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llk report, low t,eiiiperature (77 I<) e1ectroreflecta.nce and pliotoreflectailce measurements 
of tlie Ei-likc optical tra.iisit,ions o11 a. series of &/Si heterostructures (superlattices and 
quantum wells). Por single ancl double quantum wells of any thickness, as well as for thiclr- 
layer superla.tticc:s (peiiod - 100 A) t,he spectra. can be under~ t~ood  i11 terms of quantum 
confined bulk-Ge L', sta.t,es. For t , l k  (- 10 A) iiiultiple quail tun~ wells and superlattices 
zone folding effccts tloiniiiat,e t~lic spectra. 

The  st,udy OS the elect,ioiiic states in pseudomorplii- 

cally growii Ge/Si lietcrostruct,ures poses many chal- 

Icnging cluestions! sucli as folcled ~lec t~ronic  states, tlie 

quasidirect ga,p induced Ijy siipeiperiodicitg and the  

Iiigher energy trarisit,ioiis in t,hese iriaterials[':"]. In 

parlicular, Imid structure calc~ila.tioils sliow tliat the 

Ei-liBe transitions in Ge/Si stra.ined layer superlatt,ices 

(SLS) constit,ut,es a. i n ~ l t i p l e t , [ ~ ~ "  ttlia.t seems to  l x  a 

fiiigerprint of the rnicrost1ructure[". The cornponents 

of this ii~ultiplet has been observed using elect,rore- 

flectance in Ge/Si SLS g r o w  on ~i(001)["], w l d e  a 

splitting of tliese transit,ions couItl be resolver1 by res- 

onant Raiiian scattering only for sarnples with periocls 

largcr t;lia.ii 20 i n o i ~ o l a ~ e r s [ ~ ] .  R,cccntly Rodrigues et 

a1.i" 11a.ve s iown that  t,liis mrilt.iplet evolves t,o Ge-liBe 

and Si-like transitions when the periocl of tlie SIAS goes 

Srom - S to  N 30 nionolayers. On the ot.lier hand, for a 

single layer of Ge grown on Si(001) Tsaiig et  al.[" liave 

observed one confined El-lilte st,ruture in sainples witli 

only - 5 monolayxs of Ge. 

IIere u7e present low tempera.ture (77 I<) photore- 

Bectance and electroreflectarice nleasurerneiits o11 a se- 

ries OS Ge/Si 11eterostructui.es in the spectra.1 regi011 of 

t,he El-like t,ra.nsit,ions. Our samples can be divided 

iiito two groups accorcling to  the  thickness of the Ge 

hyers  (d,i). For samples wicii tliick Ge layers (dn - 
100 A) me observe a. sliift of the Ei peak to  higher en- 

ergies, suggesting tliat the electronic states responsible 

foi t-liis t,ransition suffer quantum confinement effects. 

Tlie behavior of the El structure for samples with thin 

Ge layers ( d A  N 7 A) depends strongly on the num- 

ber of Ge layers. However, for a single and a double 

Ge layer the Ei-lilce transitions can also be understood 

qunliinti?;ely i11 terms of simple quantum confinements 

models. 

The  sa.mples were grown by molecular beam epitaxy 

a t  low substrate teinperature with thicknesses smaller 

t1ia.n tlie critica1 thickness for the  Ge/Si system[lO]. The  

samples with thicli Ge layers were grown on Ge(001) 

substrates and are made up of alternating layers of 

pure Ge and Ge,Sii-, alloy. The  relevant structural 

parameters for a11 samples are sumrnarized in Table I. 

The samples with thin Ge layers were grown on Si(001) 

substrates. The  sarnple SQW7 is a "single quantum 

well" of Ge while the  samples 2QW7 and 6QW7 are 

a. "douhle" and a "sextuple" quantum well, respec- 

tively. In each of tliese samples the  well is composed 

of five nionolayers of Ge, while the barriers in the sam- 
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Salde I - Rdevant st,ructural pa.ra.meters for the sani- 
ples studiec . T h e  coluinn d A ( d B )  listss tlie tliickness 
of t.he Ge ((;e,Sil-,) laycrs, x is tlie Ge co~icei-it~rat~ion 

a 1011 iii tlie alloy Ck,Sii-,: c"" is t,hc percentagc vari t.' 
of t81ie i~i-plane lattice parameter of t,he Iiet,erost,ructure 
aiid tha t  of iulk Ge, while N is t,lie niimber of tiines tlie 
structure cl) /dB was repeated. 

(a,) Nominal value. 
(b) Experini:rital value. See ref. [ll] 

ples 2QW7 aiid 6QW7 are f iw  monolayers of pure Si. 

