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Hepidnyn

Avtikeipevo g epyaciog avTng lval N TEWPAPATIKY LEAETN TOV QOTOYEVAV OAALYDV
OTIG UNYovikés 1010tnteg T0v Apopeov Yopoyovouévov IMvpitiov (a-Si:H) mov
avakoAveTKoY Tpdspata. MelemOnkav 01e£001KA TOGO Ol OTATIKEG EANCTIKEG
1010TNTEC TOL LAIKOV OGO KOl TO POLVOUEVO TNG PMTOYEVOVS SIOGTOANG TOV, KAT® atd
1oyvpd cvveyn eotiopd. H epyacia eotidleton kupimg 610 pOAO TOL VIPOYOVOL GTNV
doUN TOL DAIKOV KOl HEG® OVTNG, OTO GULVOUEVO TOL oyeTilovtal pe TN dnuovpyia
LETACTAOMV OTEAEUDV.

Y10 Kegahiowo 1 mapovoidletor pio YEVIKN TEPIMNTTIKY| €l00y®YN 6TO0 AHOPQO
Yopoyovouévo IMupito. Tiveton pia cvvroun avoeopd otn SOp] TOL LAIKOV, THV
TUKVOTNTO KOTAGTAGE®MV, TNV POTONY®YILOTNTA Kol TO KOVAALO ETOVOCVUVIESNS TOV
QmTO-Qopémv. [leptyplpovtal ekTEVESTEPU 01 SLUPOPETIKES PACELS TOL VILAPYOLV GTO
VAMKO OGOV apopd TNV TEPLEKTIKOTNTA TOVG GE VOPOYOVO KOl TO, TEWPAUATO OO TOL
omoia &xovv aviAnBel TANPOPOPIEC GYETIKA LE TIG PACELS AVTESG KO TIG 1O10TNTEG TOVC.

Y10 Kepahowo 2 meprypdoetor to @ovopevo vmoPaduions g ayoyluotnTog Kot
onpovpyiog HETOOTAODV ATEAELDV, TO YVOGTO WG pawvouevo Staebler-Wronski (SW)
Kol Topovctalovior 000 HOVTEAD oL €xouv TPoTabel yio TNV epunveia Tov. XtV
OLVEYELD YIVETAL AVOPOPH GE TPOCPUTO TEPALOTO TOV OTOOELKVOOVY OTL T LLOVTEAL
adLVATOVV VO TEPTYPAYOVV TOV TPAYUATIKO UNYOVIGHO Tov goatvouévov. I'veton o
oUVTOUN ELG0YWYN GE AAAEG PMOTOJOUIKES OALOYEG TTOV TAPOTNPOVVTIOL GTO VAIKO Kot
oyetilovton pe 10 VOPOYOVO, 1 LEAETN TOV OTTOIMV ToTEVETOL OTL pmopel va fondnocet
oV Katavonon tov unyxavicpov tov SW. TELog avapepOLOoTE OTIG TPATEG EPYACIES
OV OMNUOCLEVTNKAY KOl £3VOV  OVTIKPOVOUEVO OOTEAEGLOTO GYETIKA HE TNV
ToPoLGio LETAGTAHOVS PWTOYEVOVS SIUGTOANG | GUGTOANG GTO VAIKO.

Y10 Ke@draro 3 yiveton €KTEVNG TEPLYPOPT] TNG TEPOUOTIKNG TEYVIKNG «UETPMNOMNG
™G KAPWYNG Kol TNG GLYVOTNTOS GLVTOVIGHOV OUETAAMKNG MIKPOPABOov» Tov Yo
TPMTN POPE YPMNOIUOTOLEITOL VIOl TV UEAETT] TOV UNYOVIKOV 1O10THTM®V TOV GLOPPOV
VOPOYOVOUEVOL TUPLTIOL KO TOPOVGLALOVTOL TO TAEOVEKTIUOTO TNG, OE GYECT LUE TIC
dAdec TeYVIKEG OV €YoVV Ypnolpomombel péyxpt onuepa. Avaeépovior To onueio
exeiva ota omoia M vdpyovoa Bewpia YOpw® amd TO TEIPOUO AVTO NMTOV EAMTNG 1
énpene vo Tpomomondel dGTE Vo, LTopoHV TO TEPOUOTIKG OTOTEAEGLOTO VO ODGOVV
pe axpifela Tic 1010 TEG TOLV VAKOV. Tar onueia avtd oyetiCovron pe v Tpameloedn
dwtoun mov yopaktnpilel TG SYETOAMKES HIKPOPAPOOVG TTOV PN CLOTOMGULLE.
2V ocuvéyeln TePLypaeeTal avaAvTikd 1 pebodoroyio mov axolovOncaue yoo v
eCayoyn TtV ovoykoiov TV Kot ol TopadoyEés mov Eywvav. XTo TEAOG TOL
KEPOAOIOV YiveTal piol GOVTOUT EIGAYMYT OTO QPOVOLEVO TNG TOPOVCINS ECOTEPIKDOV
TAce®V G VUEVIA KOL TAPOLGLALETAL VUG AVAAVTIKOG VITOAOYIGHOG Yo TV €0PECT
MG €0MTEPIKNG TAONG €VOG vueviov, evamobBetnuévov oe pafoo opboydviag 1
tpomeloe1d0vg SloTopnG amd TV Kapy”n ov mapovcstalel 1 tedevtaio e&artiog g
TAOMG OLTNG, OTNV YEVIKT TEPITTMGT OTOV TO. VO VAIKE £XOVV GLYKPIGIUA TN Ko
SPOPETIKEG EAACTIKEG 1010TNTEG.



To Kegdararo 4 yopiletar g dvo pépn.

To Tp®dTO péPOg OvaPEPETAL OTNV UEAETN TOV EAOCTIKOV WOI0THTOV LUEVIOV HE
OLLPOPETIKY TEPLEKTIKOTNTO, GE VOPOYOVO. MeTpodpE TN GLYVOTNTO GLVIOVIGLOV
pikpopdfdwv otig omoieg €xovv evamoteBel vuévia a-Si:H kotackevoaouéva pe
OLAPOPES TEXVIKES KO KAT® ard SLopopeTikég ouvOnkeg evandBeong. Ilposdiopilovpe
T0 UETPO EAOOTIKOTNTOC TOL Young OA®V OLTOV TOV VAK®OV. XTNV GLVEXELN
napovctdlovpe TEPIANTTIKE €va. amhd povtédlo Yo cuveyég tuyaio diktvo (CRN)
atop®V, mov €xel Tpotabel yio va e&nynoel g e€aptdtor 10 HETPO aVTO Ao TNV
TEPLEKTIKOTNTA EVOG VUEVIOV GE VIPOYOVO. ZVYKPIVOVTOG TO OMOTEAECUOTOL LG LE TIG
TPOPAEYEIS TOL HOVTEAOV GUUTEPAIVOLUE OTL TO GUOPPO VIPOYOVOUEVO TTLPITIO
Tapovotdletal yevikd mo poAakd amd ott avapévetor Yoo VAo CRN. E&etdlovpe
mBavodg Adyovg Y MV ocvumepipopd avtr. KotaAnyovpe 0Tt ta LMK HE TIS
KOADTEPEG OMTONAEKTPOVIKEG 1O10TNTEG E1VOL OVOLOLOYEVT] TOVAUYIGTOV OGOV QPOPa
TNV KATOVOUN VOPOYOHVOL GTO EGOTEPIKO TOVC.

To odgvtepo pépog civor aQEpOUEVO OTNV EKTETOUEVN] UEAETN] TOL (POLVOUEVOL
OB TOATG TOV VOPOYOVMOUEVOD ALOPPOL TLPITION KAT® omd eOTIGHS. MeTpodue TV
Kapyn mov mapovotdlovy  pkpopdfdor  kKpvotadikoh mupttiov, efoutiog ™G
OIOTOANG TV VUEVIOV Tov &yovv evomotebel oe avté. AmodelkvhovpE OTL TO
QOVOIEVO aVTO YapaKTNPilel Ol To VAIKA aveEapTNTOC KATOOKEVOOTIKNG TEXVIKNG
KOl TEPLEKTIKOTNTOC € LOpoyovo. Ilapatnpovue, ywu mpdTN Qopd, TV VIOPEN
CLYKEKPLULEVNC KIVITIKNG, TTOL YapakTnpilel Oha Ta vOoyevn delypata. ZTnv cuvEXELL
HEAETOVUE TNV ££APTNON TOV POIVOUEVOL OO TNV TEPIEKTIKOTNTO TOV OEIYUAT®V GE
vdpoyovo. E&etdlovpe v HETOOTAOED TOV OIVOUEVOL Kol OTTOOEIKVOOLUE OTL TO
QOVOLEVO OVOGTPEPETOL G€ TOG00TO Tov e€aptdtor omd v Bepukn 1otopio TV
detypdtwv. Meketovpe emiong delypata pn vOPoyoveUEVOL dpopeov mupttiov (a-Si)
Kol UEPIKMG apuopoyovouévov a-Si:H kot cvumepaivoope 6t 10 ouvopevo dgv
napovcldleTal o OElypota avtov Tov  TUTOL. TéAog ouvlntovpe MBAVOLG
UNYovViocpoOs pMOTOYEVODS OLGTOANG KOl OTOJEIKVOOVHE OTL OVTH OV UTOPEl va
npoépyetal amd v onuovpyio petactabov atedeidv. [Hopovoidlovpe €va amdod
povtélo mov €xel mpotabel Yoo vo mEPYPAYEL TO QOIVOUEVO KOl TPOTEIVOLUE
tpomonomoelg mov e&nyodv to gvpnuato pog. Télog ocvintodue €vav mBovo
OUCYETIGUO OVALECSO OTNV (QMOTOYEVH] OCTOAN Kot TN Onpovpyia petactadov
ATELELDV Kol AVOTTOCCOVE EVOL OTAO LOVTEAO TOV GLUVOEEL TaL HVO POIVOLEVO LETAED
TOVG KOl OIVEL COOTA TOGOTIKA OTOTEAEGUOTO GYETIKA [LE TO TTEIPOLLOL.
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3.1. THE AMORPHOUS SILICON BONDING STRUCTURE

The difference between amorphous and crystalline solids is that the former exhibit
long range order in the position of the atoms in the lattice, while in the latter the atoms
are arranged in such a way that there is only short range order. This means that almost
all silicon atoms in amorphous silicon (a-Si) are 4-fold coordinated having bond
lengths and average bond angles identical to crystalline silicon (c-Si). However in
amorphous solids the correlation between the atomic positions disappears as we move
to the second and further nearest neighbors. Therefore the long- range picture of
amorphous solids gives the impression of a continuous random network of atoms. A

two dimensional comparison sketch between the ordered structure of crystalline

(2) (b)

Vacancy ’
—— 09— o
‘o
’ A "’? ?_ 3

Interstitial Coordination defect (DB)
material and the disordered structure of amorphous material is presented in

Fig. 1.1 Structure and defects in (a) crystalline and (b) amorphous solids.

The structural disorder influences the electronic properties in several ways. The
identical covalent silicon bonds in c-Si and a-Si lead to similar overall electronic
structure; amorphous and crystalline phases of the material tend to have comparable
band-gaps. However, in amorphous materials there are no sharp band edges. The
disorder represented by deviations in the bond lengths and bond angles broadens the
distribution of electronic states, producing localized states inside the gap. These states

form the conduction and valence band tails. (Fig. 1.2)



A real crystal contains defects such as vacancies and interstitials (Fig. 1.1). In
amorphous solids with random network of atoms and no periodicity, the only
distinguishable feature is the bonding configuration of an atom to its nearest
neighbors. Therefore the elementary defect in amorphous semiconductors is the
coordination defect, appearing when an atom has too many or two few bonds. It has
been shown that a random network with each atom four fold coordinated has very
high internal stresses.li| Such a network will have a natural tendency to break Si-Si
bonds and create three-fold coordinated atoms in order to relief stress. These are the
dominant coordination defects in amorphous silicon and are usually called dangling
bond (DB) defects (. It has been proposed by Pantelidesl"?I that the floating
bond, i.e. a 5-fold coordinated atom may also be present in the material. All

coordination defects in a-Si form a broad distribution of states near midgap (Fig. 1.2)

The atomic structure of the real a-Si and hydrogenated amorphous Silicon (a-Si:H)
films has features with a range of length scales. The shortest length is that of the
atomic bonds and the structure is defined by the orientation of the bonds and the
coordination of each atom to its nearest neighbors. The intermediate range order
involves the topology of the network at the level of second, third or fourth nearest
neighbors and is described by the size and distribution of rings of silicon atoms. The
next larger scale is the void structure, which has typical dimensions of 5 - 10 A in a-
Si:H and is generally larger in a-Si. Finally there is the growth morphology which can
have feature sizes of larger than 100 A. These different structural features are almost

independent.

3.2. DENSITY OF STATES OF HYDROGENATED AMORPHOUS
SILICON

In amorphous materials the band structure theory based on Bloch’s theorem is not
applicable, since there is no periodicity in the amorphous lattice. This means that the
density of states in amorphous solids represents an average number of states over the
disordered lattice and cannot be parametrised with inverse lattice vector k. The

density of states in hydrogenated amorphous Silicon (a-Si:H) is shown in ([Fig. 1.2)).
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As the silicon atoms are brought together to form a covalently bonded solid, the
neighboring bonding and non-bonding orbitals that hold all the valence electrons
interact, overlap and eventually spread into a band of states. In the case of a crystal,
the overlapping results to electron wave functions that extend over the entire volume
of the solid. Extended wave functions are formed in an amorphous solid too, however,
disorder produces also states that are localized with a typical localization radius of a

few bond lengths. Bonding extended states

Fig. 1.2 Density of states in a-Si:H.

form the so called valence band (VB), while localized states form the valence band
tail VBT), shown in Likewise, antibonding orbitals of neighboring atoms
interact, overlap, and form extended and localized wave functions. Their states are

spread into bands which are called conduction band (CB) and conduction band tail

(CBT) respectively (.

The extended wave-functions are not of the Bloch type, due to the lack of
translational symmetry in amorphous solids. In a-Si the band tails can be described
accurately with exponential functions. The slopes of the tails are different, reflecting
the fact that the p-like states of the top of the valence band are more influenced by

disorder than the spherically symmetric s-like states of the bottom of the conduction



band. The slopes of the exponential tails in high-quality a-Si:H are about 25 meV for
the CBT and 45 meV for the VBT (. The energy that separates the localized
tail states from the extended band states is called the mobility edge because at very
low temperatures an electron should still be mobile in an extended state while it is
immobile in a localized state. In Fig. 1.2] E. and E, denote the conduction and valence
band mobility edges respectively. Their energy separation defines the mobility gap of

the material E,.

The dangling bond (DB) states are represented with a distribution near midgap
. In the first attempts to deposit a-Si, with the sputtering technique, the material
produced had a very high density of defects, 10" ¢cm™ or higher. Due to this high
defect density this material exhibited very poor electronic properties and could not be
used in devices. The development of methods for producing films which incorporate
hydrogen atoms (hydrogenated a-Si or a-Si:H films) was a major breakthrough for the
use of a-Si in devices. The main beneficiary effect of hydrogen is the passivation of
dangling bonds, which reduces the total defect density to (1-5)x10"° cm™. However
even with the incorporation of H, the defect density cannot be reduced to values lower
than about 10> cm™. Still the reduction of DB density brought a serious improvement
in a-Si:H properties compared to a-Si, one of them being the high photoconductivity.
This fact together with the observation that a-Si:H can be effectively doped by
incorporation of Boron or Phosphorous was a critical step in the use of a-Si:H in

device applications.

Two are the main techniques

= HwovO— ' used  nowadays for  the
production of high quality a-Si:H
films; Plasma  Enhanced
Chemical Vapor Deposition

(PECVD) and Hot Wire

Chemical Vapor Deposition

(HWCVD). In the first method

1 10
¢, (%) the film is deposited after glow

discharge decomposition of Silane (SiH4) gas at a pressure of 0.1 — 1 Torr, which is

the optimum pressure to sustain the plasma. In the second method the Silane gas



decomposes thermally near a tungsten filament at 1900 °C. The filament is heated by
dc current. The temperature is selected to be high enough to prevent silicide formation

on the filament and low enough to prevent evaporation of the filament.

The hydrogen concentration, cy, of the film decreases with increasing substrate
temperature. A-Si:H films with concentrations varying from lower than 1 at % to

almost 40 % have been

Fig. 1.3 Relation of defect density, Np, and Urbach parameter, E,, with the hydrogen
content, cy. of Hot Wire (HWCVD) and Plasma Enhanced (PECVD) a-Si:H material.

deposited, but the best quality films, in terms of low defect density, have a more
limited range of hydrogen contents. In we show the defect density, Np, of
HW and PE films as a function of their hydrogen content cy (after Ref. EI) The best
PE films have cy varying from 7 % to 9 % while high quality HW material can have
hydrogen concentration in a much wider range (cg = 1 — 10%). Hydrogen has also an
important effect on the disorder of the amorphous material. In the same figure
1.3) we show the dependence of the Urbach parameter on the hydrogen concentration
for the same deposition methods (after Ref EB The Urbach parameter is equal to the
slope of the VBT of the density of states ( which, as we have already
mentioned, is a measure of the disorder in the material. reveals that the best
ordered materials are roughly the less defected materials. It is seen that hydrogen
plays an important role in the quality of a-Si:H but this does not mean that the more
the incorporated hydrogen the best the material. The hydrogen bonding configurations

in a-Si:H is the topic of the next section.
120 T
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described in terms of a rigid network with a high
strain energy. There is negligible diffusion of the silicon and no apparent relaxation of

the strain after growth. In contrast the hydrogen is more weakly bound and can diffuse



within the material and effuse across the surface at elevated T. The hydrogen bonding
is very sensitive to the deposition conditions and its diffusion is closely associated
with the many metastable changes of the electronic properties. As growth proceeds
and silicon is bonded into the network the different characters of the silicon and
hydrogen begin to develop. The silicon forms a rigid non-equilibrium structure

whereas the hydrogen has a more mobile structure closer to equilibrium.

Hydrogen partially penetrates the silicon network. The stable bonding configurations
are the Si-H bonds and Si-Si bonds which are too strongly bonded to be broken by
hydrogen. Highly strained Si-Si bonds which have energies close enough to the
chemical potential of hydrogen are broken and either remain as Si-H bonds or are
reconstructed into stronger Si-Si bonds. Thus the hydrogen scavenges the growing
film of its weak strained bonds resulting in a less disordered network. Such a process
occurs only when there is a significant hydrogen diffusion at the surface during
growth and is a reason why an elevated growth temperature is needed to grow the best

films.

The available information about Si-H bonds comes from three major types of

experiments:

a) Infra-Red (IR) absorption measurements provide information on the hydrogen
concentration and the local Si-H bonding

b) Nuclear Magnetic Resonance of protons gives information about the local
environment in which the hydrogen atoms reside and

¢) Hydrogen evolution at elevated temperatures is a direct measurement of hydrogen
concentration and provides additional information on hydrogen diffusion.

In the following we describe briefly the experiments and the pieces of information

that each one provides. From the combination of these pieces we form the best

possible picture on the H-bonding structure used in the discussion of our results.

3.3.1. Infra-Red absorption

12
e , where &

Hydrogen is a light atom and since the phonon frequency is given by (k/m)
is the force constant and m is the reduced mass, the frequencies of the hydrogen
modes are above the silicon network modes making them easy to observe. The

vibration is almost confined to the hydrogen atom, so the analysis of the modes is



relatively simple. Phonon modes occur in three energy bands; a broad peak at 630-640
cm” which is always present along with a band of modes in the range of 2000-2200
cm™ and a group of sharp lines at 800-900 cm™ whose existence and intensity depend

i

on deposition conditions.™ All of the above bands originate from the Si-H vibrational

modes of the =Si-H, =Si=H, and -Si=Hj3 configurations which are always present in a-

Si:H in different concentrations:

a) The 630 cm™ band consists of rock and wag bending modesJEI and is attributed to
all of the three silicon-hydrogen groups.

b) The bands at 800 — 900 cm™ originate from bending modes of only =Si=H, and -
Si=H; bonding conﬁgurations.l;I The higher energy compared to the previous
modes is the combined displacement of the bonds which increases the force
constant of each.

¢) The 2000-2200 cm™ band comes from bond streching vibrations in which the
hydrogen moves along the direction of the Si-H bond. It is well established that
Si-H configurations result in a peak at 2000 cm™ whereas 2100 cm™ modes arise
from structures involving =Si=H; and -Si=H; arrangements provided that the 800
—900 cm™ band is also present.

The integrated IR absorption of a band, /,, is proportional to the concentration of

hydrogen in the configurations associated with this band, Ny" :

a(w')

—dw'

Ny =Al, where I, =j
w

[1.1]
where A4 is a constant which depends on the local field, experienced by each Si-H
bond of the Si-H, configuration, inside the local network. Combinatorial studies of IR
absorption and hydrogen evolution reveal that the total hydrogen concentration is
directly proportional to 1640,E| while the same is true for the stretching band but with

two different constants for the 2000 cm™ and 2080-2100 cm™ pe:aksEI

Ny = AgaoLoao = 4200012000 4210012100
[1.2]

The general results from the IR measurements are:
a) The total hydrogen concentration increases always with decreasing deposition

temperature.



b) The absorption at 800 — 900 cm™ emerges for hydrogen concentrations higher
than 10-12 %. This indicates that material with cy = 1-10 % is free from SiH, and
SiHj structures while the opposite is true for a-Si:H with higher cy, For very high
cy, polymeric chains of SiH, groups are produced, giving rise to columnar
structure.

¢) The stretching mode at 2100 cm™ can not be fully attributed to SiH, and SiH;

structures since it may not be accompanied by the 800 — 900 cm™ lines. This is

EII iiilix ’

almost always the case in samples having ¢y <10 % It is suggeste(ﬂIi Lt
this mode is also present when Si-H bonds are aggregated forming (Si-H), clusters

possibly in the surface of voids or decorating vacancy type defects.

3.3.2. Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) of protons gives more information about the
local environment in which the hydrogen atoms reside. NMR arises from transitions
between the different spin states of the nucleus, which are split by an applied
magnetic field. An isolated proton has a precisely defined resonance frequency, but
the interactions between atoms in a solid modify the resonance by a variety of
mechanisms. Modern NMR experiments are fairly complex and no attempt is made
here to present a detailed treatment (see Refs. EI,EI) We will proceed immediately to
summarize the widely accepted information that NMR provides for the H-bonding

structure.

