shoWn in Figure 4.2(a). The film was then annealed in the
’ vaéhur’h .fovr 4 heurs at’ 4000, C vjust as other films were annealed. The‘x-ray
' diﬁ'raetidn pattern from the annealed films are heerly the same as those shown
in ﬁgﬁre 4.2(b) for the as —-—vdeposited films. This indicates that all the Si films
depesited oh rdom-‘temperatui‘e substrates and annealed for 4 hours at 400° are

“x- ray amorphous
B URESIDUAL GAS ANALYSIS

" The analys1s of the re31dual ga.ses in the vacuum system was used to
vdetermme what gases mlght be trapped in the amorphous thin ﬁlm during

evaporation. and

| the 'amblent»condltlons under ‘which the’ﬁlm was beihg annealed.

~ The spectra, scan 750 the analyzer used, 1dent1ﬁes the various gas specles
tn the vacuum system by 10n1z1ng some of the gas molecules. These ions are
“then passed through a mass filter Wthh repeatedly scans through the mass
range, periodically perkmitt‘ing ions with a specific charge to mass ratio to pass
while restricting other ions';with a different charge to mass rzttio. The ﬁltered
ions are coilected and vaﬂsignal.proportional to the collected ion current is
displayed on a time base which is the same ’base used to scan the mass range.

The anatyzer was ‘used i‘n a 'slew"scsn mode and the output was detected
with an'el‘ectrometer.,T he output of t‘he ele‘ctro'meter was fed into ,s, strip chart
) rec‘o’rder to get a ’perm_ahent-rrechlf,d of t,h‘e ahalysis..‘F_igu‘rev4.3‘shows the strip/
chart,record of the residua‘ligas .analysis before . evaporation and during an
’ahnea_lingcycle.v The 'plet_vjis the intensity"ofv the peaks due to ionized gases
versus the. mass of the ionized species. The .i,nt_en,sity.ofl. the peaks is related to
the amod-nt of: the gas pre;_sent,:,but in this researc;h'no ﬂ‘qlllahtitative analysis was

made of ‘the amount of the species present. The horizontal scale, ‘which is
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~related to the mass of the gas ions, was calibrated by bleeding nitrogen into the
vacuumb system and observing the 'peak co.rrespond’ing‘ to fhe N, increase in
) i‘ntensi'ty.ﬂ On‘vce' thé nitrogen péak was .detel_'mined, knbwing the molecular
Wéight of n'it‘r'ogen and comparihg the distance of ‘its peak with other peaks
with r'fespec‘t to the start of the scan, molecular weights of other gases present
‘were determinéd and aré labeled on each peak. | |
Beféiﬁé .evai)orati‘o‘n‘_th_ei ééses cohtain maiﬁly oxygen, nitfogeli,- carbon
_diQxide,. water ‘vapors, and some hydrocarbons, The intensity due to water
' vapor is the maximum which is’not surf)rising since water is very hard fo pump
.vouvt:vv‘;tvhe.;ion ‘:pum'ped;‘ vacuum sys‘fem. The,l day the analysis was made, _tihe>
relative huﬁmidity-v'was, around 65%.,.During annealing éycles nitrogen - and |
| carbon;_di'oxi’dé peaks. increased v‘considerably. This - is bfobably due to the
outgassing of the source and thé»chamber walls. - | o
" The residual gas analysis .shéws‘that the gas'es"p.resent in the vacuum
vsysftem* before evaporation and dﬁriné the ann‘ealing cyéle are typical laBoratory ’
gaées‘ which a’re,cbmmbﬁly ‘f'ou‘nd, in vacuum systems. No quantitative analysis

of the amb’un,t;_ of gases present was con}du'cted.
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4.2 Amorphous Silicon with Yacuum Anne]aling and Thermal
- Etching at 400°C

The field effect measurement was attempted on an unannealed sample
deposited at a 4.0 A /sec. With no measureable change in source to drain
current as shown in figure 4.4. The 4Al contacts were removed and the sample
annealed at 230° C for 3 1/2hours. The field effect conductance mod'ulatior‘l was
then observed. A second sample, deposited at the same ’initial ‘rate, was
annealed f(’)-r 2 hours at 400° C. As shown, several orders of magnitude change
in the sourceto drain current was observed. A third film of the same deposition
rate was annealed for 1 hour-at 400° C, then an additional 1 hour, and then an
additional 2 hours. :The ﬁel.d effect curves showed little additional conductance
modulation after th_é initial 1 hour 400° C anneal. Direct anneals of 8 and 12
hours at 400° C were performed but again the shape and values of conductance

change remained essentially as before.

The initial films were deposited without thermal etching of the substrate
prior to deposition. If the thermal etching was pérformed, the deposition was
started a wait of five to six hours.’ The unetched films showed a time
dependence in the source drain current after a change in the gate voltage, i.e.,
there was a decrease in the source drain current with time after an increment
in the gate voltage as shown in figure 4.5. The steady state was reached in
about 30 minutes and the steady state current vs. gate:voltage pl(;té showed
hysteresis as illustrated by figure 4.6. When the film was deposited after.
thermal etching and the‘ time between the deposition and the thermal etching
was less then 2 hours, typically one hour, only one minute was needed to réach
steady state. There was a decrease of about 10% from a peak value in the .

source drain current after a change in the voltage. Hysteresis in the field effect
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curve was also reduced to a negligible amount. (Figure 4.5 and 46 illustrates

[P

the reduction.) Therefore, the thermal etching and the annealing at 400° C

~ were made an integral part of the sample preparation procedure.

4.'3va-di-‘ogéna't?i0n Implants versus Nonhy‘drogenatbn e
* In this seétiéh, strong ex‘pverimental evidence offh'ydrdgeﬁ 'inCOrpoi'ation
into the a-Si film by ion "ifnp/lan‘t»a;tlion technique is demonstrated. A gdmparison
of the ;ﬁe’ld effect 'coﬁduétahcé change between the devices which were fhydrt)géh ’
‘implanted a.nd ‘ithQSe which were not "implanted.'with ‘fhydrogen ‘cléarly confirms
the "feduct;on “of the density of states in the mobility f:gap"by ‘f:hydfogén
iri'édr‘pdréif’ion. None 'o:flft‘hése‘ "‘bd'ev’ices‘ were - in situ fthermdlly' énnea’led,
'él‘*here"fOref‘tvhe reslts are totally due to the effect of hydrogen p‘ar"ticip:itio'n. _
Device 31%-(2)-(8] and device 31%-(2)-[3] are two separate devices fabricéted
‘'on the same wafer. :'D'evice 3‘1*?('2)4[8] was not subjected ‘td ion -imp'lal;tation,
buit was thermally annealed at 230°C for two hours in the Marshall O,\"eI'I; No
-~ field ‘effect conductance _cha'nlg‘e‘Ais observed on‘ the Ipg vs. 'V/G 'plbt'béforé or
after annealing as illustrated by (1a) and (2a) in Figure 4.7. Device 31%-(2)-[3]
‘was hyarogéh ion implanted with a dosage of 5x10'®/cm* and we‘nt’throu"gh the
“identical -\pdét-impla"n_t ‘t‘hermal'treatmént é;.s"device 31+-(2)-[8]. Curvé (3b) in
T‘/F'i"gure 4.7 shows ‘t':hat~a"lar'gé field eﬁ'éct" cdn‘ductaﬁc’échén‘ge occﬁrs 6n this
“deévice. ‘Thé‘lal‘ger the field effect ’cOnduétahce change on the device, 'V,tvhe'léwvér

“the’ density of ét’ates'in*the‘mbbil‘ity’g‘ap. "Comparin’g" line (2a) with curve (3b)
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o " HYDROGENATED DEVICE 31° -(2) [a]
SRS }m INITIAL DATA -

' 10 2b) APTER IMPLANT TlON
- 07T (3b) APTER 2 HR. THERMAL

" ACTIVATION @ 230°C

e . ("b)
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Flgure 47 l*leld eﬁect data of nonhydrogenated dev:ce 31°-(2)-[8] and

- hydrogenated devxce 31°- 2) [3] with lmplant dosage 5x10'8/cm?®
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very clearly demonstrates the role played by hydrogen in reducmg the dens1ty '
of states in the’ moblllty gap. Plots (1a), (1 b), (2a), ‘and (2b) show no
v*co-nductlon modulation because the density of localized‘states is too large. " 'l‘hi’s '
large number of locallzed states tend to pin the Fermi level near mldgap, whlch:.
prevents: s1gn1ﬁcant band bendlng from occurring when gate voltage is applled

Hence no conductance change (IDS) is' observed. - Reducing the density of
locallzed states w1th hydrogen rncorporatlon is dlﬂerent from that of thermal__
anneahng..Thermal annealing, when performed at h,lgh temperatures (typlcally
400°C for 4 h‘ours)r,';'o'n the nonhydrogenated a-Si film has'the"eﬁ‘ect:ofv he‘alifng_ |
the amorphous structure and removmg most of the voids [120] The proposed__
model for hydrogen 1ncorporatlon deplcts the actlvated hydrogen through

- post- 1mplant low temperature thermal anneallng, as part1c1pat1ng in the

removal of locahzed defect centers- m the mobllrty gap and formmg either an -

antlbondlng state in the conduction band or a bondlng_state in the valence
band [121]. The hydrogen incorp‘oration and activatlon_ into the amorphous
silicon structure has reduced the density of'“localized states in the mobility';gap _
to a lower level. Hence band bending.is now "much'easi.er to achieve when gate
- voltage is apphed Therefore large conductance changes (IDS) are observed To
acquire sumlar results, thermal anneallng alone requires a much higher
temperature [51] {400°C)- for a longer time (4 hours) than does hydrogen
‘activation (230°C, 2 hours). | i |
'Incidentally, good uniformity.and excellent initial data consistency of the
" a-Si film produced by this technique is clearly illustrated by plots (1a) and (1b)
| ‘in Figure 4.7. Thrs fact is also shown by the plot (1) in Flgure 4.8 whlch
' demonstrates the results of dlﬂ'erent samples All these confirm the statement

in _Chapter_ 1 »whlch says the a-Si ﬁlrn produced by this technique has good



105

. uniformity and consistency from device to device and from wafer to wafer as -

compared with glow discharge produced a-Si ﬁl_m.‘

4.4 Field Effect Conductance Change after Hydrogenation

In this section, ﬁeld effect conductance changes after hydrogenatlon are
further demonstrated and dlscussed Flgure 4.8 shows the ﬁeld eﬂ'ect curves of
device ' 37%-(1)-[3], which was hydrogen ion implanted wlth a dosage of
1.5x10'7/em?% Curve _('lv)'and curve (2) are the data taken after fabri_catio-n and
‘ implantation_Vrespectiv_ely. Both curves are ﬂat lines which show no conductance
change with apphed gate voltage. It is f_ound._that_ the level of flat line (2) is
lower than that of line (1) if the implant dosage is above 1x10'7/em?. The
“reverse situation is observed if the imp_lant dosage is belowb5x1016/cm2 as
illustrated by line.(1b) and (2b) in F-i_gure 4.7. This indicates that implantation
with a  lower dosage slightly increases the density VOf gap ‘states, while
implantation with a higher dosage decreases .the density of gap states. This
observed \diﬁ‘erences might be due to two factors,g namely hydrogentpassivation
~and h_radiati_on damage compete with each other. during im’plantation. In the
case of higher implant dosage,l more’subs’titutional hydrogen paSsivation takes
”eﬁ‘ect even before hydrogen actlvatlon is performed and hence suppresses thev ’
. ‘hsmall radratlon damage eﬁ'ect whlch appears more pronounced in the case of
'blower 1mplant dosage The conductlon mechanlsm for line ( ) and llne (2) in

. -:Flgure 4. 8 is varlable range hopplng in the localized states So is line (la) (2a),
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L ) DEVICE 37 ~-(1) -{3): 1. 5xw" lONS/cm
(1) INITIAL DATA .
| 5 gAFTER IMPLANTATION (3)
(8) AFTER 2 HR. THERMAL
ACTIVATION @ 230°C
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- 1010 o lv'viv‘l | 1’ 1 L e
‘ ~140 -100 =60 " -20 0 20 60 100 140

vgvours)

,F‘igure 4.8 Fleld eﬁ’ect data of devnce 37 ( )-13] with hydrogen implant
| dosage L. 5x lO"/cm |
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(1b), and (2b) in Figure 4.7. The upper limit of the density of states is about
s 10%2/cm®-eV as analyzed'by 'applying Mott’s Hopping Theory [45,58,59].

