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Abstract. Preparation and eharaeterization of microerystallinc sitieon
and germanium thin films are diseusscd. Several eharacterization tech-
niques, such as c1ectrical mcasurements, Raman spectroscopy, trans.
mission electron microscopy, X-Hay diffraction and seanning electron
microscopy have becn used for thc prescnt study. In particular, electri-
cal conductivity percolation and grain-size mcasurements are discussed.
The single most important effect on the properties of microcrystalline Si
and Ce is the presence of impllrities. Thus, beUer technical performance
must be preceded by an improvernent in vacuum and purer gases used
in the deposition systems.

PACS: 73.60,-n; 73.60.Aq

1. lntroduction

In the past few years, considerable interest has dcveloped in the prcparation of
microcrystalline and polycrystallinc siJicon and gerrnanium thin films for various ap-
plications. For instance, rnicrocrystallinc Si has becn successfully uscd as a substratc
semiconductor for thin-film transistors applicd to largc arca flat panel oisplays [1,2].

Polycrystalline solids are usuaUy grown from the mclt or from solutions rcslllting
in bulk forms, while microcrystallinc solids are generally in thc form of filrns prc-
pared by vapor condensation or crystal!ization fram the amorpholls rhase. In this
\York we shall deal with the formation of both microcrystalline solicon and germa-
nium eithcr by direel deposition or by annealing of depositcd films in the amorphous
phase. We shall treat in some detail grain-sizc, L, crystallization tempcrature, Te,
of as-deposited amorphous films ano the tempcrature of the substratc separating
the amorphous from the micracrystalline phase. Thc results of this stuoy suggcst
that the presence of residual contamination plays an important role to determine
the physical properties of the silicon ami germanium films.

2. Sample preparation

The microcrystalJine Si and Ge films wcre preparcd using a Perkin Elmcrs molccular
beam deposition (MIJD) systcm with a base prcssllre in its deposition chamher in
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the lo\\' 10-10 Torr. The samples were dcposited on various types oí substratcs
and over a \\'ide range of substrate tempcrature. Under those conditions films with
crystal struetures from compcltcly amorphous to highly crystalline were produced.
Deposition rates of a few Amstrongs per s('cond are typical in MBD systems, the total
nominal thickness of most of the films analyzed in this study was of one micrometer.

3. Results and discussions

A. Raman scatiering

Raman Scattering is an extremcly uscful technique to charaeterize the strueture of
materials via the dynamic properties of the phonon mooes. This technique is a very

, convenicnt amI quick tool to distinguish an amorphous phase from a crystalline
phase. Ji can be applied to aoy material in the bulk or thin film formoon any
type of substrate. Due to the lack of translational symmetry, in the former phase,
crystal momentum is not conserved resulting in a Raman spectrum similar to the
crystallinc phonon density of sta tes with ao optical peak at ,WO-4S0 cm-I for the
case of silicon, depending on preparation conditions. The momentum conservation
didates a sharp peak from the zone-center phonons located at 500-522 cm-l de-
pending on the grain.size, with the partial n.'Stora.tion of translational syrnmetry in
microcrystalline silicon. The grain size dependen ce comes from the f{ L ;;::1 rule
(JIeisenbcrg uncertainty principie) L bcing the average particlc size. Because the
phonon dispersion rclations for silicon has a maximum at 522 cm-l at f{ ;;::O, the
frequcncy of the phonon at J{ ;;:: L-1 is lowcred. Thus the particle size L may be
detcrmincd from the position of this peak given the phonon dispcrsion rclations.
r'ollowing t1le method proposed by Richter el al. [3] tbe average grain size was
detcrmined from the details ~f the Raman lineo Fig. 1 shows a typical series of
spcct.ra for microcrystalline silicon having various particle sizes. Sample 101 having
a peak at 508 cm-l corresponds to L ;;:: 20 A while sarnple 088 is amorphous.
Crystalline Si having L greater than IDO Á exhibits a peak fi('ar 522 cm-l at room
tcmperature, the same peak position is obscrved for a single crystal. Thus, Raman
scattcring can not be applied in the analysis of microcrystal1inity in samples where
grain size is larger than 100 Á. Notice thal the microcrystallinily also rcsults in an
a.symmetric broadening of the llaman peak.

n. Paco/ation in condllctivity

The prescncc in percolation proccsscs of a sharp phase transition at which long-
range conncctivity abruptly arpearsl provides a well defined model for the study of
spatially random pbenomena in mixed systems [4J.

