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SUMMARY 

The electronic structure and interface properties of a-Snl_zGex alloy films grown by 
molecular beam epitaxy (MBE) on GaSb. CdTe and Ge( 100) were studied by angle resolved 
synchrotron radlatlon photoemlsslon spectroscopy @RPES) . Deposition at temperatures below 
-150 C results in polycrystalline or amorphous ffhns. At higher substrate temperatures GaSb 
and CdTe partlally react with the overlayer forming either GeSb or SnTe In the interface region. 
Homogeneous alloy flhns with good crystalline quality were grown on Ge( 100) at 400 C up to a 
crltlcal thlclmess of 200~3ook Photoemission core level analysis indicates a strong tendency to 
form an ordered compound with a composition close to x-0.5. Angle resolved valence band 
spectra show the shift of the F8 point from -0.6 eV in Ge(lO0) to -0.16 eV below EF in the 
a-SnO48GeO.52 alloy. The experimental information of a constant alloy Fermi level locates the 
top of the l-8 valence band -0.16 eV below EF. Assuming a linear band model, the direct band gap 
of Eg-0.2 eV for x-O.5 will then locate the bottom of the I7 conduction band -0.04 eV above EF. 

1. INTRODUCTION 

a-Sn is a diamond structured, symmetry induced. zero gap semiconductor with very 

interesting electronic properties. In order to utilize a-Sn based material ln semiconducting 

devices such as IR-detectors one should be able to open and tailor the band gap. Band gap 

engineering should be possible by alloying a-Sn with Ge [ 11. Assuming a linear relationship 

between the band structure of both components, the negative l-7-Q band gap would be zero and 

would reverse the order at Ge concentrations of x-0.35. Further addition of Ge should open the 

direct band gap up to 0.55 eV for x-0.78. However, the growth of a-Sn and a-SnI&e, alloys is 

not straighffo~ard and ls particularly challenging since the a-phase ls metastable and Ge is 

nearly immiscible in bulb Sn. 

The a-phase of bulk Sn Is only stable below 13.2 C 121 while thin films grown 

heteroepitaxially on CdTe and InSb are substrate stabilized with a-5 transition temperatures 

rangtng well above 100 C 13-71. Low temperature transport measurements of htgh quality MBE 

grown a-Sn and a-SnI_xGex alloys indicate n-type behavior with nd-3.1017 cmm3 and 

mobllttfes of several times lo4 cm2/Vsec 18.91. Besides the problem of the a-8 phase stablllty. 

one should also consider interfacial strain caused by the lattice mismatch between the 

substrate and the alloy film. Strain can be an additional d&advantage and may contribute to the 
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instability of the thermodynamtc metastable a-phase of Snl_,Ge, alloys. Conventional growth 

techniques which work under thermodynamic equiltbrium are thus not suitable for the 

fabricatfon of the metastabIe a-Snl_xG~ alloys. 

Single crystalline and amorphous, tetrahedmlly coordinated alloys. with compositions 

reaching x - 0.5 were grown by modified sputter depostion techniques 110-131. Alloy mixing on 

an atomic scale was indicated by small angle X-ray scattering experiments 112,131. Utihzfng 

non-equilibrmrn growth techniques it appears to be possible to grow metastable a-Snl_,$Zex 

alloys. 

We report on h situ phot~~sion experiments to investigate the structural and 

electronic properties of MBE grown a-Snl_xGex Bns. Photoemission spectroscopy LARpEsl 

has been used to determine the electrontc valence band structure of the a-Snl_xGe, alloys. 

2. EXPERIMENTAL 

Thin a-Snt_xGe, films were grown by MBE on CdTe, GaSb and GeflOO) substrates. Tbe 
substrates were cleaned with organic sotvents and rinsed with deionized water before they were 
loaded into the MBE system. Prior to the MBE growth the surfaces were cleaned by in situ 
sputtering for several hours with Ar ions at an energy of 500 eV. To remove the sputter damage, 
CdTe bad to be annealed for 5-10 min. at -270 C. GaSb was annealed to 320 C, while Ge 
required anneding up to -600 C. The unproved surface order was monitored during the anneal 
by reflection high energy electron diffraction (RHEED). The removal of surface contaminations 
was followed by soft X-ray core and valence band photoemission spectroscopy. 