~After low temperature thermal activation at 230°C‘ for two hours, four
orders-of ‘magnitude conductance change was observed as illustrated by curve
a (3) iﬁ' Figure >4.8. This is the ﬁrst evidence demonstrating the difference in the
field eﬁ’ect' charac'teristics" vbefore and after the a-Si films have been
hyd‘rog‘enated.‘ VU’sinvg' glow: discharge produced films already incorporating
hydrogen, Goodman [24] “demonstrated similar changes in  field effect
characteristics by expelling hydrogen from the ﬁlm‘through thermal annealing
at high temperatu‘res. The con_clusion oof both Goodman’s experiment and this
er(pe'r,iment, while conducted in,rev,erse, is that the presenceof hydrogen lowers
~ the density of localized states and thus’ accent_uates the field effect variation. In
. Figure 4.8 the ﬁeld eﬂect_response after thermal activation appears for both
positive_and .neg‘atiVe gate _.voltages,_hut 4is asymmetric about zero due to the
difference of electron,andr hole mobilities [52] The._ plot is not centered about |
VG =0 due to ﬁxed charge at the Si-SiObz ’interface or in the oxide. The field
eﬂ'ect curve tends toward saturatlon in the hlgh field region (beyond + 100
volts). ThlS saturatlon is partly due to the degradatlon of the carrier mobility
‘in the hlgh electric ﬁeld.reglon and partly because of the increasing denSIty of
localized states at energles suﬂiclently away. from mld-gap In very low density
of locahzed states ﬁlms that are very thin, depletlon could penetrate through

| the a-Sl film.

If we. assume that all the 1mplanted hydrogen remains in the a-Si film, the

atomlc percentage of hydrogen» content is about 45% for this dosage H/Si ratio

o ,‘1s 08 that is, for every five Sl atoms present in the amorphous layer, four

"hydrogen atoms are present.» fAmong the ~available publlshed papers



82,111 122-124], hydrogen contents of 5 - - 50 at.% have been reported in the
films prepared by the glow dlscharge decomposmon of ‘silane gas “The
evaporatron produced a-Sl is qu1te porous therefore a lot of hydrogen may'

reasonably be 1ncorporated 1nterst1t1ally in the film.

The concentratlon proﬁle of 1rnplanted hydrogen 1n a-Si is essentlally that

= of a Gauss1an d1str1but10n [117] with a prOJected range of around 1600 Aanda

| prOJected standard .deviation of about 600 A [118] Because of the thln a-Sl
film and the minimum- 1mplant energy available, some of lmplanted hydrogen
PaSses through the a«-Sl ﬁlm and into srllcon dioxide 1nsulator ,;whlch- is about
3000 A thlck Some hydrogen mlght even reach the SiO, - Sl mterface Ih |
order to 1ncrease the 1mplanted hydrogen in the a-Si, a thln film of photoreSISt

: 'overcoatmg is suggested

4.5 Inﬂ.uence_ of Iinplanta.tion DoSage' on the Reducti‘onj o

of Locahzed States " | | o

| Fi 1gure 49 shows the field effect curves of four dev1ces w1th different
1mplantat10n dosages whxle all other experrmental parameters are kept ﬁxed
As the 1mplantatlon dosage is increased, the amount of conductance change for '

'both pos1t1ve and negatlve gate voltages 1ncreases mdlcatmg a reductron in the, :

locallzed‘ states Also -the conduct1v1ty at zero gate voltage' decreases ‘and the ]

~width of the ﬂat portlon of the plot (nearly no conductance change reglon)' ‘

. decreases :
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1 DBVICE 33 -(2) 2):1 x 10'® IONS/cm“
2) DEVICE 81° -(2)-13):5 x 10'® IONS/em?®
3) DEVICE 32° - é -[4}:1 x 10'? JONS/cim?

Coro DEVICE 37° 1 J] L6 x 107 IONS/cm?
b (4)
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F iguro 4’.’.9. EITect of four. dlﬁerent ion lmplantatlon dosage of hydrogen on

-~ field eﬂ’ect curves in amorphous s1hcon



A computer program [101 102], which uses both an 1terat1ve predlctor-'

corrector algorlthm and ﬁmte temperature statrstlcs to numerlcally solve' .
Pomson 'S equatlon has been used to analyze the ﬁeld effect data to determme

the" densrty of locallzed states’ (NT ),near the Ferml level..The ,computer |

programand'»"'i.nformation | on‘fhow to*“ run the program ‘are presented in

' 'App'en:dix 2. '-vThe the_orjr ‘behind this program is basically the »sa'me 'asi_'th'at

presented in- Chapter - 2, section 2.5 except' that this program uses‘ 'ﬁ'nitek
temperature Fermi statistics while the anaiysis. in section 2:6 vu"se's»“the’v"lim»iting
case of Ferm1 functionfat' T=0°K to calculate the charge den-Sity' for Poisson’s

equation. ”The.,«.pred'ictor_—corrector computer valgorithmv is ’empll,oye_d iv_n,. the

program to 'ﬁnd the distributiOn of the density of ~"states'in a-Si The main

points of the program are outhned below. In order to be consrstent w1th the -

computer program, some: notatlon used here is a httle dlﬂ'erent from that used

in Chapter 2 sectlon 2. 5

The apphcatlon of a non-zero ﬁeld -across the sample bends ‘the moblllty

| vedges of the conductlon and valence bands of the a-Si down or up respectrvely B

"for posrtrve or negatlve gate voltages VF The potentlal dlstrlbutlon 1nsrde thev

a-Si materlal V(x), is determmed by the solution of Porsson S equatlon

‘d2V(x) 47rep(x')‘

dXz‘ _ €

| (4.5.1)»

:. where X is the dlstance 1n51de the a-Sl from the a-Sl-lnsulator mterface

‘The charge d~ens1ty,' p( ), is glven by the energy 1ntegral over the densrty v

of states,, N(E), using finite temperature Fermi statlstlcs

x)— fNE)[f E—-eV(x))—( )](;’d'r:’)e ‘, o -~'(4.‘5_.2)'

—0C

- where f is the Fermi-Dirac function at temperature T, 1e
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f(E) 1+exp((E—EF)/kT)

The program uses numerlcal technlques to do thls finite temperature Fermi
statlstlcs calculatlon whlch is demonstrated from the numbered llnes 42 to 49

'of the program prov1ded in Appendlx 2.

Poxsson s equatlon is subject to the boundary condltrons that V(x) must

v ,;approach zero w1th zero slope at some finite X; and '

s

. where V 1s the voltage at the a-Sl-lnsulator 1nterface d is the thlckness of the A
'1nsulator and‘evl es are the dlelectrlc constants of the lnsulator and a-Si, .

"'respectiv‘-ely.‘ This boundary c_ondltlon is due-to the contlnulty of the normal
_'»comiponent"'fof the electric_'-'d'isp'_‘lacem'e'nt atf"t_’he_- F‘interface. The ualfrdity of

eQuation'(f4.5t.3’) isxbased on the assumptlon that there is no real charge trapped
_i»n_the‘_i«nsulator or'at 'the'interface plane " | o

, - Using 'ou.r*ﬁrést"gues;s' for . N(E), the program solves P01ssons equatlon

» '__equatlon (1), w1th a predlctor-corrector computer algorlthm to ﬁnd V(x) which

satisfies the boundary condltlons The final V( ) is 1nserted 1nto the followmg

equatlon of the lnduced change in conductance to obtaln G(VF) and thls is

- -compared with the experlmental data S

G—Go | o v
o c fdx[exp eV( )/kT) 1]+ g

a+1 t

o

_ a+l tfdx[exp -eV(X)/kT) 1] : (454) .

f__,‘wher’e_'Go'v is the‘i t_otal 'Conductance when the energ’y»band‘ is lna flat situation;, |
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“t” is the thlckness of the a—Sl and “a” is the ratio of the conft'ribut-ion: by o
electrons to that by holes. Note that in Chap‘ter‘2,‘ section 2.5, the expression |

AG; _.aAn+Ap

Gy t(anb+Pb) '

is the same as equatlon (4.5.4) above if ny=py and An, Ap are presented in the
integral forms 'whlch were given by equations (2.5.9) and (2.5.10) respectively in
" Chapter 2 sectlon 2.5. | B R
The 1ntegral for G in equatlon (4 5.4) is valld only 1f the band bendxng
‘caused by the applled field shlfts all locallzed states rigidly with V(x) w1thout a
change in their carrier moblhty parallel to the surface Tt is further assumed
_that the only effect of interface states is to create a nonzero ﬁat band voltage _
Vpg. In order to match the boundary condition, equation (4.5. 3) the eﬂect of -
flat band‘ voltage is taken care of in the program. by VFIELD
VDATA(NVF)—VFBP.(see Appendlx 2, numbered line 61 of the program). The
program compares the caleulated conductance (G,,.) with‘lthe"experimental»'
values of G (Gdata) modlﬁes N(E) accordingly arnd starts again by solv1ng
_Porsson s equatlon with the new N(E) Thls 1teratrve process is repeated untll,'-ir'
the average fractional error of Geale relatlve to the experlmental data is less

than the experrmental -uncertamty or a preset limit (typically. around :l:5%).-

. The solution is then considered to have converged and N(E) is not modiﬁed S

further |

| For the ﬁrst guess of N(E), it‘isbest to begin» by, tryingto ﬁnd the N(E) :
‘near Ep which gives the correct G(Vp) near Vg, and to then 'progressive_lv '-
wo‘rk out to higher values of IVF'VFBI and of IE-EFI. If the initial -gu'e'.ss is :to_o' -
far away, the program will show signs of drvergence This happened in. rthe "

course of this research when the experlmental data were analyzed Flgure 410
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| shows a flow chart for the computer prograrn which derives N(E) from G{Vy).

This computer program was used to_analyze the experimental data shown

inF igure 4.9.. Figure 4.11 demonstrates the effect of hydrogen implant dosage -

on the reduction of the density of localized states in a-Si films. NyF after
~hydrogenation decreases from 8.6x10% to 1x1019/cm3-eV as the implant dosage

e of hydrogen increases from 1)(1016 to 1. 5x1017/cm

The mechanism of hydrogen 1ncorporatlon by 1mplantatlon is dlﬂ'erent .
~ from that of the glow dlscharge of sxlane or sputterlng deposmon in the.
"presence of hydrogen In the 1mplantatlon method hydrogen was. 1ncorporated ‘i
vafter the a-Si film had been depos1ted The optlcal absorptlon data’ obtalned by |
~ other researchers [117] “suggest - that the a-Si:H structure produced by ion
: 1mplantatlon favors monohydrlde- formation. In the glow dlscharge or
sputtermg method hydrogen was 1ncorporated in the film at the same time as. |
the a‘-Sl.H‘ matrix was fabricated. The hydrogen content and the film propertles. |
| ,are greatly related to the surface reaction'during th"e depositiOn Although most

good quahty ‘glow discharge materlals mainly have SiH [125], SIH2 and SiH;
| groups.;. may also exist [68 123 1125] In the glow d1scharge method film
'propertles are . mﬂuenced by several deposrtlon parameters especlally the
substrate temperature durmg deposrtlon [20 126].