Tlie structur: (single, doiible or scxt,ul->le quantiim well) 

was repcatetl 10 tiiiies in eacli saiilplc, scparatcd by 

thiclr (- 300 A) Si layer. Tlic tliick sainples were 

cliara.cterized 11y x-ray, Rainan scat.t,eririg ancl pliotore- 

flectaiice measurerileiit,s["]. Tlie val~ies listed in Table 

I for t,hese sa:iiples are tlie ones determinecl cxperiiiicn- 

tally. Tlie t,liin samples weré chnracterizecl by Rainan 

spectroscol~y[12]. Tl-ie spectra of t,he optical plioiio~is 

for the Ge-Gc, Ge-Si ancl Si-Si vibrat,ions arc conipat- 

ible witli tlie noi11ina.l st,ructura.l para.niet,ers list,ecl i11 

Ta%& elect coreíiectarice (&R) antl pliotoreflect~ance 

(PR) rneasurc:nients wcre performcd at. 77 I< wilh the 

was createcl by depositiiig a E 100 tliick Ni- filni on 

the sainple siirface. Tl-ie modulat,ion was acconiplislied 

by biasiiig cx,ernally tlie Scliottkg barrier witli ali ac 

voltagc of i 3 V p e d i  t o  peali. For PR, iiieasureinents, 

the secondary (inodulatioii) beail-i conies fro11-i a. 10 m W  

TIe-Cd laser a, tenuated by neut,ral filt,ei.s aiid iiieclian- 

ically clioppetl a i  200 IIz. Tlic experiiilent.al spect,ra 

were fitted rnii,h a. third deriva.kive liiic shal~e[14~:  

wliere j is tlie ;ransit,ion number, Cj. tlit: relat,ive anipli- 

Figure 1: Pliotoreflectance (samples 102/34 and 111/32) 
and c.lect,roreflectance (Ge bulk) spectra in the range of the 
E1 : Ei + A, t,ransitioiis. Open circles are experimental data. 
Tlie arrows are tlie transition energies obtained by tlie fit- 
ting procediire (continiious lines). 

tude,  O j  t,he pliase, Tj the  phenomeiiological broadeil- 

ing pa.ramet,er, and Ej the t,ra.nsition energy. We used 

n. = 3.0 whicli corresponds to  two-diniensional critical 

poiiit,~. 

Fig. 1 displays the PR spectra (open circles) for 

the srimples 102/34 and 111/32 together with the one 

for a bulk Ge sa.iiiple, in the spectral region of the Ei ,  

lil + 4, t,rai-isitions. The traiisition energies obtained 

hy fit,ting (cont in~~ous  lines) tlie experimental da ta  to 

e q  ( I )  are indicated by a.rrows in Fig. 1 and listed in 

Table 11. Tlie spectruni of t,lie bulk Ge sarnple shows two 

structures wliose energies correspond to the El, El +Ai 

t,ra.iisit,ions in pure Ge [I". The  spectra for the  sarnples 

102/34 a,nd 111/32 liave only two structures (peaks A 

and B iii the Fig. 1) whose energies are slight,ly higher 

t,liail tJhose for the bulk Ge. I'Ve assign these structures 

tjo t,lie El, El $A1 transitions from the Ge layers. The 

spect,rum for the saiiiple SQW250 (not shown in Fig. 

1) conta.iils s t ruchres  wliose eilergies are in good agree- 
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Table I1 - Qansition energies (TE) and a.ssignment for tlie El-like transitions observed in the Photoreflectance 
spectra of thick Ge/Si heterostructures. The Ias1 two columi~s show the experimental shift (Exp.) of the El transi- 
tion in the lieterostruct,ures, iii rela.tioii t,o tlie hulk Ge value, a.ncl the confinement energy predicted by an infinite 
quantum well model (Inf. Well) . 

Exp. Inf. Well 
2.300 A Ei (Ge) 72% 15 5 3 

2.280 i4 El (G'e) 52 f 10 45 
11 1/32 

2.490 R Ei + Ai(Ge) 

2.230 E1 (Cé) 2 3 1 0  9 
SQW250 2.400 El + AI(&) 

2.510 E1(Geo ~ S i o  2) 

2.610 E1 + 41 (Geo nSio L )  

2.228 El 
Ge- bullí 

2.420 Ei + A1 

inent with the values for t,he Ei, El + A l  transitions of Raman scattering[l4 eexperiments performed on super- 

bulk Ge. The results displayecl in Fig. 1 and listed in lattices based on 111-V materials reach a similar conclu- 

Tahle I1 show tlia,t thc Ei transit,ion from Lhe Ge lay- sion. Although the experimental results indicate that 

ers in thiclr Ge/Si heterostructures are shifted to higher quantuni confineinent effects play a role in the El-like 

energies, in relation to the corresponding transition of transitions, the theoretical description of these effects 

