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I11 this worlí we use spin dependeilt plioto-conductivity (SDPC) to study the recombination 
process of photo-excitccl carriers in hy~lrogenat~ed a.morplious silicon germanium alloy (a- 
Si,Gei-,H). Tlie incorporation of Ge in these a.lloys is marked by a sudden change in the  
SDPC signal (-An/õ) from (a-Si:B)-lilie to  (a,-Ge:H)-like. These results, combined with 
g-factor ancl liiiesliape analysis of tlie spectra, indicate tha t  the Ge incorporation creates 
new statles in tlie conductioii Imnd tliat doininate t,lie t,ra.nsport and recombination of the  
photo created free carriers. The  origin of the spin dependerit recombination in a-Si,Gei-,H 
is also discussed 

I. Iiitroductioii 

'roday, liydrogenated amorphous silicon (a-Si:H) is 

an  electronic seniiconductor of coiit,rollable quality. On 

tlie basis of the present knowleclge of tlie physics and 

cheinistry of a-Si:H filins, reriia~r1íal)le progress 11a.s bcen 

inade in manufacturing devices, such as high efficicncy 

p-i-i1 solar cells, thin film transistors, and imagiiig de- 

vices. Nomadays! tlie industria.1 a.pplica.tions of amor- 

p110us semiconductors filin represent a marliet of around 

one billion dollars. Tlie commercia.l perspectives of so- 

lar electricity generation are still brighter. The  need 

of efficient, cheap, a.nd stable materiais for tlie photo- 

voltaic conversion of sunlight led many researcli groups 

to investigate new coinpound arnorplious semiconduc- 

tors. Variable ba.nd-ga.p a.~norphous alloys of electronic 

quality are essential in t,he manufacturiilg of efEcient 

multiple junction (or tandem) solar cells. The  electric 

output of t,andem solm cells ca.n bc notably increased I>y 

a proper choice of tlie opt,o-electroiiic properties of tlie 

layers cornposing the structure.[l," Even for single gap 

solar cells, the properties of tlie active layer has t,o be 

ina.tched to tlie spectra,l distribution of sunlight in or- 

der to get an  optimized electric power output.  Most of 

tlie research efforts on seiniconductor alloys l-iavc bccn 

clirect,ed towards the understaiiding, and eventual mas- 

tering, of tlie properties of silicon-germanium alloys (a- 

Si,Gei-,H). Until now the success has been rather lim- 

ited. I t  has been found tha t  the optical band-gap can 

be easily ta.ilored in the (1.1 - 1.8) eV energy range. 

However, tlie electronic properties of the films deterio- 

rate enormously on alloying, in terms of midgap density 

of states (DOS) and mobility-lifetime product ( p r )  of 

electrons aiid l~oles.[~-" 111 addition, deposition condi- 

tions leading to  high quality a-Si:H films produce very 

defective a-Ge:H material. I t  is already known tha t  de- 

position of Ge atoms with good local surroundings re- 

quires cluit)e different plasma conditions, and also quite 

different plasma,-surface int-eractions, than that  for the 

deposition of Si. 
Hence, the degraclation of the electronic properties 

of tlie alloys may originate either from non-optimized 

deposition conditions, or froin a process liaving a more 

fundamental nature. Electron time-of-flight, post- 

transit spectroscopy, and photoconductivity da ta  sliow 

that  tlie incoiporation of Ge in the a-Si:H network sub- 

sta.ntially broaden the  cb-ta.il region in the  neighbor- 

hood of the mobility edge and increase the density of 

deeper tail states in the gap.[6-8] These results are sup- 

portcd by elcctron spin resonance (ESR),  light-induced 
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ESR (LESR), aiid opt,ically cletectecl ma.gnctic reso- 

naiicc (ODMR) rnea.suremeiits, wliich a.lso iildica.te a 

coiisiclerable iircrcase of tlic dei1sit.y of da.ngliiig boiicls 

(dl,) with (:c incorpora t ion. [~  l l i e  vh-tail is alinost not, 

affcckd wi1.1i Ge i i i c ~ r ~ o r a t , i o i i . [ ' ~ ~ ~ ~ ~ ~ ~ ]  Tlie a.lloyiiig ef- 