’ .Table 4.1 »pres’en’ts a summary of the fabrication parar_nete_rs and»selec.ted.
electrical properties of the samples from which valu’ablea infor:nration'was"

- abtained in the research.
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4.6 Hydrogen Eﬂ'usion :
In- thls sectlon tlme and temperature for the actlvatlon of hydrogen were
| »determmed based upon a series of experlrnents ‘The phenomenon of hydrogen

K "eﬂ'usron' was found. durlng the course.of experunents.

Wlth temperature ﬁxed at 230°C durlng thermal actlvatron annealmg

| b»tlmes of l 2 and 4 hours have been used to actlvate the 1rnplanted hydrogen -

Flgure 4 12 shows the ﬁeld eﬂ'ect curves of three separate dev1ces used’ for th1s

Aexperlment These three dev1ces | l*-(2 [5] 1*-( ) [3] l*- (2)-[4] were

.fabrlcated and hydrogen 1Inplanted on the same wafer and then separated

'} before they were. thermally treated at 230°C for 1, 2, and 4 hours respectively. |

o Nearly ldentlcal results were observed in the ﬁeld eﬂ'ect data Therefore tlme is

: .not a crltlcal factor m the actlvatlon process WIth the time: ﬁxed at 2 hours

‘leﬁ'erent actrvatron temperatures of 200 230 260 290°C were tested. Theb

‘results were also nearly 1dentlcal except at 290°C As shown in Flgure 4.9, the

,ﬁeld etfect response of the 290°C actlvatlon is less than that of the 230°C

.anneal The ﬁeld effect data 1nd1cates that hydrogen starts to effuse out of the

"a—Sl at 290°C whrch results in a hlgher dens1ty of locahzed states. Thrs |

'.phenomenon Is in . agreement w1th the results of Goodman [24] and other

B researchers [20 127 128] who reported that hydrogen eﬁ‘usron occurs durlng the

- annealmg of glow dlscharge produced a-SrH ﬁlms at temperatures of around

E 300°c
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CONSTANT DOSE OF 6x10' jons/cm? :
r (1) DEVICE 31* -(2)-[6): 1 HR. ACTIVATION @230 °C
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Field effect curves of three devices with fixed thermal activation

temperature (230°C) but different annealing times of 1, 2, and 4

hours
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"‘Figu‘__‘r;e 4.13 I‘leld effect data of two devxces with same unplantatxon dosage

(1x1017/cm2) but dlﬂ'erent thermal . actlvatlon temperature.'

(23000 and 200°C)
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4.7 Effect of pre-implant in situ Thermal Annealing -

on the Reduction of Localized States -

All the results presented to this point were acquired on devices which were
not subjected to ¢n situ thermal annealing immédiately followiﬁg a-Si ﬁlm
déposition. Iﬁ previous samples large amounts of hydrogen have been implanted
into the electron beam vacuum evaporated a-Si film. However the density of
localized states, although reduced drastically, remains large compared to high
quality glow discharge produced material. Before these films can be useful for
devfce alpplications,' the density of localized states must be further lféduced by
several orders of magnitude. In this section, the effect of a pre-implant fn situ '
thermal annealing on the reduction of localized states is demonstrated. The

porous nature of vacuum evaporated a-Si is confirmed through this experiment. -

The in situ thermal annealing was performed immediately following a-St
film deposition. An adjustable 'transfornier was set to deliver a cﬁrren"t.of about
10 amperes to the substrate heater which was a coiled tungsten wire of 10 mils
in diameter. Thé temperature of the substrate hbolder was monitored by a
digital voltmeter (DVM) which was connected to a chromel-alumel
thermocouple attached to the substrate holder. The DVM reading eﬁi}ivalent to
400°C was determined .by referring to the thermocouple table which lists the
temperaturés and the corresponding thermoelectric. values based upon 0°C

reference junction. The table value must be corrected by a value corresponding -

to the measured room‘t‘emp’/erature. Usually, it took about 20 to 30 minutes for '

the substrate holder to reach the desired temperature. After 4 hours in situ
thermal anneal, the heater current was turned off and the substrate was
allowed to cool to room temperature before the wafer was removed fro.mfhe

vacuum system and taken to the ion implanter.
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: ’Figure 4 14 shows the field effect curves of Isp vs. Vg for three ‘devices
' w1th dlﬂ'erent in situ condltlons whlle all other sample preparatlon procedures
were held constant Each had an lmplant dosage of 5)(1016 1ons/cm and had a
post 1mplant thermal activation at 230°C for 2 hours Device 31*° 2)—[3] (curve
(1)), was not subjected to thermal anneal in situ after a-Si deposrtlon Device
3‘1:=’|=-(1)-[2], (curve (2)), and_devlce 39%-(2)-[3], (curve 3)), were thermally
- an‘nealed‘ m situ ’for 4 h'ours, i-r:n‘vmediately followmg ﬁlm deposit‘ion, at 300°C
and = 400°C ‘- respectively.. | Comparing curve (1) with curve (3) clearly
‘ demonstrates that with the'aid'of n situ thermal annealing at 400°C, the ﬁeld
eﬁect vcon‘ductance change was improved by three orders of »xnagnitude over the
non-annealed devme Also 1llustrated in the figure . is that the ﬁeld effect

conductance change is more pronounced for an anneal at 400°C than at 300°C

It s known that evaporated amorphous materials are - qulte porous
_"[129 130]. Fritzsche [131-133] and his coworker_s have shown that the.mternal
~surfaces  of the interconne‘cted_ voids -in a-Sijare ox-idiZed with lsubstantial

. oxygen incorporation as soon as the iﬁlm‘, is exposed; to air.,..I-t. is. believed that

absorbed’ vvater vapor which'can not be removed causes internal oxidation and

prevents subsequent hydrogen-sﬂlcon bonds. from formlng, and hence prevents :

thrs hydrogenatlon technlque from ach1ev1ng its maximum eﬂ'ectlveness

In thls-'experlment‘ by means of thermal annealmg tn- situ, the amorphous
structure has been- healed by partlally removmg the voids. Therefore the film 3
has been made more - 1mperv1ous to water . vapor and hence reduced the
possrblhty of extensrve internal ox1dat10n With less ox1datlon the subsequent
,hydrogenatlon eﬂ'ect is enhanced resulting in a s1gn1ﬁcant 1mprovement in the_-

ﬁeld eﬁect data whlch corresponds to a lower den51ty of locahzed states
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(GONSTANT DOSD or 6x101¢ ions/cm?)

(l) Dev:ce 31°-(2)- [3): no Ll;erm&l snneal in sity | _
- (2) Device 3L’ -1 2) unneulcd in situ @ 300°C
(3) Device 30 (’) -[3): mmwlcd insitu @ 400 C =

et
T T
107N,

et
PR I ER
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‘ 1"0%“3
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- Vg ‘;(Vq;lztu_)
?I"»iiig‘ugr-e 4.14 Fleld effect data for three devnces with the same 1mplant dosage
| B (5x lﬂilﬁ/cm ) but with dxﬂ'erent n 3alu ' thcrmal annealmg

condltnons
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' Besides ;H.Fritzsche’s | [131-133] - and the work presented here, other
researchers  ‘also reported that micropores penetrated the structure of
evaporated a-Si. J.C.Bean and J.M.Poate [134] have investi’gat'ed the nature of
‘these yoids and theirvinﬂuence on the epitaxial crystallization rate of UHV
'evaporated amorphous silicon. They reported that crystalhzatlon was inhibited -
in samples exposed to air at room temperature due to the gas absorptlon on
the internal surfaces of the VQldS. |

Figure 4.15 illustrates theiﬁeld eﬁect curves of device'395(;-(2)-[3]‘,' which
: was thermally annealed in situ at 400°C for 4 hours immediately following'ﬁlm
Tdeposition. The device was initialvly hyd»rogenated. wit_hb'a: dosage of 5x101®
_‘ions/cm2 resulting in the field effect curve (2 (2). Curve (3) is the 'data' taken on
the same device after it was sub]ected to a second hydrogen 1mplant w1th a
‘dosage of 5x10'% jons/cm? (total dosage on the dev1ce is 1x1017 ions/cm?).
Analysls— of the data. correspon_dlng to,curye_(3) shows _that the density of
localized. states near the Fermi level has been reduced vfrom: '.7x1.0'17/cm3-_eV'to
v4x.101.7/cm3-eV. With this_rdensity of.‘localized.states a much improved a-Si
* thin film transistor (TF'T) is possible .

, Fi'gure,4_.16f,illus',trates how the localized states are distributed in energ'y
around the Fermi level for devicer 39+-(2)-[3]. This plot is obtained from the'
output of the computer program belng apphed to the experlmental data of '
Fxgure 4.15, curve (3). Note that the locahzed states are. relatlvely constant

near the center of the gap and increase at energies away from mld-gap

Table 4. 2, whlch contalns some data from section 4.3, shows the eﬂ'ect of
hydrogenatlon with dlﬁ'erent 1mplantatlon dosages: on the denSIty of localized
 states. The data demonstrates quantltatlvely the effect of hydrogen lmplant |

dosage -on the reduction of the density of locahzed states. The table also -



SR 1% .

'.‘_Davnca 30°-(2)- (d] (l) mu.ml duta R
' (2) after hydrogenntion .
© . (dose:b x 10"/ c?)
S (3) ufter: hydrogcnuhon o
o (douc Ix 10" /(.m")

10°
0ep

107

1t

w"“f ,

o]

o}

v - 17—31?20 ~80 -31'0 0 40 80 120

VQ (Volt.a)

Figure 415  Field effect data of device 39%(2)(3]



00
= Devnce 39° -.( ) [3]

F
iy

Pg
%)

ot}

1016 'b 1  bn " ! i Lo 3
'-03-0201 0 01020304 '
| D-’DF(CV)

o Flgure 4. 16 Densxty of localued states in the band gap for ﬁlm 39 (2 [3]

al’ter hydrogenated to a dose of 1x1017/cm



125

Table 4.2 ‘Summnry' of effects of in ity thermal nnuvezil and hydrogen
implant dosage on the Density of Localized Stutes of a-5i samples

; film 400 ° C anneal in situ | Implanted ions/em® "N%/cms-ev -
fae-rl2) | NO Il Ix 108  86x10%
ar-@-3 | 0 No | sx10 8.0x10"
| 820~(2)-4] | N0 | <107 | aaxio
| 37—(1)-f3) | NO | 15107 1xlo'®
s | YES T sx10 7x10"7
ee-@ | YEs | x| 4x1o”
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compares films with an #n sty 400°C anneal with those which were not

" annealed.

4.8 S_oine Discussions on Surface States

- Surface states at the Si—SiOz interface and at,the amorphous silicon-SiO,
.interface are included in. 'the-ﬁeld effect measurements. ‘Surface states are of
- concern because a large density of surface states may eas1ly mask the bulk
locahzed state dens1ty of the a-Si. For example suppose a density of surface
states as large as 10‘3/cm -eV eXist at the Si02 amorphous silicon interface.

A dens1ty of ~ 013/cm -eV is equlvalent to a density of 1.3x10'8/cm®-eV bulk
| vstates in a thlckness of the a-Sl of 750 A Thus, surface states in the order of
‘ lO”’/cm -eV can easily mask bulk»dens1t1,es which are less than 1018/cm -eV.
"bThe po‘siti\te'_ﬁxed oharg.es at the interface can shield the electric field applied
© at theﬁ,g’at‘e, thus weaken t_he,eleetric‘ field in the, a-Si. Large gate voltages are
needed to obtain sufficient energy band bending and start the onset of the
conductanee modulatiOn Le. an increase of dram source current Evidence of
thls occurrmg w1ll appear in the ISD vs. VG plots as voltage shlfts about VG—O
In terms o_f crystallxne slhcon,' _thls effect unplxes the morease of threshold
B voltage in a MQSFET. In vyadbclitio‘n, if surface states at the SiO, - amorphous -
silioon ,'intefface trap a. large. number of ohatge ‘_c‘arrie‘rs, 'th-e. conductance -

between drain and source wxll be degraded because of these trapped charges.



