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Abstract 

 

 A thin film of 21 SeGaCuIn xx   obtained by physical vapor deposition on a glass substrate 

covered by a Mo-film has been tested by the second harmonic generation (SHG) technique. The 

intensity of reflected SHG has been measured as a function of rotation angle around normal to 

the sample surface. To reveal the preferential orientation of micro-crystals in the film, using 

these data, the theoretical model of SHG in a multilayered structure has been developed. In the 

frame of the proposed model, the Euler angles defining the orientation of optical axis of the film 

texture, the ratio of two constants of nonlinear susceptibility, and the effective thickness of the 

film were numerically calculated. 

 

1. Introduction 

 

The 1 2x xCuIn Ga Se  quaternary compounds (CIGS), due to the direct band gap in the range 

of 1.4-1.6 eV and fairly high values of absorption coefficient, are among the most promising 

materials for the production of thin-film based photovoltaic devices [1, 2].  

A further development of fabrication technologies for high-quality CIGS films requires fast 

and cheap methods for testing their structure. A nonlinear-optical technique of the second 

harmonic generation (SHG) developed in [3-5] was shown to be a powerful tool for a prompt, 

remote, and invasive characterization of thin films. In the present paper, this technique is 

modified and applied for the structural characterization of CIGS polycrystalline thin films. Based 

on the analysis of the SHG, the anisotropy and polarization characteristics of the film texture are 

obtained. 

 

2.  Experimental 

 

The investigated CIGS thin films grown on Mo-coated glass substrates were obtained at 

NREL using the three stage process of co-evaporation [1]. The composition ratio of the sample 

determined by micro X-ray structure analyzer was the following: 24% Cu, 22% In, 3% Ga, and 

51% Se. Hence, it can be concluded that the sample composition is almost stoichiometric and can 

be presented as Cu0.96In0.88Ga0.12Se2.04. Taking into account the results presented in [6], the same 
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conclusion can be drawn from the position of the maximum and of the short wavelength wing of 

the photoluminescence spectra (Fig. 1a) taken at 10 and 70K. 

 

  

 
 

                                         a)                                                                                b) 

 
Fig. 1. a) PL spectra of the CuInGaSe2 thin film at low temperatures. 

b) AFM image 5×5 µm
2
 for the investigated sample. 

 

The surface morphology of the samples was inspected by the atomic force microscope 

(AFM). Figure 1b shows that the sample consists of nanocrystals of a random shape with an 

average size in a range of 200-500 nm.  

For the SHG experiments, the output of a Ti:sapphire laser was used as the fundamental radiation 

at 760 nm, with a pulse width of 100 fs, a repetition rate of 82 MHz, and an average power of 50 

mW, focused onto a spot of about 100 µm in diameter. The angle of incidence was  i =45
o
. The 

fundamental and the second harmonic waves were polarized both either perpendicular or in the 

plane of incidence (s-in, s-out  or p-in, p-out polarization combinations). 

The azimuthal dependences of the SHG intensity were measured in the reflection direction by 

rotating the sample around its normal (Fig. 2). Noting the laboratory frame as X
(L)

Y
(L)

Z
(L)

  (in 

further ( x, y, z )) and the film (surface) frame as X
(S)

Y
(S)

Z
(S)

 (in further ( x
’
, y

’
, z

’
 )), the measured 

azimuth angle φ corresponds to the angle between the X
(L)

  and X
(S)

  axes. The SHG signal in 

reflection geometry was spectroscopically filtered by a proper color filter and detected by a PMT 

and photon counting system.  

 Experimental azimuthal dependences I2() represented in Fig. 3 (dots) manifest two- or 

fourfold anisotropic dependences on the isotropic background. The presence of the anisotropic 

component in the azimuthal dependences confirms the long range ordering of nanocrystals. The 

strong isotropic background observed at any detection angle is caused by the presence of 

disorder in the system.  
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Fig. 2. Schematic of the SHG experimental geometry. The sample is rotated around the Z-axis; X

(L)
Y

(L)
Z

(L)
 

is the laboratory frame and X
(S)

Y
(S)

Z
(S)

 is the film frame,   is the azimuthal angle of the sample. 
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Fig. 3. SHG intensity dependences on the azimuthal angle: experimental points and fits to data (lines). 
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3. Theoretical Model 

 

Bulk CIGS compounds crystallize in the chalcopyrite structure (point-group 

symmetry42m) [7 and references therein]. To obtain quantitative characteristics of the texture 

anisotropy, the measured dependence )(2 I  has been analyzed by the numerical simulation of 

