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1. Introduction  by ALL  

GaPSb a ternary B3 (sphalerite tetrahedron structured) alloy is under intense 

investigation [[1-9]] for its crystal particularities; relative property information is 

available [ [10, 11]]. The two binary compounds GaP and GaSb from which it derives 

are characterized by highly mismatched in size bond-distances (R1) R1.GaP= 2.360 

R1.GaSb= 2.641 [Å]. In forming its tetrahedron configurations, this bond-mismatch 

introduces when packing into the alloy lattice, strong internal stretching and bending 

strains. This makes growing samples rather difficult. Although the strong bond 

distortion leads to difficulty in epitaxial growth, the distortion, especially the bending, 

strongly influences the electronic band structure.  

The manuscript presents and discusses observed GaPSb spectra measured at the 

National Synchrotron Radiation Research Center (NSRRC) in Taiwan. Four samples 

were grown in a local epi-house by Metal Organic Vapor Phase Epitaxy (MOVPE) 

with relative contents xP, xSb (Table-1).  

Table 1.    Relative contents xP, xSb of the four EXAFS investigated samples 

Sample A B C D 

xP 0.64 0.71 0.94 0.71 

xSb 0.36 0.29 0.06 0.29 

 

Using the multivariate PLS (Partial Least Square Regression method) analysis 

[12] we identify the spectra that are statistically reliable and suitable for the Ifeffit 

analysis [13]. From the Ifeffit-obtained results, SOP (Site Occupation Preference) 

coefficients for tetrahedron configurations Wk (0 ≤ Wk ≤ 4/k) with Ck= min[Wk, 1, (4-

k*Wk)/(4-k)] ≤ 1 (attenuation coefficient of p[4]
k - corresponding Bernoulli Eigen-

function), are determined using the Strained Tetrahedron Model [14-19].  
The notion of preferences spontaneously derives from EXAFS, neutron scattering 

or FIR experiments of crystals. The present study represents the natural extension of a 

previous investigation on the IPs (Internal Preferences) [19] performed combining 

experimental observations of over twenty ternary systems and four pseudo quaternary 

alloys available in the literature [19]. For the GaPSb system we determine the ion 

distribution within its strained tetrahedra, with account of the non-random distribution 
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induced by SOPs. The non-negative probability of the SOP Wk factors account for the 

alloy’s preferences relative to the distribution of the respective component elements 

over each other [19]. The GaPxSb1-x, tetrahedron structured, canonically consists of five 

types of different elemental tetrahedra: kP,jSbTk for k=0,…,4 (where k and j4-k are the 

number of anions P and Sb around the central cation Ga, respectively), two binary and 

three ternary configurations [18]. Remember that sphalerite binary configurations are 

perfectly symmetric, while ternary configurations are strained.   

Within the framework of the Strained Tetrahedron Model, SOPs obtained 

quantify the attenuation of the multinary configurations accounting for the departure 

from the random Bernoulli values. The attenuation of the configurations listed above is 

characterized by the attenuation index k=1,N-1 Ck/(N-1), (where N is the number of 

Nearest Neighbor (NN) cites around the central ion), and for a tetrahedron configuration 

N=4. Depending on the intensity of SOPs, for a ternary system this index ranges 

fromCk/3 = 1 (no attenuation) as in the case of the ternary alloy ZnCdTe [15] toCk/3 

= 0.05 in the ZnSSe system, a special system in which an almost extreme attenuation of 

multinary configurations is observed [20].  

1. Experimental section  by Lin & Jay OK   

Four GaPSb alloy samples were grown by MOVPE on 600 μm GaAs substrates. 

A 20 nm thick GaAs capping layer was grown following the alloy layer. The xSb values 

of all the GaP1-xSbx layers were determined by non-destructive high-resolution XRD 

measurements; in calculating, we assumed that the layers are coherent to the GaAs 

substrate and used Vegard’s law to determine the values of xSb [21]. 

Four GaPSb samples were investigated in this work. The epilayers of the samples 

were grown on semi-insulating (001) GaAs substrates by MOVPE. The metal-organic 

sources were trimethylgallium and trimethylantimony, while the hydride sources were 

phosphine and arsine. Samples A, B, and C consist of double epilayer structures each, 

while sample D has two extra GaAs layers (Table 2).  