The critical volurnc fraction of crystallinity, Xc at the onset oC conduction in
a percolation proccss has becn cxpcrimentally determincd for a system of micro-
crystalline Si embedded in an a-Si matrix. Highly phosphorus doped amorphous
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RAMAN SHIFT (cm-1)

FIGURE l. Raman spt'et.ra for microcryst.alline silicon having variolls partíc!('s size. Thc hotlol\
curvc is a typical llaman spectrum frolll ltydrogf'lIall'd artlOrpllOlls silicon.

silieon alloys prcpared by ¡:!;low-dischargc of SiF'1/1l:! It¡j\'e lwctl fOlllld to cOlltaill
microcrystallinity. Samplcs having a \"olulIll' fradion, X. of Illicrocryst.allinity in a
wide range wefe an,l!yzed by naman ami ('lec! rical IIH'aSlm'IlH'lItS. Fig. ~ shows i-l
t.ypical llaman spcctrum of a, si-lmplc having X = 0.~2_ The f'xpcrillwnt.al curvc
(continuous line) has bccn rcsoln>d illto t\\"o parts: I{/. shaded; aJl(1 le_ In orcicr
10 decomposc the tot.al llaman intcnsit,v. a cOlllpul,('1' progf(l1Jl was lIs('d lo fit a
typical amorphous spectrurn t.o t.he 10',','('1'cllcrgy si dI' of the m('(lSlll"ed S¡H'ctrUtll
wherc no contrihution from t.he rTystal1irw componcllt is cXIH'c!<'d_ The maxillllllll
of t.hc amorpholls componcllt is locatcd (lt. .180 cm-l. Artef snhstrac1.ing I(j fmm Ihe
tolal IIlcasurcd seattcfing lhe rt'tllillding arca lindel' the cllr\'(~ is at.trihuted to le,
the conlribution frorn the fradion of crystilllinily.

Let liS define X by

, /,
.\ = /, + /" . ( 1 1

in which le = ¿eX ano /11 = ~1I(1 - X). w!lere ~ is ti\(' illll'grakd hackscattering
CfOSS sed ion over t.he measlIfed fre<jllcllcy rall~(,. Solvillg Eq_( 1) rol' t.he volulIlC
fraction of crystallinity, X

• X
.\ = •x + y(! - Xl (2)

\\'hefC y = EC/¿Il is the ratio of lhe inlcgrated Halll(lll CfOSS:-ice!ion fol' e-Si ami
a-Si. In order lo fino !I, two standard samples WCfCpfl'pafl'd: Oll(, shows onl)' the
amorphous part and the olhef shows onl)' lhe cryslal1ill(' piUt.. Sin("(' I = ~v, with



Prcpamtio71 Mul c!wmcicrization o/ mi('rocrY8tallinc Si and Ce thin films 651

--,
I

X~022

>->-¡¡;
z
w
>-;;:
z
"""a:

-~ , r,, ", t ,
\ I '
\ I le 1
¡ \
I' ,

I
\ ,
\ ,

1

;/ \'\
/ ~---------¿ ~

----"_ _ __ l. -----
450 .150 500 550

RAMAN FREQUENCY(cm-1
)

FIGURE 2. llaman spcctrurn oC a Silicon film having a mixture oC amorphous (la) anrl crystalline
(lc) rila.s('S. For lhis sample tlH' ealculat.cd volume fraction of cryst;,llinity Xc = 0.22.

v bcing thc scattcrillg volllrne, tile ratio y rnay he cxprcsscd hy y = fcetc/na, \'.¡hcrc
Oc = 1.3.1 X 105 CIl1-1 and O'a = 1.68 X 105 cm-l are lile rneasured absorption
('oeflicicnts al 2.5 cV energy of tIJe excitation sourcc for the microcrystalline and
iHl\Orphous samples respcctivc1y.