I~uIlr-Ge. This shift dccreases with increasing Ge layer is not trivial due to  the large volume of the Brillouin 

tliiclriless, suggesting that the electronic states respon- zone involved in the El transition. 

sible for tlie El transition suffer quantum confinement 

effects. In order to  estimate t,hc confinemerit energy 

we have calculated tlie eigetl energies of a. particle witli 

mass p in a.n infinite quantuin well. We have used the 

measured reducecl interband 111ass[~" ialong the clirec- 

tion r - L of bullí-Ge. Tlie shift,s predicted for tlie 

El transition using this simple inodel, as well its t,hose 

found experiinentally are listed ir1 Table 11. Given the 

simplicity of this inodel and t,he large voiume of the 

Brillouin zone[l61 involved in the Ei t,ransition, the rea.- 

sonable agreement between the theoretical antl exper- 

imental shifts (see Tahle 11) niay be fortuit,ous. Bow- 

ever, this comparison support ,~  the suggestion tliat the 

electronic states responsible for the El transitioils suf- 

fers quantum confinement effects. ~ l l i ~ s o m e t r i c [ ~ ~ ]  a.nd 

Let us turn to  the thin layer heterostructures. In 

Fig. 2 we display the ER spectra of the samples SQW7, 

2QW7 and 6QW7, together with the ones from bulk Si 

and a sample of Geo,5Sio.5 alloy not strained. The spec- 

t ra  of the Ge "quantum wells" can be divided in three 

regions. In the spectral range h 5 2.4 eV there is an 

oscilatory pattern produced by interferences due to  the 

nlultiple reflections in the heterostructure/substrate in- 

terface. This pattern is also reported in ER['~ and ellip- 

sometric n~easurernents[~] on strain-symmetrized Ge/Si 

superlattices. For liw 3.2-3.4 eV the spectrashow an 

iiiteilse structure, easily identjfied with the El - E; com- 

plex of bulk Finally, in the region tw - 2.4 - 3.1 

eV the spectra contain peaks related t o  the Ge/Si het- 

erostructures. 
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Figure 2: Electroreflectance spectra of the Ge quantiirn wells 
grown on Si(OOl), biilk Si and the  Geo :Sio: alloy. Tlie 
dotted lines i11 tlie spectriixn of tlie GQ11'7 are meant as a 
guide to tlie iilterference pattern. 

Fig. 3 shows the best fit (continuous lines) to  the 

experimental data  (open circles) in the spectral region 

fiz - 2.4 - 3.1 eV. The individual line shapes compos- 

ing the fit ar: shown below each spectra. Tlie arrows, 

labeled by capital letters, indicate the trailsition eiier- 

gies obtained by tlie fitting procedure. Tlie results from 

this fit and tke assignment given to  pealis A - D in Fig. 

3 are listed in Table 111. 111 addition to  the interfererice 

pat,tern, the spectrum of tlie SQW7 shows only one 

structure located a t  2.83 eV (pedi A in Fig. 3). Since 

tlie bulli Si dc'es not liave any structure in this spectral 

range, we corivlude tliat tliis transition comes from tlie 

Ge layer. Thic; line has two possible origins: tlie Eo-lilie 

or the Ei-lilz transition from the Ge layer. The ER 

spectra of thc, Ge/Si superlattices show that the E i -  

lilíe transitions are much stroiiger tlian tlie E. ones[']. 

Hence, we identify peak A with the El-like transition 

of the Ge layer. This interpretaa.tion is suport,ed hy the 

ellipsometric :nd resonant Ranian scattering results of 

Tsang et al.[":, who observed an El-like transition in 

samples with Ge layers as Iliin as 7 A. Pealí A in 

t,he spectrum of the SQW7 is shifted to higher ener- 

gies (490 me\') in comparison with the corresponding 

t ran~i t~ion in the strainecl bulli ~ e [ " ] .  Qualitatively, 

this shift can be accounted for by quantum confine- 

ment effects. However, an infinite quantum well calcu- 

lation of the confinement energy greatly overestimates 

this sliift,. Tlie spectrum of the 2QW7 in the spectral 

ra.nge t i  - 2.6 - 3.0 eV shows two structures (labeled 

A aiid B in Fig. 3) with almost the same intensities. 

