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Photoluminescence, Disorder and Localization In 
Amorphous Silicon Carbon Alloys 

Froiii Pliot.olui~iiiiesceiice (PL) aiid 1'11ototlierma.l Deflcctioii Spectroscopy (PDS) measure- 
n ~ e n t ~ s  iii a.morphous silicoii ca.rl)oii a.lloys. a. liiiear rela.tzionship 11et.ween t.he line-width of 
tlie PL (7710 spect,ra. aiid t.he Url~acli energy wa,s found. This relat,ionship is interpreted 
considering only clisorcler witli siiia.ll or iloiic broacleniiig due t,o electron-plionon interaction. 
Froiii t.lic PL tenipcrat~iire dependerice a.nd sul>-gap a.lxorpt.ioil nieasurement,s a localization 

I11 tlic la.sl. teli yca.rs, ri. t;rca,l iiunil~er of applicat.ions 

liave been developetl for a-Si:B aiid somc of it.s a.Iloys, 

sucli as so1a.r cells, pliot,orect?pt.ors a.nd thin filin t.ransis- 

tors. We remark tlie particular a.pplicat,ioii of a-SiC:H 

as window coiitact, i11 so1a.r cells['l. Oiie of the niore im- 

port.aiit aspcct,s of a.inorplioiis silicon c.ar110n alloys is 

tlic possil~ilit,y of clia.iiging t,lie opí.ica.1 gap hy ii1crca.s- 

ing t,lie cnrbon conceiitra.t.ionD~. 

Jn coiitmst t.o a.-Si:II, tlic l~iytlrogeiia.t,c?tl a-Si a.1- 

loys prepa.red for conveiit.ioiia.l glow disclmrge are 

not pliot.osensit,ive a.nd sliow poor optical aiitl elcc- 

troiiic properties[". Recently. however: Matmda  and 

Taiialia['I and Balier et a.1.r" tleiiioiist,ratcd t,lirtt relative 

good 8.-SiCx:H films cal1 t)c ; ~ c h i ~ v e d  by dilut,ing wit,li 

TI2 tlie n~t.t.lianc-silarie gaseorrs iiiixt.~ire used clurii~g t,lie 

glow discliarge clcpositioii. 

Iii t.liis work n7c liave addrcssecl t.lie pro1)leiii of the 

cause of tlie PI, widtli: t,lic PL dcpeiiclence on tlie tcm- 

peratrire and t,lie iiiflucnce of tlisortler o11 t,lie localiza- 

tiori lcngtli of t,ra.pped carric,rs. m:(. rc;port, stuclics of 

pliotoluiniiiescence (PL) ancl ii.hsorpl,ion experirri(:nts in 

two groups of a.-SiC:I-I samples growii wit,li diffcrerit 

degrees of hydrogen ílilut,ion gascous mixturcs. Tlie 

first group: ca.llec1 "St.a.nda.rd" (ST), 1va.s grown 11y the 

coi~veiitioiial glow clischarge inetliocl,. i . c ,  ir.it,hoiit Ity- 

drogeii dilution of the ga.seous mixtrire. 'Tliey have 

ol)tical gaps ( E g )  va.ryiiig bct,weeii 1.75 aiid 2.76 eVI 

Vrl~acli t d s  (E,,) l~etiveen 70 antl 120 iiiel' aiid den- 

sit,y of sta.tes (DOS) of about 1017 ~ m - ~ .  These films 

were grown onto a. roughened glass substrate. The  sec- 

oiid group was grown from a highly hydrogen-diluted 

(FID) ga.seous mixture of silane and metliane on smooth 

cji~art,z pla.te. Tliese samples have E:, varying between 

1.90 a.iicl 2.15 EV, E, between 58 and 100 meV and 

DOS of a.bout 10"' c ~ i i - ~ .  More details about deposi- 

tiori aiid clia.ract,eristics of these samples were published 

e l se~I i e re [~ I .  

11. Experimental details 

Thc sainples were excited with a chopped (13 - 14 

EIz) a.rgoii ion laser a.nd the PJ, emission detected with 

a silicon diode operating in the photovoltaic mode by 

a sta.nda.rd pha.se det,cct,ioii system. The  spectra were 

corrccted by tlie respoiise of the optical system. The  PL 
iiieasurenients were obtained a t  temperatures varying 

bet,\veen 77 a.nd 200 I<. 