NMR detects two distinct local environments for hydrogen in a-Si:H where the
dipolar couplings differ. The first environment is characterized by dispersed Si-H
bonds, in which the H-atoms are separated from each other by 5 — 8 A irrespective of
the t hydrogen concentration of the sample and the deposition technique
usedﬁ;‘l’i%| This is an extraordinary result which shows that the hydrogen solubility

in the amorphous matrix is constant. From the average separation it is calculated that

the nu IEE gggsity of randomly distributed hydrogen is always of the order of cy, = 2
—4 %r.la” ' i of a sample is higher than cy, the remaining

hydrogen must be bonded in structures with higher than average cy which are the

hydrogen clusters. This is actually the second environment detected by NMR.



NMR provides additional information on these hydrogen clusters. It shows that

hydrogen atoms are either bon Ied to the same silicon atom or to neighboring atoms
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within approximately 2 A[f'
technique and total H-concentration and is partly increased because of the
electrostatic repulsion between H atoms which are charged when bound to Si. The
fraction of hydrogen concentration {n_clusters is always more than 50 % of the total

1
and in some cases it can reach 90% [t—Furthermore there are NMR experiments which

=}

find that the number of strongly interacting H-atoms is at least 5 — 7 in device qualit
Yorand-atteasti4—+ndow cy (2 — 3 %) HW materialg

PECVD materiaf-Herr—8—t

1
A hydrogenated multiieaarancy or void is the most obvious interpretation of the

N T
clustered hydrogen.EIllx”—L T 6 = tion comprises Si-H,

bonding configurations already distinguished from IR measurements. It has been
proposed that H-clusters may be formed in regions of the network, which are under

i

tension during the growth process.” The cluster is then the sum of the pairs of

hydrogen atoms, which break and passivate the distorted bonds in those regions.

Finally a new important result from NMR was reported by Wu et alnI 1996. They
found that the HW material with 2 - 3 % hydrogen concentration has both dispersed
hydrogen of 3 — 4 % concentration and a 90 % of the total hydrogen atoms in clusters.
The only way that this is possible is that this film contains a large volume fraction of

hydrogen deficient material. They concluded that at least 60 % of the volume of this

film is pure a-Si. In [Table 1.1lwe show the

Sample Material 1 (vol. %) Material 2 (vol. %) Material 3 (vol. %)
HW (cy=2-3 %) 20-30, withcy =3-4 % <10, H-clusters of 14 atoms > 60, H-deficient
PE (cy =8-10 %)  70-80, with cy =3-4 %  ~ 20, H-clusters of 6 atoms < 10, H-deficient

Table 1.1 H-bonding environments in a-Si:H.
results of their analysis on this sample and a device quality PECVD film which was

used for comparison.

Summarizing the NMR results for hydrogen bonded to silicon atoms we conclude that
a-Si:H is an inhomogeneous structure with three well defined phases:
a) Randomly dispersed hydrogen, of constant concentration, which is approximately

2-4%.



b) Hydrogen clusters, which comprise more than 50% of the hydrogen concentration.
They are aggregates Si-H or, for high cy, Si-H; structures and are always present
in a-Si:H material.

c) Hydrogen deficient material or pure amorphous silicon

The constant concentration of dispersed H along with the constant presence of

clusters, dictates that the volume fraction of hydrogen deficient material decreases

with increasing cy until ¢y = 8-10 % At this region the H-dispersed volume fraction

reaches a maximum value and the H-deficient becomes practically zero. For cy > 10

% the H-dispersed fraction starts to decrease and Si-H, clusters become the dominant

phase.

0 — 30 K)edd

Finally NMR measurements at low temperatures (2 reveal that
molecular hydrogen is present at a concentration of about 0.1 - 1 at %. The molecular
hydrogen is immobile, trapped in small voids, and it is estimated that there are about
10 H, molecules in each void. Annealing to high temperatures, which tends to remove
bonded hydrogen from the a-Si:H network, increases the amount of molecular

hydrogen in the voids.

3.3.3. Hydrogen evolution

The ability of hydrogen to move into, out of, and within a-Si:H has both beneficial
and undesirable properties. The low defect density is a beneficial result of the
movement and bonding of hydrogen to weak or broken silicon bonds. Hydrogen is,
however, responsible for the instability of a-Si:H at elevated temperatures. Hydrogen
is completely removed from a-Si:H above about 400 °C, degrading the properties in a
way that can not be reversed unless hydrogen is deliberately reintroduced. Hydrogen
evolution experiments have been used for the accurate measurement of the hydrogen
concentration of a sample. However since this is a destructive technique, it is mainly

utilized for the calibration for other non-destructive methods such as IR absorption.

Hydrogen evolution studies in the temperature range from 400-500 °C reveal a higher
effusion rate from clustered than for dispersed Si-H. Clustered hydrogen is always the

first to evolve from a-Si:H material.a| Furthermore, samples with cg > 10 % loose



hydrogen at temperatures lower than 400 °C. This is a characteristic of a columnar
material i.e. a material with significantly larger and oriented clustered phase, which
provides additional paths, among columns, for hydrogen evolution. It is also observed
that near 350 °C hydrogen begins to effuse from a-Si:H without significantly changing
the dangling bond defect concen‘tra‘tion.ﬁI This means that broken Si bonds left
behind must be close pairs and reconstruct to a Si-Si bond, albeit weak and stretched.
Removing H from this pair of atoms leaves behind a dangling bond, which costs
energy. Taking two Hs costs less because a Si-Si bond is formed. This feature leads to

kixd

a negative effective correlation energy of H-pair states in clusters™ and thus verifies
the NMR result that most of the hydrogen concentration must be in the form of
clusters. Finally NMR studies in device quality PECVD material deposited at 270 °C
reveal that hydrogen rearranges prior to evolution.E-I-t—w&s—ebsewed—t—ha{—aﬂﬂeal-iﬁg—&t—

300 °C and 387 °C causes either greater interactions between small clusters or the

formation of larger clusters resulting from cluster migration and coalescence.E

3.4. PHOTOCARRIER RECOMBINATION IN a-SI:H

When a-Si:H is illuminated with photons having energy larger than the band gap,
electron-hole pairs are generated, the former in the CB and CBT and the latter in the
VB and VBT of the density of states of Under steady state conditions,
thermal equilibrium is established between the free carriers in the bands and the
trapped carriers in the [ocalised band tail states. This equilibrium implies the

following approximateEIi proportionalities:
n,0On and pl p
[1.3]

where n,n, are free and trapped electrons densities and p,p, are the respective densities
for holes. The occupancy of the tail states is determined by Fermi-like functions,
where the chemical potential is the so-called trap quasi-Fermi level. Steady state
conditions mean that all of the above densities remain constant with time or that the
rate of photogeneration of carriers G is equal to the recombination rate R of electron-
hole pairs. The recombination rate is generally described by the simple relationships R

=n /1, = p /1, Where t,, 7, are called the lifetimes of electrons and hole respectively.



There are two main recombination paths in a-Si:H: the immediate band to tail

recombination and the recombination through defects.

When either the dangling bond density in a film is low or the generation rate is high
the band to tail recombination is the dominant recombination path in a-Si:H. In this
case the recombination rate can be written as R [ np; + c,pn and with the help of Eqs
it is found that R O np O n”. The latter proportionality holds mainly for relatively
high photogeneration rates and temperatures and through the equality of generation
and recombination it shows that the free carrier density in the material will be given
by the relation n U G'?. This recombination path involves two carriers
simultaneously, and is called “bimolecular” recombination. With increasing light
intensity and thus generation rate, the trap quasi-Fermi levels move closer to the band
edges, and since bimolecular recombination involves states always in the vicinity of
these levels, the energy released by a single event will be higher. Bimolecular
recombination energy is the major driving force for photostructural changes described

in following sections.

Defects are electronically active sites. This means that they can capture carriers,
electrons or holes, and become charged. Recombination at defects is a two step
procedure. At first a carrier is captured by a defect and then a carrier of the opposite
type is subsequently captured at the same site, resulting in loss of both carriers i.e.
recombination. This procedure is dominant at normal illumination conditions and
substantial defect densities. Let us denote the defect density as Np and assume for
simplicity that the defect states are not completely filled with electrons or holes and
thus can capture carriers of either sign. Then the recombination rate will be given by
R 0 nNp U pNp and since G = R the free carrier density in the material will be given
by n,p I G / Np. Recombination at defects is also referred to as “monomolecular”

recombination.

3.5. PHOTOCONDUCTIVITY IN a-Si:H




Conduction Band Device quality a-Si:H is highly

0 Mobility photoconductive. In the dark, at room

v | edge temperature, the conductivity of a-

Si:H is as low as 10 Q'ecm™ while

e vl under bandgap illumination it can
increase by orders of magnitude
Conduction Band Tail depending on the intensity of the light

used.

The conduction mechanism in a-Si:H is strongly influenced by the presence of tail
states. Carrier transport proceeds according to a multiple trapping mechanism in

which a carrier gets trapped in shallow band tail states and thermally re-emmited

during transport. This procedure is presented schematically in |

The term shallow can be understood as follows. The characteristic time for
thermal emission of a carrier trapped in a tail state becomes larger as we move away
from the band edge. Thus a carrier trapped in a tail state near the band edge i.e. a
shallow state, will be re-emitted in the band and contribute to conduction while a
carrier trapped deep in the tail will remain there for a time sufficiently long for a
carrier of the opposite sign to be captured at the same state. The latter procedure
results in loss of both carriers i.e. a recombination event. From the trap-limited
transport it follows that both the free and the shallow trapped carriers contribute to
conductivity and that the average mobility of these carriers, usually denoted as drift

mobility, i, 1s lower that the usual extended state

Fig. 1.4 Multiple trapping conduction in a-Si:H.
mobility, u,. The drift mobility is defined as the free carrier mobility reduced by the
fraction of time that the carrier spends in the traps or in other words by the fraction of

the free to total carrier density:

n p
I’Idn = :uon I’l_ and :udp = :uop T

tot tot
[1.4]
where ny; = n + ny and p,,, = p + ps are the total electrons and holes contributing to
conduction and ny, p, are the shallow trapped carriers. The conductivity and

photoconductivity of a-Si:H can then be written in general as



o= e(ntot/'ldn +ptot/'1dp) :e(n/'lon +pluop)
[1.5]

The second equality comes from the use of Eq.[[1.4]. As we see there are two ways to
describe conduction; either by using the free carriers and respective mobilities or the
total carriers and drift mobilities. In a-Si:H u,, U 10u,, and thus in undoped material,

electrons dominate the carrier transport.

One of the major problems in a-Si:H that has limited its applications in devices and
especially solar cells, is the so-called Staebler — Wronski (SW) effect. The first

Ewas that both the photoconductivity and the

observation by Staebler and Wronski
dark conductivity of a-Si:H samples decrease after exposure of the samples to intense
illumination with band-gap light. At first the effect was attributed to an increase in the
defect density of gap states (, which act as recombination centers. Staebler
and Wronski concluded that these light-induced changes shift the dark Fermi level
towards midgap, thus decreasing the dark conductivity and act as recombination
centers, decreasing the photocarrier lifetime and the photoconductivity. Subsequent
studies, employing various experimental techniques, verified that under intense
illumination the dangling bond density increases, reaching saturation at a value that
can be two orders of magnitude higher than the native defect density. Great effort is
being devoted to understand the mechanism behind the SW effect and find ways to
prevent degradation of the material. Several different models have attempted to
describe the kinetics or time dependence of the SW effect assigning the phenomenon
fully to defect creation. Hydrogen is involved either directly or indirectly in all of

these models We describe briefly the two most widely accepted models in the next

chapter.

All present models for the SW effect have difficulties in explaining the experimental
observations especially at the limiting cases of low temperatures, high illumination
intensities and long exposure time. These difficulties along with two major facts
described below are the main reasons which prove that despite the twenty years of
research of the SW effect, the mechanism behind the phenomenon is still poorly

kel

understood.” The first fact comes from the reversibility of the SW effect. It has been

observed than one can eliminate the light-induced defects and recover the



photoconductivity of the a-Si:H material by annealing the films at sufficiently high
temperature, usually around 190 °C, for about 2 hours. However, experiments on
reversibility proved that no single-valued functional relation between defect density
and photoconductivity exists. In other words the SW effect cannot be fully described
by light-induced defect generation.

The second fact which proves that there is more to the SW effect than defect creation
is that there are changes in other physical properties of the material which appear to
be too large to be explained by the measured concentrations of light induced defects.
In some of these changes there is certain involvement of hydrogen and will be
described in the next chapter. The other counter intuitive observation was that
although the recombination energy of just a single event is high enough to create a
dangling bond, defect creation is very inefficient; light exposures involving about 107

il

cm” recombination processes yield only 10" cm™ dangling bonds.**' It was proposed

that all of these problems can be resolved by assuming that illumination not only
creates dangling bond defects but in addition changes the whole structure of the
material in a way that a more strained, higher energy network is obtained.@i

1

I%)ur experiments detailed in the following chapters proved for the first time that under
intense illumination major photostructural changes occur inside a-Si:H resulting in the
increase of stress inside the material which is too large to be assigned to defect sites
only. We have made a detailed study of the creation and annealing kinetics of photo-
induced stress in samples with variable hydrogen concentration in order to explore the

role of hydrogen in these photo-structural changes. This study provides new ideas

regarding the primary mechanism responsible for the SW effect.



Chapter 2: Light induced structural changes in a-Si:H
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3.6. INTRODUCTION

In this chapter we first summarize the basic experimental results concerning light-
induced defect creation in a-Si:H. After that we review the two most widely accepted
models which describe theoretically these results but suggest two completely different
microscopic mechanisms driving the phenomenon. We also note the difficulties
encountered by these models in explaining certain experimental results. These
difficulties arise mainly from the role of hydrogen in the respective mechanisms.
Subsequently we present some light-induced photo-structural changes other than
defect creation involving hydrogen, which were discovered in the last five years and
attracted a lot of interest. Finally we introduce our experimental results on light-
induced volume expansion. This phenomenon is our main subject of study in

hydrogenated amorphous Silicon.

3.7. KINETICS OF THE STAEBLER-WRONSKI EFFECT

As we have already mentioned in the previous chapter, the primary observation
associated with the light-induced degradation of the photoconductivity of a-Si:H (the
Staebler-Wronski -SW- effect) is the increase in the defect density of the material.
These defects act as additional recombination centers for the photo-carriers, thus
reducing the carrier lifetime and the photo-conductivity. At this point we wish to note
that excess defect concentration can also be created by charge injection or by
bombardment with keV electrons. In all cases the state of the sample after degradation
is metastable, and minimum defect density is achieved after annealing at sufficiently

high temperature.

One of the basic experimental findings concerning the kinetics i.e. the time evolution

of the SW effect is that under illumination with CW light, the defect density Np
feiil

increase with time ¢ as
N, (1) OG0t
[2.6]

G, being the photo-carrier generation rate of the soaking light. This is the best known

relation for the SW effect in a-Si:H. It is proved experimentally over a range of CW



-1

generation rates reac n;ng 10*' em>s" and temperatures from as low as 4.2 K to as

high as 400 K{]" =S uith Fhe gemeration rate exponeht of Eq.

however, is not proved to be unﬁﬁnce there are many experimental studies

which find it between 0.4 and 0.5[]"" e two models that we are going to present,

account for the power law dependencies of Eq. but are based on very different

assumptions for the microscopic origin of the phenomenon.

3.7.1. The SJT model

The first widely accepted del for the SW effect was proposed by Stutzmann,
Jackson and Tsai in 1985 ¥24We |will hereafter refer to it as the SJT model. This

model is based on two simple assumptions:

1. Mono-molecular recombination is the dominant path for photo-carrier
recombination. This means that the photocarrier lifetime is determined by
recombination through dangling bonds.

2. Excess defect creation is driven by band-to-tail, i.e. bimolecular recombination,
which is the only event, releasing sufficient energy to break weak Si-Si bonds and
create dangling bonds. This bimolecular recombination path is present although

the dominant path is the one through defects, as stated in assumption 1.

As we have already discussed in Section 1.4, the lifetime of either photo-generated
electrons or holes which recombine through defects will be inversely proportional to
the defect density NVp so that the respective photo-carrier densities will be
G
nU —
ju N,
[2.7]

for steady-state illumination with generation rate G. In the same section (1.4) we have
shown that the band-to-tail recombination rate R is proportional to the electron-hole

density product, np. The second assumption of the SJIT model is written as:

dt
[2.8]



where, #, is the illumination time and c;,, is a constant which determines the efficiency
of defect creation via bimolecular recombination. Substituting the photo-carrier
densities from Eq. to Eq. We get the basic differential equation for defect

creation in the SJT model

dN, _ G*
N 2
d N,

[2.9]

A i)

Recombination event

(2) (b) (©)

which can be solved analytically to give
N, (1)’ =N, (0)’ OG*t
[2.10]
where Np(0) is the initial or native defect density of the material. For sufficiently long
illumination, for which Np(?) >> Np(0), Eq. is simplified to
N, ()0 G¥3¢"3
[2.6]

The SJT model was the first model to account for the observed time evolution of light

induced defect creation; equation which is the prediction of the model, is in

agreement to experimental observationsE‘iii n the kinetics of the SW effect. The
model also gives physical insight on why the rate of defect creation decreases with
exposure time. As the defect density increases more recombination events decrease
the carrier densities which are the driving force for defect generation.

Fig. 2.5 The microscopic mechanism of the SW effect in the SJT model: a

recombination event (a) results to breaking of a weak bond (b) to two dangling bonds
(DBs) which stabilize (c) with the aid of an H atom (black sphere) located nearby.

The microscopic mechanism of the creation of an additional dangling bond by

breaking a weak S-Si bond, proposed by SJT, is shown in It consists of three



steps. In the first step a bimolecular recombination event takes place in the vicinity of
a weak Si-Si bond. The energy released causes the breaking of this weak bond in two
temporary dangling bonds, and this is the second step of the process. Normally these
two bonds will recombine to reform the initial Si-Si bond and this is the most
probable outcome of the process. However there are cases in which the two bonds are
prevented from recombining by a hydrogen atom as shown in It is a
prediction of the model that a hydrogen atom must be near a weak Si-Si site in order
to stabilize the dangling bonds that are newly formed. Therefore light-induced

dangling bonds must always be near hydrogen atoms, i

1
3.7.2. The H-collision model

In 1997 Branz@proposed a new model for the SW effect which attracted the interest
of a lot of researchers for experimental investigation since it was based on a
completely different mechanism of defect creation. This model attributed light
induced defect generation to a process which involves hydrogen motion and

interaction in a straightforward manner.

The first assumption of this model is that when a-Si:H is exposed to light, a H-atom
can be excited from a Si-H bond when the energy of a recombination event dissipates
in the vicinity of this bond. This excitation leaves behind a dangling bond. The
excited hydrogen reaches a new state, which can be viewed as a Si-H/DB complex, as
shown in Fig. 2.6} This process can be described by a chemical reaction equation of

the form

Si-H > DB + Si-H/DB
[2.11]

The Si-H/DB complex is considered to be a mobile state of hydrogen, having energy

1.5 eV higher than that of the Si-H bond. Therefore only high-energy recombination
Lot
events i.e. band-to-tail recombination, can drive this excitationﬁl‘his mobile-H

complex travels through the material by hopping between Si-Si sites a process that is
enhanced by photo-carrier recombination (Fig. 2.6). Each broken bond reforms as the
mobile-H hops away. When this complex meets a DB, then the Si-H bond is

immobilized through the recombination of the two DB’s



Si-H/DB + DB - Si-H
[2.12]
Fig. 2.6 The excitation and transfer mechanism of the Si-H/DB complex or mobile-H

in the H-collision model. The complex is shown inside the dashed circle and the H-
atom is represented by a black sphere.

This is the inverse process of Eq. and the main source of loss of mobile-H

species during illumination. The combination of processes [2.11]|and [2.12]| forms a

cycle which does not result in a net creation of new DBs. However there is also
another process which immobilizes Si-H/DB complexes but is far less frequent than
normal recombination. Two mobile-H complexes can meet and then both of them are
immobilized by the annihilation of their DBs according to the reaction
Si-H/DB + Si-H/DB > M(Si-H),
[2.13]

Where M(Si-H), is a metastable complex containing a pair of Si-H bonds in close

proximity (Fig. 2.7). The process of Eq. results in the net creation of two

dangling bonds, which are those left behind in the Si-H bonds, from which H was
originally excited to form the interacting mobile-H complexes (Fig. 2.7). The

complete equation for dangling bond creation in the H-collision model is

2Si-H > 2DB + 2Si-H/DB > 2DB + M(Si-H),
[2.14]



The main ansatz of the H-collision model is that the rate of emission of mobile
hydrogen from Si-H bonds (Eq. is proportional to the generation rate G.
Therefore the creation rate, R,,, of mobile-H density, N,,, from a hydrogen density,
Np, in the sample is
R,=kyN,G

[2.15]

where kj is a proportionality constant.

v X The complete rate equation for the
DB

~

creation and loss of mobile hydrogen

concentration is

a_ dN

4 ' h) 3 AL\ Y t\:l—ﬁ) dfm :kHNHG_ka’bNmND _chNm2

[2.16]

’ Fig. 27 The DB formation
OH mechanism in the H-collision model.

where ¢ is the illumination time, Np is
the dangling bond density and k; and k. are constants. The first term stands for
mobile-H creation as mentioned above. The second term represents the recombination
of mobile-H to ordinary DBs according to Eq. The third term describes the rate
of loss of mobile-H species due to collision and annihilation of pairs of Si-H/DB
complexes (Eq. . Under CW illumination a steady state of mobile-H density is
reached, i.e. dN,/dt = 0. At the low hydrogen excitation limit, the density of dangling
bonds is higher than the density of mobile hydrogen and the density of the total Si-H
bonds, Ny, stays approximately constant. Therefore the major loss of mobile hydrogen
comes through isolated DBs and not through the collision of two Si-H/DB complexes,

1.e. 2kNy, << kgpNp.

Following the discussion of the previous paragraph, Eq. can be simplified to

" kaNp

[2.17]

which gives the mobile-H concentration under steady state illumination conditions.

The final step is the connection between dangling bond creation and mobile hydrogen



concentration. According to Eq. the rate of dangling bond creation must be

equal to the rate of mobile-H collision i.e.

[2.18]

Substituting Eq. into the previous rate equation and solving for Np one finds

Ndb(t) = (3C'sw)1/3 G2/3t1/3 where Csw = 2kckszsz / kdh2
[2.19]

which, as in the model, is in agreement with the experimental observations of
iy ow

Stutzmann et al i

%VGI‘ the H-collision model makes an additional prediction,

compared to the SJIT model. It implies that the SW effect will be intensified with

increasing hydrogen concentration. Until now no experimental results are found in the

literature concerning the hydrogen dependence of the SW defect creation.

Finally one has to point out here the completely different mechanism of defect

formation compared to the SJT model. The outcome, however, of both models is the

same kinetics of light-induced defect creation. The main differences are summarized

as follows:

1.