fect.s oii t.hc cb-ta.il DOS a.re coiivincingly supported by 

photoemissioii spectroscopy measuren~ent,s["~ as mel1 a.s 

by theoret,i~:a.l c~nsideratioiis[ '~] based oii tiglit-binding 

calculatioil:;, which estimate t,lie coiisecliieiices of I~oiid 

lciigtli, hoiid angle, a.nd dihedra.1 angle fluctuations, 

on the electronic DOS of crystalline Si and Ge. I t  is 

theoretically found that  the Si vb-cclge is affect,ecl ex- 

clusively 113 diliedral angle fluctua.tions wlierea,s in Ge 

vnriations cif bond le~igths aiid bond angles a.ffect? in 

a.dtlition, tl-e ciectronic DOS a t  the cb-edge. 

Spin dcpendeiit measurenleilt,s me a convcnient 

nietliocl of studyiiig recoinbiiiatioii ceiiters.["~'" 111 par- 

ticiilar spiii-dependerit phot,ocoiiductivit~y (SDPC) lias 

beeii used ..vith success to elucidat,e severa1 processes 

involved in t81ie recombiilation of excess cariiers i11 a.- 

s~:I-I['"-'~. 'The grea.t. a.clmntfa.ge of t.liis technique, is 

tliat,: 1) tlic ineasiireineiits cai1 be cloiie a t  device op- 

eration teiiiperatures (arouncl room temperature); 2) 

the tecliniqiie is short ra.nge a.iicl chei-nica.lly selective, 

so t,lia,t for siiíficieiitJy localized electronic stat#es tlie 

SDPC spect.ra. cai1 provide quite det,ailed inform;i.tion 

about thc spin-nave f ~ ~ n c t i o n  as mel1 a.s tlie cl-ienlical 

nat,ure of tlie localized ceiiter involved in recombina- 

tion. Iii tliis worli we extentl SDPC mea.surenients to 

a-Si,Gei -,I1 alloys. 

The san-ples of a-Si,Gei-,H 1ia.w been prepared 

eitlier by a conventiona.l para.lle1 plate ca.pacitively- 

couplccl g lc~~v discharge (GD) rea.ct,or or by co- 

sputt-eriiig policrystalline targets of silicon aiid gerina- 

iiium. The  samples with higlier germa.nium coiitent 

wcre deposii,ed by rf sputt,ering. Thc glow cliscliarge 

syst,em was powered by a DC elect,ric field. Alloy- 

ing of silicoii with gerrnanium mas obt)aiiied froin dif- 

fereiit SiF14/GeH4 gas inixt,ures. Tlie total gas fow 
[SiILl+CkH4] was liept const,ant ai, 10 sccin. Aclclitioiial 

dilution of the process ga.ses with H2 was found to iin- 

prove tlie film qualit,y. Gas pressure (0.3 m11a.r) and 

su11strat.e terlperat,ure (200°C) mas lieltl constant for a11 

deposition runs. Further information on G D  deposition 

conditions and sample properties are given in Ref.[5,8]. 

Tlie sputterecl saniples were grown in an  argon plus 

hyclrogeil atmosphere aiid tlie substrate temperature 

~ v a s  200°C. Tlie deposition conditions were those giving 

high y~ia.lit,y a-Ge:H f i l r n ~ . [ ~ ~ I  

St,anda.rd techniques have been used in order to  

characterize the specimens. Optical transmission mea- 

sureinent,~ bet,ween 500 and 2000 n m  was used for the 

~Iet~ermiilation of t.he film thicltness, the  optical bandgap 

and tlie refractive index. The  composition of the  films 

was determiiied via the optical gap, and in some cases 

by electron nlicroprobe analysis. 

Tlie SDPC technique detects spin resonance by 

cha.nges in the steady-state photoconductivity.[11-19] 

For tl-ie SDPC experiments, the a-SixGei-,H thin films 

growii oiito Coriling 7059 glass, and equipped with 

AI electrodes, are placed in an  X-band ESR cavity. 

Tlie sainple is illuminated with a tungsten lamp ( x  

60 imW/cm2), and kept. a t  a constant temperature in 

tlie 100-300 K range, by cooling i t  with dry nitrogen. 