SHG-response of the nonlinear (NL) anisotropic layer. The authors have developed a theoretical 

model to describe the SHG "in reflection" into a multilayered structure at an arbitrary incident 

angle and in the direction of the fundamental light polarization. The effect of multifold 

reflections in each layer and light absorption, as well as the anisotropy of nonlinear optical 

properties of the film (sample), was taken into account. Using the proposed model, the real 

textured film is represented as a thin plane-parallel crystalline slab characterized by several 

effective parameters. These parameters are the components of the nonlinear susceptibility tensor, 

the effective thickness of the film, and the angles that specify the orientation of the symmetry 

axes of the sample with respect to the laboratory frame. All these parameters have to be 

determined from the comparison of the calculated pattern with the measured one. We 

successfully used a similar and partially simplified model to describe the texture of the 

transparent ZnO  thin films deposited on the glass substrate [5].  
Figure 2 shows the scheme of fundamental beam incident on the two-layered structure “CIGS 

film–Mo film” and the second harmonic beam reflected from it.The glass substrate is not taken into 

account, because the Mo-film is thick enough (l  1 m) to screen the substrate completely. Let 

us consider briefly the calculation of fields in the system. Only 
)(

yE , )(
zE , and )(

xH  components 

of the electric and magnetic fields are taken into consideration at p-in - p-out polarizations (the 

symbol   enumerates semi-infinite media or layers:   = 0 for the air,   = 1 for the CIGS film, 

and   = 2 for the Mo-film). We consider those components as a superposition of the waves
  

)(
iE  

and )'(
iE (the same is valid for the magnetic field), which propagate forwards and backwards. 

Each of the waves is determined by the multiple reflections of it in the complete system:  

),,(),,(),,( )()()(   zyEzyEzyE iii   , zyi , ,                                              (1) 

),,(),,(),,( )()()(   zyHzyHzyH xxx   ,                                                      (2) 

here we use the notation  

𝐻𝑥−
 𝛼  𝑦, 𝑧, 𝜔 = 𝒙𝐴𝛼𝑒

𝑖(𝐾−
𝛼 𝑟−𝜔𝑡), 𝐻𝑥+

 𝛼  𝑦, 𝑧, 𝜔 = 𝒙𝐵𝛼𝑒
𝑖(𝐾+

𝛼 𝑟−𝜔𝑡).                         (3) 

 We conceive the solution to the Maxwell’s equations for the electric and magnetic fields of 

the second harmonic in the CIGS film as a sum of the general solution to the homogeneous wave 

equation and a particular solution to the inhomogeneous equation containing a distributed source 

of nonlinear polarization: 

𝑬 2𝜔 = 𝑬ℎ 2𝜔 + 𝑬𝑖ℎ(2𝜔),    𝑯 2𝜔 = 𝑯ℎ 2𝜔 + 𝑯𝑖ℎ(2𝜔).                          (4) 

Our consideration here can be restricted to )2()( 
yE , )2()( 

zE  and )2()( 
xH  

components, as we are interested in only p-out second harmonic polarization. The problem for a 

homogeneous contribution into the fields of the second harmonic is entirely equivalent to the 

corresponding problem for a fundamental beam. Therefore, we represent the x -component of the 

magnetic field in the form  

)2,,()2,,()2,,( )()()(

,   zyHzyHzyH xxhx   ,                                            (5) 

with 
( ) ( )

( (2 ) 2 ) ( (2 ) 2 )( ) ( )( , ,2 ) , ( , ,2 )f fi K r t i K r t

x xH y z x F e H y z x G e
     

    

     ,                             (6) 
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where F and G  are unknown constants to be determined.  

Expressions of (5)-(6) results in the following components of the SH electric field:  

 )2,,()2,,(
)2(

2
)2,,( )()(

)(

2

)(

)(

,, 





 






 zyHzyH
Kc

zyE xx

Zf

hzy 




















                 (7)                

were we use notations: 

)2()2()2( )()()(  

fff qikK  , )(

2

)( 2
)2( 



 
 n

c
k f 








 ,      )(

2

)( 2
)2( 



 


 









c
q f

and 

   













 








 )2()2(2)2()2(

2

)()()()( 22
2

)(

2 





 ffff qkiqk
c

                  

Inhomogeneous contribution to the electric field can be represented as   

  )2)2((

3

)2)2((

2

)2)2((

1

)1(

,

)1()1()1(

)2,,(
trKitrkitrKi

ihy
bbyb eeeyzyE




                    

                       )2)2((

6

)2)2((

5

)2)2((

4

)1(

,

)1()1()1(

)2,,(
trKitrkitrKi

ihz
bbyb eeezzyE




                  (8) 

where i  are some constants and )2()1( bK  means )2(2 )1( K . 