The SJT model suggests that a dangling bond comes from the breaking of a weak
bond, while the H-collision model suggest that dangling bonds originate from the
breaking of Si-H bonds.

In the Branz model, it is the mobile density that determines the rate of defect
creation and not the photo-carrier density as in the SJIT model.

The SJT model predicts that light-induced dangling bonds are in close proximity
with stabilizing H atoms while in the H-collision model, DBs can be far away
from each other and far from any H atoms. Hydrogen is not needed for DB
stabilization.

Finally one must not forget that a major step in the process described by the Branz
model is the enhancement of diffusion of the mobile-H in the material due to
recombination energy. In the SJT model, DB creation is a purely localized

process.



3.7.3. Difficulties in describing the microscopic mechanism of the SW effect

Before discussing the difficulties concerning the above models we must refer to the
fact that among the first models which tried to resolve the microscopic mechanism
behind the SW effect were the impurity related models. These models assumed that an
impurity atom is associated with each silicon dangling bond. The entire class of these
models were eliminated by the work of Kamei e? al.E By carefully controlling and
measuring the purity of their a-Si:H samples they observed SW defect densities orders
of magnitude greater than the densities of their C, N, and O impurity densities. Thus

the SW effect is positively intrinsic to the a-Si:H network.

Some of the problems with both the SJT and the H-collision models arise from the
low temperature kinetics of the SW effect. Light-induced defect creation is observed
at a temperature as low as 4.2K with the same efficiency as that observed at room
temperature; not only the magnitude but alsp the kinetics of the SW effect are the
same at these two temperature conditions.h;s is incompatible with the SJT model

because DB’s do not participate significantly in carrier recombination; at these

temperatures the dominant recombination path for photo-carriers is the band-igi-;g;'!
KV1

recombination discussed in section 1.4 and not monomolecular recombination
Therefore the first assumption of this model stated in Section is not valid. The
4.2 K kinetics of the SW effect do not support the H-collision model as well. The
reason is that long range H diffusion, which is one of the main assumptions of this
model, is not believed to be possible at such low temperatures even under

fxio]

illumination.” However this is a topic of still ongoing experimental research.

One of the main problems of the bond-breaking SJT model is the need of hydrogen
for stabilization. As we have discussed in Section the main mechanism of DB
creation in this model is the breaking of weak Si-Si bonds due to photo-carrier
recombination energy release in the vicinity of these bonds, which leads to the
production of DBs in pairs. A hydrogen atom stabilizes these bonds by a switching
process shown in This means inevitably that all light-induced DBs are in
close proximity to hydrogen atoms. The local environment of hydrogen or deuterium
around DBs has been studied by electron-spin-echo envelope modulation (ESEEM) of
pulsed Electron Spin Resonance (ESR).EI By this technique, small hyperfine and



nuclear quadrupole interactions can be extracted from within the ESR line broadened
by random orientations and structural fluctuations. It was found that no hydrogen or
deuterium atoms are closer than 4 A to dangling bonds. Therefore the H-atoms are not
spatially correlated to DBs and this is a major argument against the SJT model;
without H-stabilization it is difficult to understand why the broken Si-Si bond of the

model would not simply reform.

Until now we have discussed the main models that have been developed in order to
explain the experimental results on the kinetics of light induced defect creation.
Although significant steps have been made towards understanding the phenomenon it
was made clear that the basic microscopic mechanism behind defect creation still
remains elusive. At this point we wish to remind the reader that the SW effect is by

definition the phenomenon of light induced degradation of the photoconductivity, o,

of the a-Si:H material. The entire research in a-Si:H, however, was devoted to
dangling bond creation under illumination, because the photoconductivity degradation

was entirely attributed to the

3.0 ; ; ; . . . . . creation of new defects.
9 5: ] However it was proved that
. O,

ol {/ ' this is not the case by
< Wa""g ] metastability studies in a-
Ng 151 \\Iight induced ’ Si:H
~ | degradation 1 :

F10p | .
[0}
0.5} i . Metastability or reversibility
L ®-9o .o & 7./
0.0 . . . . . . . . is a key property of the SW
o 1 2 3 4 5 6 7 8 9 ) )
a(leV) (a.u.) effect light induced defects

are eliminated and the
photoconductivity is recovered after annealing the material at high temperatures.
shows the relation between the mobility lifetime product, wx,7,, and the optical
absorption, a(leV), of the defect (DB) band of the density of states during light-
exposure and subsequent annealing of an a-Si:H sample.@ The w,7, product is
proportional to the photoconductivity of the sample, whereas a(7eV), is proportional
to the dangling bond density inside the material. This figure proves that there is no
unique relation between the number of defects and the photoconductivity; the first

defects created and the first to anneal correlate with a much greater change in the



photoconductivity than the majority of light-induced effects. Other studies have
shown that the same number of light-induced defects created by short pulsesm
decrease the photo-conductivity more than those created by CW light. The lack of a
correlation between changes in photoconductivity and defect concentration in these
experiments strongly suggests that

Fig. 2.8 Mobility-lifetime product of electrons as a function of the change in defect
absorption a at hv = leV during exposure and annealing.

some other photo-structural changes must occur besides defect generation, which

i

have a degrading effect on the photoconductivity. This suggestion is strongly

supported by recent experimental results described in the next section.

3.8. OTHER PHOTOSTRUCTURAL CHANGES IN a-Si:H

In this section we will present briefly two of the experiments which could not be
explained by the creation of about 10'" dangling bond defects. These experiments
imply a direct involvement of hydrogen in large-scale photo-structural changes inside

hydrogenated amorphous silicon

Kong et al.EI observed a light induced increase of the Si:H stretching mode at the
wavenumber of 2000 cm™. An exposure for 342 h to a white light flux of 400
mW/cm® produced a 1.3 % increase in the stretching mode absorption. There are
about 3x10*' cm™ Si-H bonds in the annealed state. The authors argued that this
increase cannot to be due to an increase in the oscillator strength (proportional to the
Azpp0 constant defined in Section 1.3.1) of those Si-H bonds which are involved in the
creation of the Np ~ 10'7 cm™ dangling bond defects or which are in the immediate

vicinity of these defects. The increase in oscillator strength would have to be

unrealistically large if thﬁlcentration of Si-H bonds affected were of the same

order of magnitude as Np/¥*™On fthe other hand it was proposedE Xl that|the increase

in the stretching mode absorption could be due to a 1.3 % increase of the effective
bond charge ¢’ of the pre-existing Si-H bonds which is caused by the light induced

increase of strain or structural disorder in the environment of these bonds.



Hari et al.@ observed changes in the proton NMR dipolar spin lattice relaxation time
resulting from light exposures of a-Si:H. These changes must involve more than 10 %
of the 3x10*! cm™ hydrogen atoms which are bonded in this material. There is no way

that this phenomenon, which involving more than 10** cm™ H-atoms, could be caused

by the generation of 10" cm™ metastable dangling bonds and by the hydrogen nuclei

KXiii

in their Vicinity.E or p review of all p|h0 o-structural changes observed in

|
1xxxxiii

hydrogenated amorphous silicon see Refs.

kxiii

1
Fritzsche suggested that both the large changes observed in physical properties of

a-Si:H and the absence of a single-valued functional relation between the
photoconductivity and defect density can be resolved and explained by assuming that
the exposing light not only creates dangling bonds but in addition changes the
structure of the whole material. He proposed that the mechanism behind these
changes must produce a more strained (or stressed) and disordered structure of higher
energy. If light actually induces strain then this strain could be detected mechanically
i.e. in a straight-forward manner. This concept led to the two first attempts to observe

light-induced strain in a-Si:H described in the following.

3.8.1. Photo-induced strain in a-Si:H

In 1998 Gotoh et al.m reported for the first time that hydrogenated amorphous
Silicon expands after exposure to light. They used PECVD samples deposited on 1.5
cm long and 100 um thick quartz substrates, which were rigidly clamped at one end
and exposed them for several hours to 0.3 W/em® of green Ar' laser light at room
temperature. This exposure produced a permanent bending of the substrates, which
was detected by an optical lever method. A He-Ne laser probe beam was reflected off

the free end of the substrates to a position sensitive detector and any deflection of this

end ff}ld be measured by the displacement of the probe beam on a detector. Gotoh et

al (¥ ¥ouhd that a-Si:H samples are under compressive stress of 350 MPa after

deposition, which increases by 0.2 MPa after 10 hours of exposure showing no sign of
saturation. Compressive stress means that the film has a tendency to expand and this
tendency increases after illumination. They also found that the phenomenon is
metastable. After 1 hour in-situ annealing at 200 °C the film contracts to its original

as-deposited shape and the substrate acquires its initial position. Finally their data



showed a one-to-one correlation of the inverse of the photoconductivity with the
bending effect. From that result they speculated that the defect creation is linked to

the photo-induced expansion.

In the same year Shimizu et alml reported that hydrogenated amorphous Silicon
contracts after exposure to light. These authors used exactly the same technique as
Gotoh et al. for measuring the bending of a-Si:H films deposited on 5 cm long and 50
um thick fused silica substrates. This time a 50 mW/cm” white light source was used
for exposure of the films. These authors found that a-Si:H samples are under internal
compressive stress of 50 — 300 MPa which decreases by about 1 % at max. after
exposure for 5 min. No change in the stress of the sample is observed with further
exposure i.e. the phenomenon saturates. Finally by measuring the dangling bond-
density with ESR during exposure, they found that the defect density of their samples
increases with decreasing compressive stress, but also that it continues to increase
more rapidly, after the stress has saturated. From these results, the authors speculated
that light induces a structural distortion of the a-Si:H lattice. This distortion reaches a
maximum allowable value after which, dangling bond defects are created in the

highly strained regions of the material.

From the discussion of these two studies it is obvious that they have reached to

contradicting results. Gotoh et a/ found a light induced increase of compressive stress

in a-Si:H which does not saturate after several hours of exposure, whereas Shimizu et

al showed a light induced reduction of compressive stress which saturates after 5 min

exposure. The main problems with the measurements made in these studies where

a) the low sensitivity of the beam bending methods utilized

b) the heating of the samples by the exposing light due to poor thermal conductivity
of the substrates. This heating produced large unwanted deflections of the
substrates during the exposures and proves that the films were at elevated
temperatures during these exposures.

c¢) the illumination intensities used were too weak to produce sizeable and thus less

amenable to experimental error, results.

For this study we have developed an extremely sensitive cantilever beam bending and

oscillation technique to measure accurately the mechanical properties and their light-



induced changes in a-Si:H samples. This technique eliminates the problems
encountered by previous investigations and is presented in the next chapter. Finally in
Chapter 4 we present our experimental results from an extensive study of the photo-
induced stress in hydrogenated amorphous silicon, discuss their implications and

propose a new direction in the search of the microscopic mechanism of metastability

in a-Si:H.



Chapter 3: The cantilever beam bending and
oscillation method.
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3.9. EXPERIMENTAL SETUP

All properties reported here have been measured with the help of samples consisting
of a-Si:H films deposited on crystalline silicon (c-Si) microcantilevers (MCLs) of the
type commercially available as probe in Scanning Probe Microscopy (SPM).
shows a Scanning Electron Microscope (SEM) side-view photograph of a typical
compound MCL, that is, an MCL on which a-Si:H has already been deposited. The
probe tip is also visible. These MCLs are fabricated by micro-lithography and
chemical etching techniques out of single-crystalline Si wafers providing ideal
stiffness and positioning accuracy at their clamped end. Before any experiment, we
took SEM photographs of all cantilevers, in order to measure their dimensions, as
accurately as possible. This is crucial for minimizing the error on the quantities to be
calculated i.e the stress and theYoung’s modulus. The MCLs have a free length L of
130-140 pm, trapezoidal cross section, and thickness # in the range of 4-5 um. The
ratio of the parallel faces of the trapezoid was w; / wy, =0.47, where w; and wy, are the
narrow and wide face respectively. The measuring accuracy obtained from the SEM
photographs was 1 pm for the length and 0.1 pm for the thickness. The films are
always deposited on the narrower side of the cantilevers. Finally it should be
mentioned that c-Si MCLs were found to be completely straight, since they have
curvature always lower than our detection limit of R =05 cm'l, at the SEM

magnification used.

The static deflection of the MCL
beam as well as its oscillation
amplitude and frequency were
measured with the help of the
detection system of a commercial

SPM shown in In this
system, the MCL 1is rigidly

clamped to a holder, which is in turn attached to a piezoelectric actuator. A laser

diode probe beam reaches the free end of the cantilever, from which it is reflected

Fig. 3.9 Scanning Electron Microscopy photograph of a typical micro-cantilever.



towards a position sensitive photodiode (PSD). Every movement of the lever’s free
end, results to a movement of the probe beam along the plane of the PSD. The PSD
produces an electrical signal, which is proportional to the illumination difference

among its four segments, and is thus

Position sensitive
photodiode

Mirrors
Laser Diode

/\ﬁ—‘@

{ Probe beam
Indicator of the vertical

displacement of the beam:
[(A+B)-(C+D)]/(A+B+C+D)

=

Piezoelectric

Computer actuator

10X ojective

High power
Laser Diode

Fig. 3.10_Cantilever beam bending and oscillation measurement setup.

a measure of the position of the beam on its plane and, in turns, a measure of the
deflection of the beam’s free end. The resonant frequency, f,, of the MCL can be
measured automatically by sending a harmonic electric signal to the actuator, thus
driving it to oscillate at constant amplitude. The MCL is then forced to vibrate at a
frequency, which is varied continuously, by the input signal, within a range of 200-
500 kHz and the r.m.s. amplitude of vibration of its free end is monitored. When the

maximum amplitude is reached, the control electronics lock the frequency of the input



signal, which is the resonant frequency of the beam. The resonant frequency of an
MCL is measured both before and after the deposition of the a-Si:H film. These
measurements along with the measured of the lever are used to calculate the Young’s
moduli of c-Si and a-Si:H. The accuracy of deflection, amplitude and frequency
measurements is 1 nm, 1 nm (rms) and 0.1 kHz respectively. The resonant frequency
of the uncoted MCLs, f,, was measured to range from 250 to 350 kHz. We must point
out here the first major advantage of our detection system. The detection limit i.e. the
lowest static deflection that can be measured, is only 1 nm. This value is the lowest
compared to the values reported for the setups used in the previous studies of photo-

induced stress.

The photo-induced stress experiments were done by exposing the cantilevers, from
the side that the films are deposited, to intense light produced by a 35mW CW laser
diode (LD) emitting at 658nm. The treatment was always done at room temperature
and the laser beam was focused onto the MCL with a 10X-microscope objective,
reaching an intensity of 20 W/em’. This value is among the highest values of
continuous monochromatic light ever used for photodegradation experiments in
hydrogenated amorphous Silicon. The high intensity offers the chance to produce
intense photo-induced phenomena which can be measured beyond any experimental
uncertainty. High intensity illumination is easily implemented in our setup because of
the extremely small dimensions of the cantilevers and the high focusing ability of the
laser light. Finally the monochromatic red light of 1.9 eV (658nm) offers another
advantage. Since the photon energy is just above the band gap of a-Si:H (1.7 — 1.8
eV) the absorption coefficient is low enough for the light to be absorbed uniformly
inside the sample. This means that any observed effect will originate from the bulk of

the film and not only from the surface. The effect of non-uniform ahsorption was not

Xviil, kxkix

taken into account in previous studies of photo-induced stress.
1

Very few exposures of a-Si:H films have been done to such high light intensity,

because the poor thermal conductivity of the usual substrates resulted in substantial

heating of the films. In our case, thanks to the good thermal conductivity of the c-Si

MCLs, the temperature of the films at the free end did never rise more than 5 °C

compared to the clamped end, the latter assumed to be always at room 7. This was



L

calculated approximately through the formula™ given for a simple orthogonal

bimetallic cantilever:
Lo
2 At +Ast,
[3.20]
where AT is the temperature difference between the two ends of the lever, 7 is the

AT

laser intensity, assumed to be uniformly distributed and fully converted to heat, L is
the length of the MCL, A, ¢ are the thermal conductivity and thickness, respectively, of
either the a-Si:H film (f) or c-Si MCL substrate (s). For the calculation we used A=
1.5 W/mKIEI and A, = 124 W/me. Before measuring the deflection of the
cantilevers, after each soaking interval, we allowed sufficient time in the dark for
complete thermal equilibration. This time was always less than 5 min. We have
verified that there was no measurable change in the deflection signal during periods of
several hours in the dark, at ambient temperature. The absence of heating of the
samples despite the high illumination intensity ensures that one measures light-

induced changes which happen with the sample being at room temperature during

exposure and not at some unknown elevated temperature.

3.10. CALCULATION OF FILM PROPERTIES FROM THE
QUANTITIES MEASURED.

In the analysis of our experiments we need: a) a formula giving the dependence of the
resonant frequency of a cantilever on its elastic properties and b) a formula for the
accurate calculation of the stress present in a film of thickness comparable to that of
the substrate, from the induced. In the literature one can readily find accurate
calculations of the resonant frequency of either a simple or a composite cantilever
beam with orthogonal cross-section but, to our knowledge, none of these calculations
has ever been published for a lever with trapezoidal section. Furthermore the effect of
the tip of the cantilever to that frequency has always been disregarded as
negligible.

For the case of the stress-curvature relation the situation is even more complicated.

The only well accepted equation is the so-called ‘modified Stoney’s formula’, and is



applicable only for a composite beam of orthogonal section with the added
assumption that the film has negligible thickness compared to the substrate. We will
see in the following, that there is a large amount of literature giving corrections for
non-negligible film thickness, which sometimes have significant differences among

each other. Again nothing is available for trapezoidal cross-section.

In the sections to follow, we describe the derivation of formulae for cantilevers of
trapezoidal cross-section. Since definitions, theories and models used, are taken from
several different sources, we present our derivation in a way that recurring to these
sources is not required. In Section we give briefly the definitions of the
quantities used throughout this derivation in the simple and intuitive case of uni-axial
loading, but we will return to a more rigorous and general mathematical formulation
in Section m [after Refs m, . In Section we define and determine the
neutral axis and stiffness of a beam with trapezoidal cross-section utilizing the
approach given in Ref but in a more comprehensive way, for the case of a
composite beam. These quantities are necessary for the derivation of the stress and
resonant frequency formulae. In Section we review [after Refs ,Elj the
derivation of the differential equation describing the flexural vibrations of a
cantilever, and we find the resonant frequency for the trapezoidal case. We also make
corrections for the tip mass and damping. Finally Section mpresents our attempt to
derive an approximate formula for the stress present in a film deposited on a

trapezoidal lever.

3.10.1. Stress — Strain considerations under uni-axial loading

If a bar is subjected to a uniform tension or compression, i.e. a direct force, F,
B.11) which is uniformly or equally applied across a cross section, 4 = w-t, then the
internal forces set up, are also distributed uniformly and the bar is said to be subjected
to a uniform external stress, o, defined as ¢ = F / A. In some cases the loading
situation is such that the stress will vary across any given cross section and in such
cases the stress at any point is given by the limiting value of 0F / 4 as dA4 tends to
zero. A bar subjected to direct stress would change in length. The strain, ¢, produced
in the bar is defined as ¢ = JL / L, where JL is the change in the original length, L, of

the bar. Strain is thus a measure of the deformation of the material.



A material is said to be elastic if it returns to its original, unloaded dimensions when
load is removed. A particular form of elasticity, which applies to a large range of
materials, at least over part of their load range, leads to deformations, which are
proportional to the loads producing them. This implies that, whilst materials are
elastic, stress is proportional to strain or in other words the Hooke’s law is valid: ¢ =
E [£. The proportionality constant, £, is called the modulus of elasticity or Young’s

modulus and

Fig. 3.11 Deformation of a rectangular bar subjected to uni-axial tension.
is generally assumed to be the same in tension or compression. The Young’s modulus
is expressed in the same units as stress. Finally, the “elastic limit” of the material is

generally defined as the stress, over which the Hooke’s law is no longer valid.

Let us now consider a rectangular bar of width, w, thickness, ¢, and length, L,
subjected to a tensile load along its length (Fig. 3.11). Under the action of this load
the bar will increase in length by an amount JL giving a longitudinal strain in the bar
of ¢, = oL / L. The bar will also exhibit, however, a decrease in dimensions laterally,
i.e. its width and thickness will decrease. The associated lateral strains will both be
equal and will be given by &;,, = - dw /w =- dt / t. Provided the load on the material is

retained within the elastic range, the ratio of the lateral to longitudinal strains will
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always be constant. This ratio is termed the Poisson’s ratio, v = ¢,/ €;.



Fig. 3.12 Shear stress (t) and strain (7).

Finally consider a block of material, as shown in sideview in[Fig. 3.12(a), subjected to
a set of equal and opposite forces Q. There is then a tendency for the upper layer of
the material to slide over the lower one. The resistance of the material to this sliding
corresponds to the build up of a shear stress: © = Q/B where B is the area of the block
which resists to shear. Thus shear stress will always be tangential to the area on which
it acts. If the material cannot withstand to the action of the forces, it will deform to the
shape of b), the angle of deformation, y, being the so-called shear strain. For
materials within the elastic limit, the equation ¢ = Gy, is valid. The proportionality
constant, G, is called the shear modulus and is always directly comparable to the

Young’s modulus.

(@) (b)

3.11. PHYSICAL QUANTITIES CHARACTERIZING A BEAM OF
UNIFORM CROSS-SECTION

3.11.1. Neutral axis, bending moment and stiffness

Let us consider a beam initially straight and unstressed, having a uniform cross-
section along its length, and, for the time speaking, the same density and elastic
properties throughout (Fig. 3.13[a)). When the beam is subjected to a constant
bending moment, i.e. pure bending, as would be obtained by applying equal couples
at each of the free ends, it will bend to a radius R as shown in [Fig. 3.13b). For the
discussion to follow, we must also assume that the elastic limit is nowhere exceeded
that plane cross sections remain plane before and after bending and that there is no
resultant force perpendicular to any cross section of the beam. As a result of the
bending the top fibers of the beam will be subjected to tension and the bottom to
compression. It is reasonable to suppose, therefore, that somewhere between the two,
there are points at which the stress is zero. The locus of all such points is termed the

neutral axis (N.A), and to this, is the radius of curvature, R, measured.



Fig. 3.13 o) Side-view of a section of a straight and uniform beam. b) The same
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section under bending of radius R. c) Cross sectional view of the same beam.

