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Abstract

:

We report the dielectric tensors on the cleavage plane of biaxial SnSxSe1-x alloys in the spectral energy region from 0.74 to 6.42 eV obtained by spectroscopic ellipsometry. Single-crystal SnSxSe1-x alloys were grown by the temperature-gradient method. Strongly anisotropic optical responses are observed along the different principal axes. An approximate solution yields the anisotropic dielectric functions along the zigzag (a-axis) and armchair (b-axis) directions. The critical point (CP) energies of SnSxSe1-x alloys are obtained by analyzing numerically calculated second derivatives, and their physical origins are identified by energy band structure. Blue shifts of the CPs are observed with increasing S composition. The fundamental bandgap for Se = 0.8 and 1 in the armchair axis arises from band-to-band transitions at the M0 minimum point instead of the M1 saddle point as in SnS. These optical data will be useful for designing optoelectronic devices based on SnSxSe1-x alloys.
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1. Introduction


Recently, Sn-X (X = S, Se) and their alloys have received much attention not only due to their potential in applications for ion batteries [1], sensors [2], thermoelectric devices [3,4,5,6,7,8,9,10,11,12,13], and photovoltaics [14,15,16,17,18,19] but also for their chemical stability and lower toxicity relative to other compounds that use heavy metals such as lead or cadmium. SnSxSe1-x alloys   0 ≤ x ≤ 1   crystallize in an orthorhombic structure belonging to the space group Pnma, which consists of valence bonds between each Sn atom and three adjacent X atoms to form a puckered honeycomb network, resulting in strong (ab-axis) in-plane anisotropy. In the c-direction, the Sn-X layers are separated by weak van der Waals bonding. The crystal structure and Brillouin zone of SnSe are given in Figure 1.



Complex dielectric function   ε =  ε 1  + i  ε 2    or refractive index Ñ = n + ik values provide useful insight into electronic structure and for characterizing device performance [20,21,22]. Many studies have reported the optical properties of Sn-X by absorption and reflection [23,24], photoluminescence [25,26,27], photoreflectance [28], and ultraviolet-visible-near infrared spectroscopy [13]. Among optical measurements, we used spectroscopic ellipsometry (SE) because it directly determines the dielectric function and refractive index of a material [29,30,31] without using the Kramers–Kronig relations. A few studies of the dielectric functions of SnS and SnSe have been reported [32,33,34,35], but there has been no systematic investigation so far of the dependence of the dielectric functions on S and Se compositions.



In this work, we present the composition-dependent dielectric tensors of SnSxSe1-x (x = 0, 0.2, 0.42, 0.52, 0.6, 0.82, and 1) on the cleavage (001) plane from 0.74 to 6.42 eV at room temperature (RT). These tensor components correspond to the zigzag (a-axis) and armchair (b-axis) directions, specifically. A multilayer-model calculation was performed to remove the effect of surface roughness and/or surface contamination. Blue shifts of the critical points (CPs) are observed with increasing S composition. From these data we determine the CP energies by fitting numerically calculated second derivatives to standard analytic expressions. Energy band calculations were done using the modified Becke–Johnson (mBJ) method for bandgap correction to determine the band-to-band transitions of each CP. We also find that the fundamental band gap of SnSe arises from the M0 minimum, while it is at the M1 saddle point in SnS along the armchair direction.




2. Experimental Methods and ab Initio Calculations


Single-crystal SnSxSe1-x (x = 0, 0.2, 0.42, 0.52, 0.6, 0.82, and 1) were grown by the temperature-gradient method, where powders of tin (99.8%), sulfur (99%), and selenium (99%) were weighted at an appropriate molecular ratio [36,37]. The composition of elements was confirmed by Energy-Dispersive X-ray spectroscopy and structure of the samples were determined by X-ray diffraction (XRD). The XRD measurement and analysis are explained in detailed in Ref. [37]. Before SE measurements, the samples were peeled on the cleavage surface (mechanical exfoliation) to eliminate contamination, surface oxides, and overlayer artifacts. The surface roughness of the cleavage (001) was determined using Atomic force microscopy (AFM)(XE-100 Park System) to provide the thickness values of the rough surface for multilayer calculations.