Tin and germanium were evaporated out of boron nitride crucibles from liquid nitrogen 
shrouded effusion cells. The evaporation rates, which were typicahy several &min, were meas- 
ured with calibrated and temperature stabilized quartz crystal monitors. Photoemission experi- 
ments performed in situ on the substrates and on the epilayers utilized the synchrotron radiation 
of the University of Wisconsin’s electron storage ring AWDIN. Photoelectrons were cd- 
lected at normal emission along the [OOI] axis of the crystal plates while the syncbrotron radia- 
tion was directed along the [110] direction with an angle of incidence of 60” with respect to the 
sample normal. The total energy resolution resulting from the combined finite band pass of the 
mon~~omator and electron spectrometer ranged from AEd.ll) eV at the lower photon energies 
to AE-0.35 eV at hv-100 eV. 

111. RESULTS AND DISCUSSION 

A major concern for any epitaxtal growth 19 the choice of a proper substrate. Besides the 

necessary prerequfalte of ha- the desired crystal structure and lattice match with the 

overlayer Bim, it is also important that the substrate fs non-reactive with the epflayer . The 

constraints for lattice matching an ahoy film with a particular substrate can alwaya be achieved 

by using ternary compound aemiconductora; however, the requirement of a non reactive 

substrate is usually harder to fuh#ll 

We investigated GaSb, CdTe and Ge(lOO) for growth studies of the u-Snl_xGex alloya. 
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Assuming a linear relation of the alloy lattice constants GaSb would be lattice matched with an 

alloy of x-O.5 . Depositing fihns of the same concentration on GetlOO), which has a -6% smaller 

lattice constant, results in compressive strain while fihns grown on CdTe are under tensile 

stress of roughly the same magnitude. 

Surface sensitive photoemission spectra of the substrate core level attenuation, as well as 

Sn and Ge core spectra from the interfaces and overlayers grown under various conditions on 

GaSb(100) indicate surface segregation and increased interfacial reactivity. Fig. 1 shows the 

normahzed Sn4d/Ge3d photoemission intensity of alloy fthns with nominal composition x-O.5 

which were deposited at various substrate temperatures. Growth at Tsub.=25 C increases the 

relative Sn concentration near the surface by a factor of -2 for a 60.& thick tllm. Higher growth 

temperatures reduce the Sn segregation considerably. At Tsub.=250 C the Sn/Ge ratio is only -1.3 

for a ftbn of the same thickness. However, deposition at Tsub.=450 C alters the composition and 

shows relative Ge enrichement 

The attenuation of the substrate Sb4d and Ga3d emission is also drastically affected by 

the growth temperature. With increasing substrate temperatures we found Sb to be less 

attenuated then Ga. Since we do not see any significant shirt nor the appearance of an additional 

Sb feature, we are inclined to rule out the possibility that metallic Sb diffuses towards the 

surface. Even though we do not see any chemically shifted components. it is most likely that the 

surface region contains reacted GeSb at elevated grow51 temperatures. 
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Fig. 1: Photoemission intensity ratio between 
at different temperatures on GaSb( 100). 

Sn4d and Ge 3d spectra of SnO5GeO.5 films grown 



Growth on CdTe(lO0) substrates shows basically the same trend 1141. At lower substrate 

temperatures, surface mobflities of the adsorbed atoms are too small to allow the formation of a 

smooth overlayer. Increasing the substrate temperature lmproves the structural quality of the 

overlayer. but also increases the interfaclal reactivity. At Tsub.-160-2~ C Sn4d core spectra 

which are shown in Fig.2. clearly indicate the appearence of a second chemically shifted 

component. The reacted product is most likely SnTe 1151. 

~~g.2 : Sn4d core spectra of 500 A sn07m.m grown at tierent tempera&s on Cae(lOO) 

Due to the insolubility of Sn in Ge, interfacial compound foxmation is not possible with 

Ge substrates. However, the overlayer will be forced to grow under considerable compressive 

strain which may destabilize the single crystal growth. The presence of -6.5% lattice mismatch 

allows only the fb-st few layer to grow with a smooth , atomically flat, surface. After the 

deposition of lo-2ti the streaked FU-IEED pattern turns into the spotted three dimensional bulk 

pattern of an ordered overlayer. Fflms 30oA thick still gave fairly sharp and dispersive 

transition features in the angle resolved photoemission spectra. We consider this as additional 

indirect evidence for crystalline order when ARIES is used to determine the bulk electronic 

properties. 

With increasing deposition temperatures the valence band spectrum changes from a broad 

unstructured feature into a three peak spectrum. Growth at 200 C clearly shows the onset of 

sharper structures which develop further at higher growth temperatures. However, it is 
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interesting to note that even at low growth temperatures there is no indication of precipitation 

of the metallic p-k phase. The alloy spectra do not show the Fermi-level emission which is 

typical for a B-Sri flhn 114.161. 