Let us take now two cross sections of the beam, HE and GF, originally parallel
a)). When the beam is bent it is assumed that these sections remain plain; i.e.
H’E’ and G’F’, the final positions of the sections, are still straight lines b)).
They will then subtend some angle 6. Every fiber between the two cross-sections will
change in length after bending, except for that located on the N.A., i.e CD =C’D’. A
fiber, AB, of distance, y, from the N.A. will stretch to A’B’ when the beam is bent.
The strain in that fiber, for which: AB = CD, will be
A'B=AB _AB-C'D' _(R+y)J-RI _y

AB c'D RS R

[3.21]

and thus the stress on the fiber will be o(y) = Elly) = EAJR. The force oF acting on

&(y)=

the strip of area 04, located on the cross-section HE of the beam, at distance, y, from

the N.A. (Fig. 3.13(¢)) is

G (y)= 0(y) [BH(y) = [E i(y) B
[3.22]

where w(y) and dy is the width and thickness of the strip at this distance.

Until now we have introduced what is called the simple bending theory which holds
strictly only when a beam is constructed by a material which has the same Young’s
modulus, E, throughout. This theory can be found in textbooks dealing with the
subject of mechanics of materials. A composite beam is one, which is made from a
combination of materials in a way that maintains a uniform cross-section along its
length but a non-constant £ across this section. In this case the simple theory must be

modified. This is done in Ref. [ in a more or less schematic way. Following the



reasoning of this reference we will describe the modifications that must be performed
in this theory in a more mathematical manner. This will help us in developing the

formulae for bending and oscillation of cantilevers with trapezoidal cross-section.

Let us consider a beam with a cross-section as shown in a). The method of
solution in such a case, is to replace one of the materials, let’s say that with £’, by an
equivalent section of the other, so that the force JF at any given Jy in the equivalent

beam is equal to that at the strip it replaces:

o(y)(y) Wy =(0,(y) v, (y) +0,(y) O, (y) +o.(y) b, (y)) Wy

or
E0n(y)=EQv,(y) +w.(y)) +E O, (»)
[3.23]

We then produce an equivalent beam with the cross-section of [Fig. 3.14(b). This way,
we can generalize Eq. for the case of a composite beam by writing it as

C)F(J/):%[EZEi B"’iJ [y

[3.24]

where the term in brackets stands for the equivalent of the strip at distance y from the
N.A. The total force acting parallel to the composite beam axis i.e. perpendicular to
the cross section of b), will be given by the sum of all the 6F components
along the y-axis. In the infinitesimal limit: oy — dy, this sum is replaced by the

integral

F= _[dF = _[o—(y) @A(y)= F =% _[y[z Eiw,] dy
i y

[3.25]

Now one of the basic assumptions listed earlier, states that when the beam is in
equilibrium there can be no resultant force across the section, i.e. the tensile force on
one side of the N.A. must exactly balance the compressive force on the other side, or

F=0.



jy [EZE Ew,} dy =0

y

[3.26]

The equation above is the principal formula used to locate the N.A. across a section of
a composite beam, since it holds only when the integration takes place with respect to

that axis.

E' E E’ E E E
w. Wo w oy K w >
A
v
\ N.A.
(a) (b)

Fig. 3.14 Cross section of a composite beam (a) and its equivalent (b) acquired as
described in the text.

Every elemental force oF(y) will contribute to a bending moment about the N.A.
which will be the external product of the distance and force vectors: oM(y) = y X
0F(y). The magnitude of total moment, M, for the whole cross section of [ka) is
therefore the sum of all the elemental moments and in the infinitesimal limit: oy — dy

is given by

_ _ET1
= [y winaar) = m==

[3.27]

where EI is called the “stiffness” of the beam. EI can be written in the form:

El = jyz [EZE,. ml} dy
i y

[3.28]

and as we will see in the following, it is a measure of the beam’s flexibility under
external stimulation. The bending moment of a uniform and unstressed beam is zero.
The stiffness of a uniform beam is always constant. When the beam is bent, this
moment stands as the reaction of the beam to the bending load. If it is constant

throughout, then the radius of curvature, R, will also be constant. Therefore the beam



will deflect into a circular arc and in that case the term “circular bending” is often

used.

3.11.2. Application: Neutral axis and stiffness of a beam of trapezoidal cross-

section

Throughout our study of the light-induced modifications of the mechanical properties
of a-Si:H we used micro-cantilevers of trapezoidal cross-section as substrates for the
a-Si:H films. These cantilevers are straight c-Si beams, which have an isosceles-
trapezoidal cross-section a)), uniform along their length, except for a small

region near one end where the tip

y-axis y-axis

Wh

Y

" NA.
wi
N Es
(a) | Er )

2

Fig. 3.15 Cross sectional view of a beam with trapezoidal cross-section. a) “simple
case, b) “composite” case.

is located . They are clamped rigidly at one end while the other is free to
bend or oscillate. The a-Si:H films were always deposited on the narrower side of the
trapezoid modifying their cross-sectional view to that shown in (b). As we
will see in the following, in order to study the elastic properties of the films, we need
to calculate the stiffness of the cantilevers before and after the deposition of the a-

Si:H material.

Let us consider a beam with the cross-section of a) and a constant Young’s
modulus, E;, throughout. In order to find a formula for the stiffness of the beam we
need to locate the N.A. using the Eq{[3.26] The method is to select a reference on the

y-axis, let’s say the narrow side of the trapezoid, and state that this point is at distance



¥, from the N.A (Fig. 3.15(a)). The integration function and limits are then taken with

respect to that point. We first find a form for the term in the brackets

o) el

N

[3.29]
Utilizing the above we turn Eq. into

()+t.\' W —_— W
r yEs( ht ’(y-yo)+szdy=0
Vo

N

[3.30]

and solve the equation for y,:

_lrw +2
3r,+1

Yo =

tS

[3.31]
where 7, = w; / wy, 1s the width ratio of the parallel faces of the beam. The absolute
value of y, gives the distance of the reference point from the N.A. while the negative
sign dictates that this point is located on the negative portion of the y-axis that we
assumed. There is, then, only one possible location for the neutral axis. For r,, = I,
which stands for a beam with orthogonal cross section, the N.A. is placed at the
middle of the section as expected from symmetry considerations. The stiffness of the
beam may be given from Eq. in which the integral is calculated again with
respect to the N.A. or with respect to the reference point at y,, since the exact position
of the latter is known. The result is

2r,

1+,

EI:L[H;»W + JEywhtf
Y sWal,

[3.32]

Let us now consider the more complex case of a composite beam with the cross-

section shown in b). Following the methodology described earlier, we will
locate the N.A,, taking the plane which divides the film (£)) from the substrate (E;), as

the reference, y,, and solving the equation



()+t.\'
J‘V y[z Eiwi] dy=0
ya_tf i y

[3.33]

In order to solve the equation we need to break the integration range into the three
regions R1, R2, R3, shown in b), in which the term in brackets, is much

easier to find. After some calculations we reach the result:

E‘{Wht: it (y—yo +tf) +wl} ................................................ Rl

{ZE,.W,] = Ef(wh—wl)l;—i+Es[wht:wl(y—y0)+wl:| ........................... R2

- e (yoﬂs_y)w{w :Wf(y_yo)wl} ............... e
| [3.34] |

Replacing the above into EqJ[3.33]Jand solving for y,, we find:

J12+n, +3ex(1-,) 360 t

Yo =73 1+, +2&x *

[3.35]
where 7, = w; / wy, ¢ = Ef/ E; and y = t7/ t,. For thin films, the N.A. will always
intersect the substrate, as we see from the negative sign of y,. When the film’s
thickness goes to zero (y — 0), then y, takes the same value as that found earlier for
the homogeneous beam (Eq. Knowing the position of the N.A., we can find the
“stiffness” of the composite beam, using Eq. Dividing again the integral in the

same three regions we derive the formula:

(1+rw)2-+2r

w 2 2 2
s 1+3r, + +£)(()( +1+2r, 3rw) +)([(1 +r, )1+, #2x) 425
WhEStS 6£X
El= E
12 1+r,
1+
2ex

[3.36]

The stiffness of the composite beam, which originated from the deposition of a film

onto a simple beam, is always higher than that of the simple beam.



3.12. FREE FLEXURAL VIBRATIONS OF AN UNDAMPED
TRAPEZOIDAL CANTILEVER BEAM

The problem of finding the free flexural vibrations of a cantilever beam with
orthogonal cross-section has been extensively studied in the past. In the literature one
can find accurate formulae for the resonant frequencieiI of all the flexural vibration
modes of an undeposited orthogonal cantilever bean‘ﬂV and for the resonant frequency
of at least the first vibration mode of the corresponding composite beam.II‘iI However
we have not found any analytiacal calculation, regarding either one of these cases, for
a cantilever of trapezoidal cross-section such as ours. In this section we will try to find
a formula giving the principal resonant frequency, f,, of the free flexural vibrations of
an undamped uniform cantilever beam of trapezoidal cross-section. The value of f,
will be a function of the elastic properties of the cantilever’s constituents. Therefore
by measuring the resonant frequency of a cantilever before and after the deposition of
an a-Si:H film we will be able to calculate dynamically the Young’s modulus of both
the c-Si substrate and the a-Si:H material. We will first review the extraction of the
differential equation for the flexural vibrations of an ideal undamped uniform
cantilever beam and then make the necessary modifications in order to account for the

real case.

Let us consider a straight, uniform, composite cantilever beam, which is initially
curved from the action of an external force. The force is then removed and the beam
is left to oscillate freely. is a sideview snapshot, showing the beam curved at
a time point, z. We will try to find the differential equation describing the motion of
small segment, Js, of the beam located at distance, x, from the clamped

end of the lever.
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Fig. 3.16 Side-view snapshot of an oscillating cantilever showing the beam curved at
a time point, t.

In the limit of small deformations, this motion lies on a straight line, perpendicular to
the axis of the beam (the y-axis in . The slope at any point along the bent
beam will be given by 6 = dy/dx, since for small deformations: tan(8) /6. For the
same limit, the length, ds, of an infinitesimal piece of the beam will be equal to dx
and, since ds = Rd6 (Fig. 3.16)), we can easily find that the curvature, R, at that
point, will be given by the expression:
R = 1/R = d*y/dx*
[3.37]
Inserting this relation into Eq. we find the basic differential equation for the

deflection of beams which is:
d2
M=EI"3
dx

[3.38]
Every time that the cantilever is bent away from the straight line, a “spring” type force
will act along the beam trying to bring it to its original position. For small
deformations, this force will act always perpendicular to the axis of the lever.
Considering the small segment of the beam, ds = dx, shown in we observe

that this force, ¥, may be taken as the sum of the opposite shearing forces acting at



the two cross-sections of the segment or W = Q-(Q+6Q) = -0Q. To the first
approximation, 0Q = (dQ/dx) ldx, so
Y
-— &
dx
[3.39]

W =

The shear force Q at point x may be found by the condition that the total moment
around an axis in the z-direction, passing through the center of the element, must be
zero. There are four components of moment in that segment: two are the bending
moments , —M and M+0M, and two are the moments produced by the
shearing forces: Q/(#ox/2) and (-(Q+6Q))(bx/2). Having in mind that to the first
approximation: SM = (dM/dx) % and neglecting the small dx’ terms, the condition

described previously will give for QO the result:

_am
0= dx
[3.40]

Combining Egs. [3.38]| with Eq. we conclude that the total force acting

to the segment, Js, of the beam, perpendicular to the beam’s axis is

d4
W= -E1 &
dx

[3.41]
Under the action of this force, the segment will move along the y-axis. This motion
can be described by Newton’s second law: W = dmi@’y/dr’), where, om, is the mass

of the segment. In the general case of a composite beam of uniform cross-section, om

will be given by

dn:(z p,.A,.]&

[3.42]

where the sum is taken over all areas, 4;, of different density material, p,, composing
the cross-section of the segment and thus of the cantilever. Finally, combining Egs.
with Newton’s law, we arrive at the general differential equation
describing the deflection of the beam y(x,?) which is



d4y é'zy
E’E*[ZWJ?:O

[3.43]

Such an equation will have a general solution of the type:
y(x,t)= (alekx +a,e™ +ae™ +a,e™™ )e_i("
[3.44]

where a; (i = 1-4) are constants. The wave number, k£ = 27/A, and angular frequency,

o = 2xf, obey the following dispersion relation

EI%* - (Z pl.Al] [2? =0
[3.45]
which can be obtained by inserting Eq. into Eq. [[3.43] In order tho calculate all

the constants one has to fulfill the following boundary conditions:ﬂV at the clamped

end of the cantilever, the deflection and slope of the beam must always be zero,
&
=0 and —=0at x=0
4 o *

[3.46]
while at the free end, the bending moment and shear force must be zero. The latter

condition is expressed with the help of Egs. by the relations:
0? 0°
dc—g;=0 and dc_i/zo at x=L
[3.47]

where, L, is the length of the cantilever. Inserting the general solution for y(x,?) into
the four boundary conditions leads to the formation of four equations which can be

solved for the coefficients a; only when the characteristic equation
cos(k,L)tosh(k,L)+1=0
[3.48]

is fulfilled. The solutions {k,L, n = 1,2,...} of this equation give the wavenumbers £,
of an infinite set of flexural vibration modes, where n is the mode number. The

solution for the first or principal mode, which is of immediate interest to us, is k;L =



1.875. With the help of the dispersion relation Eq. [3.45], the first or principle

resonant frequency f, of the cantilever can be calculated:

[3.49]

This is an equation, which will be used extensively in our studies. Let us calculate, the
Young’s modulus of a ¢c-Si micro-cantilever of trapezoidal cross-section as that shown
in a), as a function of its resonant frequency f,. The stiffness of this beam is
given by Eq. Since the beam is homogeneous, the sum of Eq. will just be
equal to pgts(wp+wy)/2 a)) where p; is the density of c-Si. Inserting the latter
and Eq. into Eq. and solving for E; we find

575 )
ES = 2p3‘ Lfo J
1+ e L
2
(1 +rw)

[3.50]

where r, = wl / wh. After the deposition of an a-Si:H film the resonant frequency of

the cantilever will change. The beam is now composite, having the cross-section

presented in b) and it can be shown easily that

l+7r,
ZpiAi :Wh pftf +pstsT

[3.51]

The stiffness of the beam has also been altered and is now given by Eq.
Inserting the relations into Eq. and solving for the Young’s

modulus of the a-Si:H film, £, we derive the complicated formula

—(c1 —rfc5) +\/(c1 —rfcs)2 —403(02 —c4rfcs)
2¢c4

E,=E

[3.52]

The constants ¢;, i = 1-5 are given by



¢ =1+3r, +x[1+2r, 4372 +2(1 +r,)x]
(1+rw)2 +2r,
02:
60X

¢y = x(1+2r, =312 +x?)

1+,
cy = 2
c5=1+rw+ p—f

2 o

[3.53]
where y = t//t;, ps ps are the densities of the film and substrate respectively and 7, = (
fo/f )2, with, f,, being the new resonant frequency for the composite cantilever and, f,
a “unit” frequency defined by

f—mmsa Ly
' Jo

S

It is therefore clear that by measuring accurately the dimensions and the resonant
frequency of the cantilever before and after the deposition of the film we can readily

calculate the Young’s moduli of both the crystalline Silicon substrate and the a-Si:H

film by use of Egs.

3.12.1. Effect of tip mass, damping and initial bending on the measured resonant

frequency

The accuracy of the calculated Young’s moduli for c-Si and a-Si:H is of great
importance, especially in the comparison with previously published values obtained
by different experimental procedures. Besides any experimental errors, discussed
elsewhere, care must be taken with the assumptions, made for the derivation of Eq.
which are not met in a real cantilever oscillation experiment. The uniformity of
the cantilever is everywhere obeyed except for the region of the free end where the tip
is located . The mass of the tip is expected to reduce the resonant frequency.
Damping, due to internal friction and the presence of fluid resistance from the
surrounding medium, will have the same result. Finally one has to explore the
potential effect of initial bending, since this situation almost always emerges after the

deposition of the amorphous film.



To calculate the tip mass and damping effects we replace the uniform, straight and
undamped cantilever by an equivalent spring-mass system. The equivalent is such that
the displacement of the mass under the action of a force, W, parallel to the axis of the
spring, is equal to the deflection of the beam at its free end, y(L), when the same force
is acting at that point perpendicular to the axis of the beam. This procedure is actually
used to find the so called “spring constant” of the cantilever. Let us consider the
cantilever of and imagine it being bent by a load, W, acting at its free end,
towards the direction of the y-axis. The moment produced by this force, about an axis
in the z-direction, at distance, x, from the clamped end of the beam is W(L-x). For the
beam to lie in static equilibrium, this moment must be equal and opposite to the
bending moment of Eq. giving the following differential equation for the
deflection y(x):

d’y
Eldx_2: —W(L —x)

[3.55]
Applying the boundary conditions of Egs. which are always valid at the

clamped end of the lever, we find for y(x) the solution:

{4

[3.56]
For x = L, the equation above takes the form: W = — ( 3EI /L’ )f#L). The term in
brackets, is that, defined as the “spring constant”, k*, of the cantilever
k* =3EI/ I
[3.57]

The effective mass, m’, of the equivalent spring-mass system, is obtained from the
calculated (Eq. resonant frequency, f,, of the beam through the definition: 2zf,
= (k* / m*)w. It is now very easy to imagine that the tip attached to the free end of the
lever, would have the same effect to its resonant frequency, as if the mass of the tip,
myip, was added to the effective mass of the equivalent. The modified frequency, f;;,, of

the (cantilever + tip) system will then be given by:



[3.58]
The frequency of Eq. corresponds to the true resonance of a real cantilever

when damping is negligible. The effect of damping is to remove energy from a freely
vibrating system and dissipate it to heat, reducing the amplitude of oscillation with
time. The most common origins of damping is internal friction, a phenomenon very
likely to occur in a-Si:H coated cantilevers, and viscous resistance coming from the
surrounding medium. The latter is much more pronounced under the presence of
increased humidity and is greatly reduced when the oscillating system is placed in
vacuum. Damping in a harmonically excited oscillating cantilever, may be treated
effectively using again the equivalent spring-mass system in which the displacement
of the total mass, m + Miip EM*, is described by the usual differential equation
M %w% +k"y =F, sin(2771)
[3.59]

where c(dy/dt) is the damping term, and F), is the harmonically exciting force. In the
real case of a cantilever, the harmonic excitation arises from the movement of the
piezoelectric actuator to which the lever is attached. The solution of Eq. is of
the form y(t) = y,(f) sin( 2xnft — p(f) ). The amplitude and phase of oscillation are given

by

y200 and tan@(f)= —

TR

[3.60]

Yo(f)=

where y,, = F,/ k" and 2 = 2nfypc / k*. The resonant frequency, fuamp, of the damped
cantilever oscillator is then the frequency, which maximizes the amplitude y, of Eq.

After some simple calculations one finds:

fdamp :ftip V1_2{2 [361]



and for the peak amplitude: y,, L/
150

o ' ' ' ' Yoo / 2{. We observe that damping

max

0.707% reduces the resonant frequency of

*
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the cantilever. The graphic
representation of [Eq. |[3.60]

corresponds to the experimentally
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which, is shown in|Fig. 3.17. The

two frequencies f;, f> on either side of

Fig. 3.17_Cantilever resonance curve. y, is the deflection of the free end of the beam.

resonance, where y, = y,ac / V2, are referred to as the half-power points. Substituting
Vo With Ve / V2 in Eq. and solving for f, we find that for weak damping ( { <<
1) the half-power points are given by ( 172/ fip )? =1 #2¢ and therefore their distance

can be given by the relation:

1 _ /-4

— = =2
Q f‘tip Z
[3.62]

The quantity Q is called the quality factor and is a measure of the sharpness of the
resonance. The higher the factor Q is, the weaker is the effect of damping on the

oscillation of the cantilever. This is clearly seen when one inserts Eq. [3.62]]into Eq.

B 1
fdamp_ftip 1_2Q2

[3.63]

In we present a quantitative estimation of the relative magnitude of the
effect of tip mass and damping on A) the Young’s modulus of the substrate £; and B)
the Young’s modulus of the film £, when E; is known. All of the values used for the
cantilever substrate and film parameters, for the mass of the tip and for the damping
factor are typical measured values from our experiments. As we observe from the
table, damping (case (ii1)) has generally a negligible effect on the calculation of the

Young’s modulus when the mass of the tip has been taken into account (case (ii)).



However if the latter is omitted (case (1)) the error made is substantial especially when
the Young’s modulus of the film is considered. The last column of gives
the estimations, from previously published formulae, in the case where the cantilever
is considered to have orthogonal instead of trapezoidal cross-section. The large
relative error values justify the need for the derivation of formulae analyzing the

correct trapezoidal case.

A) substrate only: i) Eq.[3.50] ii) Eq.[3.58]  iii) Eq.[3.63] = f.s [after Ref.

fres=310 kHz fo=fes  Sin=fe  fam=fs V)
E;(GPa) 148 160 160 141
Relative error 8 % ~0 % - 12 %
B) film + substrate: 1) Eq. E i1) Eq. m 1i1) Eq. m f = fres [after Ref.
Jres=350 kHz Jo = fres Jiip = fres Saamp = fres X1vi
E/(GPa) 86 109 109 63
Relative error 21 % ~0 % - 42 %

Table 3.11: Calculated values of the Young’s modulus, from the resonant frequency
Jres, when the cantilever is considered. i) ideal, ii) with a tip of mass my;, and iii) under
damping of quality factor Q. Case A: undeposited trapezoidal c-Si cantilever with L =
135 um, t; = 4.5 um, wy = 17 um, wy, = 36.5 um, ps = 2.33 gr/em’ my, =7.8007"° gr, O
= 300. Case B: the cantilever of Case A, with the correct E; = 160GPa, after
deposition of an a-Si:H film with t; = lum, pr = 2.25gr/em’, Myip = 1007 gr. O = 300.
The relative error is taken with respect to the correct value when damping is
concerned. The last column contains the values estimated from the formulae found in
the corresponding references.

From [[able 3.II| it is obvious that measured the resonant frequencies of SPM
cantilevers, are actually the values of f;;,. It is thus imperative that the tip mass is

always accounted in the calculation of the Young’s moduli of c¢-Si and a-Si:H.

Fortunately this can be done easily by inserting in Egs. [3.50]pr [3.52]|the value

_ Miip
£, —fn.p 1+412——

{ze]

[3.64]

for the resonant frequency of the tip-less cantilever where f;;, is the measured resonant

frequency. Eq. [3.64]|was derived combining Egs. [3.49]} [3.57]} [3.58]!




Finally one has to consider the case where the beam is originally curved to a circular
arc of radius R,. This is the most common case in our composite cantilever beams and
in fact the maximum static slope we have observed at the free end of a cantilever was
Opmax = 5°. This value is well within the limit of small deformations as expressed from
the relation tan(@) [J6 (. Since the amplitude of vibration of that end
produces an additional slope which is 20 times smaller that 6, it is concluded that
this limit was never violated. The only difference in the analysis leading to the
differential equation of flexural vibrations (Eq. is that y must be replaced with
y’ =y —x’ /2R, but this change does not have any effect in the differential equation
itself and thus to the resonant frequency of the cantilever. As we will see in a
following section there was also an experiment in which an a-Si:H coated cantilever
had an initial curvature that changed sign after the end of this experiment. We
observed, however, that this extreme change in the static curvature of the lever, did

not have any effect on its resonant frequency.