At the Si-8102 interface these undesired s‘urfaée‘ states are gteétl‘Y"réd‘uced
W1th (‘:"’*adr?“éfi‘_i«‘l_i fhﬁ_ricat‘ioﬁ% techniques. By using the ‘qu'asiisté,t-ic té.c,hniqué [135],
the measured d‘éﬁsif'y of surface states at the Si-SiOy vint‘fe:farc'ie; was d"eterm.i’_ned"
to be in ﬁﬁfe‘v'rangé of 10 to 10! /em*-eV [136] Figure 4.17 sh"owsi"the' surface
state di*s"t"fibﬁ‘t‘»ibﬂ—- obtained from this measurement. A«?ny{ radiation ‘d"amége
6ccu’friﬁ>g=,dﬁrin‘gj ion ilﬁpl"&ntmt?i‘on with- hydrogen 1s expected to 'b_e" negligibly
s-m’allr',:siﬁcé the pfedofnvinlant' energy loss mechanism is electronic stopping [137].
Nev‘elfﬁhéléss; most radiation 'd?amag;eﬁwill‘ be a;nrieal:ed out by the pos‘t-‘implant,
thermal treatment. ’

Somie questions arise concerning the surface states at the interface of the
two ‘émo_rph"duS materials (SiO, an(i a-8i). It is expected that some implanted
hydrogen will reach the intérfa;ce; passivate the interface d3ai1_giing bonds, _an(i
hence redﬁce the sutface states théfe.'Sincé a field effect “conﬁdﬁ“ctance changé of
six orders of ﬁiagnifude ’has* b‘eéﬁ olﬁs‘erved in this expe’rimént, it seems
réasonable to assume that surface states af the a-Si:H-SiO, interfavce‘aréclose
to a vaIUé‘,of 1011/¢m2. This value has been'repérted bto‘be an upper limit of .
the surface states at'tiie“i’nterface as obtained from photoemission studies by

Williains, Varma, Spear, and LeComber [138].
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- CHAPTER 5

A-—Si:H TFT

"In recent years,' extensive studies ‘had been rnade on\f ’hydro.g"enated
amorphous silicon ‘thin film transiStors(TFTs), vyhich are cons‘idered to be one
of the 'promlsing svyritching_ddevices for '-large-ar_ea' 'liquid-crystal’: display
pan‘els[‘l39] The on/off current ratio- as 'lafgé as six orders of ma‘én‘itude has
already been achleved 1n a-Si:H TFTs[104] Desplte rapld progress 1n the TFT
| performanc_e the theoretrcal basrs to determine statrc-_ and dynamrc-v
characte»ristlcs of TFTs has not yet been settled mainly, because the influence -
of the gap states on TFT operatlon is very complrcated Neudeck  and -

Malhotro[l] derived a srmple theory to obtam TFT characterrstrcs in the case

of uniformly dlstrlbuted gap states. Recently, Tohru Suzukl et al[140] reported o

the theoretrcal expresswns of dram current as functlons of gate bras and draln'
'voltage ‘The TFT characterlstlcs computed for varrous cases of gap state _

densrty dlstrrbutlons revealed the presence of a clear correlatlon between the

) ‘TFT performance and the gap state densrty dlstrlbutlon Satoru Klshlda et o

al[141] presented a s1mple equa,tlon on the characterahlstlcs of an a-Sr TFT
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~ with _realistic_',semiconductor film thickness and having an exponential or

uniform gap state density distribution.

5.1 General Analysis l‘or Characteristics of A-Si:H TFT A

. .‘5‘;1.1_ 'General Expression for Drain Current o
Figure 5.1 illustrates the stracture of the a-SiH TFT stud;i-ed' in this -
reSearch. rThe electrostatic petential in t'he-su'rface spa'ce chargelayer at ‘the
point (x,y) is expressed as V(x ,y) % (y)+u( ¥)- Here \ oly) is the potentlal atv
the edge of the space charge layer where du/dx =0 is satlsﬁed and u(x,y)
refers to. the surface band bendmg The sign of u(x,y) is pos1tlve for V-
| vub,>V (yl (Vg is the gate blas and ub, is the bulld-ln potentlal) and negatlve_
for VG‘“bn <V ol¥) |
v For.51mp11est wederi’ve the formula for an enhancenlent TFT, i.e. only
consider the electron conductance and neglect the hopping conductance The
conductance for an element. of the channel length dy and the width W is
i composed of the ﬂat-band conductance Gyly +dy). and of the ﬁeld-lnduced:
: condutance AG(y +dy) arlslng from the band bendlng u( ,y) G, (y +dy) and
S "AG(y +dy) are wntten for electrons as
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Figure 5.1 Schematic diagram of an a-Si:-H TFT
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W
o Go(}’"‘dy):% dy (571.1)
. anrd.‘-'
AG(y +dy =—-—f{a exp[eu(x,y)/kT]—a }dx
GW)
_ O, W f exp(eu/kT)-1 dfeu) . .

"} d'y*--o, - oufox e (512)

4 Here o is. the ﬂat—band conductwrty of bulk a-SlH and u* (y) is the surface
potentlal at y, i._je a(y)—u(O,y) ‘Then, the dlﬁerehtlal resistance of the

~element is given b_y

C @R=(G +_dy‘)_+>Aél(&*+dy)r,‘_ .

R euXy)" | o o .
~dy b4 eXp(eu/k’l‘)—l d(eu) o
) daf{x Coujoe e (5.1._3) -

Since the potentlal dlﬁerence ' Cross the channel element d o(y) for the drain

current ID is equal to IDdR the followmg equatlon holds R

ewty) e
B T

‘ Integratiohv' of 'this ,equation over the _channell_ from _SOurce(V6(0)=-0)‘ to

v Vdr'aih(v\_/d(l.)n:VD is the draih Voltegé) yieldé an eXpressioh for the drain current:

_ FW; : Du‘(Y) | | |
| _‘Ip,al v(dVD"'f( 7 exp‘;:,’;f’{f‘(e“’mvu o (5,-1.55). 3

o If both the electrlc ﬁeld strength 6u(x,y)/8x and the surface potentral ua (v)

: ,are obtalned as-a functlon of v, (y) for glven values of VG and VD, the draln



| lclivrrenthD”’canIbe ealculated by;eq.(‘5.bl:>-.5).f |

' 5 l 2 Determmatron of the Electrlc Fleld Strength au(x,y)/ 6x .

The surface band bendlng u(x ,y) at. the posrtlon( ,y) for a ﬁxed value of y »

: obeys the one dlmensronal Poisson’s equatron o

5 : o co (5.1.

Where, k, 1s the dlelectrlc constant of a-SrH and p( ,y) 1s the space—charge |

vdensrty due to the Ferml-level shlft of qu(x ,y) In general the charge densrty is

)= fNE)[fE—eV( ,y»—( JdE R (541-7) ?_

00
Where N(E) is the energy dependent densrty of states and in its west general,. .

form lmphcltly 1ncludes all localized and extended states f(E) is the Fermr-'

Dirac 'drstrlputron function

wpreo) o
| } Here Ep is the Fermr—level If both srdes of eq. (5 1. 6) are multrplled by 2 0u/6x

and 1ntegrated from X to the edge of the space-charge layer where 8u/3x =0.is .-

i satlsﬁed then one obtams 811( ,y)/ 6x for posrtlve u(x,y)

: eu(x,y) "oo : C ' » o
gul _ | 2 - L
XL; | alx ) f(E)}dE 619

Th:e'denem‘inater’of eq.(‘5.1.5)_ ;3’11‘(:)(,'5")/3x is ther-efOre'deternrined by eq.(5.1.8),
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o if th_e:'vdens’lty'di’stributlen of gap »states_, is given. -

.".5.’1‘.3'Dve‘term:i:natien 6f‘ Surface Potential ’u’a‘;(y) -

The surface potentlal u( ) is connected to the voltage drop across. the

o 1nsulat1ng film V(y) the bmlt-m potentlal ubl and the gate bias VG by

Va “b:“v() ()+ua(y) ’_ S (5.1.10)
o The surface space-charge den51ty Q. (y) —-C V(y)( --—the ‘insulator capacitance

per unlt area) 1s related to the surface electnc field 611( ,y)/&x]x_o by Gauss
law Qa( ) =¢, k (9u/(9x]x =0 so that eq (5 1. 10) is rewrltten as |

| _-VG—V( vy ub.—u»*(y)

2

;%44['2e'k f d(eu) fN {fE—eu( ,y))—f (©))4E)* )

—0Q.

This md:cates that the surface potentlal u (y) can be unlquely determlned as a

- functlon of V ( )y 1f the gap state dens1ty dlstrlbutlon and gate blas are glven

By the use of egs. (5 19) and (5 1. 11) the theoretlal draln current ID is -

“'expressed l)y eq. (5 1. 5) and can be calculated asa functlon of draln voltage. -
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- 5 1.4, Loeahzed State Densnty Dlstrlbutlon N(E)

It 1s necessary to know the densrty of electronlc states N(E) of an .

amorphous semlconductor 1n order to understand and 1mplove its. electromc‘ o

: propertles Thls has become especlally toplcal w1th the recent development of

L amorphous solar cells dlodes swrtehmg devices and trans1stors In crystalhne_ o

B semlconductors the densrty of states in the band gap is zero except for the

presence of dlscrete energy levels In constract 1t 1s commenly beheved that._fv_

there is.a eontlnuous dlstrlbutlon of electronlc states m the moblllty gap of
- tetrahedrally coordmated amorphous semlconductors Because of thls dlﬂ‘erence : |
..'many techmques which can be used to determme N(E) for a crystal are not :

'readlly apphcable to. amorphous materials. -

Recent years, the w1dely used experlmental technlques for determmmg
. (E) are ﬁeld-eﬂ'ect measurement and capacltance-voltage measurement Usmg
the measurement data of the locahzed state densrty dlstrlbutlon N(E) we can

get the ID vs VD for valuer of V accordmg to eq (5. I 5) by usmg numerlcal

o _analysrs technlques

For analytlcal calculatlons an. analytlcal formula of locahzed state den51ty
dls.tlflb'utIOII N(E)-ls necessary. There are several models in hterature. . Listed
4dre some as- followmg - A S

(1) Neudeck and Malhotra[l] submlted a model that was

(E) N, E<E, o f = (L)
NE=NewmEX)E BB,  (113)
Wherem controls. the rate at whlchf the states increase and, Nt is th‘e' density. of

localized states at the Fermi energy. -
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- (2) Tohru Suzuki et al.[140] proposed a function for localized state density

distribution
N(E —iolﬁ ATE E-E,+0.6 E-E,+1.0
()= B R Y T R (Y TS
S L LA E-E,+1.1 o |
i YT i Ay (5.1.14)

‘Here, A, B, and C are curve fitting paramters and the N(E) curve has a
rhinimum density - of states at E. -0.8¢V. Three kinds of results are: (a,)
A‘—'B:C =1 reprédﬁces a measurémeht result; (b) A=10, BZC?I refers to the
case with a high density of states near midgap; (c) A'§B;1’ C=0 corresponds‘
'to the case with a low dénsi,ty of states near the Band edges.

(3) Satoru Kishida et al.[141] a,‘ssumed adensity d_isfribution of localized
- state as. R | . |

E-E,

N(E)=Ngexp Ko

(5.1.15)

Where Ng; is the localized state density just under the conduction band edge

~and Tg is the characteristic tempefature.