By means of Maxwell equation  




















t

H

c
E

ihx

ihII

)1(

,)1(

,

1
                                                         (9) 

we obtain the following expressions for inhomogeneous contribution into the x - component of 

magnetic field: 

                  

 

 )2)2((

6

)2)2((

5

)2)2((

4

)1(

)2)2((

3

)2)2((

1

)1()1(

,

)1()1()1(

)1()1(

)2(
2

)2(
2

)2,,(

trKitrkitrKi

Yb

trKitrKi

Zbihx

bbyb

bb

eeeK
c

eeK
c

zyH









































       (10) 

Unknown constants i  are determined by substitution of these formulas into the inhomogeneous 

wave equation  

 ihIIihIIihII PE
tc

E   4
1 )1()1(

22

2
)1( 




                                                    (11) 

The set of constants F and G  can be calculated by imposing boundary conditions on   

components  )2()( 
yE  and )2()( 

xH  for both interfaces ( air-CIGS and CIGS-Mo ). 

Note that components of a nonlinear polarization (NLP) is the second order polynomial on the 

components of the electric field of the fundamental wave and can be written in the case under 

consideration in the following form 

2
)(

)1(
)2()()()2(

~
)2(

~
2

)(
)1(

)2()2(
~~ )1()1(


















  

z
E

izy
d

iyz
d

y
E izzzyiyyi dEEdP   .    (12) 

 In the local coordinate frame ( ","," zyx ) connected with crystalline axes of an arbitrary 

micro-crystal seed, we can write (in Kleinman's notation) the expression for the components of 

nonlinear polarization )2(" iP for 42m point-group: 
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 
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 
    
    

     
    

     
 
 
 
 

    ,                                         (13) 

where only 2514 dd  , if Kleinman’s conditions are valid. In the averaged medium, the same type 

of expressions can be written in the coordinate frame ( ',',' zyx ) connected with the orientation of 

the principal optic axis of the texture characterized by the set of the Euler angles  

(  ,, ) and with some effective nonlinear coefficients ijkd . In the ( zyx ,, ) coordinate frame, the 

components of NLP can be expressed through the 
)1(

iE components of the fundamental wave into 

the film, these effective ijkd  and known trigonometric functions of the Euler angles: 

 )()()2()2(
)1()1(~

'  kjijki
EEdP  ,                                                                         (14) 

where kkjjiikjiijk gggdd '''''')2(
~

  and ),,(' llg  are the elements of the matrix that rotate 

coordinate frame ( zyx ,, ) to ( ',',' zyx ) one. Here, as usual,   is the angle of rotation around the 

initial z  axis (azimuth angle),   is the polar angle, and   is the rotation around a new 

orientation of the zaxis. In our case, the general expression (14) has been simplified to the form 

of (12).  

 

4. Results and discussion 

 

 The calculated p-polarized output second harmonic signal’s intensity as a function of the 

azimuth  angle   and determined as *

002 )( GGI   is presented in Fig. 3 (dashed line) in 

comparison with the measured one. It is shown that there is an acceptable qualitative agreement 

between both dependences. The calculated curve was selected by the set of adjustable parametes, 

such as the 14 36d d  ratio, the Euler angles   ,,  of the preferable orientation of the texture, 

and the effective thickness of the film fd . Calculations were performed using the following input 

parameters for CIGS films: 
4

2 23.01, 3.15, 0,76 10 , 0.30n n         . These constants 

were taken as in [8] for 2CuGaSe  (for 2 , by extrapolation). The refractive and absorption 

indexes for Mo  film 2.3,4.3,05.3,8.3 22   nn  were taken from the database of 

[9]. 

It was found that the axis of the preferable orientation of micro-crystals z' is about = 11
o
  

relative to the surface normal. It is the c -axis of the structure (i.e. the main four-fold axis). One 

of the axes of the second order is rotated around this c -axis at the angle of ≈17
o
. All angles are 

counted with respect to laboratory coordinate frame. 

 The 14 36d d  ratio is found to be 0.52, which indicates a sufficient deviation from the Kleinman's 
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conditions 14 36d d =1.0 as the wavelength is very close to the edge of the fundamental 

absorption. The effective thickness of the film is 2.04 m. 

It should be emphasized that the model developed and used here does not take into account 

the diffusion scattering of light in the film. For this reason, the model does not consider the 

dispersion in the orientation of micro-crystals with respect to the preferable ones. However, 

nearly twice wider half-width of maxima on the experimental curve in comparison with 

calculated one indicates the existence of dispersion. 

 The deviation of about 4
o
 -12

o
 observed in the location of the maxima (from 270

o
 or 90

o
) 

confirms that there are slightly off-oriented areas of the film covered by the laser beam spot 

(about 100 m). It means that the resulting “averaged” symmetry of the film is lower than m24 . 
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