Pseudodielectric functions were measured at room temperature using a M2000-DI ellipsometer (J. A. Woollam Co., Inc., Lincoln, NE, USA), which has a spectral range of 0.74 to 6.42 eV. To determine the fundamental a- and b-axes on the cleavage plane, azimuthal pseudodielectric function data were obtained as shown in Figure 2a for SnS0.52Se0.48, as an example. The zero corresponds to the armchair direction (b-axis). The angle of incidence (AOI) for this measurement was 70°, although this is not critical for this procedure. The strongly anisotropic behavior of the pseudodielectric function is clearly observed. The full rotation of azimuthal angle was performed to determine the orientation of a- and b-axes precisely, as shown in Figure 2b, confirming the sample orientation given by the XRD in Ref. [37].



It is well known that the dominant contribution for ellipsometric measurement is the projection of the dielectric tensor onto the line of intersection between the sample surface and plane of incidence (POI) Refs. [38,39]. Therefore, even though the measurement was carried out on the SnSxSe1-x along the zigzag (a-axis) and armchair (b-axis) directions precisely, as shown in Figure 3a,b, respectively, the measured pseudodielectric functions vary with the AOI, showing clear existence of strong optical anisotropy.



The intrinsic dielectric tensor of all three principal axes of biaxial materials can be accurately obtained by generalized ellipsometry [40,41,42]. However, it requires a complicated measurement process in which data at several AOIs and azimuthal angles are necessary for the analysis. The data analysis process also requires plenty of efforts. Besides this method, the approximation method introduced by Aspnes [38,39] can also be used to determine the dielectric function of anisotropic materials. This method has been used to study optical properties of both bulk and thin-film samples [37,38,42] due to it is easier in data processing but still preserves important insight of the measurements. It applies well to the case where only two axes are measured, for example, thin-film and layered samples [38,43] when measuring the c-axis becomes too difficult. Therefore, we adopted the latter method for our data analysis.



Briefly, this assumes that the dielectric tensor components    ε a   ,    ε b   , and    ε c    can be obtained by applying small corrections to an isotropic mean value   ε ¯  , i.e.,


   ε i  =  ε ¯  + Δ  ε i  ,         i = a , b , c .  



(1)







The correction   Δ  ε i    can be treated in first order when solving the simultaneous linear equations


     ε ¯  −   sin  2  φ    ε ¯  − 1   Δ  ε i  −    ε ¯    cos  2  φ −   sin  2  φ    ε ¯  − 1   Δ  ε j  −     sin  2  φ    ε ¯  − 1   Δ  ε k  = (  ε  i k   − ε ) s i  n 2  φ  



(2)




where ik = (ac, bc, ca) or another selection of pairs of principal axes defining three planes of incidence, and  φ  is the angle of incidence. The i, j, k indices are construed as following order: i = (a, b, c), j = (b, c, a), k = (c, a, b). Therefore, Equation (2) represents the three equations along the three planes of incidence. For example, the dielectric function    ε  i k     is obtained from the plane of incidence ik where the light propagates along the i direction. Therefore,    ε  a c     and    ε  c a     are dielectric functions of two different directions in the same plane of incidence. The mean value   ε ¯   is calculated from the data    ε  i k   ( a c , b c , c a )   in the Bruggeman effective-medium approximation [44] using equal admixtures of the three components:


   f  a c      ε  a c   −  ε ¯     ε  a c   + 2  ε ¯    +  f  b c      ε  b c   −  ε ¯     ε  b c   + 2  ε ¯    +  f  c a      ε  c a   −  ε ¯     ε  c a   + 2  ε ¯    = 0  



(3)







Because the pseudodielectric tensors of biaxial materials approach their intrinsic values as the AOI approaches 90° [39], it is best to perform SE measurements at large AOIs. However, even at 80° and 85°, light scattering on the sample surface generates substantial noise in the data. Therefore, we selected 75° as the AOI. This is widely used to determine anisotropic dielectric functions [32,33,34,35,38,39]. Figure 4 show the measured pseudodielectric function at AOI = 75° along with spectra from the approximation solution, showing that the measurements at 75° represents the intrinsic principal component of dielectric tensor reasonably well. The intrinsic components of the dielectric tensor were extracted via the three phase (ambient/surface roughness/sample) model.