5.2 Approxnmate Analysns for Characteristlcs of A-Si:H TFT

| The theoretlal analysxs of the a-Si:H TFT characterlstxcs has been denved‘
fns the: pnewousr sectlon:. ‘But these lmp,hc}t -explesslons need to use eumbersome
numerlcal calculatlon to be solved. For deSIgnlng of dev1ces and cireuits, a
5 sxmple less accurate theory whlch can intuitively grasp the physwal phenomena

~ and -V char‘a’cterl‘est is ver—y 1-m'sp-ortant.‘

5 2.1 Slple Theory

Accordmg to T1ckle[l42] the ID-—— VD charactenstlc of a TFT can be ’
obtamed from Equatlon (5.2.1). The potentlal V is the voltage between the

: gate and the conductlng channel

W Va o o o
Ip=— [ gV)dV ‘ o S (5.2.1)
' ,Lv-(rv,," ' RPN

- 'The width of the channel is W, whlle L is its length The voltage VG and VD
are the gaté and the draln voltage respectlvely
Neudeck and Malhotra[l] derlved the sheet conductlvety of the channel
g(v), a8 a functlon of the gate voltage VG "The rather complex expressnon
ob‘-talned was shown to be approximated by Equation (5.2.2) B
(V)~baV o L e (522)
Here a is a functlon of the slope of the stralght-lme portlon of logg(V) vs Vg
plot, wh1l‘e‘_b' is an arbltrary constant that will depend upon the carrler
‘mobility, temberature,. and geometrical factors of the device. By substituting

into Equration (5.2.2) into Equation (5.2.1), the drain c‘urren‘t was calculated as
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ID B[ a"G(l eavv)] o - o :(5.2.3)

Were Bis a constant equal to Wb/La This formula is only appropriate for the
reglon where logg(V) vs Vg is a stralght line and the “inhanced” channel is not -
| pinched off. The calculated curve was consistent wlth the experimental data in

‘_ th'e region ol' larger gate voltag_es and where the channel is not “pinched-oﬂ'”.

“TO expand reglon where Equatlon (5 2.3) can be used a new expression
for g(V) that would be apphcable at lower gate voltages is glven by Equation
(52 4) [143)

g(V)=beYte) o (524
The constant c is related to the constructiOn‘ and depends on the density of the

locallzed states ‘in the bandgap of the a-Si. As these states near the Ferml-

energy are smaller, a wrll become larger and c gets smaller By adding the

- constant c, Equatron (5 2. 4) w1ll more nearly approx1mate the g(V) of practlcal' o

‘devrces at low gate voltages Substltutlng Equatlon (5 2. 4) into. Equatlon
(5.2.2), we get '

e by (sas)

5.2.2 ‘An"App‘rOXimatiV'e_ ,T_hedretieal Analysis s
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[A] Uniform Localized State Density Distribution Case

~In thls | approximative. analysis, | thek f;'ollowivngv is' assumed: (1)
Approxnnatlon of . zero temperature statlstlcs (2) - Uniform loca‘léz'ed state
| densrty dlstnbutlon (3) For a-Sl the den51ty of elec’trons trapped in loealized
states is much larger than the excess densrty of free carrlers(electrons or holes) .
“We have for the charge densrty.

_eu

| p( X,¥) *efNTd eU)~—e2NTu - . (5.26)

Substituting it inte eq. (5.1.6) yiel:ds:

Py - ¢ e sam)
xt 6K, NTH(X_’Y)-' S S BRI

‘This equation is easily solved for u(x,y) and shows the band bendind ‘to be
exponential o | |

wey)=uoyeply) (29
Where u(O,y) is the surface potentlal

Substltutmg eq.(5. 2 6) mto eq (5 L 9) ylelds |

- 1 1
onl _ 2 1 9 e2u? |2
Qi -y dew)| =%
pe ]":x & Ks {eNTu (eu) e Ny 2 ]
— IV"[‘e2 2 —;!:L ‘ ) ’ . ' 599
= GOKS u= u » L o RRCTIT ()

_Where L is‘
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1
NTe2 2

e K

o™ "s

(5.2.10)

Substituting eq.(5.2.6) into eq.(5.1.11) yields

, 1
) , eu(y) ry

1 |
Vv (¥ u(y) = - K, [ Npeud(eu)
. i 0

w(y)= VG—VO(Y)—?M o (5.2.11)

%(GOKSNT)? +1

1

Under larger Vg, eq.:(5.2.11) can be approximated by

1
£01(()2)( 5-
ox T

w(y)=
~ Substituting eq.(5.2.9} into éq.(5.2.5) yields (5.2.13)

V,
o, W plewly) exp(eu/kT)-1 d(eu
=== [4Vo+ [ ] ( L/u It d(eu)

V.(y) (5.2.13)

o e

In eq.(5.2.13), the pre;expohential factor 1/eu changes gradually compared with
exponential factor exp(eu/kT). Thus we can take the 1/eu term out of the

integrand, and ignor the ”1”. Eq.(5.2.12) can then be approximated as

Vo o
IDQEQY_V_ daVD'f'-l(l expe_“m_l

1 Leu kT

dV(y) (5.2.14)

Substituting eq.(5.2.12) into eq.(5.2.14) yields =
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R e k 2 -;— :
| k2T2d ZK.SNT-V). o

l—e (5.2.15
p( k2T2d°x2K NT ( )
Let
EoKole e ‘K\ox i (5 2'16) '
k2T2d 2K NT TKT K, doxL R
_ f_} wk2T2d K, ,f eW e )
BQ-% 1 e?uKox’ 1 ewal "_ S T (5'2'17)
. euld, v ”
=t 21g)
We get
3‘I~D;-,-“-B[ﬁexp(5VG)’(14ex:1>(,—aVD))+acV_D] - S (5.2.19)

[B] Exponentlal Loealized- State-Densnty Dlstrlbutlon Case

Let us assume that the locahzed state densxty N(E) in the semlconductor o

. ?fa,lls exponentlally w1th respect to energy E from the conductlon band edge to
the mldgap as | |

E—E
kT

Whére NG is the locallzed state den51ty just under the conductlon band edge
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' bahd'TG-is the characterisﬁc temperature.
(1) Te>>T
When Td is mlrch higher than the ambient temperature T, the zero kelvin
approxrmatlon of Ferml-Dlrac dlStl‘lbllthIl functlon is satisfied. This is because

_the function decrease rapldly to. 2ero w1th the mcrease of E from E= EF and |

| because it approaches rapldly to 1 w1th the decrease of E from E—EF
~ From eq.(5.1. 7) the charge den51ty is
‘ Ep‘{'eu o : 5 : ‘
p(x,y)=(=e) [ N(E)dE ' o . (5.2.21)
, Er B
Sub‘st‘i't‘uvting eq,(5.2.20) into eq.“(5.2.2‘1), get
| . A Ep+eu _ |
kv =(— y—— B
)=t [ NoexppptdE
T P R

__ﬂeI‘}IGk"Ib‘qexp *Tg (exp:kTG 1)‘. o E _ (5_2'22)‘

From eq.(5.1.9), we ob.tain

. . 1L

' o eu(x9)') : 53
Ju 1.2 ' Er-E, - eu INE
. sz,— K _g NGkTGexp Ty “(exp KT 1)d(eu)

1 v 4
Er-E, NI ' o
NGk2TG exp lfT (exp k?Il‘lG k?Il‘xG ny. - (6.2.23)

f_oks

‘ when the gate voltage VG is sufﬁclently large

(y)> >ch

i.is satisfied. Eq.(5‘.2.23);can be approximated by.
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E e U : Aéuzf“l‘

2ch exp 2kTG

2NG
| ek

'_'o

kTGexp

 Eq(5.L11) can Be_approxifna_tedrby' |

26 k N sz exp ¥ v‘ exp eu? |
G G
k[ kTG

VG vbl (y)-—C—
1

i 2Kdox2NGk2TG2 2 ‘,_;E -E - e TR

T e | 2ch eszkTG, "

Nowsolveeq(5225) for‘ua:.g:' o

;.?ch | 2 doszchc | 7 2%kTq

* (VaruVely)

Frbm,}eq;(-s.l.s),*we havre_ |

2.

E —E u ZTG T

‘ lexp{

| '21<TG 2T 5

=% €Ky 2_ 2T E~Ep
Vpt » . |
1d D f ( ) ( Jexp AT,

2 NG 2TG—1'

' exp[ 2kT )( ]dvo(y

Substxtutlng eq. (5 2. 26) 1nto eq. (5 2. 27) ylelds T

 (5.2.24) an

. ,(5.2.'25)‘ |

) G2z

]deu v, ( )|

o - (p227) .
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‘eokoxz o T .2
v2stox2NGk2‘TG2'_ ‘

i_‘
2T T

2Tg‘l :

ek
2eNG

%kTq |

._ irDi i LT
[Vanviol T ey

a We _‘deﬁne.a deviee_' C'Olﬂl‘staﬁt Klas -

SR SRR IR S
esti 2 .c'eKoxz. T 2

: 1 2e-NG '2K'sdbx2NGK2‘T G2 '

2T

. exp 2KTG

(5229)
_and obtain

T Ve e R
o hE—e daVDingv[VGf‘?‘bi‘Vo(, O T v, (Y) - B230)

Integrating eq.(5.2.30) yields

. Tl : T S _2& . 2Tc |
. ID 1 dVD 2T K (VG ubx)v (VG—ubx—VD 5231)':.-

| g .Espeeialvly _.in“theease that VD + 0, ID s glven by

: oW I E-T—G-— |
'ID_:“‘ql_ daVD-FK'l(VG_ubi)'T V|

'(,5;2.35), )

i the VG‘“brVD<O case, i.e. the saturated condltlon the same as in the MOS P

. FET case we have Coe 3
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‘ 2Tg

mkVewd T G2

wdv+
D2T

==~

It is worth notrng that the on—oﬁ transition is expressed not by Ip ocexp(aVG)

* like the weak inversion case of a MOS FET, but by logID‘xlog(VG-ub,)

(2) Te<T | |

When ‘TG is lower than T, the localized state density increases more

: ra,pldly with energy then the Ferml—Dlrac dlStl'lbllthB functlon decreases.

Therefore the Zero kelvm approx1mat10n of Fermi-Dirac dlstrlbutlon function ,

becomes 1nvahd since the number of electrons trapped by the localized states
above Ej is larger than be_low EF, from eq.(5.1.7), the_charge density is |

px,y)=—e [ N(E+eu)exp(

-00

Ey—E
kT

JE

EC“e“N o E—E +eu N EF—E
e {o geXP( KTq Jexp(— %

)ik

eNG

»1 "'1 ' Ep-E.teu = R 5.2.34
kT kTg () P - B2y

Substituting eq.(5.2.34) into eq.(5.1.9), we obtain

ol L]z oy KT(-L L Jlex (E el ) xp-p|%5.2.35)
3% | = "eoKs G kT kTg' " Prr
du ' EF—E +eu 2
—| =% 212 5.2.36

x|, GQKSNGKTTG To- TexP( kT - (5.2.36)

Eq(5111) can be approximated by
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| _ " Ep—E,+eu®
Yo W= o NGk2T2TG Te = kT
“and we obt,a,ih‘
) eua ) GOKOX TG—T -2— ) ’ EF—EC
-ex = o €x .
p 2kT i | do)‘(,' _ ‘2€0K5NGk2T2TG EXP 2kT

WG-ubl—V ( )]

Substltutmg eq.(5.2.36) into eq. (5 1. 5) ylelds

" 0, 26 K TG—T)
_m_ vl
exp_[ okT ]e"p T | () N

Substituting eq.(5.2.37) into eq.(5.2.38) results in
" — Uow ‘ 1 o 2 3 | 2
Ip=—=d.Vp + K [(Vaup) (ugup Vi)

Where K is ‘deﬁ"ne‘d as.