Based on simi1a.r arguments as those for the sample 

SQW7, we a.ssign the peaks A and B to Ei-like tran- 

sit,ions of the 2QW7. The most striking change in the 

ER spectra when we go from the SQW7 to  the 2QW7 

is the splitting of the El-like transitions. This splitting 

suggest,~ that the two peaks in the 2QW7 spectrum may 

be assockted with transitions between symmetric and 

antisymmetric states iii a double quantum well. This 

assignment, although not corroborated by additional 

evidente, is consistent with the overall explanation of 

the Ei-like struct.ures in these samples, as we shall see 

next. Finally, the spectrum of the 6QW7 (lower curve 

in Fig. 3) is qualitatively different from those discussed 

above. The appearance of four structures suggests that 

tlie spectrum of the sample 6QW7 is similar to  that for 

a real Ge5Si5 superlattice (five monolayers of each con- 

stituent repeated inany times)["]. The calculated band 

structure for a infinte strain-syminetrized GesSis super- 

lattice L41 predicts the existence of four Ei-like critical 

points. The ER spectra for a GesSis sample with -150 

repetitions is compatible with this prediction[". Also, 

differences in the strain profile is expected to change 

sliglitly the transition energy of each critica1 point, not 

altering tlie number of critica1 points. Therefore, we as- 

sign t,lie structures A, B, C and D present in spectrum 

of sample 6QW7 to the El
a, E!, E: and E: transitions 

predicted by the theorical calculation. 

In Fig. 4 we show the experimental energy of the 

El-lilte t ran~i t~ions  for the samples SQW7, 2QW7 and 

6QW7 as a function of the number of Ge layers (N).  

This Figure also sliows the corresponding transition 

energies for a strain-symmetrized GesSis superlattice, 
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Figiire 3: Fittings (coiit,iniioiis lines) of t,hc elect,rore- 
íiectance spectra fo i  t,he saiuples SQM"7. 2QW7 and 6QW7. 
The arrows indicate tlie transit,ioli cnergies obt,ained hy tlie 
fitting p~ocetliire. The dotted lines are t,lie functions fitted 
t,o t.lie low energy side of t,he Ei - E; bulk-Si coinplex. 

Table I11 - Transition energies (TE) a.nd nssignmeiit of 
tlie E1-lilíe transitions observecl i11 the electlroreflectance 
spectra of thin &/Si qiiant,uin ~vells. 

Sample Experimental Assignmeilt 
ER (7710 
T E  (eV) 

S QW'7 2.83 A E1 

ta.ken from Ref. [8]. The  arrows a t  the right side indi- 

cate thc posjtion of the relevant electronic transit,ions 

in bulk Ge (compressed) and bullí Si (not strained). 

Notice iii Fig. 4 t,he rcasonable agreement between the 

transition energies for tlie El-lilie structures in the sam- 

ple 6QW7 ancl a real Ge5Sis superlattice. This agree- 

rneiit is pa.~ticiila.rIy good if we consider tha t  the two 

sninples have different strain profiles. 

T = 7 7 K  Si-bulk 

,-, €,+A, 
-f 

Ge-bulk 
comp. 

Number of Ge wells (N) 
Figiire 4: Dependeuce of t.he E,-like transition energies with 
tlie nuniber of tlie Ge quantum wells ( N ) .  The data for 
N = 145 were t,aken from Ref. [a]. Kotice the break in 
the horizontal scale. The arrows at tlie right side indicate 
t.he position of the  relevant electronic transitions in biilk-Ge 
(compressed) and bulk-Si (not strained). 

Fig. 4, toget,her with the results for the  thick 

Ge/Ge,Sii-, sainples (see Table 11) suggest the fol- 

lowing picture of thc Ei-like transitions in the Ge/Si 

syst,ei-n. For a. single layer (or a single quantum mell) of 

Gc tlie clect,ronic states responsible for the El-like tran- 

sitio11 suffer quantum confinement effects, shifting the 

corresponcling structure in the optical spectra. t o  higher 

energies (the shift is negligible for Ge layers -250 A 
tliick). Also, quantum confinement effects seems to  ex- 

plaiii the Ei-lilte transitions in superlattices with thick 

(-100 A) Ge layers. The  concept of double quantum 

well and states syinmetric and antisymmetric qualita- 

t,iveIy expla,in the spectral features observed in a sample 

cont,a,ining tivo layers of Ge separated by one layer of 

Si (ea.ch layer -7 A thick). AS the nurnber of QW's 
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increases a ~ i d  the sa.mple evolves into a Ge,,Si,, super- 

lattice, zoii~: folding effects begin to dominate this re- 

gion of tlie spect,rum, resulting in a multiplicity of El 

struct,ures, 3s explained in Ref. [SI. M'ithin these su- 

perlat,tices, as t,he layer t,hickness increases, t,liis El-lilre 

multiplet resolve into two sets: Ge-lilíe and Si-like E1 , 

El + 41 str  ~c tu res .  Finally, once tliese Ge- a,ncl Si-lilre 

structures a:e built,, yua.nt,uni confinement concepts ca.n 

be aga.in yu;~litat,ively a.pplied. 
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