Tlie spin-dependent change of the photoconductivity 

is specinlly sinal1 for these a-SixGei-,H alloys (typi- 

cally A u / u  5 l0W5), but can be méasured with a gcod 

signa.1-to-noise ratio, by modulating the static magnetic 

fielcl aiid detecting the photo current (Iph) with a lock- 

in technique. 

111. R e s u l t s  and d i scuss ion  

SDPC has been particiilarly useful for the under- 

staiiding of recombination processes in a - ~ i : ~ . [ ' ~ - l ~ ]  In 

tl-ie ca.se of a-Si,Gel-,:H, and alloys in general, the re- 

combination process is more complex in nature than 

iii elemental amorplious seiniconductors turning the in- 

terpretIa.tion of SDPC spectra in these materiais par- 

ticularly difficult. Before treating the more intricate 

problenl of the alloys let us discuss the a-Ge:H case. 

Altlioiigli similar i11 some respects, a-Ge:H and a-Si:H 

differ appreciably in what concerns the spin system. 

Of partic,ula.r concern t o  the  prohlem being addressed 

here (SDPC), i t  has to be mentioned that  due to  a 

la.rger spin orbit coupling constant (Açi  = 0.019eV, XG, 
= 0.138eV), the spin orbit relaxation time Ti ir; ap- 

proximately two orders of magnitude shorter in a-Ge:H 

than in a-Si:H (Ti K A-'). As a consequence of the 
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Figurc 1: ESR (daslied liiie) aiid SDPC (full liiie) sigiial 
as a fiiiict.iori of t,lic externa1 ~iiagiictic fielrl, for alloys witli 
differeiit compositioiis. Tlie cliaracterist,ic g-values of a-Si:II 
(2.0055) antl ;L-CkH (2.01 G )  SDPC signal are sliorcri as ver- 
tical liiies. 

larger spin orbit coupling (smaller spin 1at)tice re1a.x- 

atioii times) the SDPC sigiial of a7Ge:H, wlien com- 

pmed to a.-Si:II lms trhe follo\ving cl~aracterist,ics[~"]: 

1) a. stroiiger depeiicleiice ori iiicideiit i~iicrowave 

power, -Au/ã(G'e) cc I', aga.iiist. -Aã/a(G'e) x f"/'. 
Tlic two beliaviors follows t,lic fa.ct t.liat the spin s y ~ t ~ e i n  

of a-Si:H is under saturat,ion regime, ~vl-iile in a.-Ge:II it, 

is not. 

2) a sma.ller ah~orp t~ ion  amplit,utle [(-Aa/a(Si))  > 
100n:(-hú/ã(Gr:))], and ri st,rong teiilperature depen- 

dente -Aa/ã  x T-*, 7SIiis 11~0 effccts are ~iiicleist~ood 

using R.Iova.gliar et a1.L'" SÇDPC inorlel. A-Ck:II lias a 

noriually spin depeiident recoinl~ina.tion proccss, while 

in a-Si:I-l, t,he recoinl~iiiat~ion is aiionialously spin rlepen- 

dcnt.. 

Iii Fig. 1 we suininarizc t,gpicaI SDPC spectra of tlic 

alloys: as a function of composit,io~i (f~ill lines). I11 the 

saine figure the corresporidcnt. speclrn of conveiit,ioiia.l 

ESR on siini1a.r sa.mples. are presenled (dashetl liiies). 

It is clear from t,lie figure that  t,he two techiliques give 

quite differeiit lineshapes, specially in the Si-rich alloys. 