For the S T  sa.mples grown upon roughened glass, no  

interference fringes in tlieir PL spectra were found. On 

t,lie cont,ra.ry, for the HD samples deposited on smooth 

qiiart,z, int,erfereiice pa.t~terns were found in their spec- 

t m .  In order to  eliminate tlie interference patterns, 

severa1 spcctra were taken by varyiilg the  incident angle 

of excit,ation laser. A resulting spectrum was obtained 

by averaging them and i t  u7as found that three spectra 

were enough to  cancel the interference pattern. 

Tlie sub-gap absorption coefficient was obtained by 

phototherinal defiection spectroscopy (PDS)[~]. The 
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Figure 1: T1 e Pl~otolii~riiiiesceiice (PI.) pcak posit.ioiis at. 77 
I< aiitl tlic ol~tical gap (E,) relatctl wit.11 t.lie caiboii contenta 
( x )  for tlic Staiidartl (ST) samples. 

absolu(.e DOS was clctcri~iiiied 113' scaliiig lhe sul,-gap 

ahsorptioii coefficieiit witli tlie absorpt~ioi-i c~cfficiei-it~ 

from staiid;ud absorp tion experimeuts["I. i'lie carbon 

conteiit of C,t~andarcl saiiiples was det,crii-iiiied hy Anger 

a.nalysis. Tlie carbon cont,ciit ir1 TID sa.iiiples nras not, 

dct,criiiined. 

111. R e s u l t s  aiid disciissioii  

-. 
Ilic PL spect,ra. a.re fenturcless broacl I)aiids! wit,li 

wiclt,lis varqiiig, bet,meen 0.30 - 0.55 c\: aiid pea.líing 

a t  ahoiit l . , j  eV for boí.11 groups of snrilplcs. Tlie PL 

meclia.nism is a.ssiimec1 t,o I x  siiililar t o  tliat conimonly 

accept.ccl for ainorplious silicon. A f k r  t . 1 1 ~  elt:ci.roii-liole 

crcatioii, tlettp iii t,he I,a.iids, t.11e pair i?: separa.t,ed by dif- 

fusion beforl: being tra.ppecl iii (,ai1 slat#es. Tliis process 

occurs iii tlie times of the ordw of picoseconds. After 

tlia.L, a. niucli slower tlierrnalizat,ioii process t,ril<cs place 

in ml-iicli car ie rs  ca.n Iiop iiielast,ically bctnreen localized 

statcs or reconibine ra.dia.tively via. l,uiiiieling. ilssiim- 

iiig t,lie latte:, process, t,he iiiasiniunzof tl-ie PL spectruni 

is deteriiiined hy tlic convolrition of tl-ie tail densit,y of 

sta.tes times t,lie occiipnlioii prohal~ility tlist,ribut,ioii of 

t.hc carriers, i.e., t$lic quasi-equilibriiii~im Fermi tlistribu- 

tion of crmiers. Tlierefore, t,lic eiiergy of t,lie iilaximuin 

cai1 be nrrit,trn asI7]: 

where E!,, i: the posit~ion of the P1J pea.k, E, a.nd E,, 
are thc conduction a.nd vaIencc baiici energies, respec- 

tivelg, and 2nd Et ,  are tlie ma.xiniuin energies of 

t,he steady si ate mrrier's ~list~ribiit~ion in t,l-ie t,ail sí.rtt,es. 

Fig. 1 sho~vs  the PI, peak positions at. 77K and Eg ,  

110th a.s a f ~ ~ n c t i o n  of tlie carbon content (x) for the 

ST snmples. As the  carljon content increases, Eg and 

also increase, as expected. In eq. ( I ) ,  it  is not 

assiii~~ccl aiiy electroii-plionoii interaction, but only ef- 

fec1.s of ~.l icri l~a.l izal~io t,liat. could cause an energy shift 

bet1~\~een tlie absorption energy and the PL emission 

ma.xiirium. In othcr words: we have assumed that  the 

shifting in tliese tmo curves is niainly due to  disorder, 

rii.tlzei tlian due to clect,ron-phonon int!eraction. There- 

fore, from figure 1 the eiicrgy shift bet,ween E!,, and Eg 

ca.iiscd bg t1iernia.lization would be approximately con- 

st.aiit. and is ahout 0.6 eV. Wha t  follows is an  a t tempt  

t,o ewluate  how la.rge is t,he electron-phonon interac- 

tion a.iid it,s iiifluence o11 t,he PL emission broadening 

and sliifting. We not,ice that  the total PL width can be 

expressed by[": 