In Fig. :3we sIJO\\-'the measurcd conduetivity versus the calculated volumc frac-
IiOI}X. For X < 0.16, the conductivity is neariy constant, being approximat.cly
10-4(S1 crn)-l, typical of phosphorlls-doped a-Si:H. I1owevcr, for X 2: 0.16, the
cOllductivity increascs exponential1y and shows s•.•tura.tion for highcr X values. Also
siJown in Pig.:~ is the 4>c(:lIJ) = 0.16 for Zallen's (4] latest cakulatioll of the threshold
\,•.•llle for percolation in a three dimensional systC'm. In ordcr 1,0 corroborate that the
S<lTIlpleslrllet.ure agrC'es with Zallen's prcdictions. the films were analyzed by TF.M.
Jt was found tha.t the crystalline cOmpOTlClltconsist of slTIall cl'ystallitcs having
an approximately round shape and isotropically distrihuled throughout t.he film
yolllmc. Thlls. as far as the concluct.ivity fTICaSlll'Cmcntsis conccrnecl, t.hc syst.em is
an isotropic t.hrce dimensional system.

Zallen H] also fOllTldtllat for a systcm \'vith lower dimeIlsionality Xc is largcr.
In faeL for a.system with only olle dilllensioll (a. w¡reL Xc = 1. For an isotropic two
dimensional syst.cm 11C'found an intermediatc value for Xc = 00'15. To my knowledge,
no cxpCritllf'lltal work sllpport.ing Zallen's result for pcrcolation conductivity in a
1.\\'0 dimellsional systcm has Iwcn reported so far.

In the prcscnt work, RalllaTl spcdroscopy and conductivity studies have bcen
extended lo gel'lnanillm filllls. In this case tWDcritical vallles were obtained for filrns
prepared IInder dilTcrcnl sul)stra.te t.emperalllfcs. Subscqllcnt struclural investiga.
liolls using scallning dectron microscopy (SEM) cross-scetion rt~vcaled that a. highcr
valuc of Xc '" 0.4 bclonged lo a grollp of films t'lll showing columnar structllrc and
a lowcr valuc of 0.15 hdonged to those having crystallites with spherical shape.
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FlGURE:1. E1l'("trical conductivity VN~US volllrne fraction of nystallinity. Tlw thn'shold valuf' for
IWf('olation, CJ~(:1) ca!clltillf'd hy Zallen is colllparf'd to t!lr cxpf'rinwnta!ly determinedX,

Sillce dI(' cOlldllctivity is Illcasllrcd illong tile plarw of the film, ¡.I. perpendicular to
tite ll1ilin axis of lhe COIUlIlIlS illId Ihe amorpholls COlllPOllCllt is lociltcd jnbctw(,(,ll
columns, Ollf [(,slllt indicatc ,]¡;t! 11](' higher \.itllH' corrcsponds to a percolation of
Iwo-dilllcllsional nalure; jn agf('('lIlellt wilh Xc = 0.,15 ca!Culated by Zal!en [.t]. Fig .. 1
shows Illl' ronductivity at 1'0011I !t'llIperatUfe versus X mcasUfed by Harnan for lhe
twü Iypes of s.arnpics, type (il) in solid and tYJH' (h) in <iashed lille. TIH' percolatioll
lilIlit is approxilllatdy 0 ..1 for typf' (a) and 0.1;) for typc (1)), Typ(' (h) films were
Ill'ep(lrcd in a IJlt\' chamber \)y evaporatioll in tlll' alllorp\lOlls pll,lS(' amI suhse-
qllcntly ,1Il/1(',,1(,d at \"ariolls t('IllIH'raturcs to pro<llin~ salllph's with \.ariOllS valucs
of X. TIll' \'olulIll' fractioll of rryslilllillily in Iype (a) films \\"a.s oiJtaiJlcd by sctting
lhe tcmpcr(lllll"c of lhe sub.slrill(' aho\"(' the lelllpcraturc ror whi"h nystallizatioll
~tarts lo onur during the growlll process. Ilig\wr slIbstratt' tt'IlIIH'ratures, abon.'
Ihe critjcal substratc tcmperalllfl', provided sarnp!('s wit.h in("J"eitsing X. Another
way of illcn'(lsillg X is by tll(' ilflllf'.alillg of satllp[('s h,l\.illg traces of nystallinity.
'rhe illllH'alillg l('lllp('rat.urt' in Iyp" (a) s<Hnplf's is illdic(lt('d al. tllf' right hand !'lid!'
in f'ig .. 1.