Let us remeinber t,he different origin of t,he SDPC aiid 

ESR signals. Iii thesc iiiaterials ESR basically measure 

t,lie Si a.nd tlie ~ e - d b . [ ~ , ~ ]  This is clear in the x = 0.89 

case oii Fig. 1, where the signal coming from the Si 

ancl Ge db a.re easily deconvoluted. The  SDPC signal 

is more coinplex in imture bemuse it derives from a 

recoi~ibiiiation process, so the  SDPC signal is not just 

sensitive to  the nuinher and the nature of the db,  the 

cb (or vb) states (Si-like or Ge-like) but also reflects 

t,he ma.in process of recombina,tion. Tlie deconvolution 

of a11 this cont,ributions to the SDPC signal is a rather 

irivolved problem. In what follows, and in order to sim- 

plify tlie problem, we a.re going to  use the ESR results in 

tlie interpreta.tion of the SDPC lineshapes. Let us start  

froiil tlie cxtremes. Tlie elemental semiconductors (a- 

Si:H ancl a.-Ge:H) give similar lineshapes for SDPC and 

ESR spectra., alt,liough the SDPC signal is wider, and 

lias a g-fa.ct,or value between the ESR g-factor values 

of a. spin in a clb and cb stat,e. For example, in un- 

dopecl a-Ge:H tlie g-value found in SDPC is N 2.016, 

between 2.018 (Ge-db) and 2.012 (Ge cb). The g-factor 

found indicate tha t  tlie SDPC signal in a-Ge:H, as in a- 

s ~ : H ~ ~ ' ' ~ ~ ~ ~ ~ ~ ] ~  comes from t,he recnmbination of ai1 elec- 

tron in the ch a.nd a hole i11 the db (this supposition is 

support,ed by Iransport iileasurements, where it is found 

t1ia.t t,lie electrons are the majorit,y carriers in the whole 

alloy ra.nge["-"~'"). As soon as C e  is incorporated the 

tmo spect,ra appca.r remarltably different. Note tha t  for 

x = 0.89, t.he SDPC signal is strongly Ge-like. This is 

n c1ea.r evidence of a strong participation of Ge in the 

recoinbination process. Not just tlie lineshape is Ge- 

lilte, but  also the a.mplitude of the signal. In Fig. 2 the 

SDPC signal against the  incident microwave power is 

shomn for va.rious a.lloy coinpositions. Again, as soon 

as Ge is incorporated (x= 0.89): the SDPC s i g d  char- 

a~t~er is t ics  a.re very similar to tha t  found in a-Ce:H. 

Let us recall liow the recombination of excess carri- 

ers occurs iii order to understand the Ge-like behavior 

of tlie SDPC signal. I t  is generally accepted tha t  a t  suf- 

ficieiltly l-iigli teinpcratures (aliove 150K), the electrons 

arc moving soniewhere above tlie mobilit,y edge. These 

elect,rons frequent,ly fa.11 into band-tail localized traps. 

At IOTV cxcit,ation iiitensit,ies, tlie photo-conductivity is 

due t,o elect,rons being re-emitted from the localized 

tra.ps t,o the conducting states. T h e  process is limitecl 

by the competing recombination process. In this pic- 

ture, tlie recoinbination is between an electron in a lo- 

ca.lized sta.t.e 1iea.r t,he ch mobility edge and a hole in a 
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1 a-Si, Ge,?, :H , undoped I 

Microwave Power (mW) 

Figure 2: SDPC signal (-Aa/a) as a fuiictioii of iiicideiit 
rnicro~vavc prnver in mW, as a fiinct,ioii of composit,ion. Note 
t.liat. eveii fcr tlie Si rich alloys the SDPC signal is very 
similar 1.0 t,list. in a-Ge:H. 

db.  

Tlie origin of this stronger Ge-like hehavior can be 

eitlier a strc~ng niodificat,ion of tlie cb tail due t.o alloy- 

i n g  or a I i i~licr  density and/or capture cross section of 

db's is 200 A. With  tliis separation it may be assumed 

tliat dli's wave filnctions do not overlap. A recombi- 

nat,ion between ai1 electron in a Si-like cb state and a 

Si db  will be anomalously spin dependent, while those 

reconibining in a Ge db will he normally spin depen- 

dcnt, as cliscussed previously. Thus the recombination 

i11 Si-db ~ o u l d  give a SDPC absorption signal a t  least 

100 times grea.ter than through a Ge-db. In this case to  

explain the Ge-lilce behavior, we would have to  assume 

t1ia.t the Ge-db capture cross section is 1000 times or 

more higlier t,han that  of a Si db.  This higher capture 

cross section of the Ge-db is in contradiction with T O F  

results[""l wliich show that  the capture cross sections 

of Si-db and Ge-db are basically equal, independent of 

t,he alloy compositioii. 

V. Coiiclusions 

SDPC results on a-Si,Gel-,:H indicate tha t  the  in- 

corporation of Ge creates states iii the cb-tail tha t  dom- 

i n a k  the transport and recombination of the photo- 

excited carriers in tlie whole alloy range covered in this 

study (0.1 < 2 < 0.89). 
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