3.13. COMPOSITE CANTILEVER BEAM BENDING UNDER
INTERNAL STRESS

3.13.1. Internal stresses in films

Nearly all films, by whatever means they are deposited, are found to be in a state of
non-zero internal stress. This stress may be compressive (i.e. the film tends to expand
parallel to the surface) so that in extreme cases it may buckle up on the substrate.
Alternatively the film may be under tensile stress (i.e. the film tends to contract) and
in certain cases the forces may be high enough to exceed the elastic limit of the film,
so that it breaks up. In technological applications it is of great importance that the
internal stresses are kept small. Device quality a-Si:H films are generally under
compressive stress, while non-hydrogenated a-Si films are reported to be almost

always under tensile stress.

The total internal stress of a film is generally the sum of more than one components

with different origins. When the coefficients of thermal expansion of a film and its



substrate are different, heating or cooling always produces stress. This stress
contribution is known as thermal stress, and its sign and magnitude depend on the
difference between the thermal expansion coefficients of the film and the substrate.
Even after accounting for the thermal stress, many films are found to have residual
internal stress. This part is called the intrinsic stress and it forms during the deposition
of the film. Finally, structural changes taking place inside the material may result to
the build-up of stress. These changes are usually induced by external factors such us

light or interactions of the film with the surrounding medium.

In Chapter 2 we have already mentioned that one of the motivations of this study was
the preliminary but also conflicting reports on the presence of photo-induced stress in
hydrogenated amorphous Silicon films. The problem in these reports came from the
fact that the phenomenon they detected was very small and thus amenable to
experimental error. When a small stress becomes present in a film deposited on a thin
substrate, then the latter will be bent, but a very sensitive apparatus will be needed for
someone to measure it. One of the most sensitive methods of measuring stresses is
films is by using a thin cantilever beam as a substrate and calculating the radius of
curvature of the beam and hence the stress, from the deflection of the free end. In the
following we will try to derive an approximate formula with which, we will calculate
the stress present in the film from the light-induced curvature of the composite

cantilever.

In Section it was stated there that when a rectangular bar, such as that shown in
is subjected to a tensile load along its length, then the latter will increase but
this will be accompanied by a decrease of its width and thickness. This happens
because no load is acting on the lateral planes of the bar. When a tensile load is acting

z simultaneously along the direction of

the width and length of the bar, then
O‘iz

. both of these dimensions will increase.
yz
Dz Therefore it is expected that the stress-
(74%
Tzx “ strain relations will be modified
}, ox | oo depending on the boundary conditions

OXX

>y present. A similar situation exists in a




film, which is under internal stress. This stress is built up because the substrate
prevents the film from retrieving its dimensions by exerting forces along both

principal directions within the film plane.

Fig. 3.18 Normal and shear components of stress in an element of a material in three
dimensions

Consider an element of material subjected to a complex stress system in three
dimensions. Whatever the type of applied loading, the resulting stresses can always be
reduced to the nine components, i.e. three normal and six shear, shown in [Fig. 3.18
For each component the first suffix gives the direction of the stress while the second
stands for the direction of the normal to the plane on which this stress acts. The
cartesian stress components considered here relate to the three mutually perpendicular
axes X,Y and Z. By taking moments, it may be seen easily that for equilibrium z,, =
Tyx, Tz = T and 7,. = 7, so that only six dependent components of stress remain. The
Hooke’s law is then stated mathematically as: each of the six components of stress is,

at any point, a linear function of the six components of strain and written as:

(o) ¢ ¢ OO O gl €
O, € Cx» L &y
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[3.65]

where ¢, ¢y, & are the normal strain and y,., y.., y, are the shear strain components.
In an isotropic solid the values of the coefficients must be independent of the set of
rectangular axes chosen, and if this condition is applied to the equations then only two
independent constants remain hlese will be denoted by 4 and x. We then have:
C12 =C13=C = C3=C31 =C32 = Ay
C4q = C55 = C66 — U,
cip = ¢ = ¢33 = At2u,
and the other twenty four coefficients all become zero. Egs. may then be

written:
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[3.60]

The two elastic constants, A and u, are known as Lame’s constants, and they
completely define the elastic behavior of an isotropic solid. From the three shear
stress — strain relations it is easily seen that x is identical with the rigidity modulus, G
[see also Section [3.10.1]]. The Young’s modulus and Poisson ratio may be defined in
terms of A and u, by applying the boundary conditions that no shear stress is present in
the element of and that normal stress is present only along one direction
(let’s say the X-axis) i.e. an identical situation with that shown in
Mathematically the conditions are: o, # 0 , 6y, = 0.. = 7. = 7.x = 7o, = 0. Inserting

them in Egs. and solving for the normal strains we find:

& —/‘La d g, ,=¢_= —;J
A2 T T T )
[3.67]

where the signs stand for the relative direction among the different strains. The
Young’s modulus, £, is defined to be given by o, / &y, and the Poisson ratio, v, by —

&y / &xx, SO that

/,1(3/1 + 2,u) A

=—— and v=

A+u B m
[3.68]
Now let us consider the most interesting case in which the element of is
under bi-axial stress i.€ oy, 0,, #0 and o.. = 7). = .. = 7, = 0 and furthermore that the
stress is the same along the two dimensions, oy = 0, = S, which is the case assumed

to be valid in thin internally stressed films deposited on substrates. Inserting these

relations into Egs. and solving for the strains we find

A+2u A

E_=E& S and &, =——F—S
= u(3r+2u)

T (30 + 2p)
[3.69]
Using Egs. we can rewrite the strains in terms of £ and v as

|



[3.70]

These are the basic stress-strain equations of the bi-axially stressed system. The
quantity £’ = E / (I-v) is called the modified or bi-axial Young’s modulus and is
defined such that &, = ¢, = § / E’. Comparing Egs. with Eqgs.
[3.697][3.70]]we observe that for the same absolute stress, the strain in the direction of
loading gets less in the bi-axial case, while the strain in the stress-free direction is

doubled.

3.13.2. Calculation of the internal stress of a film from the curvature it induces

on a cantilever substrate

There have been many attempts for calculating the intrinsic stress of a film in terms of
the deflection or curvature it induces at the free end of a cantilever. For a review see
Ref. E. The earliest analysis was made by Stone)JEI and provided the most widely

known formula:

E t?

S°Ss

67 R

[3.71]

where R is the radius of curvature, ¢, E, are the thickness and Young’s modulus of the
film, 7, and substrate, s, respectively. This analysis assumed that E; = Ej that the
stress in the film is homogeneous but deploys only along the length of the cantilever
and not bi-axially and that the thickness of the film is negligible compared to that of
the substrate. The calculations that followed this pioneering paper tried to account for
the cases in which some or all of these assumptions failed to describe the real
situation. In our study none of the assumptions made by Stoney is correct, therefore
we need an analysis covering the problem in the most general case. Brenner and
Senderoff have obtained a ‘more accurate’ derivation of Eq. considering
both the comparable thickness and the difference in elastic moduli, of the film and the

0

substrate. Their result was
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[3.72]

where ¢ = E;/ E; and y = tr/ t;. Based on the basic method followed by these authors,
we derive a further improvement taking into account the effect of isotropic stress

along the plane of the substrate.

At first we define as intrinsic stress, S, the stress developed in a film deposited on a
cantilever substrate that is held straight at exactly its original free dimensions. This
stress will be equal to that developed by the film deposited on a thick, unbendable
substrate. a) represents this situation, for a section of an orthogonal
cantilever, showing also the intrinsic, stress components in the film which are
assumed to be compressive. At this phase the substrate remains stress-free. The total
forces acting at the cross-sections of the film (a)) will have a magnitude
given, through the definition of Eq. by

F, = Swtf and F,, = SLlff
[3.73]

where, w, L are the width and length of the lever which are along the z and x
directions respectively in The suffixes of the forces follow the notation of
Fig. 3.18 The absolute magnitude of the total bending moments (a)), is
given through Eq. by

[vo| 2 |v| ¥
M, = I Swydy =%Swtf(2yo +i,),and, M, = J SLydy =%SLtf(2y0 +,)
7] 7.
[3.74]

where the suffixes of the moments denote the respective N.A. about which they act,
while y, is the distance of the film-substrate interface from the neutral plane (N.P. in
a)). The theory of Brenner and Senderoff is based on the principal that when
the constrains are relieved, the cantilever will gain an equilibrium position that will
satisfy two basic conditions:

a) the total force taken with respect to the N.A. over any cross-section of the beam

will be zero
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b) the total bending moment about the N.A. of any cross-section of the beam will be

Zero.
Equilibrium is assumed to be restored in two steps, nle of pure stretching of the
beam, which will satisfy the first condition and one of pure bending, which will
satisfy the second. b) shows the piece after the first step is completed. The
cantilever has still no curvature but it has expanded along the xz plane, until there are
no resultant forces across the yz and xy planes. This means that the compressive stress

in the film is somewhat relieved, while tensile isotropic

Fig. 3.19 Section of a composite beam at the three states described in the text.

stress has emerged across the yz and xy planes of the substrate. All of the stress
components involved, still have constant values across the cross-sections that they act.
This step is completed

by adding the condition that the total bending moments about the x and z axes are
conserved to the values of Egs. If the film’s thickness is small compared to
that of the substrate then the change in length and width will be negligible. We have
also neglected the inability of the yz cross-section to expand at the clamped end of the
lever, as being an extremely local constrain which cannot have a serious effect on the

main body of a long beam.




When the straight beam is now allowed to bend, the section of [Fig. 3.1%(a) will evolve
to that of c). The equilibrium position will be acquired when the total
bending moments about both of the axes involved, M,, M., are one by one equal to the
opposite moments that the composite system would normally develop when, being
originally unstressed, externally applied loads forced it to bend. The latter moments
are denoted by M, and M.’ in c) and their calculation will be the subject of
the following paragraph.

The problem of an initially straight and unstressed beam which is bent along one
direction only, due to external load, has already been treated in Section The
moment developed by the beam due to bending was given by Eq. . Let us
imagine that Fig. 3.19]c) shows a section of a beam subjected to external bending
moments, that will bend it in two directions and consider the two dimensional slab of
thickness dy and distance y from the neutral plane as shown in c). Now we
make the assumption that the stresses, oy.’'(v), o0..'(v), that build up at the cross-
sections of the slab, remain always equal to each other, so that the condition of
“Isotropic” stress is universally valid. The stress-strain relation that will then hold
strictly is that of Eq. modified for the x and z directions: €,.(y) = &..(y) = a(y) /
E’(y), where o(y) = 0y.'(v¥) = 0..'(y) and E’(y) = E(y) / [1-v(y)]. Since a beam with
orthogonal cross-sections is uniform both along its length (x-axis in a)) and
along its width (z-axis in a)) we can follow the reasoning of Section
to find that the neutral plane is a section of a sphere of radius, R, and that the bending
moments along the x and z directions will be given by relationships of the form of Eq.
M, =FE’l[./R and M.’ = E’I, / R where the stiffness in each case contains the
modified moduli of the components of the beam. In summary, the neutral plane of the
rectangular beam will be located at a position such that the film-substrate interface is
at distance

_il-ey’

2 1+&y

Yo =

[3.75]

and the bending moments will be given by
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where ¢” = E/ / E;" and y = tr / t,. Egs. were derived from Egs.
of a cantilever of trapezoidal cross-section, by setting », = [ and
replacing the normal with the modified moduli. As one would observe, the latter

replacement has changed the position of the neutral plane comparing to that of the

uni-axially bent rectangular cantilever.

Application of the second condition of Brenner and Senderoff for the internally bent
beam, leads to the system of the equations: M, = M,” and M, = M.’. Solving this
system for S we conclude that the correct formula giving the true intrinsic stress in the

film is

oo Bl I ex(4+6x+ax® +ex’)
6(1-v,)t R 1+ x

[3.77]
In the limit of negligible film thickness, y — 0, Eq. is approximated by:

Bt}

T 6= v, R
[3.78]

Many authors have derived Eq. with several different approaches and thus it is
Eq.|[3.78]]is sometimes referred to as
‘the modified Stoney’s formula’. Since it is very simple, Eq. has many times

ii

the most common found in the literature.

been used erroneously for cases where the thickness of the film cannot be considered

negligible compared to that of the substrate.

The errors in the calculation of the internal stress, from the curvature of a composite
cantilever with the elastic characteristics and dimensions given in [Table 3.1 I, are 47
%, 34 % and 20 % for the Stoney (Eq. [3.71]], the modified Stoney (Eq. and

' These values are calculated with v, = v, = 0.2 for the Poisson ratio of the film and the

substate.



the Brenner/Senderoff formula (Eq. respectively, compared to the correct Eq.
The estimated stress is substantially lower than the true value given by Eq.
It is concluded that when the effects of comparable film-substrate thickness
and bi-axial stressing are disregarded, the internal stress of the film is always

underestimated.

Both Egs. [3.77]]and [3.78]] give the intrinsic stress, S, in the film, as a function of the

radius of curvature, R. The latter must be related to the deflection, J, of the free end of
the cantilever which is the quantity measured experimentally. In Section we
have made the remark that in our experiments we are always in the limit of small
deformations. In this limit, the differential equation, which relates R with the
deflection of a beam along any distance from the clamped end, is Eq. Solving
this equation with the boundary conditions of Eq. and substituting for x = L we
find that

2
5ol
2R

[3.79]

Bending of curvature 1/R will of course take place along the width of the lever too.
However, since the average width, w ~ 30um, is much smaller than the length, L ~
135um, of a real cantilever, the deflection produced along the width will be only 5%
of that along the length, and is thus negligible.

Comparing the formulae [[3.72]and [[3.77] derived for the orthogonal cantilever in the

uniaxial and biaxial case respectively, we conclude that the only difference between
them is that the normal moduli of are replaced by the modified moduli in
This means that we could easily derive Eq. treating the uniaxial case
with the correct stress-strain equations governing both the materials of the
composite beam. In the trapezoidal composite cantilever the film is also stressed
biaxially. In the following, we treat this case first in the uniaxial approximation and
then we correct for the biaxial strain, by replacing the moduli of the film and of the

substrate by the modified counterparts.



In this case, we can consider the cross-section of Fig. 3.15(b) for a cantilever held
straight at exactly its original dimensions. The intrinsic stress, S, which is developed
in the film will produce a force perpendicular to to that section. The moment that this

force produces will be given by the integral:

Yot Vot
M= J.SydA =S jy v, (y)dy

Yooty Yooty
[3.80]

where, wy(y), is the width of the film at distance y from the N.A. This moment is
expected to be smaller than in the case of an orthogonal lever with w = wy, because in
this case there are sections of the film lying in both the half-planes defined by the
N.A. The integral may be calculated by breaking the integration range in the three
regions RI, R2, R3, of b), and entering for each region the width wyy), as
given by the quantities multiplying £, in Egs. The moment, M, that the beam
will develop due to bending, will be given by M’ = E’I / R, where the stiffness, £/, of
a composite trapezoidal cantilever, is given by Eq. with the moduli of the film
and substrate replaced by the modified values. Equating M with M’, we conclude that
S will be given by:

B it £ X1 +3r, +b,x +201 +1,)x%| +EX) (b +x?)

~6t,R by 1+r,
6 2
[3.81]
with
_1+4r, +7?

) , b, =1+2r, +3r2, by =1+2r, =31’
6

[3.82]
where, as usual, e = Ef' / E’, y = ty/ts, ry = wi/wyand Ef” = Ef / (1-vy), E;” = Eg / (I-
V).

The absolute errors in the calculation of the internal stress, from the curvature of a

composite trapezoidal cantilever with the elastic characteristics and dimensions given
in [Fable 3.II} and vy = vy = 0.2, are 42 % and 30 % for the modified Stoney (Eq.
[3.78]) and the Brenner/Senderoff formula (Eq. [3.72]) respectively, compared to the



correct Eq. [3.81] We conclude that both the comparable film-substrate thicknesses
and the fact that our levers have a trapezoidal section had to be treated in order to

acquire the correct values of stress in the films from the curvature of the cantilevers.
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3.14. EFFECT OF HYDROGEN ON THE RIGIDITY OF a-Si:H FILMS

3.14.1. Introduction

One of the topics that attracted the interest of many researchers, throughout the 30
years of research in hydrogenated amorphous Silicon, is the relation between the
electronic and structural properties of the material. The optimization of the growth
conditions was (and still is) done empirically on the basis of the electronic
performance of the films grown in solar cells and other devices. In time however, it
was understood that the optimization of different growth processes, produced films
which are remarkably independent of the details of these processes; the best films are
all similar, while low quality films are “defective” in many ways.EI However many
different experiments show that high quality a-Si:H films have complex, non-
homogeneous structure with significant variation among materials with similar
electronic properties. Better understanding of the structure can certainly provide a

valuable guide to further optimization.

Amorphous materials do not have the regular structure characteristic of a crystal.
Instead the specific bonding arrangement within a particular volume represents one of
many alternative configurations. A-Si:H has the added variability of the hydrogen
content. Therefore, the usual techniques for probing, in a straightforward way, the
structure in crystals, give limited information on the structure of the a-Si network. X-
ray and neutron scattering for example have established the tetrahedral (sp’) bonding
or short-range order in a-Si:H and that there is a long-range randomness of the
network, but have not given much information about the intermediate range order
which involves the topology of the network at the level of second, third or fourth
nearest neighbor. This is unfortunate because the bonding disorder in this range is the
main origin of the band tails of localized electronic states, which, for example, control

the electron and hole mobility.

A very interesting way to probe larger scale characteristics in a-Si:H and eventually
detect qualitative differences among samples with variable hydrogen concentration is

through the combined study of easily measurable structural properties of these



materials. The mechanical and elastic properties of a-Si:H films are closely connected

to the silicon bonding configuration, hydrogep content and the presence of voidsand

can be measured easily and quite accurately.

2 1 1
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determination of the Young’s modulus, £, of a-Si:H films with different hydrogen
content, ¢y, deposited on c-Si micro-cantilevers (MCLs) by different deposition
techniques. As the elastic properties of the crystalline Silicon substrate, are known
with accuracy, the Young’s modulus of the amorphous films can be measured through
the resonance frequency of the composite cantilevers. We then tried to find out
whether there is a relation between Er and cp. Finally, through a simple-model, and
with the aid of results from other experiments, we formed a qualitative picture on

what characterizes the medium range structure of high performance a-Si:H.

3.14.2. The Young’s modulus of crystalline Silicon and Hot-Wire hydrogenated

amorphous Silicon with variable hydrogen concentration

The theoretical analysis of the problem of vibrations of the free end of a composite
beam with trapezoidal cross-section as that shown in Fig 3.7(b), has already been
made in Section 3.1.5. This analysis led to the formulae [3.33] and [3.45], the
combination of which, is able to give the Young’s modulus £, of the film from the
resonant frequency f;, of the undeposited cantilever. Besides knowing the exact
dimensions of the MCLs on which the a-Si:H material is deposited, the accuracy of E;
depends linearly from the accuracy with which the Young’s modulus, E;, of the c-Si
cantilevers is known. For that reason we measured the dimensions and resonance
frequencies of seven different uncoated c-Si MCLs and calculated E; for each one of
them through the formulae [3.31], [3.45]. The results are presented in The
ratio of the narrow to wide face of the trapezoid was always r,, [/0.47 and the density

Ii—Llps =2.33 gr/em’. The tip has the shape of a pyramid of base area,

of ¢-Si is taken as:
S 77 umz, and height 4 [/13pm, thus its mass is estimated to be m, [77.801071° gr.
Al ‘ A2 A3 ‘ Bl C1 ‘ C2 C3 ‘
L (um) 138 138 136 136 138 134 132
ts (um) 4.4 4.2 4.0 4.4 4.0 4.2 4.2
fup (kHz) | 287.2 | 273.1 | 272.6 | 305.5 | 257.3 | 298.0 | 306.2

E;(GPa) | 156.5 | 1559 | 162.4 | 167.2 | 153.2 | 1654 | 164.6




Table 4.1I1 Resonance frequency, f, and Young’s modulus, E; for seven different
uncoated c-Si cantilevers.

The experimentally determined mean value of the Young’s modulus of c-Si is thus E;
= 161 * 6 GPa. This value is only 5% smaller than the value of 169GPa for the
Young’s modulus of c-Si, along any direction within the (111) plane:.IjTiI Since
commercial MCL probes are etched out of (111) c-Si wafers, we conclude that our
measurements of bare MCLs are in very good agreement with the known elastic

properties of c-Si.

The characteristics of the HW a-Si:H films used in this study are presented in

The films marked HW1, HW2, HW3 are intrinsic material, deposited at various
[

temperatures, by hot-wire chemical vapor deposition, as described earlier,  onto

MCLs.

‘ PE HWI1 HW2 HW3
Sample number | 5-96-1a | D-357-695 | H-824-696 | D-357-697
Ty (°C) 230 360 300 225
cr (%) 8 1-2 5-6 8- 10
Egqp (€V) 1.68 1.64 1.66 1.70
gss (cm™) 10700 15900 11000 8600
tr(um) 12 0.83 1.40 0.87
L (um) 137 135 137 133
fsum (L) 5.7 52 5.7 5.3
fip (kHz) 349.2 330.0 324.6 355.9
E;(GPa) 109+10 | 102+10 80 + 7 122 12
S, (GPa) 150 +25 | 500 + 85 335+ 50 130 + 25

Table 4.1V Characteristics of the first family of samples used in this study.
The films marked PE-N, PE-L and PE-H in|Table 4.V]are PECVD material deposited

after plasma decomposition of disilane gas (Si,Hg) diluted with hydrogen (H;) gas.

‘ PE-N ‘ PE-L PE-H HW4 ‘
Sample number L12510 L11407 L11397 H-825
Tsus (°C) 300 300 300 250

Dilution ratio

0 (Ho/SizHy)

25 (Ha/SizHy)

150 (Ho/Si;Hy)

3 (Ho/SiHy)




cu (%) 9-10 9-10 9-10 6-7
tr (Lm) 0.80 0.85 0.80 1.1
L (um) 130 134 133 135
tsum (Mm) 55 6.0 5.8 53
fip (kHz) 358.2 400.5 375.6 343.4
E; (GPa) 70+5 120+ 11 83+7 114+ 11

Table 4.V Characteristics of the second family of samples used in this study

The dilution ratios are given in the same table. Details on the deposition conditions
and parameters are provided in Refs EEI. The HW4 film shown in the table above is a
hot-wire sample deposited after thermal decomposition of silane (SiH4) gas which
was lightly diluted with hydrogen gas. The PE-H film is considered as state of the art
material for solar cell fabrication since it produces devices with high efficiency and
long-term stability against the SW effect. On the other hand the best hot wire material
for device applications is considered to be the one with the lowest hydrogen

concentration (HW1).