Table 2. Structure of the four GaP1-xSbx sample layers. 

Sample 

 
Structure Substrate 

Si-doped GaAs 

4x1018cm-3 

Undoped 

GaAs 
Alloy layer Capping layer 

 Material S.I. GaAs   GaPSb   GaAs 

 
xSb 

Thickness  

(μm) 

Thickness 

(nm) 

Thickness 

(nm) 

Thickness 

(nm) 

Thickness 

(nm) 

A 0.06 600 0 0 350 20 

B 0.29 600 0 0 700 20 

C 0.36 600 0 0 700 20 

D 0.29 600 500  300 210 300 (*) 

 
(*) The capping layer of sample D was Si-doped with a density of 4x1018 cm-3.  

All samples were EXAFS (extended X-ray absorption find structure) investigated 

at NSRRC. The P and Sb K-edge EXAFS spectra were measured at the experimental 

conditions reassumed in tabular form  

Energy Range 2 ~ 8 keV (P K-edge: 2146 eV) 

eeVeV) 

6 ~ 33 keV (Sb K-edge: 30491 eV) 

Energy Resolution 
1.5 ~ 2.1 x 10

-4

 2.3 x 10
-4

 

Photon Flux  

(photons/sec) 
3 x 10

11

 (0.38 mW) 3 x 10
10

 (at 20 keV) 

Spot Size (FWHM) 0.5 mm (H) x 0.4 mm (V) 0.9 mm (H) x 0.2 mm (V) 

Detectors                    Gas Ionization Chambers, Lytle Detector 
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The observed signals are shown (Figures 1 and 2). 

   

a)  P K-edge b)  Sb K-edge 

Fig,1 Sample B EXAFS spectra:  |(R)| vs. Reduced distance (R) for various  Rbkg  

(background removal) values  at the    a)-P and b)-Sb K-edges for Rbkg= 0.7 (0.3) 2.2 

 

 

Fig. 2. EXAFS spectra: |(R)| vs. Reduced distance (R) for the four samples at K-edges of 

a) P and b) Sb 

 

 xSb Sample 

0.06 A CA10119AK20555 

0.29 B CA10122AK80555 

0.36 C CA10122AK50555 

0.29 D CA10124AK10555 
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2. Multivariate analysis of the observed FT-spectra by Jone 

The statistical analysis [12]Kessler 2006 of the reported FT-spectra observes that … at the 

?? K-edge data are reliable and…. 

, [22]Brereton 2000 PCA, [23] Gemperline 2006 

Fig. 2.  Partial Least Square Regression (PLS) analysis of the P- Sb- K-edge spectra; 

a) y= 0.87xP+0.06, R2=0.97; b) y= 0.80xSb+0.04, R2=0.81. 

 

3. Ifeffit analysis of EXAFS spectra  by Valeev & Trigub 

From the reliable spectra at the P- Sb- K-edge the Ifeffit program recovers the N1- 

and R1-values assuming two independent N1 parameters, N1.P N1.Sb with N1.P+N1.Sb = 4 

(Table 2). While fitting, the standard quadratic deviations 2 of P and Sb atoms were 

recorded. Samples having been observed at room temperature, code FEFF-8 is 

calculated for 300 K Debye temperature. 

 

Table 2. Coordination numbers (N1 ±0.1) and bond distances (R1 ± 0.01 Å) as obtained 

from the P and Sb K-edges. 

Binary xP xSb N1.GaP N1.GaSb R1.GaP (Å) R1.GaSb (Å) 

 1 0 4 0 2.360 = 

 0 1 0 4 = 2.641 

Ternary       

Sample       

A 0.64 0.36     

B 0.71 0.29     

C 0.94 0.06     

D 0.71 0.29     

 

4. Application of the Strained Tetrahedron Model  by BVR 

The Strained Tetrahedron Model [17] was applied to analyze the available data of 

the GaPxSb1-x system. The SOP coefficients Wk and the attenuation factors Ck (= 

min[Wk, 1, (4-kWk)/(4-k)] ≤ 1) of each random Bernoulli Eigen-function of the three 

canonical different possible ternary distorted tetrahedron configurations kPjSbTk are 

determined (Table 3). The procedure uses the equations previously developed and 

discussed [19]. Starting from the experimental values, Excel Solver was used to best fit 

the ternary parameters to determine the SOP Wk coefficients.  
 