vliere 4Ei  is tlie full wicltli half niaximurn (FWHM) 
PIA energy, A E  is lhe St,okes shift energy due electron- 

plioiion interaction, f i . 7 ~  is t,lle dorninant plionon energy 

for t,lie alloy a.nd AE,iis,,,i,,- is tlie c~n t r ihu t~ ion  of the 

disorcler to the emission lhe-width. Fig. 2 shows the 

FTVIlM vs Urbacli energy (E,,) a t  77K for both sets of 

saniples. Tlie FWHM for a-Si:H (0.25 eV) is also in- 

clucled. Witliiii the experimental error, there is a linear 

relationsliip between the FWHM and E,. The  extrap- 

olatioii to zero disorder, i.e., E,, = 0, gives a FWHM N 

0.08 eV. Assuining t,his value as the maximum contribu- 

tion to t,he electroii-phoi-ion interaction, an  estimation 

of blie Stoltes shift can be done. We will consider tlie 

a.lloy phonon energy as the a.verage value between tlie 

Si (60 meV) aiid tlie stoichiometric silicoii-carbide (80 

meV) pl-ioiion energies[" ], i.e., 70 meV. Thus, assuming 

E,, = 0, AEdisor,+, = O a.nd 4 E  x 0.08 eV, from eq. 

(2) a. Stoltcs sliift of about 0.04 eV is obtained. This 

d u e  is much sma.ller t11a:i t.he Stokes shift of 0.4-0.5 eV 

es t i~nat~ed by Streed7] for a 4 : H  hut almost twice wheil 

comp:i.red to  0.02 eV obtained by Searle and Jacksoil 

for silicon ilitride[". With tIiis result one can conclude 

tlial t,Iie I)L band width is probably niairily due to  dis- 

orcier. Consequent,ly our a.ssumption about the energy 

sliift between Eg and Epi as due mainly to thermaliza- 

t8ion effect,~ seenis to be correct. 

Now we will discuss the teinperature dependence 
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Figure 2: I'L fidl widtli Italf iiiaxiiiiuin (F\I:IThl) vs Crbacli 
eiiergy (E?,) at 77 I< for bot,Ii iiiatcrials. 

Now Ire will clisctiss tlici teiiipcrat.ure depeiiclence 

of I'L. In t . 1 ~  l~~miriescence process tliere is a compe- 

titioii bctween racliativc ancl iion-radia.tivc recoinbina- 

t.ion. Thc pl~ot~olumii icscc~ic~~ int,ensit.y as a. ftinct,ion of 

t.empcrature ca.n bc expresscd as['"] 

ivhcrc IU is t,lie maximum Pr, int,eni;ity extrapolri.t,ed to  

O K .  11,. a.nd li,,,. are tlie racliat ive and noii-racliat.ive re- 

comhiiia.t.ion probabilities, respcctively. Expression (3) 

can be ~vritt,en as: 

111 a.-Si:H a. goocl fit,tiiig t,o tlie expcriinental c1a.t.a. is 

obt,xincd witli 

wliere k is t,lie Roltzinaii coiistarit: r a.nd TU are the 

t1iinncl pre-fa.ctor[''] ancl radint.ive recoiiiliinat,ion c1ia.r- 

actcris1,ic timc of t,he inat,erial, rcspect.ivcly. 'I'lius we 

a.tljiist,ccl a value of I" t1ia.t obeys t,he siniple functiyi  

(5) witli N 23K for a-Si:B. \Ire fortilcl t,liat Lhe a; 

SiCx:I-I alloys also follow equat,ion (rj) fairly mcll. 

Fig. 3 sliows the best fit, oht.aincd using expression 

(5) for tlic S T  a-SiC:I-I sa.n~ples. For the salw of clarity 

only sclected curves a.re prcsentetl. Similar curves a.re 

obt,a.ined for HD deposited sanlples. iI'e emphasize t,lia.t 

at. low tempcrat,ures (7710 t . 1 1 ~  a-Si:H PI, int,ciisity is 

a.hoiit oiic ortler of ma.giiitude great,cr thaa  trile a-SiC:R 

'o-';, 1 O0 
150 200 

Temperature (K) 
Figuxe 3: Tlie best fit of expression (5) for a-Si:H and a- 
SiC:FT ST saniples. Tlte curves are normalized to one. 