During the growth of all samples of films were also deposited on Corning
7059 glass substrates. The latter were used for optical absorption measurements from
which we calculated the values for the optical (Tauc) gap, E,.,, and absorption
coefficient at 4 = 658nm, asss, of each sample presented also in . The
hydrogen content, cy, of all films used in this study was always calculated using IR
absorption measurements. By Ty,, we denote the temperature at which the substrates
were held, during deposition. The sample named PE in is a device quality
PECVD samplelgiI used for comparison. The PE and HW samples were prepared in
different labs and the thickness of the films, #; along with ¢y and T, were provided
by the suppliers. The thickness of the c-Si cantilevers, ¢, is calculated by the
difference between the measured total thickness of the deposited MCLs, ¢, and the
thickness of the films #:. The ratio of the narrow to the wide face of the trapezoid
remains equal to that of the undeposited MCLs i.e. r,, = 0.47, while the mass of the tip
increases to the approximate value of m;;, U 1.0000” gr due to the presence of the film.
The density, ps of a-Si:H with ¢y varying from 1% to 10% is generally
reported to range from 2.2 to 2.3 gr/cm’. Since the range of densities is very

narrow, we assumed a constant value, within limits covering the above range, for all



samples: pr = 2.25 = 0.05 gr/cm’. Inserting the above values into the formulae [3.33],
[3.45] we calculate the Young’s moduli of the films, presented also in and
Before discussing the experimental results on the Young’s modulus of a-
Si:H in general, we need to introduce a simple theory which relates the Young’s
modulus of amorphous tetrahedrally coordinated material assumed to be a continuous
random network of atoms, with the hydrogen concentration of this material. This
theory combined with our experimental results will help us to form a better picture on

the structure that characterizes high quality a-Si:H material.

3.14.3. A theoretical approach to the issue of rigidity of a continuous random

network of atoms

All of the elastic moduli of a material are measures of its rigidity, or, in other words,
of the degree of elastic, thus reversible, deformation of the material under different
loading conditions. Consider a Continuous Random Network of atoms that is isotropic
along each one of its three dimensions, in which every atom is connected with its first
neighbors with springs representing the bond-stretching and bond-bending forces.
These forces will act on this atom as it moves away from its equilibrium position. No
dangling or floating bonds are present. If an external load is applied along one axis of
this structure, then the atoms will move towards positions where there is less or no net
force acting on them, in order to minimize the total strain energy, U, of the network.
The net motion of the atoms results to the strain, ¢, that is observed externally. The
final energy that the network will acquire relates to the macroscopically observed

strain by U = E/&7 / 2, where E;is the Young’s modulus of the material.

Consider now the case of the same network of atoms in which some of the bonds are
removed randomly, as happens when the mean netwok coordination is reduced. This
means that the ‘springs’ corresponding to these bonds must also be removed. Under
the action of the same external load the atoms will move again in order to minimize
the force acting on them. However in this situation the atoms with broken bonds will
perform larger displacements acquiring new positions in which this minimization is

much more effective than before, due to the absence of some of the previously acting



forces. Minimization may be more efficient when bonds are removed from
neighboring atoms and even more, when two bonds are removed from the same atom.
This procedure has an impact also to the atoms away from the regions of broken
bonds which will increase strongly with the reduction of network coordination. The
net result will be an increase of the macroscopically observed strain and thus a
decrease of Eyto a new value, £/’, which can be found through the new minimum in
strain energy, U’. The Young’s modulus, Ej has a straightforward dependence on the

average network coordination number, rs;: when rs; decreases, £, will also decrease.

Based on the above discussion, He and Thorpem, did numerical calculations by which
they tried to establish the relation between the modulus of elasticity and the mean
network coordination number, ;. In order to produce networks with different rg;, they
started from a lattice in which all atoms were four-fold coordinated and begun
removing bonds randomly but in a way that an atom could have a minimum
coordination of » = 2. Their calculations led to the very important result that for a
given mean network coordination, rs;, E; does not depend on the fractions of two,
three and four fold coordinated sites but only on rg; These calculations resulted to a

set of (rs; , Ey) data which could very well be fitted, in the region 2.4 <rg <3.2, by the

Lsid
L5
- Fsi ~ T
Ef - EO( 1 C}"j

4_rcr

function:

[4.83]

E, is the Young’s modulus of the amorphous network in which all atoms are four-fold

coordinated, and r., is a critical coordination below which Erbecomes zero.

An isotropic amorphous silicon lattice which maintains only short-range order can be
imagined as an ideal Continuous Random Network (CRN) of atoms, which are all
four-fold coordinated. This lattice will have £ = E,. Since such an ideal material does
not exist, the determination of E, is rather arbitrary. One approximation comes from
the concept that this material would resemble elastically a c-Si lattice in which the

elasticity constants for the different crystallographic directions are averaged over the

L

unit sphere.”  This value has been found experimentally to be 160GPa., iiWe must

point out however that there are theoretical models of ideal a-Si CRN’s which always



xid

show a softening of the material compared to c-Si.~— Computational results taken
from both materials, predict a 5 % reduction of the Young’s modulus of the
amorphous compared to the crystalline counterpart.hlerefore it is expected that E,
for the four-fold coordinated a-Si will be approximately 150 GPa. This may actually
be an upper limit to the real material. It has been repor‘[edIEI that high density ion-

implanted a-Si material exhibits E,= 124 GPa .

When the average coordination number becomes lower than or equal to 7., the value
of Ey drops to zero. At these coordination numbers any action of external loads can
deform the network with zero energy cost, thus there is no need for it to return to its
original position after the removal of the load. This quality characterizes the floppy
material. A classical example is the network of two-fold coordinated atoms in which
the chains can arbirtrarily move with respect to each other, for nothing is holding
them apart. The critical coordination separating the floppy from the rigid material is
Ter = 2.4.[|‘i Finally recent experimental studies made by Ferrari et al.IEI on tetrahedral
hydrogenated amorphous Carbon (ta-C:H) showed that Eq. could actually fit
reasonably well their experimental data all the way up to coordination equal to four.
Since the calculations leading to Eq. treat the atoms as spheres of no specific
kind, which are normally four-fold coordinated, we will assume that Eq.
describes well the full range of 2.4 <rg; <4, in all amorphous networks of such atoms,

including silicon.

In hydrogenated amorphous Silicon, the presence of the hydrogen imposes a
distinction between the atomic and the network silicon coordination. All silicon atoms
are four-fold coordinated to another Si or H atom, apart from the negligible
concentration of coordination defects. However, the network coordination, that is the
mean number of Si-Si bonds per Si atom, r;, is reduced by the presence of hydrogen
which forms a single bond to silicon and so does not help to link the network together.
The average network coordination is
C
s = ‘ﬁ

[4.84]



where ¢y 1s in %. In our samples where cy = 1-10 %, rg; varies from 3.9 to ~ 4. Since
bonded hydrogen deteriorates the cross-linking of the network, it can easily be held
responsible for reducing the rigidity of the structure, thus having just the same effect
as the removal of Si-Si bonds in a pure silicon network. Under this picture we can
predict a simple formula describing the relation between the Young’s modulus of a-
Si:H and the hydrogen content of the material. Inserting Eq. into Eq. we
find

CH 1.5
E;(GPa)=150| 10625

~cy
[4.85]

where we have substituted £, and r, of Eq. With 150 GPa and 2.4 respectively.

Eq. shows that as the hydrogen content of an a-Si:H sample increases, the

Young’s modulus is always expected to decrease in the continuous random network

approximation. Unhydrogenated a-Si material should exhibit the highest modulus.

3.14.4. Young’s modulus and film structure

In we plot the Young’s modulus, Ej; of the films shown in [Table 4.1V|as a

function of their hydrogen content cy. Our regults, in solid symbols, are plotted
together with those of Kushnereit et al.l]X obtained by a completely different
technique, namely, Surface Acoustic Wave Spectroscopy (SAWS). indicates
a very good agreement of the absolute values and the general behavior of the Young’s
modulus, £y of our HW films with the PECVD and Laser-CVD films of the study of
Kuschnereit et al.[lX The solid line plotted in the same graph is the theoretical
prediction of Eq. discussed in the previous section.
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Fig. 4.20 The Young’s moduli Ey of the samples shown in as a function of
their hydrogen content cy. The solid circles represent the HW samples while the solid
square represents the PE sample. The open symbols are results taken from Ref.
The solid line is a result of a theoretical calculation discussed in the text.

We observe that the HW material with 10 % hydrogen has a Young’s modulus very
close to that predicted theoretically for the amorphous CRN. On the other hand our
data reveal that there is a deviation of £y from the theoretical values in the range of cy
= 1-5 %, which shrinks as the hydrogen content increases from 5 to 10 %. Our results
together with those of Kushenereit et al. form a unified picture for a-Si:H prepared
under regular conditions (i.e. from silane - SiHy4 - gas with no hydrogen dilution): a-
Si:H material with cg ~ 10 % is the closest to the theoretical approximation of a
continuous random network. It is also clear that any deviation from this network

results in softening and not hardening of the material.

In we plot the Young’s modulus, Ej, of the films shown in [Table 4.V]as a

function of their hydrogen content cy. In this figure the key parameter is not the
hydrogen concentration but the dilution ratio i.e. a difference in the deposition
conditions of the samples which does not effectively alter their concentration in
hydrogen atoms. We observe that a great change in the Young’s modulus of a-Si:H

can occur without altering cy. This is true for both the PE and the HW series. In



general we can conclude that provided that cy is constant, weak dilution increases the
rigidity of a-Si:H. On the other hand heavy dilution must have a softening effect on
the films as seen from the reduction of Ef for the PE-H sample in which the dilution
ratio is 150 ([Table 4.V)). It seems quit safe to predict that there exists a certain dilution
ratio, in which a-Si:H shows maximum rigidity. This ratio may depend on the
hydrogen concentration and the parameters of the deposition technique utilized. Such

a parameter may be the type of the gas used for the deposition. PE material deposited
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from SiHy4 gas has good rigidity without dilution (E£y = 109 GPa) whereas PE material
prepared from Si;Hg gas acquires substantial rigidity only when prepared under

moderate dilution conditions (compare PE-N with PE-L samples of Fio. 4.21)

Fig. 4.21 The Young’s moduli Ey of the samples prepared under different hydrogen
dilution, conditions shown in[Table 4.V} as a function of their hydrogen content cy.
HW?2 is taken from [[able 4.1V| The open symbols are results taken from Ref. The
solid line is a result of a theoretical calculation discussed in the text.

In general we conclude that a-Si:H appears to be softer than expected from a
continuous random network of atoms, which means that its lattice deviates from this
ideal consideration. This deviation depends on a combination of deposition
parameters and not only on the hydrogen concentration of the sample. It also seems

certain that a high quality a-Si:H material in terms of electronic properties and



stability does not need to be a continuous random network of atoms exhibiting high
rigidity; the best HW and PECVD films (HW1 and PE-H respectively) are softer than
expected. In the following we will suggest some sources of rigidity reduction which
may play a significant role in a-Si:H and discuss their significance in different cases

comparing with other experimental results found in the literature.

The first and most straightforward cause of rigidity reduction could be a reduction of
the spring constant of the bond-bending and/or bond-stretching forces in a-Si:H
compared to that of c-Si. This means that there is a possibility that the network of a-
Si:H is continuous_and random but the springs connecting the silicon spheres of the

Thorpe’s modelﬂ‘i . aTle_WE’Jk'eT_ﬁ’l_aTSTTH_C'OTnp’JrE'd_lO c-Si. As we have already

mentioned, Weakeni suggested theoretically to occur in four-fold coordinated a-
l i

Si, compared to c-Siff L nI fact the absolute value of E,found for our lowest ¢y sample
(HW1, Er = 102 GPa), which contains an 80 % volume fraction of hydrogen
deficient, a-Si material (see Section 1.3.2), is very close to the theoretical prediction
of Ref. (Efa-S1) 190 GPa). On the other hand it is difficult to explain why the
HW3 material, which is deposited at lower temperature and has higher cy, has

“stronger” bonds. It was suggested by Hishikawa"“‘_‘i'i| that weakening of Si-Si bonds

may be detected by a reduction of the TO Raman peak which is not observed in either

HW sampleleiiI or PECVD material prepared with H-dilutionE Stree‘.,lf_ disagrees-with
Hishikawa’s suggestion so we believe that from the point of view of Raman studies
the question of the strength of Si-Si bonds in a-Si:H remains open. We suggest that a
more indicative quantity of an a-Si:H continuous random network with weak bonds, is

the density of that structur e will come back to this issue in a following paragraph.
1

Mathioudakis and Keliresl]'"¥ have speculated that voids may be a source of reduction
of rigidity in amorphous materialult the relation between the volume fraction of
voids and the reduction of the Young’s modulus, is still very unclear. All of our
samples, which are considered as device quality in terms of electrical performance
and stability, are reportedIEI to contain a small volume fraction of voids (less than

]

1%). This fraction can contain molecular hydrogen,“*and is generally too small to be

responsible for any divergence of the network from its ‘continuous random’ elastic

proper‘ciesI N ushnereit et a;ﬂx pointed out. On the other hand there are many

T x]Ixix
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reports hchrprovethatthis fraction icreases dramatically with ¢y for cy



>10% causing a serious reduction of the material’s density,1 il bnd Er (Fig. 4.20).
There are also preliminary reports of sizeable amounts of H being present im two
Ixxi

dimensional structures (platelets or 7-like sites),:l which may have some relation

with our observations, but this subject is not clarified yet.

When the volume fraction of voids increases, the density of the material must
decrease. Furthermore, weakening of Si-Si bonds can occure when these bonds
become more strained i.e. more elongated compared to the normal Si-Si bond (2.35
A) of crystalline Silicon. This will also result in a decrease of the density of the
material. We suggest that when voids and/or Si-Si bond weakening, reduce
significantly the rigidity i.e. the Young’s modulus of a-Si:H, then this must be
accompanied by a significant decrease of the depsity of the material. This is the case
for the HW2 material . Williamsoolund that this material deposited
at the same laboratory as ours exhibits a density of only 2.18 gr/cm’ while HW
samples deposited at elevated temperatures (such as the HW1 of have

densities closer to 2.29 gr/cm’. The best correlation however between rigidity and

density can be made for the samples prepared under hydrogen dilution. Bauer et all
showed that the densest HW films are those prepared under a dilution ratio of 1 — 2
while the densest PECVD films were prepared with a dilution ratio of ~ 15. These

ratios are very close to the ratios which produce the most rigid HW and PE films in

our dilution series samples shown in Fig. 4.21]and[Table 4.V|

Finally another plausible explanation comes from careful examination of the method
yielding Eq. : all networks with rs; < 4 are simulated theoretically by randomly
removing or substituting Si-Si bonds from a network with four-fold coordinated
atoms. As we have already discussed in Section when this action is not
performed randomly but in a way that Si atoms with only two Si neighbors (rs; = 2)
are produced systematically or in a way that the broken Si-Si bonds are intentionally
grouped to form tissues of low coordinated material, then the reduction of £, may be
more pronounced than expected from random network considerations. Non-random
removal of bonds can also be conducted anisotropically, resulting in a network with
different elastic properties along the three principal axes. All of the above processes

produce an inhomogeneous material.



A dihydride is a Si atom bonded to two hydrogen atoms, while in a monohydride, Si
is bonded to one hydrogen only. Dihydrides and chains of dihydrides, which are
thought as polymeiic structures, are the clasical examples of atoms with rs; = 2.
Kushnereit et alﬂx suggested that these structures cause significant reduction of E;in
low quality samples having hydrogen concentrations larger than 10% . The
reportedlxJTjiI decrease of the dihydride to monohydride ratio in HW samples with
decreasing cy, in the region of ¢y = 1-10%, does not support the reduction of Ef
towards low cy (Fig. 4.20). On the other hand, Infra Red measurements showed that
the PE-N film contains an appreciable amount of dihydrides contrary to the PE-L and
PE-H samples. This may very well be a serious reason for the low Erexhibited by this

material (Fig. 4.21J).

As we have already discussed in Section 1.3.2 device quality a-Si:H appears to be
inhomogeneous at least with respect to the distribution of hydrogen. The material may
consist of three different phases: a) hydrogen clusters, which comprise more than 50
% of the hydrogen content, b) randomly dispersed hydrogen regions of constant cy =
2 — 4 % and c) hydrogen deficient material or pure amorphous Silicon. We suggest
that clustered hydrogen regions can be a major source of rigidity reduction inside the
material when they are organized in structures, which percolate the film. Percolation
may be accomplished much more easily along the direction of growth since the
thickness of a film is its smallest dimension. If this actually happens, then the film
will behave like rigid H-dispersed or H-deficient columns, parallel to the growth axis,
separated by weak intercolumnar material containing the hydrogen clusters. Such a
structure is by definition anisotropic and is expected to give different Young’s moduli
for the directions parallel and perpendicular to the growth axis. A linear or
“columnar” like structure has been actually observed in high quality PE material
prepared under high dilution conditions (similar to our PE-H sample) both by

Transmission Electron Microscopy (TEM) photographsE-&ﬁd—by—a—wea-l&&r&se-tfepy—
detected in Small Angle X-ra}i:attering (SAXS) in the directions along and

perpendicular to the growth axis L ix tlis interesting to note also that high dilution PE
material exhibits a low temperature effusion pe:»,11<.|”T'i'iI This is indicative of oriented
features containing higher than average H concentration (i.e. H-clusters) which
facilitate out-diffusion of hydrogen as discussed in Section 1.3.3. We speculate that a

similar situation may exist in the high quality, low cy, HW material (HW1) although



to a less extent due to the reduced total hydrogen concentration of these films. This

might be the primary reason why this film exhibits lower Er than that of the material

with 9% of hydrogen (HW3) as observed in|Fig. 4.20)

3.14.5. Conclusions

The study of the elastic properties of hydrogenated amorphous Silicon can provide

useful information on the structure of the material especially if it is combined with

measurements of other physical properties such as the density. This study resulted in

the following conclusions:

a)

b)

d)

A-Si:H material prepared without hydrogen dilution is closer to the continuous
random network of atoms in terms of rigidity, when it contains approximately 10
% of hydrogen irrespectively of the deposition technique used.

A-Si:H material is generally softer than expected theoretically. Moderate
hydrogen dilution can improve the rigidity of the structure but heavy dilution has
a softening effect.

The best Hot-Wire and PECVD materials for solar cell applications -namely the
low cg HW and the PE prepared under high dilution- have a structure, which
deviates from the continuous random network. These materials appear to be
inhomogeneous.

An inhomogeneous hydrogen distribution inside a-Si:H must play a significant
role in deteriorating the rigidity of the network especially if some sort of ordering
of H-reach material occurs.

Dihydrides and voids play a significant role in rigidity reduction at hydrogen
concentrations higher than 10 %. Material with cg > 10 % is considered to be of
low quality and can not be used in device applications.

Weakening of the bond bending and bond stretching force constants of the Si-Si
bonds in general or in tissues surrounding rigid material, can play a significant
role in the reduction of the Young’s modulus of a-Si:H. Whether this weakening
occurs or not, under certain deposition conditions, is still an open subject for

experimental and theoretical research.



3.15. PHOTO-INDUCED STRESS IN a-Si:H.

3.15.1. Introduction

As we have already pointed out in Section 2.3.1, our study of the changes of internal
stress after illumination was motivated by

a) the novelty of the phenomenon, since its presence was reported for the first time in

]
XX\

1998,mb) the presence of contradictory reports|f* V=20l the Type of THe SITess
(compressive or tensile), which raised the suspicion that the phenomenon is sample
dependent,

c) the fact that probing photo-induced structural changes through the measurement of
mechanical properties is certainly more straightforward than the study of electronic

properties, which offers greater sensitivity but is difficult to interpret and



d) the potential that the study of this

phenomenon, could also improve our

understanding of the Staebler-WronsKki effect.

A great part of the 30-year research in a-Si:H was devoted to the study of the role of
hydrogen in the stability of a-Si:H samples against the SW effect. The problems
mainly arising in this study were a) that all device-qu:cllitylz| PECVD samples contain
almost the same amount of hydrogen (cy = 8-9 %) and b) that Nuclear Magnetic
Resonance (NMR) and IR absorption techniques, which are used extensively to
determine hydrogen concentration and bonding configurations, do not normally have
the sensitivity to detect small changes that may be caused by illumination. In 1991
Mahan et al. reported on the development of device qL]ality a-Si:H layers by the Hot
Wire (HW) Chemical Vapor Deposition method.ﬂv Since then, this technique has
attracted considerable interest from many research groups because it produces
material with a wide range of hydrogen concentrations from below 1 % to as high as
10 % and very low defect densities, at deposition rates higher than those achieved by
PECVD. HW films are therefore the best candidates for the study of hydrogen in a-

Si:H, in an attempt to understand its relation to the stability of the material.

In this section we present our experimental results regarding the stress induced in a-
Si:H films deposited in c-Si micro-cantilevers (MCLs), after high intensity
illumination. We have been able to obtain the highest possible intensity of
monochromatic light without significant heating of the films thanks to the micron
scale dimensions of the MCLs and the high focusing ability of the laser diode These
produces easily detectable changes within reasonable exposure times. The stress is
calculated from the measured deflection of their free end of the MCLs. The high
length to thickness ratio of the MCLs, L / t; [l 30, offers great sensitivity as the

detection limit in the relative change in length of the film, is only AL/L = 10°. We

* By this term we denote samples, which, in their as-deposited state, have adequate

opto-electronic properties for the production of solar-cell devices.



have used both HW films with cyg varying from 1 % to 10 % and device quality
PECVD material in order to be able to observe the dependence of photo-stress on a)
the hydrogen content on a series of films deposited by the same technique and b)
possible systematic differences between HW and PE CVD samples. We have also re-
measured the photo-stress kinetics in the same samples after annealing at various
temperatures. This is very important in the establishment of the extend to which the

effect is reversible.

3.15.2. Kinetics of photo-induced stress

The study of kinetics of photo-induced phenomena in a-Si:H generally ammounts to
the determination of their dependence on exposure time, ¢, and the generation rate, G.
This is the rate by which free carriers, electrons and holes, are generated when light is
absorbed. G is always proportional to the absorbed light. Since absorption, reduces
the light intensity exponentially with the distance traveled inside the material, the
generation rate is taken as an average value by the simple formula:
G=( —R)2 1 —exp(-at,)

Ly

[4.86]
where @ is the incident photon flux, and a, R, are absorption coefficient and
reflectivity of the a-Si:H film respectively, at the wavelength of the light used (1 =
658nm in our case). R [/0.35 for all the samples studied. The derivation of Eq.
assumes that an electron-hole pair is generated for every photon absorbed i.e.

quantum efficiency equal to unity.

