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A high resolution X-ray diffraction method has been effectively used for the structural characterization of

InP porous layers. It was revealed that strong diffuse scattering from pores around reciprocal lattice points

does depend on the azimuth positions of samples. To extract structural information about porous layers

fabricated under different conditions theoretical analysis of the measured reciprocal space maps (RSM)

was performed. The statistical dynamical X-ray diffraction theory was used to describe coherent and dif-

fuse scattering from a layer with cylindrical pores. A numerical analysis of the RSMs for two azimuth po-

sitions ϕ (ϕ = 0 and ϕ = 90°) and detailed sections of RSMs (linescans) allowed determination of the ra-

dius, the length of the pores and tilting angle with respect to the surface normal.
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1 Introduction 

Semi-insulating InP is a very useful material for fabrication of high-performance electronic and optoelec-

tronic devices [1]. Therefore a possibility of advanced technology application for structural and property 

modification of crystals attracts great interest. Using electrochemical anodization one produces crystal-

line porous layers in semiconductor wafers. This was done for silicon for the first time nearly a half-

century ago [2]. Numerous attempts to produce nanocrystalline structures in other semiconductors by 

anodization have failed. At the same time different physicochemical methods for fabricating the porous 

layers with a thickness in the range from several micrometers to several tenths of a micrometer on sur-

faces of Si, Ge, and AIIIBV single-crystal wafers have been developed [3–6, 12]. 

 Since the state of the surface and the parameters of pores and grains in these layers determine the 

electrophysical properties of fabricated layers, structural and morphological characterization has to be 

done. Due to the many parameters the porous structure should be characterized by different high-

resolution X-ray techniques that have proved to be a powerful tool for investigation of imperfections on 

the surface and subsurface layers [7–12]. Total external reflection (TER, GISAXS) and grazing inci-

dence diffraction (GID) are the most advanced methods to study roughness and unevenness of the sur-

face layers and boundaries when the thickness of surface layers is rather small [9]. In [11] both of them 

were used for characterization of the size and correlation length of nanodots on silicon substrate. To 

investigate the structure of the micrometer-size porous layer a high-resolution X-ray diffractometry is 
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usually used (for instance, see [5, 7, 8, 10, 12] and references cited therein). A porous layer gives a 

strong X-ray diffuse scattering around a reciprocal lattice point [8]. The angular distribution of XRDS 

contains the information on the structure of the porous layer. However, till now there is no full mathe-

matical model that can be used for the analysis of this distribution. The aim of the work is to show the 

approach based on fitting of RSM for characterization of two types of column-shaped pores fabricated by 

electrochemical oxidation of InP(001) wafers. 

2 Experimental setup 

A set of samples with porous layer thickness of ~0.5–2.5 µm on an 4 × 4 mm2 area of InP(001) substrate 

at a doping level [ND – NA] ~ 1018 cm–3 was obtained. The porous layers were fabricated by electrochemi-

cal oxidation in an aqueous HCl solution at 23 °C [7]. Depending on the oxidation conditions, two types 

of column-shaped pores can be formed by this technique. At a potentiostatic etching condition the pores 

called “current-line-oriented pores” (CLO) were extended along the surface normal of the sample. Due to 

galvanostatic etching crystallographically oriented pores (CO) were formed and their longitudinal axes 

were inclined at a certain angle to the sample surface. In the latter case the angle of inclination of the 

pores can be varied by changing the electrode potential. 

 The X-ray diffraction studies were performed by the methods of double- and triple-crystal X-ray dif-

fractometry on a TRS-1 diffractometer (Fig. 1). RSMs were measured using a Bede D1System diffracto-

meter. The X-ray source was taken as a conventional copper anode sealed X-ray tube with a power of 

1.2 kW. The primary beam after conditioning (∆λ /λ ≈ 5 × 10–4 and an angle divergency was about  

7 arcsec for the TRS-1 diffractometer; ∆λ /λ ≈ 5 × 10–5 and an angle divergency was about 5 arcsec for 

the Bede D1System in “Hi-Res” mode) was directed towards the sample studied either from the polar 

(110) or nonpolar (110) face (Fig. 1). The position of the sample was varied by its azimuth rotation by an 

angle ϕ  around the normal to the surface. 

 The diffraction patterns and RSMs were measured for the sample at the two azimuthal angles ϕ  = 0 

and ϕ  = 90°. The components of the scattering vector q are related to the angle of rotation of a sample 

and an analyzer crystals and have the form: 
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where θB is a Bragg angle and λ is an X-ray wavelength. 