Higher substrate temperatures increase the surface mobility and allow a much smoother 
film growth. Above 200 C the spotty RHEED pattern is basically free of the ring structures typi- 
cal of polycrystalline growth. With higher substrate temperatures sharper direct transition struc- 
tures appear in the angle resolved photoemission spectra. Since direct (k conserving) transitions 
strongly depend on the absence of surface scattering, their relative intensity increase can he used 
as indirect evidence of the improved crystalline order. 

Figure 3 shows normal emission valence band spectra measured at different photon 

energies. With increasmg photon energies the emission features at the top of the valence band 

show a considerable dispersion. A comparison wtth the spectra of Ge( 100) clearly shows the 

additional alloy emission in the gap region. The top of the alloy valence band shows a 

stgniflcant shift at hv=16 eV towards EF. At hv-20 eV a shoulder appears -0.16 eV below EF. 

Emission from the 2. valence band starts at -1.5 eV for hv=16 eV and disperses to -6.2 eV for 

hv=28 eV. We did not attempt to perform a detatled band mapping of the valence bands but it 

should be noted that the alloy spectra closely follow the experimentally determined as well as 

the calculated dispersion of the Ge valence bands along the lX dtrectton Il7.181. 

Fig. S: Comparison of photoemts& n~aroundthetopofthevalembandofa300Athiclr 
a-SnoaGeo62 film wtth spectra of Ge(100) measured at dttkrent photon energies. 
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me dispersion of the iower lying valence bands of the a-Snl_,Ge, alloy fohows that of Ge 

for larger k values along Fx. Closer to the top of the vaience bands both matertals show 

pronounced dffferences. Since the closest feature to the Fermi level is observed for the atloY at 

EB-0.16 eV and the Ge 3d core level did not show any shifts which could be related to band 

bending effects. we can safely assume that the emission at -6.16 eV is due to transitions from the 

top of the ahoy valence band. The obsemed peak is thus an itKhCattOn of the expected narrowfng 

of the alloy band gap. Assuming a linear behavior between the rS valence band and the r7 

conduction band, the direct energy gap for an alloy with ~0.48 would be -0.2 ev. using the 

additional experimental mformation of a constant Fermi level, we can then assign the posftton 

of conduction band minimum to be -0.04 eV above EF. 

One may speculate that the addition of Ge may help to raise the phase transition 

temperature even further [2,33. kssuming a stmple linear relationship between the a-P 

transition temperatures for TSn=13.2 C and TG,=932.5 C, the phase transition teIUperatUre 

would increase by about -9 C/% Ge. However, due to the metastable nature of the ahoy it may be 

more appropriate to expect ahoy parameters to show a conskiemble bowing effect. 

Magneto transport measurements on a-SnlqXGeX alloys showed a strain induced shift of 

the & conduction band. 181. Presently we do not have experimental evidence of strain induced 

shifts in the alloy valence bands. Photoemission spectroscopy is probably not sensitive enough 

to detect the effect of lattice strain other then some additional line-shape broadening. Since 

films of the thickness up to 30oA still show a large degree of order and relatively sharp 

transitions, they were used to study the bulk electronic structure by AWES. 

The data shown in Fig.3 were obtained fmm a flux ratfo of nSn/nGe=3. Assumtng a unit 

sticking coefffcient for both source materials the offered flux ratio should deposit a film 

containing 25% Ge . Based on Sn4d and Ge3d phot~~ion intensities of the depostted alloys 

(which were normalised to the intensity of pure a-Sn and Ge(l06) surfaces) we determined the 

composition of the deposited material with an estimated accuracy of *!5%. Our core level 

analysis indicates a strong compositional deviation in the deposited films compared to that of the 
molecdar beams. 

One may argue that the differences between the phot~~~ton spectra of the ahoy and 

those of GdlW are caused by the precipitation of Sn droplets floattng on top of the Ge substrate 

rather than by au ahoy fo~~on. The potpie of that happening in certatnly large, keeptng 

in mind that the ahoy is a thermodynamically unstable bulk system where both components 

are nearly insoluble in each other. Howwer, the absence of a Fermi level emission and Sn4d core 

level spectra showing a small energy shift compared to the metahtc p-Sn phase led us assume 

that Sn and Ge are homogeneously mixed in our thin alloy films 1191. 