For the study of the kinetics, we have used two MCLs on which device quality
PECVD material was deposited at the same deposition run. The films’ deposition
characteristics, optical and elastic properties are identical to those of the PE material
of We exposed one of the samples to 17 W/em? of 658nm light, producing
aG,= 2010% cm'3s'1, and the other to light which was reduced to 1/13 of G,. We have
monitored the deflection of the MCLs’ free end, after
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Fig. 4.22 The deflection, o, of the free end of two cantilevers, deposited with PECVD
a-Si:H and exposed under different illumination conditions, as a function of exposure
time, t. G, = 2x1 0% em>s.

several logarithmically increasing time intervals, during these exposures. Each
measurement was taken with the light turned off. We always allowed sufficient time
in the dark for complete thermal equilibration, before measuring. This time was less
than 5 min. The measuring procedure described above was followed in all the photo-
induced stress experiments. In we show the measured deflections, o, of the
cantilevers’ free end as a function of exposure time, z. The positive sign of the
deflection means that the cantilever bends upwards in We remind here that
the films are deposited on the bottom surface of the cantilevers (see Fig. 3.1) thus a
positive deflection means that the film expands. We observe in that both
films expand under illumination but with a rate, which decreases with exposure time.
The maximum deflection of the cantilevers is of the order of 150 nm, which is very
small compared to their length. This ensures that we are within the limit of small
deformations and that there is no permanent or plastic yield of the c-Si substrates due
to bending. The relative position of deflection curves depends on the cantilevers’
dimensions and thus can not be an absolute measure of strain or compressive stress
increase in the film. Both quantities can be calculated from the deflection of the
cantilevers through the formulae given in Section 3.1.6.2. At this point we wish to

point out that, throughout this study, we never observed any contraction or expansion
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of the a-Si:H films, in the dark. We have also exposed uncoated c-Si cantilevers to the
same illumination (17 W/cm?®) but we did not observe any deflection of their free
ends.

Fig. 4.23 Light-induced stress, AS, and volume expansion AV/V, as a function of
exposure time, t, for the samples and illumination conditions shown in

In we present the results of our photo-induced stress, A4S, kinetics
experiments on a log-log scale. 45(t), was calculated from the deflection, J, through
Egs. [3.58] and [3.60]. The right axis of shows the light-induced volume
change, AV/V, that the film would exhibit if it were detached from its substrate.
Assuming that, in such a hypothetical situation, the strain produced in the film is
isotropic, then AV/V will be three times higher than the strain produced by 4S along
the length of the lever, given by Eq. [3.51]:

AV 1-v
= -3 s

1% E,

[4.87]

The detection limit of 4V/V in our experiment is three times higher than that of the

strain along the length, thus approximately equal to 30107.

Our first observation is that A4S is compressive at any time. Therefore the film tends to

expand monotonically at least in the time scale of our experiments. This agrees with



the results of Gotoh e al[f**and|disagrees with the observations of Shimizu et alIﬂ‘XV

Th:3 second observation is that both curves show a clear “linear” region in the log-log
diagram, indicating a power law time dependence, 4S ~ ¢". As both curves are parallel
in this region, r appears to be independent of G, in the range of G’s studied, and is
found to be approximately equal to 0.45. The photo-induced stress increases with G.
Assuming also a power law for 45(G) in accordance to many G-dependence studies of
the SW effect in a-Si:H we find that A4S O G”’. This is the first and only available
measurement of the generation rate dependence of A4S because previous investigations
lacked the necessary sensitivity and significantly higher generation rates would surely
raise the temperature of the film on any substrate. We finally arrive to the conclusion

that for 7 < 300" s the photo-induced stress can by given by a relation of the form

AS [0 G0.7t0.45
[4.88]

For times longer than 300° s, there is a continuous reduction of the rate exponent, 7,
in the high illumination regime, which suggests that A4S saturates at very long
exposure times. Although we prolonged the exposure up to approximately 300’ s (3.5

days) a clear saturation was not observed.

3.15.3. Study on HW samples with variable hydrogen concentration

As mentioned before, a series of device quality samples with different H
concentration prepared by the hot-wire technique offers a great opportunity to
investigate the role of hydrogen in all photo-structural changes occurring in a-Si:H.
The samples used are denoted as HW1, HW2 and HW3 and their properties are given
in We note that the hydrogen concentration changes by an order of
magnitude within the series. All of them are under a state of initial compressive stress,
S, given also in Its value is calculated from the curvatures of the
cantilevers in the as-deposited state, through Eq. [3.62|ﬁmpressive stress is a

common characteristic of high quality a-Si:H materialf**hnd| decreases almost

linearly with increasing cy.

Due to the small differences in the optical gap of the films, the absorption coefficient

at 658nm varies from sample to sample. For better comparison of the samples, we
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adjusted the light intensity of the laser (thus the flux, @, in Eq. , so as to always
yield the same generation rate. This rate was set equal to G, = 2[00* cm™s™. Our
experimental results on the time evolution of A4S in the HW samples, plotted on a log-
log scale, are presented in The PE sample of is also plotted for
comparison. We conclude that a-Si:H material always expands under illumination and
that the stress increases with time having a relation 45 0 ¢ for ¢ < 1-200* 5. The time
exponent » varies from 0.43 to 0.50. In the light of this impressive similarity in the
form of A4S8(¢), for samples with so different characteristics, we can assert for the first
time that a common mechanism of light-induced expansion exists in all a-Si:H
materials and not in some films prepared under particular conditions. On the other

hand, the magnitude of

Fig. 4.24 Photo-induced stress, AS, as a function of exposure time, t, for samples with
different hydrogen concentrations shown in |(Table 4.1V] The generation rate is G, =
2x10% em™s™. The dash lines are guides to the eye. The solid line represents the AS ~
0.5 .

1" relation.

the photo-induced stress depends on the deposition technique used. A clear but quite
unexpected result is that HW samples exhibit almost the same magnitude of A4S
irrespective of their hydrogen content, while the PECVD material shows
approximately two times stronger phenomenon. This behavior covers a time range of
three orders of magnitude: 10> < ¢ < 10°. The absence of any clear change in the

magnitude or time dependence of A4S with hydrogen concentration, cy, means that



either there is no relation between the two, or that the efficiency of stress induction
per hydrogen atom increases with decreasing cy due to possible differences in the H-
bonding structure. We will come back to this issue later. It is also verified that, at this
high generation rate, there is always a tendency of saturation with the exception of the
HW sample with the highest hydrogen content (HW3). This sample presents a
continuous A4S ~ ¢’ relation, with a very weak indication of reduction of the rate

exponent after 3 days of exposure.

3.15.4. Metastability

Light-induced defect (LID) creation in a-Si:H has the important feature of being a
reversible phenomenon. Consider a film with initial defect density Np, at room
temperature, which is exposed to illumination. The defect density will increase with
exposure time, ¢, to Np(t) = Np, + ANp(t). The first manifestation of reversibility is
that the room temperature defect density is restored to Np, when this film is annealed
at 190-200 °C in the dark for 1-2 hours. Furthermore, when the film is exposed for a
second time, at the same temperature and illumination conditions, then the new LID
creation curve ANp(t), will be equal to that of the previous exposure. Reproducibility
of ANp(t) does not depend on the restoration of N,, and is the second manifestation of
reversibility. At this point we wish to note that full recovery is generally considered to
depend on the samples characteristics and the intensity of the previous illumination.

On the other hand reproducibility of the LID rate is always observed.

LID creation and the SW effect, in general, are most often called metastable
phenomena. Metastability comes from the fact that the network in amorphous
materials can have a large number of configurations with variable total energies and
thus different macroscopically observed properties. In the presence of external factors,
such as light, a-Si:H can jump from a lower to a higher energy configuration and stay
there, presenting new properties. However when the temperature is raised
suffociently, internal processes allow transitions among these configurations, then the
material will naturally acquire a configuration for which its energy is reduced to its
initial value and its properties are restored. Metastability is a major subject of study of

the photo-induced structural changes in a-Si:H



A part of this study is devoted to the exploration of metastability on the photo-induced
stress in a-Si:H. At first we wanted to find out whether the light-induced deflection of
the free-end of a composite cantilever (MCL), disappears after annealing. For that
purpose we have built an in-situ annealing apparatus with a heated gas nozzle brought
very close to the MCL inside the SPM’s head. In the first attempt, a composite MCL
was surrounded for 30 min. by a nitrogen-hydrogen (forming gas) mixture coming out
of the nozzle at a temperature of 190 °C. Although, there was a tendency of
restoration of the MCL’s original shape, we did not verify this result with other
samples because we encountered two major problems. The first was the unwanted
heating of the SPM’s detection system by the hot gas. The second and most serious
problem was the excellent thermal conductivity of c-Si. Its low value, which
presented an advantage in the case of stress induction by intense illumination, was
certain to produce a large temperature gradient between the free and the clamped end

of the lever, the latter being always close to room temperature.

As described elsewherell:‘iI SEM images can be used in order to measure the curvature
of an MCL when it is higher than the limiting value of 0.5 cm™. We have already
shown in that we observe maximum light-induced deflections of 150nm
which correspond to curvatures (from Eq. [3.60] with L = 135um) of the order of 0.05
cm™'. This value is one order of magnitude lower than our SEM image detection limit.
Therefore SEM images taken before and after exposure (or annealing) do not have
sufficient resolution for detecting the minute changes in the curvature of the MCLs

upon light soaking.

Another solution would have been to anneal the samples away from the SPM’s holder
and detect whether there is any reduction of stress, by measuring the difference in
deflection signals before and after annealing. This requires a positioning accuracy of
the free end of a MCL to better than 1 nm. Such accuracy cannot be achieved by
hand. Therefore the difference in deflection signals before and after annealing is

arbitrary and cannot be used as a measure of reversibility.

As it is virtually impossible to verify whether or not the curvature of the MCL i.e. the
stress of the film is restored to its initial value within the accuracy of the A4S

measurement, we focused our interest on the study of the reproducibility of the 4S5(?)



curve, after annealing at several different temperatures. The samples selected for the
annealing experiments, were the HW1 and HW3 shown in because they
are deposited at very different substrate temperatures and they exhibit hydrogen
concentrations which are an order of magnitude apart. We also studied a cantilever
with PECVD material having identical properties to the PE sample of The
experimental sequence and the results, i.e. the 45(z) curves, for the three samples are
given in Annealing of the samples was always done in nitrogen gas
environment, to prevent them from oxidization, and the transition from room to
annealing temperature and back was done slowly, in order to avoid fracture of the
cantilevers due to temperature gradients. Exposure was always done with a generation

rate G, = 20010% ecms.

A fully reversible phenomenon means that after annealing, the AS(#) curve is
reproduced both in magnitude and time-dependence when the sample is exposed
under the same temperature and illumination conditions. The first annealing was done
at 190 °C. We started from this temperature because at this value all the SW defects
disappear. We observe however that in all cases 45(7) is not restored. This is in fact
the only common feature among these samples. Subsequent annealings at 235 and 270
°C for the same amount of time, reveal a very different behavior. HW1 exhibits
almost full recovery at 270 °C while higher temperatures do not have any beneficial

effect to the HW3 and PE films.
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Fig. 4.25 Annealing procedure and results for the HW and PE samples. The

exposures are always done with generation rate G, = 2x10%
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cm s .

In fact we observed that the latter have reached a new state after their first

annealing at 190 °C, which is precisely reproduced with subsequent annealings at

the same T. We did not exceed 270 °C because at such elevated temperatures there is



a high probability that hydrogen rearranges inside the sample or even effuses out of
it, producing irreversible changes of the structural and electronic properties (see

Section 1.3.3).

We conclude that the 4S(#) curve of the as-deposited state cannot generally be
reproduced after annealing. The latter has been observed to occur only for the low-cy
HW sample and at very high temperatures. On the other hand, the first annealing at
190 °C seems to bring an a-Si:H film to a new state, which is characterized by a lower
efficiency of stress induction under illumination and by ful/l reproducibility of the
AS(t) curve after subsequent annealings. This observation actually proves that the as-
deposited and annealed states are not identical. We must also point out here that the
intensity of monochromatic CW illumination used for the study of 4S(?), is much
higher than the intensities used for the study of the SW effect. In fact there are no
experimental data for the SW kinetics and metastability for CW generation rates of
the order of 10 cm™s™. It is very likely that the SW effect produced under extreme

light intensities is not a fully reversible phenomenon.

3.15.5. Study of 45(7) in unhvdrogenated a-Si

As 45(f) does not appear to depend on cy, the question arises whether unhydrogenated
amorphous Silicon presents any photo-induced stress. In order to answer this question
we had, the cantilever named C3 of deposited with a-Si, which was
produced by e-gun evaporation of a c-Si target. The deposition temperature was 230
°C and the thickness of the evaporated film was approximately 0.9 um. The Young’s
modulus of the material was found from oscillation frequency measurements to be ~
90 GPa. Its low value, compared to the theoretically predicted 130-150 GPa (see
Section , is due to the well established presence of a large volume fraction of

voids.

The first difference of this film, compared to a-Si:H material, is that it exhibits tensile
stress in its as-deposited state. Apart from that, this is the only sample for which we
observed a deflection of the free end of the MCL in the dark. This deflection has the
same direction with the light-induced deflection of a-Si:H and thus corresponds to a

volume expansion of the material. In this case however, expansion does not
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correspond to an increase of compressive stress but actually to a relaxation of the
already present tensile stress. In we plot the absolute decrease of tensile
stress AS(¢) with time.

Fig. 4.26 Absolute decrease of the tensile stress, AS, of an evaporated a-Si sample

with time, t. Solid circles are data taken in the dark and open circles are data taken
under illumination of 17 W/cm®. The lines are guides to the eye.

The first measurement was made shortly after the sample was taken out of the
deposition chamber. The solid line in is a least-square 2" order polynomial
fit, plotted as a guide to the eye. shows intense relaxation in the dark but
with a clear tendency of stabilization at long times. The A4S change in the dark is
probably due to oxidization and moisture adsorption on the internal surfaces of the
open network of VOidS.m This suggeELion is supported by the observation that

vii

evaporated a-Si films are actually porous.

|

A ft¢r more than one and a half day in the dark, we exposed the sample in the 658nm

light of 17 W/cm?, used also for the experiments on the a-Si:H films, and we
continued recording the change in stress, A4S, with time. Our results are shown, with
open circles, in[Fig. 4.26] We observe that there is a slight enhancement of 4S(t) at the
early stages of exposure, however the A4S increase rate falls back to its normal dark
relaxation value after two days of exposure. We conclude that light has caused an
extra stress change of approximately 1 MPa, after exposure of 1.80° s. This change

is almost 20 times lower than the smallest A4S change observed in a-Si:H for the same



light intensity and exposure time and is attributed to some activation of the
oxidization of voids, by the release of energy upon carrier recombination. This
“mobility” of the network may play some role to the photo-induced stress seen in a-

Si:H but it is not the dominant mechanism behind the phenomenon.

3.15.6. Study of AS(t) in high temperature annealed a-Si:H.

This experiment was done in order to further explore more the role of hydrogen in the
phenomenon of photo-induced stress in a-Si:H. We wanted to find out how if the
photo-induced stress is affected by annealing the samples at temperatures high enough

for hydrogen evolution. (see Section 1.3.3)

For the study of high annealing temperature effects we used the PE sample which was
exposed to the low generation light (G,/13) in Section We selected this sample
because it was the least degraded film of our series. We annealed the corresponding
cantilever at 420 °C for 15 hours in high vacuum (approximately 5x10° mbar)
together with a film, which was deposited under the same conditions and with the
same technique onto a c-Si substrate. The latter was used for infrared absorption
measurements in order to estimate the total change in the hydrogen concentration
before and after the treatment. After cooling to room temperature we exposed the
cantilever to the high intensity illumination G, = 200* ¢cm™s”. To our surprise we
observed that the sample has completely lost its ability to produce stress under
illumination; after 2 days (1.7x10° s) of exposure there was no measurable deflection
of the cantilevers’ free end. Another effect of high temperature annealing was that the
stress of the sample has changed from compressive to tensile. This means that the
cantilever, which was initially bent upwards, was found to bend downwards after

annealing (see Fig. 3.1).

As we have already discussed in Section 1.3.3, annealing at such high temperatures is
characterized by a substantial motion of hydrogen. As a result of this motion,
hydrogen can effuse out of from the sample. We measured IR absorption of the film
deposited on the c-Si substrate before and after annealing, in order to estimate how

much of the total hydrogen has effused. In (A) we show the change in the



stretching mode absorption band (2000-2200 cm™ see also the Section 1.3.1) due to
annealing. We plot the absorption coefficient a(cm™) as a function of the wavenumber
k(cm™). The straight lines are the sum of the least-square two-peak Gaussian fits
presented in (B). The integrated IR absorption is proportional to the total
hydrogen concentration inside the sample as noted in section 1.3.1. Therefore the ratio
of the integrated IR absorption before and after annealing can give an estimate on the
amount of hydrogen that effused out of the film during the treatment. We calculated

that only approximately 20 % of hydrogen has left the sample.



as

|_high-T annealed

C 1

T

deposited

-100 .l. N -
1700 1

800 1900 2000 2100

2200 2300

600

500

T

400

T

T

T

-1
k(cm?)
I I T I T I
as deposited

high-T annealed

l/

N

|

'B.

O 1 = 1 1 = 1
1700 1800 1900 2000 2100 2200 2300

Fig. 4.27 (4) Infrared absorption, a, as a function of the wavenumber, k, for the PE
sample in the as-deposited and high temperature (420 °C) annealed state. The solid
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lines are least square two-peak Gaussian fits shown also in (B).

This is consistent with the results of Mahan et al.lm| who found that at temperatures
around 420 °C more than 80 hours are needed for the hydrogen to evolve completely
out of device quality samples. We therefore conclude that it is not the loss of

hydrogen that causes the absence of photo-induced stress in the high-T annealed

sample.



In Section 1.3.1. we have seen that the stretching mode absorption band of a-Si:H
consists mainly of two peaks: one centered at 2000 cm™ and one at 2080-2100 cm’.
The first peak is generally attributed to isolated mono-hydrides —i.e. dispersed Si-H
bonds- or pairs of these and the second to clusters of such bonds. In Fig. 4.27](B) we
show the two Gaussian peaks that produce the best fit for the data of (A) in
the initial and the high-T annealed state. We also observe that these peaks are located
at 2000 cm™ and 2080 cm™. A striking feature of this figure is that high temperature
annealing increases the ratio of the integrated absorption of the 2080 cm™ peak to that
of the 2000 cm’ peak, Ioso/lh000, by almost 50 %. This means that in the annealed
state a larger percentage of hydrogen must be in the form of clusters compared to the
initial state. This agrees with the results of Gleason et al.@ who observed that
annealing at 387 °C causes either greater interactions between small clusters or the
formation of larger clusters resulting from cluster migration or coalescence.

e

Coalescence of voids is known to produce tensile stress in deposited films; — two
voids which coalesce have a tendency to produce a new void which has reduced
volume compared to the sum of the two. Assuming that some of the H-clusters are
located in internal surfaces of voids, then coalescence of these clusters may be a
major cause for the change of intrinsic stress polarity (from compressive to tensile)
observed after annealing. At this point we must point out that Padushek et al.@|
reported that the intrinsic stress of an a-Si:H sample can in fact change from
compressive to tensile by annealing in the temperature region of 300-350 °C. These

authors attributed this phenomenon to the contraction of the network at the origin of a

very small percentage of effused H-atoms.

The absence of photo-induced stress after high-temperature annealing may correlate
with two factors: a) the new hydrogen environment in the high-T annealed sample as
established by the IR absorption measurement and b) the increased defect density of
the high-T annealed sample compared to the initial low defect density state. From the
data of Zhou et al.lml we estimate that the defect density of the high-T annealed
sample must be almost 100 times higher compared to that in the initial state. Defect
creation has a detrimental effect on carrier lifetime and is a result of hydrogen atoms
leaving Si-H bonds. The defects created are always fewer than the effused H-atoms

because a large fraction of the dangling bonds can reform into weak Si-Si bonds



3.15.7. Discussion

3.15.7.1. Possible origins of photo-induced stress in a-Si:H

From our experimental results it clear that the phenomenon of creation or increase of
compressive stress in a-Si:H under intense illumination is intrinsic to the material.
This means that device quality a-Si:H films will always have a tendency to expand
when exposed to bandgap light, irrespectively of the details of the deposition
conditions and techniques utilized. Since this is such a universal effect, there must be
a certain driving mechanism, common to all a-Si:H samples, behind it. In the
following we examine three possibilities for this mechanism and evaluate their

significance by immediate quantitative comparison with our experimental results.

A) Defect creation. The best known light-induced structural change in a-Si:H is the
creation of additional dangling bonds (DBs). On this basis one could argue that
the photo-induced stress is a consequence of DB creation. Each newly created
dangling bond is accompanied by a local expansion of the lattice by Au;. The
macroscopic volume expansion Au, is much smaller than Au;, since the latter is
screened by the stress field surrounding the defect as we move away from it. The

macroscopic volume change upon creation of Np defects per unit valume should

vvvvvv

then be equal to Npldu,. It is well established in the literature] that—the
saturated defect density in device quality a-Si:H of the order 10" ecm™. The
maximum volume change observed in our experiments is approximately 3x10™
(see which implies that Au,, 03x10%' cm’. This volume is 200 times the
volume per Si atom in c-Si. 4u; should be even higher, which is clearly a non-

realistic consequence of the creation of a single dangling bond.