 
 
 

 

Fig. 1 Experimental setup of TRS-1 diffractometer and schematic positioning of the sample at an  

azimuthal angle of ϕ  = 90°. ∆θ sample and ∆θ analyzer are angular deviations from the exact Bragg positions for 

the sample and the analyzer, respectively. Slit S1 is used to cut off a K α2 component of an X-ray spec-

trum. 
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3 Analysis and discussion 

Within the framework of the formalism of statistical dynamical diffraction theory [13] the model of  

X-ray scattering from a porous crystal is developed. This new approach takes into account coherent and 

diffuse X-ray scattering from structure with randomly distributed cylindrical pores. The porous crystal is 

supposed to have lateral short-range ordering. Thus, for symmetric (004) reflections the Fourier compo-

nents of the X-ray susceptibility of porous structure InP were corrected by a porosity factor. Coherent 

scattering from a substrate and porous crystal was considered for the X-ray beam limited in the lateral 

direction: 

 c 2 2
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I q q I R q W q
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where I0 is the intensity of primary beam, R1,2(qz) is the amplitude reflection coefficient for binary struc-

ture “porous layer–substrate”. The expression 
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describes the lateral structure of a porous layer. Here, 2
∆

T
Tσ = · Ò  is a dispersion of fluctuations of a 

lateral period ∆ ,T T T= · Ò +  where T· Ò is a mean and ∆T  is a random component of the period value. 
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are the weight coefficients of the areas of porous crystal which have lateral dimensions 
k
b . In the absence 

of the lateral periodicity of a porous layer we have 
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where L is the width of the X-ray illuminated surface of the porous layer. 

 In the kinematical approximation the angular distribution of diffuse scattered intensity can be  

written [14] 
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polarizability factor, l is the thickness of the porous crystal, f  is the static Debye–Waller factor. The 

correlation area 

 
1

( , ) d d exp ( [ ]) ( , 0, ) ,
2π

x z x z x x z z x z
q q i q q Gτ ρ ρ ρ ρ ρ ρ

+• +•

-• -•

= +Ú Ú  (5) 

presented in the formula for diffuse intensity is determined by the correlation function ( , 0, )
x z

G ρ ρ . For 

cylindrical pores this function can be written as 
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where R is the pore radius and l
z
 is the pore length. 
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 Figure 2 illustrates the model of the porous layer. If the pores are inclined at angle α with respect to 

the surface normal (z) (Fig. 2c), the coordinates in the expression for the correlation area should be trans-

formed: 
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The experimental and calculated RSMs for the azimuth angle ϕ  = 0 are shown in Fig. 3a and c. The 

rotation of the sample with porous layer around the z-axis over 90° (ϕ  = 90°, y0z diffraction plane), 

changes the shape of the RSM (Fig. 3b and d) as was mentioned above. 

 Experimental and fitted diffraction patterns for the q
x
-scan mode are presented in Fig. 4. An analysis 

of the curves indicates that a distinctive feature of X-ray scattering from samples with porous layers is 

the occurrence of pronounced additional peaks in the cross sections of the 2D intensity distribution ob-

tained by q
x
-scanning (along the sample surface). The occurrence of these specific features is related to 

the diffuse scattering of X-rays from objects that are partially ordered along the surface. These objects 

are generally noncrystalline (for example, pores in the bulk, cracks, or etched pits on the sample surface). 

This fact was used in [7] to study the morphology of cylindrical pores formed on the Si surface. The 

mathematical treatment was made using the following characteristics of a porous layer InP: pore radius is 

40 nm, pore length is 500 nm. The angle pore orientation relative to surface is equal to 52 ± 2°, a value 

that approximately corresponds to the crystallographic direction [111] in a InP single crystal (ξ = 54.7°). 

The lateral quasiperiod is T = 130 nm, the root-mean-square error of the quasi period is σ
T
 = 0.14 

T ≈ 20 nm, which is approximately half the pore radius. 

Fig. 2 Model of the porous layer. The pores are dis-

tributed randomly in the y-direction (a). Some quasipe-

riodic ordering with period T exists along the x-axis (a, 

b). In the x,y-plane the pores are inclined to the z-axis 

at the angle α (c). 
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Fig. 3 Experimental (a, b) and simulated (c, d) RSMs in a logarithmic scale for two azimuth positions: 

ϕ  = 0 (a, c) and ϕ  = 90° (b, d). 
 
 

 

 

Fig. 4 Experimental (bold) and simulated (thin) diffraction patterns obtained in q
x
-scan mode (q

z
 = 0) for various 

azimuth positions: ϕ  = 0 (a) and ϕ  = 90° (b). 
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4 Conclusion 

Reciprocal space mapping around the (004) InP site performed by using the high-resolution X-ray diffrac-

tometry is considered to be very promising for diagnostics of the porous layers containing the cylindrical 

pores. To extract detailed information on the structural features of the porous layers a model of X-ray 

scattering within the framework of the statistical dynamical diffraction theory formalism is developed. 

This approach allows information not only on the size and the form of pores, but also on correlation  

length and tilting angle with respect to the surface normal to be obtained. Unfortunately the measure- 

ments performed using a conventional X-ray source are rather time consuming because of its low inten-

sity. The volume of information extracted from the RSMs could be considerably increased by using 

synchrotron facilities. 
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