In the case where V’Db_»O,

a 7-+K(VG_'-Urt;i'_)‘.V-D]_. :

=

- Ijli'thvé‘ case of a 'saturé,ted d'eVijce,VD>‘(VG-ubi)

(5.2f37‘)

(5.2.38)

. (5239)

(5.2.40)

(5241)



w7

. !.v

+ K(VG “blll S I ‘(5,2;42‘)
The square root of ID depends llnearly on VG and shghtly depends on TG and

T Thls feature is Slmllal' to that of a MOS FET m strong mversron However '

the physrcal orlglns are qulte dlﬁ'erent

5. 3 Experlment Results
Flgure 52 1% 1llustrates the dram current ID vs- draln voltage VD for"v

| ,V&l‘lOllS values of gate voltage VG these data were obtalned l'or a TFT madel’f

. ‘from a 560 A thlck amorphous sﬂrcon ﬁlm deposrted at 32 A/sec onto ‘the

3000A thlck 8102 substrate followed by a 400°C anneal for 1 hours Note thath :
e the draln characterlstlcs ID vs. Vp for a fixed value of VG appear qurte s1m11ar
to an ordlnary MOS FET As the- draln voltage VD, is mcreased ID 1ncreases»" |

‘but begins to saturate at large values of VD, 1nd1catmg a channel plnch-oﬁ‘ type‘ :

. __rcondltlon At these larger values of VG and Vp there appears to be a channel )

| ~‘_.shortenmg phenomenon ora leakage component gwmg the beyond pmch-offf o
'. _ regln a. sllght slope to the stralght lme part of the plot SRR ,
Flgure 5.3 shows the experlmental plot of ID Vs VG for a ﬁxed value of VD _

For this dev1ce the “a”. of eq. (5 2.3) obtalned from the. slop- of Flgure 53 1s,

. 0 1018 by at least squares ﬁt to the experlmental data pornts The arbltray o

A constant “B” was. obtalned from one pomt on Flgure 5 2, by usmg
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e
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’ Flgure 52

' TFT (from Reference l)

prerlmental and calculated draln characterlstlcs for an a—Sl
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Figure 5.3  The drain current vs gate voltage for fixed values of Vp (from

Reference 1)
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Ip=31.2x10" 121018 e[ 1 "0 1018VD) (5.3.1)

~ The dots of Figure 5.2 were calculated from q.(5.3.1). This derivation is
E basedv on b-elow pinch—oﬁ operation and that the exponential relationship is
vahd hence, for gate voltages less than 50V eq.(5.2.3) becomes invalid. Figure
5 4 1llustrated a srmrlar plot of the experlmental and calculated data for gate:
voltage to as low as 54.6V and with an expanded scale near the origin. |

The approxrmate expression of eq.(5.2.5) was verlﬁed by the following
experimental results. Figure 5.5 illnstratesthe experimental plot of I vs V¢ for
a fixed valu.e of VD'—‘-l,S volts for both positive and negative gate voltages. .The._
contants'a B and ‘¢ can be obtainedfrorn Figure 5‘5 which for this device is
a=0.085, B= 1x10 8 A and c=3. Therefore the statlc characterlstlcs are grven .
by eq. (5.3. 2)

"ID:1x‘10“8[_e°'98"""c(1—e‘°'°85"*5)’+0'.v60'4VD] - S (5.3.2)

Frgure 56 compares the experlmental data with eq (532) between

V. FGD—IOV and 100V. Flgure 5.7 compares experlmental data with eq (5 32)

between VD—1V and IOV whlle Frgure 5 8 compares the . experlmental data

. w1th eq (5 3. 3)

- v'ID:IXIO_BleO'di,G(1‘—9_6'085%‘)] ‘, o -‘ o o (533)
These "vresult.s provethat. ’eq.(5.-2..‘5) ’ri's’mo-re accurate“than eq (5.2.3): Eq.(5.2.5)
provides a- better ﬁt to the data than eq. (5 2. 3) when VG is smaller then the. :
strarght—hne portlon of Figure 5. 5 | |

| when VG<20V the Ip vs Vp. dependence is changed to a hnear plot The
_ experlmental plot of ID Vs Vp for Vq=0, 10V and 20V is glven in Flgure 5.9.

Only for gate voltages larger than 20v can the channel be formed We can
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Figure 54 The drain characteristies for sample S52 (from Reference 1)
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i ll) = B[e.vc(l -e ‘V“) +acVD]

N pey| 0 x CALCULATED |
Ips (AMPS) | pxPrRiMENTAL

1071}

BOV

v

L

. 10-.6

w0

10-8 SRS N | 11 n R TR  1 ~ 1' 
0 10 20 30 40 50 60 70 80 90 100
| Vi (VOLTb)

Figure 5.6 Expenmental ‘and calculated[eq (532)] dram charactenstlcs for |

 sample 30‘ (1)- (], VD-m to 100V
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I, = B[e"v“(l-e"“v") +acVp)
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Figure 5.7 Experimental and calculated[eq.(5.3.2)] drain characteristics /for'

‘sample 30*(1)[1], Vp=1 to 10V
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B 'bltrdeﬁne 'a threshold 'volt‘age Vin for a-Si:H ‘TFT. »’For VG<V h the ID; "vs Vp

| _characterlstlc of a-Si; H TFT 18 hnear This is different from an IGFET whlch is
, ,_:: in saturatlon The channel of an a-Sl H TFT is formed slowly and never really: R
is p1nchedroﬂ‘ The ID Vs VD characterlstlc of a-Si: H TFT is changed from hnearm‘ : ‘V
-',(VG< Vth) to saturatlon (VG>Vth) Thls feature is- controlled by the denslty s

of locahzed states and the stracture of a-Sl H TFT

Curve A of Flgure 5. 10 shows the experlmental results of voltage V'G o

"versus draln current ID characterlstlcs[l4l] In order to- obtaln reproducnble
k results a pulsed votage VG was apphed to the gate and the dram Thus the

TFFET operated in the saturated reglon Clock frequency and the duty ratlo of |

the. pulse were 100 Hz and 50% respectrvely The amblent temperature was R

_0°C The TFT had - 2300 A and 2000 A thick S1ON and a-Si layers .

respectlvely, both of whlch were depOSIted by the arc dlscharge decomposmon_.' ,

| 'method and had a 50 um long and 200 ;tm w1de channel It can be seen that

| log(ID)—log(VG) data is approxrmated by a klnked llne For low values of VG- )
the slope of the app-roxrmate hne was 5. 2 “ThlS means that the locahzed state‘ »

- denSIty far from the conductlon band edge fall exponentlally toward the . "

.'mldgap and that the characterlstlc temperature of the locahzed state densrty‘

R 'dlstrlbutlon is 762°K For large VG, the slope of the approx1mate hne wasv '

about 2 4, ThlS means that there ate locahzed states of extremely hlgh denSIty
: vnear the conductxon band edge and that the transmon from the low’ den31ty B

| reglon near - the mldgap to the hlgh den51ty reglon near the band edge is very =
~ sharp. | o | | R |
The curve. B of Flgure 5 10 shows the experlmental results of VG vs ID for ‘.
a devwe whlch ‘was. made by electron beam evaporated a-Si and ion 1mplantedd_

» :‘w1th hydrogen The structure of thls devrce has been descrlbed in Sectron 3. 1 :
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| 'and the procedures of the measurements were been expressed in- Sectron 3.2.

| o Compared wrth curve A the shape of curve B was nearly the same curve. Ai :

o ,except in the low VG area whlch was not a straxght lme For medmm values of

‘VG, the slope of the approxunate hne was 5. 5. Therefore the characterlstlc'-b
: temperature of the LSDD lS 806°K For large VG, the slope of the approxrmate .

. line was 2 6

5.4 Discussi'oa of Resu:lts*

Amorphous sﬂlcon ﬁeld-eﬂ'ect-trans1stors has been found to have extremely- |

hlgh on~oﬁ' current ratlos and sharp on-oﬁ‘ transrtrons They are promrsrnr as R

,non—lmear devlces for sw1tch1ng arrays in large area parel dlsplays and unage 7
-sensors It is necessary to develop de31ge methodologles for dev1ces and c1rcu1ts .
, For thlS purpose, the - relatron between FET characterlstlcs and the electrlcal
' propertles of a»Sl, ie., the locallzed state densrty dlstrlbutlon must be clarlﬁed

durlng the early stages of development An one-dlmenswnal analyses of the '

: FET characterlstlcs was utrhzed in the field eﬁect techmque to charaxterlze the o

' “locallzed“- state ‘rdensrty dlstrrbutlon “in- a-Sr[lOl] The results of th1s work AR

demonstrated the fact that N(E) conldn’t be deterlmned unlquely Because of': =

the Ferml factors in eq (5 1. 7) any structure ﬁner than 2kT in the densxty of
state cannot be resolved Thus it is 1mp0531ble to determlne whether the'
g'den51ty of states 1s ‘a contlnuous dlstrlbutlon or. whether lt contalns some‘_".

" narrow peak,s.»
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The cumbersome numerlcal calculatlon for determmrng the locahzed state

dens1ty drstrlbutron 18 not surtable or a desrgn tool for devlces and circuits. A

'coarse and srmple theory whlch can express. conclsely the FET characteristics,

i 1s very 1mportant The s1mple theory and experlmental data can be used to

abtain’ the locahzed state dens1ty dlStl‘lbllthIl

For hlgh locallzed state dens1ty (llStl‘lbllthll e.g. higher than 019 /cm -ev,

j'v the unlform locahzed state dens1ty d1str1but10n may be used Eq (5 2.5) is a

, good aprox1mate formula for the a-Sl TFT characterlstlc

~For lower locahzed state dens1ty d1str1butlon e.g. lower than 1017 /cm -ev,
- the exponentlal localized state denSIty (llStrll)llthIl may be a suitable model

- anure 5 9 shows the experrment results Glow- d1scharge a-SrH TFT and an

electron beam evaporated a-SlH TFT all are good aprox1matlon ‘The

.’ 'v_”’dlfferences between the glow dlscharge a-Slﬂ TFT and the electron beam a-
| ) » ‘S:i ‘H TFT are the- 1nsulater layer and the measurement condltlons In sectlon‘

5. 3 we have expressed the measurement condltlon and the 1nsulater layer for a '

glow drscharge a-Sl H TFT The electron beam a-SlH TFT is dlﬂ'erent The : :

_1nsulator is . 8102 and the thlckness of 8102 is 3000 A. The measurement |
, condltlons are a DC voltage lnstead of pulsed voltages Furthermore every ,

M'vpornt was measured 5 mrnutes after the operatlng voltage was apphed

In conclusxon, 1f the denSIty of locahzed states near Feml level is large the -
'dens1ty of locahzed states .model can be unlform If the den51ty of locahzed'

| vf, states near. Feml level is much lower the model should be exponentlal

. .5



CHAPTER 6

. CONCLUSIONS AND RECOMMENDATIONS
| ~ FOR FUTURE RESEARCH

_ 6 33 Cenclusrons

The s1gmﬁcant results of thls study demonstrate that 1mplantmg hydrogen :
into & vacuum evaporated amorphous srllcon ﬁlm is effectrve n reducmg the

| densrty of locahzed states it the mobllrty gap, as 1llustrated by the field eﬁ'ect

mea;suremerrts The contro-llab-le hydrogenatron of evaporated amorphous'
srlrcon has been performed by ion 1mplantat10n followed by a low temperature
— thermal a;ctrvatron The eﬁ'ects of hydrogenatlon and those of structure dlsorder

from film. fabrlcatlon can be intdependently controlled by separatmg the process’ B

of lt;y:.drogten:atl.on fr‘o»m, th.'a':t»: of amorphous film deposition. This teehmque, as

~ compared with glow discharge or sputtering methods, minimizes the number of
-f}abri‘fcfat‘ion?variiaéhles ‘and hence fao-llitateS’ Vthe*’ study of the‘ir'hydroige‘natiorti '
phenomenon. Quantltatlvely controlled hydrogenatlon is achleved - while
preservmg; some of the advantages of the evaporation method, such as

fabricating large area samples with excellent uni»formit’yb and-l cons1stency. A- _
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comparison of electrical propertles of the - evaporated films before and after
hydrogenatlon prov1des valuable mformatron on the eﬁ'ects of hydrogenatlon
independent:of fabrication. '
: After hydrogenation, a ﬁeld effect conductance change of fou.r orders of |
: magnitude was ol')served on vthe devices which were not .thermally annealed '
~in situ following film ‘deposition; Almost three orders of magnitu_de reduction
~in the densitir of localized‘states near'the AFermf-level had been achieved. The
effect of hydrogen in reducrng the den51ty of localized states was quantrﬁed by :
| varying the implant dosage. Analyses of the ﬁeld effect data 1nd1cated that the
density of localized states near the Fermi level-decreased as the nnplant dosage'
was increased while all other experimental procedures were ﬁxed.: As more -
hydrogen is incor,porated.in the a-Si, more dangling bonds were pasSivated by
' the"implanted‘ hydrogen hence the density ”of localized states ‘w-'as further
rve.duced:l, B ) |

’, The ;vacuum'vevaporat'e”d a-Si is cjuite porous and. the internal surfaces.can_ »
ol‘;iditze with the: substantial_.OXygen incorporation when the films are-exposed
‘to the airl'By performing:a 400°C anneal for four hours the film porosity was
greatlv reduced. The effe.ct-_of‘ n s:z'tu thermal ,annealing on the evapora_ted_ a-Si
films priOr‘to hydrogen implantation».reduced the voids alleviated the internal -
_ oxidation and enhanced the effectiveness of the subsequent hydrogenatlon A
ﬁeld eﬂ'ect conductance change of six orders of magnltude was observed which |
y1elded a den51ty of locallzed states near the Fermi level of 4x1017/cm eV
“approachrng that of high quallty glow dlscharge produced films. The locallzed )

states have been further reduced by several orders of magnltude as compared

to the results of non in situ anneal case. The effect of the m situ thermal -

anneallng on vacuum evaporated a—Sl prlor to hydrogenatron demonstrated the_ |
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capability of this technique.