To identify the physical origins of the CP structures, first-principles density-functional-theory (DFT) calculations were performed within the framework of the projector-wave formalism [45], as implemented in the Vienna ab initio simulation package (VASP). A detailed explanation is given in Ref. [35]. The generalized gradient approximation (GGA) with Perdew, Burke, and Ernzerhof (PBE) parameterization was used to describe the exchange-correlation functional [46,47]. Since the GGA generally underestimates bandgap values, the mBJ exchange potential in combination with L(S)DA-correlation [48,49] was used to achieve actual band gaps. The plane-wave cutoff for the kinetic energy was 350 eV. Brillouin integration was done with a   8 × 8 × 4   centered k-points grid. The structural parameters of SnS and SnSe were fixed at the experimentally determined values from Ref. [50], where a = 3.98 Å, b = 4.33 Å, and c = 11.18 Å for SnS, while a = 4.19 Å, b=4.46 Å, and c = 11.57 Å for SnSe.




3. Results and Discussion


Figure 5a,b show the imaginary parts of the resulting dielectric functions along the a- and b-axes of SnSe and SnS, respectively obtained by the approximation solution. Due to anisotropic nature of these materials, the significant differences between the zigzag and armchair directions are clearly seen in the black and red curves, respectively. The blue shift of the CPs observed when Se is replaced by S is obvious. This is also observed in other semiconductors, for example ZnS and ZnSe [51,52,53] and GeS and GeSe [39,54,55]. Within the same material, however, the CPs along the different principal axes have similar energy positions, which will be identified below from band structure calculations.



Figure 6a,b show the real and imaginary parts of the extracted dielectric functions, respectively, of SnSxSe1-x along the a-axis. For clarity, the spectra are offset by increments of 10 relative to that of x = 1. The decrease of the CP energies is clearly observed from SnS (x = 1) to SnSe (x = 0) as indicated in Figure 6b. Similarly, Figure 7a,b show the real and imaginary parts of the extracted dielectric functions along the b-axis, respectively, showing the same decrease of the CP peak positions with decreasing S component. We note that the cleavage surface of SnSxSe1-x is considered to be stable and to oxidize insignificantly in air for a few hours at room temperature [32]. However, we were more cautions, refreshing the sample surface by mechanical exfoliation before each SE measurement. Using this precaution, we find that our resulting spectra are in good agreement with previously reported data in Refs. [32,33], confirming that current data represent the intrinsic dielectric response of the SnSxSe1-x alloys.



The CP energies were determined by fitting the SE data to the standard line-shape expressions [56] where the dielectric function spectra are differentiated. Noise removal of the spectra was performed using algorithms of extended Gaussian filtering [57] with removal of endpoint discontinuity artifacts [58]. The CP expressions are:


     d 2  < ε >   d  E 2    =  {      A ( n − 1 )  e  i ϕ     ( E −  E g  + i Γ )   n − 2   , n ≠ 0       A  e  i ϕ     ( E −  E g  + i Γ )   − 2   , n = 0        



(4)




where  A  is the amplitude,    E g    is the threshold energy,  Γ  is the broadening parameter, and  ϕ  is the phase. The exponent n has values of −1, −1/2, 0, and 1/2 for excitonic, one-, two-, and three-dimensional line-shapes, respectively. Real and imaginary parts are fit simultaneously.