C. Crys/nl/i::nfirlTl nnd ¡Jn/(rnd nrú nlnlion

The ,rysl;lllizillioll t('mrf'r;¡l.ul"(,'i of si1¡coll <tud ¡.l;l'rJllilllilll1l dllrill¡:!; d('position, ('r~r)
and jll i1lllorpliolls filllls aln',Hly fortlH'd <111('lo alllH'alinp; ('I~) hit\"(~ \)(''('11 illvcst.i.
g(ltcd. In t1ll' fOl"llwr C(lse, tlw sllb:'dralc t.clllperalm(', T.c, al which lile Iransitioll
frolll aJnorphous lo llIicrony:.dallillf' occurs dt'fH'nds Oll the tyP(' of sllbstrate. The
su bst rales illn'st igilll'd wt'f(' '111<11'1z. \"ilriolls tYIH'Sof comi llg glass, crysl illlille A120.1,
slaill!ess st('('1. i\lld (Jllartz slit1(,s coated with a t hin layt'r ('" :wo A) of nlllorpholls



Preparotion and chamctcri::ation o/ microcrystalline Si and Ce thin films 653

•, ~~~,

",/lb> Td'Cl
E

/ "~-
200

" '[
no

O , ,,,-' I , ,,,
X no

-\- ..!. j

" " " "
VOLUME FRACTION OF CAYSTALLlNITY X

FIGURE 4. Electrical conductivit.y versus volume fradian of crystallinity for germanium films.
Crystallinity was produced by twa diITcrent ways: by substraie heating (curve a) and
by thermal annealing af the amorpbous phasc (curve b).

silicon prcpared at room tempcrature prior to dcposition. The laUcr substrate will
be refered lo in this work as amorphous silicon substrat.cs. For botlt siticon ana. ger-
manium tIle lowcst 7~c corresponded to films deposited on quartz subslratcs being
380°C for the formed amI 280°C for tIte latter. Those tcmpcratures are substantially
lower titan the T!jc rcportcd foe silicon and gcnnanium films prepared by othee
lechniques [5-7]. Among thc invcstigalcd substratcs thc highcst 7:,c corresponded
lo films depositcd on 7059 corning glass, 'J~c= 450°C and 340°C wcre observed foe
Si and Ce eespectivcly.

\Vhen crystallization is produccd by anncaling of an amorphous film thc crys-
lallization tcmpcraturc1 7~, depcnds on the history of cvery particular film. Ir the
anncaling is pcrformed immcdial.cly aftee deposil.ion under UIIV conditions in a film
never exposed to air, tite crystallization tcmpcraturc is 600°C regardlcss of type of
substrale ami subslrate l.emperaturc (Fig. 5). Bowever, if the films are exposed to
air contarnination hy removing lhem fram the UIIV ehambcr or by introducing pure
oxygen into the ehamber, the cryslallization temperature inereases up to 700°C for
films dcposited at Im\' subslratc temperaturc. Fig. 5 shm••..s Tc L'S. substrate tempcr-
ature T!j for silicoll films dcposited on quartz and on amorphous silicon annealed
in ami out the VIIV challlbcr for one hour. 'fhe values for Te anncaled inside UIIV
are shown with the crosscs whcre the amorphous samplcs !lave nol. been exposed to
ambicnt contamination. Open and elosed eireles represent Tc for similar films whieh
have been stored in air at room tcrnperal.urc for few days followcd by annealing in
a tube furnancc flowing witb n.ylrogen.
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FIGURE ,). Crystallization temperature, Te t's. substrate t('mperature, 'F.. ofsilicoll films, for ill-silu
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D. Gmin-sizc