6.2 Recommendations for Future Research

The following recommendations are for future research which involves the
study of basic material propertieé of a-Si. Exploration of devices and
applications of a-Si is not intended.

The most sighiﬁpant results of this study demonstrate that the density of -
localized states in the mobility gap has been reduced to 4}(2@&/@&13@@/ on.t'h'e:.
evaporated a-Si by combining the processes of in sifu thermal apneal and
hydrog'en:ation with a high implant dosag:e; As indicated in Chapter & section
3.4, much of implanted hydrogen went through the a-Si film and was located in
the silicon dioxide insulator due to the thin a-5i film and the minimum impﬂanﬁ
energy available at Purdue. In order to keep more implanted hydrogen.in the
a—S‘i film, to optimize the hydrogenation technique, a thin film (photoresist}
overcoating the wafer is suggested. When the hydrogen species reach the
photoresist«afnorphbus silicon interface, the energy will be reduced. The
thickness of the thin masking photoresist should be carefully determined. The
concentration profile of the implanted hydrogen in two diﬂ‘erenfﬂmaéeriaﬁs (ie.
phbtoresist and a-Si) with different stopping powers should be simulated
beforehand. | Care also should be taken to remove the post implanted

photoresist. In some cases ion bombarded photoresist is hard to remove.
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_ W1th the lower density of localized states, a-Si:H films produced by this
techmque should be able to be doped (by ion 1mplantat10n) into n-type or p-
"type materlals ln fact, seeklng ‘the possibility of doplng evaporated 2-Si should
be a goal for the hydrogenated materlal However several difficulties may occur
in dopmg It is speculated that radlatlon damage may be more serious than
khydrogen implantation when the conventlonal dopants (Phosphorus for n-type'
and Boron for p-type) are used as the implant spec1es even with low ;
acceleratlon voltages This radiation damage which occurs. due to the heavy .
'lmplanted ions may partially break apart the already formed Sl-H bonds in a-
Si:H network in addltlon to breaking some Si-Si bonds. In crystalline s1llcon
radlatlon damage is removed by subsequent thermal annealing at a hlghr '
temperature (800°C to 900°C) This is not possrble for the a-81 since it
‘ crystalhzes at about 620°C ln addltlon hydrogen starts to effuse out of the film
at about 290°C as 1nd1cated in Chap?er 4, section 45 Therefore how much
radlatlon damage can be removed and how much actlvatlon of the 1mplanted
spec1es can be achleved by low temperature anneahng are two major concerns '
in the dopmg process. How serious the problem will be is unknown untll some ,
kexperlments have been_ perforrned. R
If radiation damage is as serious as predi'cted, the following suggestions are

recommended o o o |

: (l)ﬁDo SOmefthermal ,annealing during the implant The t'emperature
should be below 260°C 230°C is suggested. In this way, the damage produced
by ion: bombardment is annealed durlng 1rrad1atlon which may prevent the
clustermg of small defects into larger mlcrov01d structures.
o (2) 'Seekf alternative lighter: do'pant species' other than Phosph_orus _‘and' |

Bor,on.v Li* is recommended for a donor type dopant and should produces less
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radiation damage.

(3) Trf Laser- annéaling. |

(4) Try uéing'i}’luérine as a bond terminator for unsatisfied silicon bonds in
a-Si. As igdicéted in Chapter 2, section 2.2B, fluorine forms a single bond with _r
silicon mofe tightly than hydrogen. Published reports [74,75] indicate that
fluorine has remained in the a-Si film and kept'their bonds with Si even afte§
an annealing at 600°C. If the same reduction in the density of localized stat.es
, caﬁ be achieved by .this terminator, a higher temperature post-implant thermal
anneal is poésibie.,

Finaliy, it is sﬁggested to use Molecular Beam Epitaxial (MBE]) techniques
to produce and study the material properties of a-Si and a-Si:H. High quality
a-Si films, with very low density of localized states should be able to be
produced on the amorphous substrate {SiO, for example). Also available is the
“in process” analyticai instruments to monitor the amorphous 'st'rucmre and
hydrogen content d‘uring',ﬁlm deposition. If this technique is successful, many |

more research projeéts could be désigned.
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. Appendix_ l

- Imtlal WafferCEeaning P‘i'oéé(iureé :

(1) Rinse in DL water 5 times
* (2) Ultrasonie clean in Acetone for 5 minutes
‘ (3').letr‘aSOnic: cleanlnTCE for 10 ,mim:lt;e‘s: :
o >(4)"-Ultl"a$0ﬁi(f clean in Acétoﬁe fo:rv 10 fninutes

6 ) Rlnse in D.I water 15 to 20 times

- (8) Soak in Plranha (H202 H2804—1 1) for 10

mlnutes S

() Rmse in DI water 15 tlmes

| (8) Etch in HF DI 1 20 for 2 mmutes (no ultrasonlc) ' v

o | (9) Rmse in Di water 15 to 20 tunes
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‘,:AP?e:ndix 2 e

| Computer : Program for Evsiuatmg the Derrsity,u_"oﬂ‘j States
"”g‘Distrrbutlon in a—Si S L T

A computer program was employed to transcrlbe the ﬁeld eﬁeet
- experlmental data 1nto the distribution of the locallzed states m ‘a-Si. To run
~ the computer program in the Purdue Un1vers1ty Computer Center t,he-*

fo]lowmg Job cards were used |
~ Account #, ]]) MZFIOOOO() Lsoeo T1024 PR.
o RFL (100000) _ |
© MNFFTN (U, Ny
- LDSET (PRESErzzEBo) .
LGO . |
| ¥EOR

At the bottom of the maln program the requlred parameters and

: >constants are first read in accordmg to the order assrgned in the program The = -

Yfexpenmental data are read next The 1mt1al guess of the dlstrlbutlon of the'
--densxty of states are put at the end. It shouid be noted that an nmtlal guess'

’whlch i8 too far away may result in divergent results ’



o010
DOt .

0012
o013

0014
0015

noAnNNNNNcNNONNNNNNNBBARNAABBNGRn .

‘0-029‘THIS vt&sxo~ OF FIELDEFF uonlrrss G(E) TTSELF 10 FIT DATA LRI

*:e o FLELDEFF ° ° * FIRST SOLVES A SECOND ORDER OIFFERENTIAL EOUATION les-
S esmee : VDOTDDY@?UNCTION(X Y.YDOT) B

sroee GIVEN INITIAL VALUES OF v AND YOOT AT THE FIRST VALUE ©OF X‘ (:-o 0)
esese THESE ARE YO, YDO AND ARE:CALCULATED IN THE PROGRAM. ,
seoes IV USES THE SOLUTION FOR POTENTIAL AS A FUNCTION OF DISTANCE

eeese INTO THE SAMPLE TO COMPUTE THE CONDUCTANCE VERSUS VOLTAGE CURVE.
coses IT ASSUMES ¥>0 IN STATISTICAL WEIGHTS TO COMPUTE CHARGE DENSITY
*sses WFIELD IS THE FIELD VOLTAGE (AWAY FROM VFBP) IN KILOVOLTS -

e=ses VFEP IS APPLIED FIELD VOLTAGE THAT YIELDS NO BAND BENDING

ssoee IF TERSE=.TRUE. MUCH OF THE POSSISLE ODUTPUT 1S OMITTED

ssses TEMP 1S TEMPERATURE OF SAMPLE IN DEGREES K

seess ALPHA IS RATIO OF ELECTRON TO HOLE CONDUCTANCES AT VFBP

wevew SIGO IS THE CONODUCTANCE AT THE FLAT BAND POSITION

sesoe DELX 1S STEP-SIZE . IN.X FOR SOLVING DIFF. EQ'N ;...aELx-pEon AT X=0
sesoe THICK JS THE SAMPLE. THICKNESS IN CM. :

seeee. DSUS IS THE THICKNESS OF THE SUBSTRATE IN CM.

essee ESAM 8 ESUB ARE DIELECTRIC CONSTANTS OF SAMPLE AND SUBSTRATE ,
eesoec ESANME=12.0 FOR SILICON: ESUB=3.70 FOR QUARTZ; ESUB=9. 3 FOR SI3N¢
sesss YMIN & YMAX ARE LIMITS ON PLOY OF VFIELD

sesee JF ERROR=.TRUE . PROGRAM COMPUTES SIGMA FOR -1% ERROR IN YO

sesee JF PLOTS=:TRUE. PROGRAM PLOTS SIGMA-CALCULATED VERSUS VF!ELD

seses NOATA 1S THE NUMBER OF DATA POINTS SPECIFIED ' ‘

eoses NALTER- IS THE MUMSER DF DIFFERENT G(E)'S T0 :BE TRIED .
sssse MODIFIED DENSE(NN) 1S IRONED OUT DVER (NN +/- IRDN) EACH Tl“E
;esees AMN IS THE "A® IN THE MEYER-NELDEL RULE: sxc-sxco'cxp(A°V)

svees (VDATA,SDATA) ARE PAIRS OF (VFIELD,SIGMA) DATA POINTS

wsses SIGMA IS THE CONDUCTANCE IN INVERSE OHMS AT APPLIED VOLYAGE verLD
seves NTOT IS THE TOTAL NUMBER OF ENERGY VALUES SEPARATED BY

sesee DELE, AT wHICH DENSITY OF STAYES, G(E), IS READ IN.