Figure 8 and Figure 9 show the second derivatives of the two principal axes and their best fits of SnSxSe1-x with x = 0, 0.52, and 1. Open circles are calculated spectra    d 2   ε 1  / d  E 2   , while the solid and the dashed lines are the best fits of the CP expressions for    d 2   ε 1  / d  E 2    and    d 2   ε 2  / d  E 2   , respectively. The data for    d 2   ε 2  / d  E 2    are not shown for clarity. We note that the excitonic line-shape (n = −1) yields the best fit for all the CPs. In Figure 8, a careful inspection of the a-axis spectra reveals the existence of the E3 CP in SnSe, while it is absent in SnS. We note that the E3 CP in SnS can be detected only at low-temperature Ref. [34]. In Figure 9 of the b-axis spectra, another interesting observation is the splitting of the direct fundamental bandgap of    E  0 b     in SnS into    E  0 b     and    E  0 b  ′    in SnSe. The physical origin of new    E  0 b  ′    CP will be considered below.



Figure 10 and Figure 11 show the results of energy band structure calculations obtained using the mBJ method for bandgap correction of SnSe and SnS, respectively, in which the band-to-band transitions corresponding to the CPs in above discussions are denoted by arrows. As shown in Figure 10 and Figure 11, the top of valence band (VB) is located along the   Γ − Y   line (parallel to b-axis in real space), while the bottom of conduction band (CB) is at the   Γ − X   line (a-axis direction). Therefore, the direct optical transition is not allowed in this situation. In the band structure the fundamental direct band gap    E  0 a     is expected to occur between the first VB and the first CB in the   Γ − X   line for both SnS and SnSe. As listed in Table 1 and Table 2, the measured values for SnSe and SnS are about 1.06 and 1.33 eV, respectively, while the calculated results are 0.97 and 1.33 eV. The agreement between data and theoretical predictions is therefore excellent. It is also interesting to note that in the   Γ − Y   line, the smallest direct band gap    E  0 b  ′    is predicted to be the M0 minimum CP in SnSe, while the smallest direct band gap    E  0 b     is at M1 saddle point CP in SnS. This is a result of the different chemistries of Se and S. It should be noted that the current approach deals only with energy differences between valence and conduction bands [59,60,61]. To be physically more precise, the momentum operator between the bands needs to be considered to clarify whether the transitions are allowed and what polarizations are needed to detect them.



The full comparison of measured CP energies along the a- and b-axes with those predicted by the current band calculations are also shown in Table 1 and Table 2 for SnSe and SnS, respectively. Considering that the band calculations assume 0 K while the measured CP energies are obtained at room temperature, the two results are reasonably well matched. Slightly different CP energies measured in a- and b-axes can be understood by the different slopes at symmetric points along the different directions in the Brillouin zone, which can lead to different intensities and line-shapes of the CPs. We also note that the overlap of adjacent CPs can cause uncertainties in the CP energy positions determined by experiment. The CP energies found in previous works are also included for comparison in Table 1 and Table 2, and it is clear that our data are in good agreement with the results of these studies [5,22,23]. However, since ellipsometry determines the real and imaginary parts of dielectric functions without Kramers–Kronig relation, we believe that the current work should be more accurate than the results obtained from the reflectance measurement of Ref. [5]. Relative to the previous ellipsometric studies of Refs. [32,33], we observed more CP structures, and our data exhibit zero values of the imaginary part of the dielectric function below the fundamental band gap. These results indicate that our CP results are more accurate.



To allow CP energies to be determined for any composition, we fit the quadratic   E ( x ) = a  x 2  + b x + c   to the data as shown in Figure 12 and Figure 13 for the zigzag and armchair directions, respectively. The dots are data, while the solid curves are best fits. It is interesting to note that the    E 5    CP shows negative bowing, while other show the positive bowings characteristic of semiconductor alloys in general [62,63,64]. Irrespective of attractive or repulsive atomic interactions, if an interaction exists between energy states, the corresponding states repel each other. We understand that the negative bowing of the    E 5    structure in Figure 13 might have resulted from the proximity of the    E 6    CP, which may result in interaction larger in armchair direction. The values of a, b, and c are listed in Table 3 and Table 4 for the zigzag and armchair directions, respectively.




