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  Pseudomorphic Ge1-ySny on Ge 
 

 

 

 

 

 

 

 

     

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Ge1-x-ySixSny 

Ge substrate 

 
•Ge is an indirect band gap material. 
 

•Direct band gap  efficiency of the 

recombination process is high. 
 

• Indirect band gap  requires an  

 interaction with a phonon or defects. 

Very inefficient.   
 

•Direct band gap materials are used to 

make photonic devices such as 

LEDs, semiconductor lasers. 
 

•The band structure of Ge is a strong 

function of strain and alloy 

composition. 
 

•Ge becomes a direct band gap 

material at ~2% tensile strain. [1] 
 

•Relaxed Ge1-ySny alloys become 

direct at ~6-9% Sn. [2,3,4] 
  
•Ge1-x-ySixSny  two compositional degrees of freedom allow 

decoupling of the lattice constant and electronic structure. 
 

•Pseudomorphically grown Ge1-x-ySixSny  on Ge has low defect 

density and no dislocations. 
 

•Band gap engineering of Ge by controlling strain and alloying with 

Si and Sn has attracted great interest. 
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aSn = 6.489 Å > aGe = 5.657 Å  > aSi  = 5.453 Å 
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In-plane strain:  Out-of-plane strain:  

 

Pseudomorphic  Ge1-x-ySixSny on Ge:    
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Continuum elasticity and deformation potential theory: [5,6,7] 
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SHydrostatic strain:  Shear strain:  

E0
’ 

E2 

Photon Energy (eV)

0.0 1.0 2.0 3.0 4.0 5.0 6.0

 1


2

-20

-10

0

10

20

30

40

0

10

20

30

40

 1 Ge
1 10% Sn
2 Ge
2 10% Sn

E1 

E1+Δ1 E0 

Effects of strain and alloying on Ge dielectric function 

  Direct-indirect transition of pseudomorphic Ge1-x-ySixSny  

  

 

 

 

 

 

 

 

 

 Sample preparation (at University of Delaware) 
 

• Molecular beam epitaxy (MBE)  [11] 

• EPI 620 MBE system with a base pressure of 1.3x10-8 Pa 

• Growth temperature 150o C -250o C, growth rate 0.6 – 0.7 nm/min 
 

Results: Pseudomorphic Ge1-ySny on Ge  

  

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

  

 

 

 

 

 
 

  

 

 

 

 

 

 

 

 

 

 

 

  

  Conclusion  
 

•Pseudomorphic Ge1-x-ySny on Ge: Indirect –direct transition 

requires impossibly large Sn content, ~15-20%. 
 

•Increasing the growth temperature of the Ge buffer layer reduces 

the compressive strain  reduces the x (Si) and y (Sn) for the 

indirect to direct crossover (not significantly).  
 

•Deformation potential theory predicts no indirect to direct band 

gap crossover for pseudomorphic (fully strained) Ge1-ySny alloys 

on Ge for Sn < 25%. 
 

•Experimental results obtained from ellipsometry for Ge1-ySny 

alloys are in good agreement with the prediction.  
 

•Strain relaxation is critical for the indirect-direct transition.   

 

 

Lattice parameter of relaxed Ge1-x-ySixSny ternary alloys:    
 

  

Pseudomorphic Ge1-x-ySixSny on Ge 
 

(a) on Ge (b) on GaAs (c) on Ge buffered Si 

Direct-indirect transition of pseudomorphic Ge1-ySny on Ge 

High resolution X-ray diffraction, X-ray reflectivity and AFM      
 

 

 

 

 

 

 

     

 

 

 

 

 

 

Results: Partially relaxed Ge1-ySny on Ge (large y)  

Band structure of Ge [8] Strain dependence of the interband transitions [9, 10] 

Figure 1. Real (ε1) and imaginary (ε2) parts of the dielectric function 

of Ge (solid) and pseudomorphic Ge90Sn10 on Ge (dashed).   

Red shifted and broadened 

critical points (CPs) with 

incorporation of Sn. 

Eg at Γ Eg at L Eg at ∆ 

Figure 2. Band structure maps (energy in eV versus composition) of pseudomorphic Ge1-x-ySixSny 

alloys on Ge for band gaps at the (a) Γ, (b) L, and (c) ∆ conduction band minima. 