""',BDLYZ 1S THE BOLTZMAN 'K FACTOR IN EV/DEGREE K

e=ve® QOFA 1S THE SURFACE ELECTRON DENSITY ON THE SAMPLE (QI(E'A))

WHERE VDOT=DY/DX

LOGICAL TERSE. ERROR, PLOYS )
DIMENSION EX(3000),V(3000),VvD(3000), YlTLE(?O) DEX(SOOO) RDV(3000)

- DIMENSTON VDATA(S50),VCALC{SO).PHIG(50),SI1GMA(50)

104

DIMENSION GRAPH(2000)  NSCALE(S) . SLAST(SO),.SDATA(SO),SCALC(SO)
DIMENSION RHO(200).EN(200).DENSE (200) .DTEMP (200) . DUNSE(200)
COMMON/CHARGE /RHO  EN.NTOT .DELE . L, ROV, ESAM esua -

DATA ITER/2/ : . ,

DATA NSCALE/Y,0.3.0. 3/

1100 READ(S,® END=99S) TEMP. ALPHA, SXGO.-OEL*O; THICK, DSUS,
1 ESAM, iSUE VFBP, TERSE ’ ST ‘ . = B
READ(S.*) XMAX, ’XleN - YMAX, YMIN, ERROR‘, PLOTS

READ(S.104) TITLE
FORMAT (20448) o .
READ(S.° ) NDATA, NALTER, IRON, AMN
WRITE(6. 106} o o '

106 FORMAT( 't DATA: ' 5X, ‘'VFIELD (kv.)-.sx.°spcunA(uHo)‘;

18T
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o046
0041
00eB
o048

0050
005 1

0052
0053
. 00S4
Q0S5 -

0056
L 0057

0058

0058

000

©D 123 IN=2 NSUB

€23 - RHO (NN ) »RHO { Wi ) *DE LE *DEMNSE (IN) ® ~
, 1 AN cEXPOCENCINY-ENINN) )*TK) )= /(1. ~£xp(eutxn)°tx)))
124 WRITE(G., :31) AN, EN(WNN), DENSE(NN), RHO(NN)
131  FORMAT( * L13.BX . F7.3.90X E11.4,14X E11.4) -
L SLOPE=0.0t : : : : :
. VALUE=D.020 - , : -
o WRITE(G, 149) TITLE, xNALI; NALTER s ~v o
149 FORMAT( '~ ¢ .20A4,/.°0 TRIAL #*,12.° OF *.12,° FOR G{(E)"*}
v WRITE(E., 150) THICK. DSUB. VEMP, ALPHA, VFBP, SIGO. DELXO. AMN ,
‘950 FORMAT(*‘O - SAHPLE THICKNESS =* E11.4,° CX.*./.° . SUBSTRATE TH
"$ICKNESS ‘= Eii 4, CM. [, SAMPLE TEWPERATURE =° FE€.t.°' DEGRE
26S KELVIN"/ U ALPHE =0 €10.3.7, % FIELD VOLTAGE NEEDED FOR
3 KO BAND aeunxnc“(vrap) 1S °.F7.3,' KvV.*' . /.* CONDUCTANCE AT VF -
4BP 1S ' Et11.4,° MHO', /. - fXRST SYEP SIZE IN X * o
" S (DELX0O) 1S *,Et1 .4, CM_* [/, O MEYER-NELDEL PARAIETE& {S16 =
GSIGOEXP(A*V)) 1S A =* FS5. 1, / ) _

. WRITE(6. 152) VALUE, SLOPE !nou
152 FORMAT('Q ACCEPTABLE LIMITS FOR CONVERGENCE OF SOLUTION ARE:®
1 ./.°%  POTENTIAL WUST BE LESS THAN'.F7.4,° TIMES THAT AT X=0O°'
2 o/t SLOPE MUST BE LESS THAN',F7.4,°* TIMES THAT AT x-o‘
3../.° "THE ARRAY DENSE(N) 1S SMOOTHED OUT DVER N o/—'
4 ,12,° EACH TIME IT 1S MODIFIED')
wnlrs(s 153) :

153 ‘FORKAT(*= VFJELD conoucTANce' oxrr.cnp. Q/E*A 'NTRY . BELVO'
L1 TXL VO, 6X, 'v0010° 'XLAST' X, 'VLAST * . 4X, ‘VDOTLASY | LM&X*,3X,
2 ‘VCALC PCT LY AL (xv)ﬂ '(uHo) -(FD®CM-2) ELEC-Cx-2*,6X,

32((VvOLTS) ')‘2i.'(v/cu)~.sx.'(cn)'.ex,'(voLTs)‘.4xt'(v/cu)'.iox;
4°(XV) ERROR'} o A
& B B
sse SET UP TO SOLVE POISSON'S EOQUATION
. . ‘
DD 971 NVF=1 NDATA ‘
VFIELD=VDATA(NVF)-VFBP
MISS=0
IF{NVF _EQ.1) GO TO 161
1F((VDATA(NVF )~ vrap) (VDATA(NVF i)~ vrap) LE.O.) OEA=D.0O
GO TO 62
161 QEA*0.0O ‘ -
162 JF(VALUE .LE.0.02. AND .MISS.EQ.O) OLAST=QEA
" QEASVFIELD/FACTOR
SLOPE=0D.O1 o
- VALUE=0.020
|63 NTRY=D
IF(VALUE .GT.0.02) WRITE(6, 164 )VALUE, VFIELD
164 FORMAT('Q =»>=>=> ACCEPTABLE LIMITS FOR CONVERGENCE HAVE BEEN RAISE
1D SO THAT:*,/.° POTENTIAL MUST BE LESS THAN' F7 .4, TIMES
"GTHAT AY. . X=0',/.*% FOR VFIELD="' F7:.4, ‘KILOVOLTS ONLY®}

681
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€103
O104

" 0105

S 0308

e L 0107
: L oo

..;.H_?_o.omﬁ

onena

,,Oq

¢49
28

T VDL ), Ex(L

. 80 FORMAT(* ..

1. <?.m¢
2 DELYO=",

80 Zdﬂ<w24n<;¢

IF(NTRY.GT, w
L=t

,,,,.Omrxnﬂmrxo

DEX( 1 )=DELXO .
JF(MISS EO. ¥
JF(MISS E0.2
- ¥YDO=~( (1000
EX(1) =0.0
CW(1)=¥0

‘wes SOLVE FOR 4.x~ GIVEN <On<ao. »zo YOO=Y
(e USING A PREDICTOR CORRECTOR METHOD

). DEX(L)
L .NFIE
0.3.°
£7.4.

wv me 70

) <on<.
). VOEYO v y:
.<wum o Y0 omcwg

ELAST=-ELAST

LVO., NIRY
i 13.
QMPNH.

* (ESUB/ESAM).

.o”wpru,nmmm;mo;@@ ELAST#YOD.

{0)

mmmzA$< GE . 1. bZBw(hrCm 6T Q Guv,tﬁmdnaﬁ a@@- <w~mrﬂ P Qnrw

L L

maa w.

061




0110
‘Ot

0112
o113 .
. 0114
- 0118
0116

o117

. 0148 .
. 0118

0120

o124 . .

0122,

- 0123
0124

0125
o126

0127
. .o128
B3 -

10130 .

01314

S 01327
. 0133
. 0134
0138
o136
0137

0138
0139

. 0140
0141

o142

0143

Ot44

0145
Ota6
‘ola7 .
.. 0148

‘o148 |
0180
‘0151

0152
0153

-
c

'v0(t)~voo

" BF(VALUE.LE.O. 92) voo-vo :

AY=Y0D

. AYD=YDO

. 200

4X%0.0 : : , L
!F(ABS(YDO) LE. 1. E—&O) YDO- . cz—so T
lF(ABS(YO) LE T. E 50) VO° 15-50 o
LeLet R
IF{L.GE. 2999) GO TO OQB

IF(L.LE.2) GO TO 210

N onx-oem(vou-z)/vou.-an-(vuu—:)/vou-m

IF(DELX.LY.DELXD/100.) DELXSDELXO/$00.
IF(DELX.GT.0.005°THICK ) DELXeTRICK®0.00%

Lo JE(AX.LY.THICK.AND.AX<DELX.GT. -THICK) ozu-imcx—u ’
‘210 N )
. BY=AYeDELX®AYD ‘ SR '

DEX(L)=DELX

o CX=AX+DELX/2..
T €Y= .S*(AY+BY)

. 250-

MBYD-AVDfDELX'BYDO '

BYDD=DEON(CX,CY AYD)

LN

I=1+1 S
DY=AY+DELX®" . 5‘(‘YD¢BYD)

- DX=AX+DELX ’

_ cvoo-nsow(cx..s-tnv+ov) BYD)
" DYD=AYD+DELX*CYDD ,
. DYDD=DEON(DX DY ovo)

‘BY=DY

| BYD=DYD o -

8YDD=CYDD .

" IE(Y.LT.ITER) GO YO 250

Ex(L) =DXx
v{L)=DY .
vOo(L)=DYD
AX=DX ‘

C AY=DY
4YD=DYD

®
L 3. AN
L)

YL=YO
lr(uxss NE.CO). GO to 494

CHECK TO SEE IF Y(X) F178 BOUNDARV CDNDXT!ONS

IF(AV/VFIELD LY. O ) GO TO 480 : =
IF(AYD/YDO . LT .0O.) :GO. TO 492

CIF(AY/YO LE.VALUE. AND (A¥0D/YDO. Lt SLDPE OR.ABS(AYD). LE 100.))

1 GO -TO SO0 .
TF(CAX.LT. 1HICK)_GO T0 200
1F(aY/YO.GE .O.) GD 10. 4982

181



0154

0185
‘D156
0157
0158
DISQ

Kidl-Te
D151
D162
DIE3
- O16e

0165
0166

- D167

o168

o169
D170
0173

0172
0173
0174
017S
0176
0177
0178
6178

OI8O
-5 1- R RN

o182

OO

:nonnndbnd

490 courzuus Y
VALUE OF POIENT!AL‘HAS CHANGED SIGN
JIF(ITIME .£0.2) DELYO=DELYO/2.
IF(DELYO/YO . LT 8. .£-5) GO TO 955
YO=YO+DELYO .
. GD 1O 175
482 CONTINUE.
*  SLOPE OF POTENTIAL HAS cnancso sx@n :
IF(VD{L-1)/¥YDO.CY-.. o..AND ABS(V(L~1P/VO) L: VALUE) tm Y0 &6
DELVO=DELYO/2 . )
"IF(DELYO/VO.LY. 1. E-s) GO TD 855
YOrYO-DELYO -
STIMEs2
GO TD 178

494 IF(AY/V0.6T. VALUE aND . RVD/YDO GY. SLUPE Am ax: LYGWXGK)

G0 TO 200

_ 1F{AY/YD.GY.O. Am Avo/voo Y. o ) L-ut
486 Lul-1
SO0 LMAX=L -
$02 YOCO=YO
e LRAXI-Lqu 1

w»
e c0upu75 V—CALCULATED as. iNSPlRED sv nADAN HND LEvQONE%Q ,
=e* COMPUTE DIFFERENTIAL CAPACITANCE (DCAP) ALSD »

VOELBVO-fLAST i
IF(ABS{YOEL) LY. 1.€-90) YOEL=>1{. E 10
. DCAP=(1.602E~ iQ)“(QEA—GLAST)/(YOSL) v
PHIO{NVF }=v0D
VCALC(NVF )=0. s-racvo&°(azx(1)vnow(i)ontx(LnAxpsﬁawiLqu)}
DO SES L=2 LMAX] -
565 . VCALCINVF )sVCALC(NVF ) e (DEE(L}‘RDV!L))'FAC?D&
: VCALC(NVF) (VCALC(NVF)4VFBP)

D..
Sseec THIS PART OF THE PROGRAM COMPUTES * THE cuuoucvnucs OF a saans
St GLVEN THE POTENTIAL AS A FUNCTION OF DISTANCE INTD THE SAMPLE
oeve WHERE EX(L) 1S THE DISTANCE FROM THE SUBSTRATE SURFACE: .
enoe V(L) 1S THE POTENTIAL AT EX(L) IN UNITS OF EV. -
*eere V(L) IS COMPUTED IN THE FIRST PART OF THE PROGRAM &S 4 FN OF Ex(L)
A 2

COTE(.NOT. rense AND M1SS. EO 0) vaxtc(s 570) S
570 FORMAT( "~ 128( e ) ./, L 9X X lsex, 'S!GHA’ ux.'DELl".‘ )

4 12x, 'v'~13x ‘VDOT*, vsx 'DELx‘ CVEIELD M) S
AREA~O-. S'ALPHAo(DEK(ﬁ) (ExP((tx AMN)-V(i)b R X OEX(LMAX)'

g (EXP(GTK-AMN)°V(LNAX))-! 1)+ O.SE(DEX(T)SLEXP= “(TK- ANN)‘

2 vw(1))-%. ) - DEX(LmaXx)e (EXP( (tx-AwNJ v(aunx))~'.)) i .
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