4. Conclusions


We report a systematic study of the composition dependence of the dielectric tensor along the zigzag and armchair directions, as measured on the cleavage plane of SnSxSe1-x alloys at room temperature using spectroscopic ellipsometry. The CP peak energies are determined from analysis of the numerical second derivative of the dielectric function for each principal direction. We found that the CP peaks have similar energy positions in the two perpendicular directions, even if their line-shapes are significantly different. The appearance of new CPs was observed in both armchair-and zigzag-directions when x is less than 0.2. Energy band structure calculations are performed using the mBJ method for bandgap correction, which enables the origins of the band-to-band transitions of the CPs to be determined. For example, the fundamental band gap of SnSe arises from an M0 minimum, while that for SnS arises from an M1 saddle point in SnS along the armchair axis. The composition dependence of the CPs is described by quadratic polynomial equations. The results extend our knowledge of the optical characteristics of SnSxSe1-x alloys, and should be helpful in the engineering of optoelectronic devices.
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Figure 1. (a) Distorted-rocksalt orthorhombic (Pnma) crystal structure of SnSe. The Sn atoms are purple, while the Se atoms are green. (b) Brillouin zone of the SnSe structure. 
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Figure 2. (a) Azimuthal angle dependence of the dielectric function from the armchair- to zigzag-directions at AOI = 70°. (b) Mapping of the full azimuthal angles of the dielectric function of single-crystal SnS0.52Se0.48. 
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Figure 3. Imaginary parts of the pseudodielectric functions of SnS0.52Se0.48 with several values of AOI from 60° to 85° along (a) zigzag and (b) armchair directions. 
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Figure 4. The pseudodielectric function of SnS0.52Se0.48 along zigzag direction (a) and armchair direction (b) measured at AOI = 75° (black and red) and the resulting data (green and blue) after approximation method was applied. 
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Figure 5. Comparison of the imaginary parts of the dielectric functions along the zigzag and armchair directions of SnSe (a) and SnS (b). 
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Figure 6. Real (a) and imaginary (b) parts of the dielectric functions of SnSxSe1-x along the zigzag direction. The spectra are shifted by increments of 10 from that at x = 1. 
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Figure 7. Real (a) and imaginary (b) parts of the dielectric functions of SnSxSe1-x along the armchair direction. The spectra are shifted by increments of 10 from that at x = 1. 
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Figure 8. Best fits of the second derivatives of    ε 1    (solid lines) and    ε 2    (dashed lines) for the zigzag direction. The circles are the numerically calculated derivatives of the data. The number of points is reduced for clarity. The spectra are shifted by increments of 500 from that at x = 1. 
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Figure 9. As Figure 8, for the armchair direction. The spectra are shifted by increments of 1000 from that at x = 1. 
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Figure 10. The calculated energy band structure of SnSe. Band-to-band transitions are shown by arrows. The dashed line is    E  0 b    . 
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Figure 11. As Figure 10, but for SnS. 
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Figure 12. CP energies determined experimentally (dots). The lines are the best fits to   E ( x ) = a  x 2  + b x + c   for the zigzag direction. 
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Figure 13. As Figure 12, but for the armchair direction. 
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Table 1. Comparison of room temperature CP energies of SnSe obtained along the a- and b-axes with those predicted from the 0 K energy band structure shown in Figure 10.
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CP

	
SnSe




	
Theory

	
a-Axis

	
b-Axis






	
    E  0 a     

	
0.97 a—  Γ − X  

	
1.06 a

	




	
    E  0 b  ′    

	
1.20 a—  Γ − Y  

	

	
1.21 a




	
    E  0 b     

	
1.37 a—  Γ − Y  

	
1.31 a, 1.26 d

	
1.37 a, 1.35 d




	
    E 1    

	
1.49 a—  Γ ( 0 , 0 , 0 )  