B) Increase of the H, gas pressure in voids. In Section 2.2.2 we
have introduced the H-collision model for defect creation.
One of the basic assumptions of this model is that hydrogen
atoms can be excited from Si-H bonds into a “mobile” state.
The energy for this excitation is provided by carrier
recombination in the vicinity of these bonds. Recombination
energy also enhances the diffusion of mobile-H. It was
suggested that a diffusing H-atom can find its way to the
internal surface of a microvoidQ and that in the presence

of another H-atom the two species can combine to form an

H, molecule.g The formation and/or ligh;ﬁmced

diffusion of molecular hydrogen inside a-Si: “urelalso

proposed theoretically but are not yet verified
experimentally. What is interesting in these mechanisms is
that there is the possibility that light increases the number
of H, molecules inside the voids already present in a-Si:H.
This would result in an increase of the gas pressure of these
voids and thus in an increase in their volume. The question
emerging is how much molecular hydrogen must
accumulate inside voids in order to produce a volume
expansion of the a-Si:H lattice of the order of 4x1 0*

provided that the typical volume fraction of voids in device

. |
X

quality material is reported to be of the order of 0.1 %.E in

order to answer this question, let us consider a sphere of

radius R made out of a-Si: H material. Inside this sphere



there is a concentric spherical void of radius R,. The void
volume fraction in that case is f = (R,/R)". Initially the
pressure inside the void, P;,, and outside of the sphere, P,
are assumed equal to 1 bar = 100 kPa and no strain is
present. Then we start filling the void with molecular
hydrogen just as light is assumed to do. This will increase
the pressure inside the void and its volume and therefore the
volume of the a-Si:H sphere. Provided that the latter is
under constant external pressure P, = 100 kPa then the

pressure inside the void will be given as a function of the

radial strain of the sphere eg = AR/R by the relation:l’;1
IS 2H _ZHI-S
fn=27% (H 3 /\jng (1 34 f jP”"f
[4.89]

where L, 1, are the Lame’s constants defined in Section
3.1.6.1. These constants are related to the Young’s modulus
E and the Poisson ratio v of a-Si:H through Egqs. [3.48].
The radial strain is equal to one third of the volume
expansion of the sphere, AV/V. For an a-Si:H material with
E = 100GPa and v = 0.2 (typical values) a volume
expansion of 4x1 0 will be induced only if the pressure
inside the void reaches a value of P;, = 50 GPa =500 kbar.
This is an extremely high value that would normally
produce fracture of the material around the void. We

conclude from this simple consideration that the observed



volume expansion cannot be due to increase in the gas
pressure of voids. There are also other arguments against
the mechanism of H, creation. The first is that if a
considerable amount of bonded hydrogen turned to the
molecular form, then this would induce an observable
decrease in the Infrared absorption signal (see Section
1.3.1). Instead a light-induced increase of the stretching
mode peak is observed (see Section 2.3). Furthermore there
is considerable doubt whether molecular hydrogen could
anneal back to the atomic form. Molecular hydrogen has a
binding energy of 2.6 eV per atom and thus cannot account
for even the partial annealing of the photo-induced stress

described in Section 3.15.4

C) The hydrogen flip mechanism. Biswas and LilgdiI proposed in 1999 a simple
“H-flip” model of rearrangements of bonded H-atoms that accounts naturally for
many of the large scale structural changes observed recently in a-Si:H. They
performed tight-binding molecular dynamics calculations on a 60-atom a-Si:H cell
where all the H atoms are in monohydride (Si:H) groups. Their basic finding is
that H-atoms in a-Si:H have two bonding configurations with different energies.
The lower energy configuration is the normal tetrahedral bonding, with a H-Si;
bond length of 1.48 A and a distribution of H-Si;-Si bond angles around
tetrahedral . In the higher energy configuration (Fig. 4.28)), H is bonded

to the same

Fig. 4.28 The H-flip mechanism for light-induced volume expansion of a-Si:H.

atom but in its “back-plane”. Effectively, the H-atom is flipped to the backside of
the H-Si bond. The Si; atom also moves about 0.5 A into the back plane, resulting
in a very similar H-Si; bond length. In the H-flip configuration the back bonds of

the Si; atom become more planar, while the H-Si;-Si bond angles deviate away



from tetrahedral towards 90°. The
flipped configuration is a metastable
local minimum calculated to be between
0.18 and 0.7 eV higher than the original
configuration. It was also found that a H-
atom must overcome a substantial
energy barrier to move from the original
to the flipped site which are separated by
3 to 4 A. The barrier height is in the
range of 1.5 to 1.8 eV. Since there is a
substantial local motion of the H-atom it
is found that the H-flip state significantly
distorts the local atomic structure around

it, through displacements of 0.1 — 0.2 A

for several neighboring silicon atoms

and produces a small volume expansion of the network.

cested that a density of H-flip states can be created by
light-soaking. The energy needed for the H-atoms to surmount the barrier between
the two configurations, can be provided by recombination events of photo-excited
carriers which take place in the vicinity of these atoms. The authors estimated that
light excitation can generate a saturated macroscopic fraction of 0.5% - 1% of H-
flip states. For a typical H content of 10 % this predicts a macroscopic density of
flipped H-atoms (~10" c¢m™) much larger than the small density of metastable
dangling bonds. They showed that this flipped hydrogen density could explain the
experimental results of both the Infrared and NMR light-induced changes
discussed in Section 2.3. The H-flip state induces volume expansion of the
network. Since the Si-Si back bonds at this defect site are strained, the network
expands to relieve the bond-angle strain. The authors also calculated that the light-
induced fraction of H-flip states can produce a maximum volume expansion of
4x10™ or an average value of (1-2)x10™ for the material with 10 % hydrogen
content. From their analysis it is obvious that volume expansion, will be
proportional to the concentration of H-flip states in the sample. Finally they found

with molecular dynamics that at annealing temperatures (T > 190 °C) where



hydrogen diffusion occurs, the state can flip back to its original configuration by a
diffusing H-atom. When the latter approaches the backplane of a flipped bond it

can break it and reform the normal Si-H bond.

3.15.7.2. H-flip in H-clusters: a modification of the Biswas model to account for our

results.

There are some predictions of the Biswas mechanism, which are verified by our
experimental results presented in the previous sections, provided that the photo-
induced stress in a-Si:H remains proportional to the number of photo-generated
flipped-H defects. At first we have seen that there is a general tendency of the 45(%)
curves to saturate at long exposure times (Fig. 4.24) although we have not observed
actual saturation as this would require maybe months of exposure. The H-flip model
also predicts a maximum volume expansion of 4x10™ for a typical a-Si:H sample with
cy = 10 %. This is in agreement with our results of showing saturation
between 3 and 4 x 10 for the PE sample with ¢y = 8 %. On the other hand the
Biswas model implies that there should be a significant change of the saturated value
of the photo-induced stress when the total hydrogen concentration changes by an
order of magnitude in a-Si:H; the films with higher hydrogen concentration should be
able to produce proportionally higher H-flip states and thus stress, under illumination.
This is not verified in our experiments. The series of HW samples with different cy

(see[Table 4.1V]) show AS(t) curves which are very close to one another (Fig. 4.23|).

The lack of immediate correlation between the photo-induced stress and the total H-
concentration is further establisheﬁi.u PECVD films prepared under different

hydrogen dilution ratios. Stratakis i thowed that these samples exhibit great

differences in their 4S(t) curves although they have roughly the same hydrogen
content. We suggest that the magnitude of photo-induced stress in device quality a-
Si:H films is not proportional to the total hydrogen content inside the material but to a

fraction of this hydrogen with a specific bonding configuration.

In our study of the elastic properties (namely the Young’s modulus) of a-Si:H we
have shown that the best HW material, i.e. that with the lowest ¢y and the best PE

material, i.e. that prepared under high dilution conditions appear to be softer than



expected from continuous random network considerations (see Section B.14.4). We
concluded then that both samples appear to have inhomogeneous H-bonding structure.
The high-dilution sample (PE-H) appears to have a larger volume fraction of clustered
hydrogen regions than the low diluted one (PE-L). These regions are large enough in
PE-H to percolate through the thickness of the film giving a columnar morphology for
this material. As we have pointed out in section 1.3.2 device quality HW and PE

samples have comparable volume fraction of H-clustered regions although the total H

concentration may vary from 1 - 10 %. We remind here that PE-H shows greater A4S
effect than PE-lﬁamd that the HW samples show comparable effects (Fig. 4.24).
This comparison leads us to suggest that it is highly probable that A4S originates

mainly from flipping of Si-H bonds inside H-cluster rich material. This means that it
may be easier for H-atoms located in clusters to flip-out of these clusters than
dispersed Si-H bonds. Jackson and Zhang@ showed that H-atoms bonded to silicon
in close vicinity to each other tend to remain apart due to electrostatic repulsion
among them. Therefore the barrier that a H atom has to overcome to the flipped
position may be smaller inside a cluster than when isolated among Si atoms only. We
believe that flipping out of clusters merits further investigation both experimentally

and theoretically.

Biswasﬂglas shown theoretically that the H-flip state is in a metastable high-

energy configuration that can anneal back to the normal Si-H bond in temperatures
where hydrogen diffusion is significant (T > 190 °C). This means that after annealing
one should be able to reproduce fully the kinetics of photo-induced stress since the
annealed normal Si-H bonds could be flipped again under illumination. This is not
generally observed in our metastability experiments described in Section .
Annealing at 190 °C and subsequent soaking does not reproduce the A4S(t) curve of
the as-deposited films. On the other hand the 4S(t) curves of the samples annealed
once at 190 °C are fully reproducible after subsequent annealings (Fig. 4.29).
Therefore for an annealed sample the photo-induced stress phenomenon is fully
reversible and this is consistent to the Biswas flip mechanism prediction. There is a
difference, however, between the as deposited and annealed state. We suggest that
there may be H-flip configurations stable enough not to anneal at the usual

temperatures. If such configurations actually exist then they should be exhausted after



the first or second (at most) light-soaking runs under such high illumination intensities

leaving behind only the metastable configurations.

Finally the high-temperature annealing experiment presented in Section has
shown that an a-Si:H film annealed at temperatures high enough for hydrogen
effusion to occur (T > 400 °C for high quality samples) does not show any 4S(t) with
illumination even if a substantial amount of hydrogen is still present inside the
material. Although we have shown that the hydrogen bonding configuration changes
significantly after such a treatment it is not reasonable to conclude that there is no
hydrogen left in such a form that can be flipped by illumination. It is most reasonable,
however, to suggest that due to the high defect density created by the partial effusion
of H, the recombination events that have enough energy to induce flipping, i.e. the
bimolecular ones (see Section 1.3), become a negligible fraction of the total.
Therefore the absence of the phenomenon is not due to the absence of the mechanism

but due to insufficient activation energy.

3.15.7.3. Correlation of AS(t) with light-induced defect creation

In the previous section we have ruled out that defect creation is the origin of photo-
induced stress. We must however examine the opposite mechanism namely that the
SW effect is a secondary effect, a consequence of volume expansion. Certainly we do
not have a proof that volume expansion and SW are linked with a cause-effect relation

but a number of observations support this view.

The major source of disorder energy inside a random network of atoms is the bond
strain. PhilipsEI proposed that a four-fold coordinated random network is
overcoordinated in the sense that there are too many bonding constrains compared to
the number of degrees of freedom. These constrains were attributed to bond stretching
and bond bending forces. The topological constrains of the overcoordinated network
promote processes which tend to reduce the lattice strain energy. The reduction of
network coordination is the easiest and most efficient way to minimize the lattice
strain energy. Reduction of the network coordination can be achieved only by

breaking weak Si-Si bonds. Therefore it is expected that in response to a process



which increases the lattice strain energy the network will react in order to minimize

this energy by breaking Si-Si bonds.

The possibility that defect creation is caused by increase of stress in the lattice under
illumination, is a fascinating new approach to the problem of understanding the SW

effect. Any light-induced bonding rearrangement at certain sites e.g. at Si-H bonds

which turn to the H-flip conﬁguratioa(fn create stress which propagates easily
XXVil

throughout the network. Biswas and Li showe( for example that the H-flip state

significantly distorts the local atomic structure around it, through displacements of 0.1
— 0.2 A for several neighboring silicon atoms. These atoms can be located as far as 6
— 8 A away from the H-flip state. When distorted Si-Si bonds located in the vicinity of
the stress origins are weak enough then they will break in order to minimize the
increase in the strain energy of the network, producing dangling bonds (DBs). The
candidates for DB creation may be further than 4 A away from the stress origin and if
the latter are Si-H flipped bonds this would explain the experimental observation that
the light-induced DBs are far from hydrogen atoms.m Furthermore, H-flips can store
strain energy until the latter becomes sufficient for breaking bonds. This explains why
as many as 10" cm™ H-flip sites in the Biswas model may produce only 10" cm™
dangling bonds. Dangling bonds created under such a procedure will not reform since

this would be energetically unfavorable, but may move away from each other by bond

switching.

Another fact established experimentally is the creation of DBs by strong illumination
at temperatures from as low as 4 K. Authors advocating models requiring long range
H-diffusion for the SW effect to proceed, have attempted to account for the 4 K
degradation with the help of light activated H-diffusion. Light enhancement of H-
diffusion is actually observed but only as a relatively minor acceleration at elevated
temperatures. H-flipping only requires high energy recombination events of carriers to
activate the expansion centers. The band-to-tail recombination processes described in
Section 1.4 can provide this kind of energy.ls-'I Based on this assumption we will try to

formulate the link between photo-induced stress and light-induced defect creation in

? One needs photon energy of more than 1.5 eV to initiate the SW effect.



the specific case where the carrier lifetime (see Section 1.4) is dominated by

recombination through defects.

3.15.7.4. Linked kinetics of volume expansion and defect creation.

Let us consider a density N of sites in a-Si:H, which under illumination can
potentially reach a new configuration that induces stress in the lattice. These sites may
be the Si-H bonds which, in the Biswas mechanism, turn into the H-flip states. For the
sake of simplicity and immediate comparison to the Biswas model, we will hereafter
refer to the stress-inducing configuration as the “flipped” site or bond. After an
illumination time ¢, a density N of flipped sites will be produced, leaving behind (N-
Ny) normal sites. According to the prediction of Biswas the total stress induced in the
film at that time will be proportional to the density of N¢
AS(t) O Nt)
[4.90]

As the stress-inducing mechanism is activated by the energy dissipated in the
immediate surrounding by photo-carriers recombining bimolecularly, we assume that
the rate of creation, Ry; of Ny at a certain illumination time ¢, will be proportional to the

bimolecular recombination rate R and the density of normal (non-flipped) sites (N-

Ny):
R, =k1R(N —Nf)
[4.91]

where k; is a proportionality constant.

The H-flip state in the Biswas model is a configuration, which has higher energy than
the normal Si-H bond. An energy barrier separates the two states. This barrier is high

enough to prevent thermal generation of H-flip states at temperatures T < 300 K and

also thermal annealing of the H-flip states back to normal Si-H bonds.[EX“Dn th

other hand H-flip states can actually return to the normal configuration when
recombination energy is supplied. This is the opposite mechanism of light-induced

stress generation and it may be called light-induced annealing of stress. The rate of



annealing of N sites, R¢’, will of course be proportional to the density of the existing

sites and to the photo-carrier recombination rate, R:
[4.92]

where k, is also a proportionality constant. The barrier is actually smaller for
annealing than for creation of the flipped configuration due to the energy difference
between the normal and the H-flipped site. Therefore we expect that k, > k; since
there are recombination events which can anneal the Ny sites, but do not have an

energy high enough to produce them.

The total rate equation for the creation and loss of the density of sites, N, inducing
stress, or H-flip states in the Biswas theory, is the sum of the creation and annealing

rates described above

dt 2 \k, 4
[4.11]

The first prediction of this simple equation is that there will be a saturation of the

photo-induced stress when a fraction of erOf normal sites have turned into the
XXVii

flipped arrangement. According to Biswa only || % of the normal Si-H bonds

can become flipped-H bonds under illumination and this fraction is high-enough to

produce a volume expansion of the lattice of the order of 4x10™. As we observe from

our experimental results of photo-induced stress vs illumination time (Fig. 4.23|-|Fig. |

there are signs of saturation of the stress only for exposure times higher than
5x10* s for all samples studied. This means that for t < 3x10* s the density of flipped
sites must be negligible compared to the density of normal sites that can be flipped or

N, << ky N
f k2

[4.93]
and in this case Eq. can be simplified to

N/ o ry
de

[4.94]



EIthat under CW illumination with band-gap light, a steady

It was shown by Tran
state between trapped carriers in band tails (CBT, VBT) and free carriers in the
respective bands (CB, VB) is established (see Fig. 1.2). Electrons and holes are
generated by light in pairs, but more holes are captured in the wider VBT than
electrons in the narrower CBT. This means that the free electron density, n, will be
higher that the free hole density, p, and the trapped hole density, p,, will be higher
than the trapped electron density, 7, i.e. the inequalities n > p and p, > n, are valid.

From this follows that the bimolecular or band-to-tail recombination rate defined, as R

U np, + pn,, will be simplified to
R = cnp;
[4.95]
where ¢ is a proportionality constant. For temperatures such that 47 is at least two
times lower than the slope k7, of the exponential VBT (Fig. 1.2), the density of

trapped holes can be related to the mobility edge, E, and the trap quasi-Fermi level for

holes, E, b}m

E, —Evj
kT

v

p, U eXpE

[4.96]

With the exception of extremely high illumination intensities or low temperatures, the
trap quasi-Fermi levels for electrons and holes are far enough from the respective
band edges for the Boltzmann approximation to hold for the occupancy of the

respective bands, leading to the relation

>0 eXpE ﬂj
kT
[4.97]
Combining Eqs |[4.96]|, msne—ﬁnd a general relation between the free and trapped
holes inside the ma‘teriaﬂDiii
L=y p kLA
t
[4.98]

were p(7) is a proportionality constant that depends on the temperature. All samples
used in this study of photo-induced stress have VBT slopes approximately equal to 50
meV (see Fig. 1.3) which is two times higher that k7 at room temperature (25 meV).



Therefore Eq. holds in our experiments. Substituting Eq. into Eq.

and the latter into we find an equation connecting the rate of increase of the
density of stress-inducing states with the concentration of the photo-carriers at room

temperature

dN
— L=k (mp "N

[4.99]

This is a very useful equation since it connects the photo-carrier concentrations in a-
Si:H with the flipping rate. In the previous section we have suggested, that the stress
induced under illumination by these N sites may be the cause for dangling bond (DB)
creation. On the other hand we do not know a-priori the relation between the DB
density, Np, and the photo-induced stress, 4, or, in other words, the relation between
Np and N This relation can be established only by combined experimental results
from photo-induced stress and light-induced defect creation for a wide range of
samples, generation rates and temperatures. Eq. derived from simple
considerations, in combination with our experimental results on 4S(t), gives us the
opportunity to find this relation only in the specific case in which the carrier lifetime,
defined in Section 1.4, is determined by recombination through defects. In this case

the photo-carrier densities are given by
n,p 0 G/ Np
[4.100]
Inserting the above into Eq. 4.17 we find
AN 3/2
ol
[4.101]
Our experimental results on the time and photocarrier generation rate, G, dependence
of A4S together with Eq.
Ny OGS
[4.102]

The experimental uncertainty on the ¢ exponent is much lower than on the G exponent

as explained in section [3.15.2] Solving Eq. [4.101]|for Np with Eq. [4.102]|for Ny we
find that



ND U G().5t().33
[4.103]

which is very close to the experimental results on the SW effect under CW

illumination. The implied relation between Np and Nyis then
N, O Nfz/3
[4.104]

We propose the following explanation for the 2/3 exponent. Photogenerated volume
expansion 4V occurs only in particular regions of the network as are the Si-H clusters
in our modification of the Biswas model (see section . Dangling bonds are
created at the outskirts of the expanding regions where tensile stress is larger. This
means that the probability of defect creation is roughly proportional to the increase of
a loosely defined surface area of interface between expanding and non-expanding
regions while photo-dilatation is proportional to the increase of the volume of the

expanding regions.

Assuming that the relation is valid also for the long exposure times, where AS
tends to saturate, we insert it into Eq. and through the photo-carrier
recombination rate, R = cy(T)np“, into the total rate equation for Ny, (Eq. to
arrive to a new differential equation:

de Noar | Noar
J _Tsa sat 1
dt T (N,

[4.105]
where, Ny, is the only unknown. The above equation, in which Ny, = (k; / k;) N and ©
= Nyut / (kocy(T)G™), can be solved analytically to give the following formula:
x+n(l-x)+t/1=0
[4.106]
where x = Ny/ Nyyy = AS / ASq. Eq. may be used to describe the full kinetics

of AS in which ASg, is the saturation value of photo-induced stress and 7 is a
characteristic time (needed to reach 84 % of this value). In we re-plot the
data of AS(t) for the HW and PE samples in the as-deposited state, along with the best
least-square fits using Eq.[[4.106]. The values of 7 and AS, for these fits are given in

able 4.VI| We conclude from |Fig. 4.29| that Eq. [4.106]|can describe adequately our



CHWL1 12 %
HW2 5-6 %
HW3 8-10%
PE 8%

[N
o
T

H O © @

10° 10° 10* 10° 10°
t(s)

experimental results with only two fitting parameters. This indicates that the

reasoning behind our analysis is valid at least in our experimental conditions and can
serve as a good starting point for further investigation of AS and its relation to the SW

effect, in

Fig. 4.29 Least square fits of the data for the HW and PE samples according to Eq.
4.106

HWI1 HW2 HW3 PE
ASs (Mpa) 11 13 42 15
T (x10° 5) 2 3 50 1.5

Table 4.VI Values of parameters used in the fits of|Fig. 4.29,
other temperature and illumination regimes where the latter has already been

extensively studied.

3.15.8. Conclusions

The study of photo-induced stress (AS) or volume expansion (AV/V) in hydrogenated
amorphous silicon provides new insight on structural modifications of the amorphous
lattice under intense illumination, which may lead to improvement of our present
understanding of the Staebler-Wronski (SW) effect. The basic conclusions of this

work can be summarized as follows:



a) Device grade a-Si:H always expands under band-gap illumination, irrespective of
the films’ characteristics and deposition parameters. No volume change is observed

in the dark.
b) There is always a tendency of saturation of the effect at long exposure times.

¢) The magnitude of the effect is AV/V ~ 10“-107. It reveals the occurrence of
large-scale structural modifications and excludes the possibility that these are

limited to the vicinity of defect sites.

d) Before saturation, the phenomenon is characterized by the kinetics 48 ~ /°, in the
temperature and illumination regime of our experiments.

e) Unhydrogenated a-Si and dehydrogenated a-Si:H, show no effect.

f) The phenomenon observed in the as-deposited state of a-Si:H samples is not fully
metastable. On the other hand annealing at 190 °C brings the films to a new state in
which the effect can be fully reversed.

g) The magnitude of AS does not correlate with the total hydrogen concentration of

the films.

h) An H-flip mechanism of volume expansion, as proposed by Biswas and L\]g

may be valid only if the main contribution to AS is from flips of H atoms inside

Si-H clusters. This is an intriguing concept that needs further exploration.

1) Photo-induced stress and light induced defect creation kinetics have been linked

through a simple model involving photo-carrier recombination.

Finally we wish to point out that this study introduces for the first time the possibility
that the SW effect is a result of the photo-induced stressing of the a-Si:H network, a
mechanism completely different from what has been proposed until today. We believe
that this possibility must be further explored both theoretically and experimentally
and that it might lead to the complete understanding of the microscopic mechanisms

of light-induced degradation of Hydrogenated Amorphous Silicon.
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