A test to demonstrate the absence of larger Sn clusters in the a-Snl_XGe, ahoy ftlms fs 

given tn Fig.4 where we show the photoemission cut off spectrum in comparison with those of 

a*SnWOI and Ge(XX% The position of the ~ot~ion cut off depends on the work function of 

the material and can be easily dtstinguished from that of the electron analyzer by biasing the 

sample with a small voltage. The spectra m Fig.4 are plotted versus the work function (0 which 
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Fig. 4: Comparison of the work fmx%m of a 200 A thick a-SnO&+S2 fiim grown at 400 C on 
GeWO) with that of elemental a-Sn[lOO) and Ge(lO0) surfaces. 

can be determined by $=hv-EF. As can be seen from Fig.4. the alloy work function agrees well 

with a linear model extrapolating between the work function of both alloy components. In case 

of larger metallic Sn clusters on top of the Ge(100) surface, the alloy spectrum should show a 

stepped cut off consisting of a superposition of the Ge and B-Sn spectra . The work function of 

B-Sri is -0.1 eV smaller then that of the a-phase [ 161 and should thus be easy to detect as a step in 

the cut off spectrum at 9-4.2 eV. 

The question of whether the additional Sn atoms which are not incorporated in the alloy lattice 

Muse into the Ge substrate or reevaporate from the surface cannot be answered from our 

present experiments. It should be noted that DiCenzo et al. 1201 deposited Sn on Ge(ll1) at room 

temperature and found that annealing a submonolayer to 550 C changed the surface coverage by 

not more then 596. Annealing of a higher coverage, however. resulted in a stronger decrease of Sn 

and was attributed to reevaporation. 

Diffusion may also contrlbute to some extent to balance the missing masses but it should kept in 

mind that the fairly large coeBicients of the substitutional diffusion of Sn into Ge (-lo-l2 cm2/s 

at 500 Cl are most likely misleading for the present study 1211 . Since the determination of 

diffusion coefncients assumes Fick’s law to describe the diffusion process it may not be 

appropriate to use it for a system which is insoluble. 

Our core level analysts could rather be interpreted as a strong tendency to form a compound with 



a composition close to x-0.5. The results from Shevchik and Paul I131, who found a surprising 

compositional homogeneity in their sputtered SnGe compound fihns, already indicate the 

preference to form bonds with next nearest neighbors of the opposite kind. The MBE growth of a 

zinc-blende type a-SnGe compound may thus be thermodynamically more favorable then the 

growth of a statistically distributed substitutional diamond structured ahoy. 

The observed composition pinning is not unusual and has been Seen for the coherent epitaxial 

growth of other alloys 1221. Alloy films of materials where the bulk constituents are immiscible 

were recently grown as stoichiometric compounds by MBE. Total energy calculations 1231 using 

thermodynamic functions of the free energies and formation enthalpies for bulk and epitaxial 

growth were able to predict the observed stability of ordered epitaxial phases at growth 

temperatures well below the miscibility-gap temperature . The thermodynamic model 

calculations indicates that it is energetically more favorable for thin alloy fihns to minimfae 

energy by lattice matching within the ally rather than between the alloy and the substrate (241. 

4. CONCLUSIONS 

Growth studies utilizing CdTe as well as lattice matched GaSb substrates indicate 

increased interfacial reactivity at the desired growth temperatures. At substrate temperatures of 

- lf30-200 C CdTe starts to react with Sn forming a SnTe compound at the interface region while 

at temperatures above -250 C GaSb interacts wfth the overlayer. The reaction product in this 

case Is most likely GeSb. 

Alloys of a-Snl_xGex can be grown as thin fihns by MBE on Ge(lO0) substrates. Angle 

resolved valence band photoemission spectra and RHEED indicate good crystalline order for 

alloys grown at substrate temperatures Tsub.-400C . 

Core level intensity measurements indicate a preferred growth of the alloy with x-0.5. 

The thermodynamic driving force for the growth of an ordered metastable compound seems to be 

fairly large. Compositional pinning in the epitaxial alloy was observed over a wide range of flux 

ratios. 

Work function measurements indicate the growth of a homogeneous ahoy without the 

precipitation of metallic tin clusters. 

Angle resolved photoemission spectroscopy provides evidence of the expected band gap 

closing by alloying Sn with Ge. For thin alloy films with x-O.52 we found a shift of the valence 

band maximum l-8 to -0.16 eV below EF. Considering the experimental fact that EF does not 

significantly shift from its position in Ge(lOO), we predict F8 to be -0.16eV below EF According 

to the hnear band model the direct gap for an ahoy with x-O.52 would be Ego.2 eV which places 

the bottom of the conduction band F7 -0.04 eV above the Fermi level. 
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