Table 3. Wk and Ck values of the three tetrahedron-configurations 

 Samples   

Type  kP jSb Wk  Ck  

Binary     
4PT4 4 0 = = 
4SbT0 0 4 = = 

Ternary     
1P3SbT1 1 3   
2P2SbT2 2 2   
3P1SbT3 3 1   

   (Ck)/3=  
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Fig. 3. Plot of the N1 and R1 values from the P- Sb- K-edge (from Table 2)  

 

Results show that in our GaPSb samples as the P content increases, … 

The concept of Internal Preferences allows identifying preferences in the frame of 

distorted tetrahedra. … 

The integral of any Bernoulli Eigen-function Np over the entire relative content x 

= [0,1] range is 1/(N+1) [19].  

The results of the analysis … 

ΔP4P  = k= 3  [ [max(0, 1-Wk) + max[0, k*(Wk-1)/(4-k)] ]  

Table 4. ΔP4P/3 and ΔP4Sb/3 integral values showing the binary fractions respect to the 

original Bernoulli values. 

Binary 4PT4 
4SbT0 

ΔP/3   

 

 

5. Conclusions   by ALL  

From the Strained Tetrahedron Model we infer that the results obtained, although limited are 

extremely stimulating to understand this extremely complex ternary system containing gallium. Actually 

it would be useful to compare experimental EXAFS spectra with the spectra of the pure binary GaP 

compound.  A deeper investigation of the XANES spectra of pure GaP could be useful to better evaluate 

the Sb chemical state in GaPSb alloys, the small local structural distortions vs. Sb in the second 

coordination shell, and using DFT (Discrete Fourier transform) calculations, charge effects due to Sb 

doping. 
 

The bond lengths of the NN (nearest neighbors) tend to be almost the same at different Rbkg parameters 

For P K-edge absorption, the bonding structure around the Ga tends to be 3P1Sb, and the fitting result is consistent with the VFF (valence force field) model. 

For Sb K-edge absorption, the bonding structure around the Ga also tends to be 3P1Sb, but the fitting results of the NNN (next nearest neighbors) are not yet explainable.  

Dear colleagues, 

In attachment I summarized best experimental spectra, XANES and FT transformations of EXAFS spectra. 

• It could be useful to compare EXAFS and XANES spectra of pure GaP and GaPxSb1-x. I have found old paper concerning XANES spectra of pure GaP. 

XANES spectra of pure GaP is almost the same like in our experimental data. [24] 

There is an energy shift in edge position for samples with x=0.29,0.36. In our case there is no changes in shape of XANES spectra, so energy shift could be assigned to 

increasing atomic charge of in atoms. For more precise estimations of charge effects of Sb doping, if it's necessary, DFT (Discrete Fourier transform) 

1.  calculations could be done.  

Some changes in P XANES spectra are observed at 2150-2160 eV, there is some smoothing of the spectrum for almost pure GaP0.06Sb0.94. It could be explained like 

distortion of the local atomic symmetry for P atoms.  

2. All XANES spectra measured at Sb K-edge looks the same. This means that Sb atoms has identical charge state in all samples. It's useful to compare these XANES 

spectra with standards to validate Sb chemical state. 

3. In EXAFS spectra at P K-edge there is a shift of main peak at 2.2A due to different size of P and Sb atoms. Decreasing of the peak at 3.4 A could be attributed to 

appearance of Sb atoms in second coordination sphere for P. It would be greater to compare out experimental EXAFS spectra with EXAFS for pure GaP.   

4. In EXAFS spectra at Sb K-edge there is no significant changes, but they are also could be used to extract some information. 

5. There is two sets named xSb=0.29 In experimental file EFXAS data list-1.xlsx, they are the same? 

6. Is it available spectra for pure GaP? 

For P K-edge absorption, the bonding structure around the Ga tends to be 3P+1Sb, because of the Coulomb interaction between Sb impurities.  

If it's necessary, some calculations of XANES spectra could be done to demonstrate changes of the spectral shape with increasing amount of Sb atoms in second 

coordination shell for P atoms. 

Hope, till the end of the next week some results of the EXAFS analysis will be ready.  

Best regards,  Alexander. 
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