	

	
1.65 a, 1.64 d




	
    E 2    

	
1.90 a—  T ( 0 , 0.5 , 0.5 )  

	
1.90 a, 1.81 d

	
1.85 a, 1.86 d




	
    E 3    

	
2.24 a—  T ( 0 , 0.5 , 0.5 )  

	
2.23 a, 2.14 d

	




	
    E 4    

	
2.62 a—  U ( 0.5 , 0 , 0.5 )  

	
2.33 a, 2.31 d

	
2.56 a, 2.43 d




	
    E 5    

	
3.29 a—  T ( 0 , 0.5 , 0.5 )  

	

	
2.99 a, 3.06 d




	
    E 6    

	
3.32 a—  U ( 0.5 , 0 , 0.5 )  

	
3.02 a, 2.91 d

	
3.25 a




	
    E 7    

	
4.20 a—  Γ ( 0 , 0 , 0 )  

	
3.41 a, 3.83 d

	
3.68 a, 3.58 d








a This work—Exp RT, Theory 0 K. d Ref. [33]—Exp RT.
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Table 2. As Table 1, for SnS.
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CP

	
SnS




	
Theory

	
a-Axis

	
b-Axis






	
    E  0 a     

	
1.33 a—  Γ − X  

	
1.33 a, 1.31 b

	




	
    E  0 b     

	
1.72 a—  Γ − Y  

	
1.65 a, 1.60 b, 1.59 c

	
1.60 a, 1.59 b




	
    E 1    

	
1.87 a—  Γ ( 0 , 0 , 0 )  

	

	
1.90 a, 1.98 b, 1.91 c




	
    E 2    

	
2.40 a—  T ( 0 , 0.5 , 0.5 )  

	
2.36 a, 2.34 b, 2.35 c

	
2.32 a, 2.28 b, 2.36 c




	
    E 4    

	
3.08 a—  U ( 0.5 , 0 , 0.5 )  

	
2.83 a, 2.76 b, 2.80 c

	
2.92 a, 2.98 b, 2.82 c




	
    E 5    

	
3.80 a—  T ( 0 , 0.5 , 0.5 )  

	

	
3.44 a, 3.29 b, 3.47 c




	
    E 6    

	
4.04 a—  U ( 0.5 , 0 , 0.5 )  

	
3.64 a, 3.70 b, 3.68 c

	
3.88 a, 3.71 b, 3.70 c




	
    E 7    

	
4.55 a—  Γ ( 0 , 0 , 0 )  

	
3.98 a, 4.06 b

	
4.24 a, 4.30 b, 4.41 c








a This work—Exp RT, Theory 0 K. b Ref. [33]—Exp RT. c Ref. [5]—Exp 295 K.













[image: Table] 





Table 3. Fitted parameter values of quadratic equations for allowing composition dependences of the CP energies along the zigzag direction to be determined.
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	CP
	c
	b
	a





	    E  0 a     
	1.0591
	0.2208
	0.0443



	    E  0 b     
	1.3135
	0.2404
	0.0943



	    E 2    
	1.9049
	0.0641
	0.3997



	    E 3    
	2.2326
	0.3654
	0



	    E 4    
	2.3257
	0.3055
	0.1987



	    E 5    
	3.0126
	0.1776
	0.4509



	    E 6    
	3.4121
	0.2852
	0.2863
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Table 4. As Table 3, for the armchair direction.
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	CP
	c
	b
	a





	    E  0 b  ′    
	1.234
	0.2939
	0



	    E  0 b     
	1.3716
	0.1006
	0.1341



	    E 1    
	1.6577
	0.0555
	0.1865



	    E 2    
	1.8535
	0.2844
	0.1815



	    E 4    
	2.5555
	0.1627
	0.2013



	    E 5    
	2.9756
	0.7565
	−0.2862



	    E 6    
	3.2598
	0.3873
	0.2298



	    E 7    
	3.6728
	0.3259
	0.2421
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