Compositional dependence of the lowest band gap of 
pseudomorphic Ge1-x-ySixSny on different substrates: 

Figure 3. Compositional dependence of the lowest band gap (either direct or indirect) of pseudomorphic 

Ge1-x-ySixSny alloys on (a) Ge, (b) GaAs, and (c) a thick Ge buffer grown fully relaxed at 770 K on Si. 

Figure 4. Energies of the three top valence bands at the 

Γ point (v1, v2, v3), the conduction band minimum  at the 

Γ point (Ec
Γ) , at the L point (Ec

L), and at the ∆ (Ec
∆).  

Ec
Γ > Ec

L for practically approachable Sn 

Figure 5. (Left) Schematic  Overview of the measurement principle of the spectroscopic ellipsometry. 

(Right) A picture of the V-VASE.   

Figure 6. (Left) Experimental data (solid) and model (dashed) of the ellipsometric angles ψ and ∆ for pseudomorphic Ge0.89Sn0.11 on 

Ge versus photon energy in the infrared region obtained by merging the data from  FTIR and UV-Visible ellipsometers. (Right) Real 

ε1 and imaginary parts ε2 of the complex dielectric function of pseudomorphic Ge1-ySny on Ge versus photon energy determined from 

ellipsometry, assuming a multi layer model GeO2/Ge1-ySny/Ge.     

https://ellipsometry.nmsu.edu     

• E1 and E1+∆1 2D critical points: 

 

• E0  3D critical points: 

  
• Analysis of d2ε/dE2   CP parameters: Eg- energy,   

  A- amplitude, Γ- broadening, Φ- excitonic phase angle [12,13]  
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Figure 7. (Left) High-resolution X-ray diffraction (224) grazing exit reciprocal space maps of a Ge0.094Sn0.096 layer on Ge. Logarithmic 

intensity versus diffraction angle for the symmetric (004) ω-2θ X-ray reflection is shown in the inset. (Middle) X-ray reflectivity 

spectrum of a 33 nm thick GeO2 on Ge. Electron density profile obtained from the model for the same sample is shown in the inset. 

(Right) Atomic force microscopy image of the Ge0.094Sn0.096 surface showing an RMS roughness of 1.6 nm.  

XRR spectrum of GeO2 on Ge AFM image  

Figure 8. (Left) Compositional dependence of the lattice parameter of relaxed Ge1-ySny alloys (solid) and out-of-plane lattice 

parameter a of pseudomorphic Ge1-ySny on Ge (dashed). (Right) Compositional dependence of the in-plane strain Ɛ||, out-of-

plane strain Ɛ, hydrostatic strain ƐH, and shear strain ƐS for pseudomorphic Ge1-ySny on Ge. Symbols show the values 

derived from X-ray diffraction data. Lines represent the calculated values using Vegard’s law and elasticity theory. 

Figure 9. Compositional dependence of the (left) direct (Ec
Γ) and indirect (Ec

L) band gaps, and (right) E1 and E1+∆1 band gaps 

of pseudomorphic Ge1-ySny on Ge. Symbols show the experimental data obtained from spectroscopic ellipsometry. Lines are 

for the compositional dependence of the band gaps, calculated using deformation potential theory. [14, 15] 

A B C D 

A B 

C D 

10% Sn, 0% relaxed 8.4% Sn, 41% relaxed 18.5% Sn, 78% relaxed 18.3% Sn, 87% relaxed 

Figure 11. AFM images of the samples. The RMS 

roughness was 0.69, 3.77, 0.71, and 1.0 nm for the 

samples A, B, C and D respectively. Images showed 

that the periodic roughness, caused by strain induced 

buckling, depended on the Ge1-ySny thickness and 

relaxation. [11]    

Figure 12. Compositional and strain dependence of the E1 critical point for Ge1-ySny on Ge. Solid 

line is fully relaxed and dashed line is pseudomorphically strained. Circles represent the measured 

E1 from ellipsometry. Squares represent the calculated E1 using deformation potential theory, taking 

into account the Sn content and degree of relaxation determined from X-ray diffraction. [11]  
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No direct gap possible 

direct bandgap indirect bandgap 

Figure 10. (224) grazing exit reciprocal space maps (RSMs) for partially 

relaxed Ge1-ySny on Ge samples. The vertical line represents 100% 

compressive strain (pseudomorphic). The diagonal line represents 

complete relaxation.     

(224) Ge RSM 