In order to study thc grain-size, microcrystalline gilicon ami germanitlIn films were
prepared llnder UHV conditions at Ts ranging from 20 to GOnoe followed by annealing
at 800 and 5700e respectively for one hour. Tlle average grain-sizc of tbe arIllealed
samples was measured using transmission electron microscopy (T!':~I).As reported
by Herbeke el al. [8], the maximllm grain-size occllrs for Ts slightly \wlow T~c. Our
results may be explained considering the compctition hctw(,cJl the homogf'Ileou:>
nucleation at high suhstrate temperatmcs and ilctcrogeTlcolls IluckatioH iJl(llIced
by the chemisorbcd foreign spccies in the \'oids at low suhstrate tcmperatllf('5.

In Fig. 6 we show the grain size dcpendcIlCC OH Ts. Note tha! thcrc is a Illax-
imum for Si at Ts = 3500e ami at Ts = l700e fol' Ce. TheEe \'alu(,5 correspond
approximately to the Tsc for Si and Ce rcspectivcly. The maximum [or bol.!J reaches
a few rnicrorneters. Fig. 7 shows tbe TE~I micrographs [or Ge at thrc(' differelll. \'alucE
of ToS' 20, top; 170, rniddle; and GOOoe bottom. the eledron difTradion patien; are
shown at the upper left comer. Thc elcctron difTraetion pattcrtl for 7~~= liOoe is
almost that of a sinle Cfystal, indicating that the elcdron heam size is much smallef
than thc grain sizc. Rcturning to Fig. 6, the dash-dot cur\"c rcfers to annealiug
under UHV which results in only a slight decfcasc al Ts :s T.K' Sincc no impuritcs
are prcsent, the grain size is only detcrmined by thc anncaling conditions. \\'c can
also condude lhat voids alone do nol induce hct.crogellcous Ilucleatioll. Por ex-.situ
annealing in the same ternperature rangc (r~< Tsc) a drastic redudion in grain
size is observed. Again it is the chemisorh(,(} spccics OHthe internal surfaccs of the
voids that promote heterogeneous nucleation causing the reduction in grain size. Por
Ts > Tsc no voids are prcsent hccausc the material is microcrystalline alld thercfore
the grain size is controllcd by homogencous nlldeation.
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Parametcr S;
Vn 2 x 10 21 (cm3)

No 2 x 1022 (cm-3)
En 1.35 eY
Vo/K 3.2 X 10-19 (cm3)

/0 8 X 10-22

E, 1.77 eY

TABLE 1. Parameters Cor the fit of L t'S. T. using Eqs. (1) and (5) and lhe cxprcss ion for 1.

In arder to understand the appearance of a maximum in L, we assume that
the heterogencous sites per unit volume, Ni is proportional to the density of voids,
i.e. Ni = J(Vv, where /( is the ocupation probability pcr void by chemisorption.
If Vo is the most probable volume oC voids {gJ, the volume fradion, fv is given by
Iv = Nv VA. And Iv may be taken as

{ _1 ¡-'f, = f,o 1 + fo exp(-F:,/kT,) , (3 )

witl1 fvo = 0.04(17). At high tempcratures, 7~ much greatcr than Tsc, L is lirnited
by the number oC homogencous nucleation per unit volumc Nn given by

(4 )

wherc Vn is the minimum volurne occupied by a nucleation site [10]. \Vith both
competing proccsses, the grain size L = (Nn + N¡)-1!3. Table I summarizcs the
rcsults obtained by fitting this expression to the grain-sizc L for Si. The activation
energy Cor homogcncous nuclcation En = 1.35 eV is much lower than the value
3.7 eY [llJ for a-Si already prepared. Ir \Veuse Shevchik's [9] most probable void
volume oC 2.5 x 10-21 cm3, the value of /( may be detcrmined, giving approximatcly
0.01. This mcans that only approximatcly 1% oC the most probable void density is
affedcd by chemisorption, or altcrnativcly, only 1% oC the voids are connected to
allow gas molelculcs to perrneate thronghout the entire volume.