PI, intensities. The parameter To for a11 samples was 

obtained from tliis set of curves. 

Sow, we return to  eq. (6). The recombination time 

ca.11 be expressed, also, by r(r ,)  = ro exp(crr,), where 

LU = 2 / a  is t.he effect.ive Bolii- radius (localization dis- 

tancc) a.nd T, is thc electron-hole defect distante['). 

111 a-Si:H: L~ is estimated t,o be - 10 - 12A, US- 

ing ru N I O - ~ ' S  [12]. The critica1 distance hetween 

tlie electron and defect: r,, is defined in such a way 

t1ia.t a. carrier Iiaving r < r,(r > r,) will recombine 

non-radiatively (radialively). Tliis crit.ica1 distance is 

est,imat,ecl considering tlie 111ea.n value < r > of a 

dist.ribtition of ra.nclomly clistributed defects G ( r )  = 
4;ír%~cx~(--47ír%\' /3),  wliere :V is the DOS. Combin- 

iiig tlie resulting expressions, the 1oca.lization distances 

for sa.mples wit,li difireiit. ca.rbon contents is estimated 
31 

L, E ~ . ~ ( ~ : T u / ~ V ~ / ~ E , )  (7) 

Fig. 4 shows the curves obtained ~ubs t i t~u t ing  the ex- 

periinental values of To, E, and DOS in eq.(7). The 

sliorter 1ocaliza.tion lengths ohtained for ST samples 

suggest stronger clisorder than in HD samples. We also 

notice that  tl-ie deposit,ion para.meters used in the de- 

position of tlie ST saniples seern to  produce a material 

with propert,ies converging t>o those of a-Si:H. Finally 

tlie larger values of L" in HD samples with low E, sug- 

gest the exist,ence of micro-crystals. 

IV. Summary and conc lus ions  

Sh i s  work reports pliotoluininescence sludies in a- 

SiC':H materiais that differ in the  glow discharge man- 



C' Scliniitlt de Magalhães. C' Bit tcncoiirt arlrl F -4lvarez 

,- - I  -- -- -I-- 
I 

a-Si:H \ 
I i 

- /  i 
SQUARES : HD 1 

4 3 60 80 1 O0 
E,, meV 

Figure il: Curves snbst,itut,ing t , h ~  ~ x p ~ r i m ~ i l t a l  valiirs of 7 0 :  

Eu aiitl DOL iii e q  (7).  

Tlie sliift between tlie PL inaxiiiiuiil aiitl tlie optical 

gap for t he iloil-clilut ecl saiiiplrs w:is int ~ p r e t c t l  as  clue 

to ca.rrier tliermalizat,ioii. 111 I~otl i  t y p s  of S ~ I I I P I C S  a 

Stolícs sliift, of 0.04 e): ~ v a s  estimatetl iii a-SiC':II corre- 

spontling 1.0 a 0.08 c\,' contribut ioii to tlie PJ, (:mission 

broatlening. 

Foi boi,li t,ypes of iiia.terials i t  n-as f'ouild a similar 

depeiicleiice of t . 1 ~  1'1, iriteiisit,). o11 t.empcra.t,urc. Com- 

l~ined resiilts of P L,  I:rba.cli energy a.iicl clciisit,y of st.at,es 

allowed to  mtiinate the localizatioil leiigth of tra.ppec1 

carriers (Lu). Lu is shortei iii iioii-dilut.ed h n  i11 di- 

luted samplis? ai1 indicative of a great,ei l~calizat~ioii of 

carriers. Tlie values of Lu oht ainetl for the S T  saiiiples 

seem t,o bc s iili1a.r t.o t1ia.t olxerved i11 a-Si:H. suggest,ing 

that  tlie deposition paramet,ers iised in t.liis case pro- 

diice nmterials convergii-ig t,o a-Si:H. Furtheriuore, the 

higlier loca.lizat,ion parariict,ers observeri for soirie BD 

saniples. coi.ld indicat,e t,lie exist.eiice of inicro-cryst.a.ls. 
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