\Vhat we can find from the fit to L is Ni, leading to the value of Nv to within
a factor /(-1. Obviously A' depends on the t.rpes of gas moleclllc involved. Thus
a careCul analysis oC the variation oC L enables liS to study chemisorption and void
structure. For a given gas, f{ is constant with Ts, thercforc one can obtain the
variations oC Nv with Ts as shown in Fig. 8. Por the UIIV annealed, t.he prohability
of occupatioIl g is rcduced by a factor of la'" resulting in a nearly COHstant L
at low subst.ratc temperature, as shown in the sarne figure. This substantiates the
conclusion that voids alolle do not reduce grain-sizc. T.~isanalysis shows that lacking
a graingrowth for covalent materials, the grain size is limitcd by the cornpetition oC
tite homogeneous and het.erogcneous nudcation. It is important 1.0 recognize that
the grain size is affccted hy the prescll(,c of Ni, 10 orders of magnitude below No-
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FIGURE 8. Nucleatioll density N•• and Ni vs. substate temperature for Si and Ce films.

Bowcver, threc orders of magnitude improverncnt in vacuum will al múst result in
a factor of ten ¡nerease in L.

4. Conclusions

In general, for thin film deviccs, it is dcsirable to have individual graios w¡th a
large aspcct ratio (widlh to thickness). In lhe prescnt work a systematic study on
sorne of thc pi:lramctcrs which affcct the nuclcation and growtlt of VII\' evaporated
silicon and germanium fi1ms has becn carried out. Jt is found that by changing
the substrate tcmperature in a range from room tcmperature to 500°C, silicon and
germanium films with crystal structurcs varying from completeIy amorphous to
highly crystalline are produced. Intermediatc substrate temperatures result in 61ms
with a diphasic structure, i.e. a mixture of amorpholls and crystalline phases.

The substrate temperature at wltich the amorphotls to microcrystallinc transi-
tion occurs for Si and Ce depends on the type of substratc and on the presence of
impurities, therefore it is not an intrinsic paramcter.

Thc crystallization temperature of an amorpbolls film already forrncd does not
depend on cither the typc oí substrate or substratc temperaturc when annealed in
situ under UIIV conditions. IJowcver cxposure to ambient contarnination before an-
nealing results in an increase in Te íor films preparco at low substratc temperatures.
The latter might be explained by the need to out diffusc the trapped impurities
introduccd through the voids. Since voids disappcar at 7~.2: 350°C [12,13], thcrc is
no difIeren.ce betwccn in situ ano ex situ anncaling.

The dependence of the grain sizc on tlle substrate temperature of Si and Ce
fi1ms has also beco studied. The maximuTIl grain size of the annealcd sample occurs
when the substrate temperature is in the range in which the depositcd film changes
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fmm lhe <l.morphous to tile crystollinc stote. Thcsc res1l1ts ilon~ 1>('('11analyzcd 011
lhe basis of lhe cOlIlpditioIl bCt.W(,Cll1wo nuclcalion nwchanisllls, 0[1(' with and tile
otilcr withoul foreign spccics presento
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Abstract. S(' t1iscu1l'n la preparaClolI y cilrarterizacitlll de pdículas
delgada.s de silicio y germanio microcris!alillas. Se utilizaron varias
técnicas de caracterización, tal.'s como lTl<'didas elédricas, espectro-
scopía Raman, microscopía dectrónica de transmisión, difracción de
rayos X y microscopía ('I{'(.trónica tic barrido. En p,trticular, se discuten
la percolación f'll la conductividad f'léctrica y las Illedidas del tamafio
de grano. U d"rto mi-Ís importan!(' que dptNfIlina las propiedades de
estas películas ('s 1<1IHcs(,llcia de impurezas. Asimismo. para mejorar sus
propiedades es lH'c('sario un crecimiento Cfllll.rolado bajo condiciones de
alto vacío y/o ¡:!;a.'.;csde alta pllft'za en los sist('fIl<ISde d('{losición.




