
J. PHYS IV FRANCE 7 (1 997) 
Colloque C2, Suppldment au Journal de Physique I11 d'avril 1997 

Standing Waves Investigation of InAsPnnP Superlattices 

* INFN, Laboratori Nazionali di Frascati, P. 0. Box 13, 00044 Frascati, Italy 
** INFM; via dell 'Acciaio 139, 161 52 Genova, Italy 
*** Dipartimento di Chimica IFM; Univ. Torino, via P. Giuria 7, I0125 Torino, Italy 
*** * CSELI: via Reiss RomoEi 274, 10148 Torino, Italy 
***** CNR, piazzale A. Moro, 00185 Roma, Italy 
****** ESRF, BP. 220, 38043 Grenoble, France 

Abstract. X-ray standing waves measurements have been performed on a set of six InAsPJhP superlallices exhibiting a wide 
range of lattice strain values and on both the (002) and (004) reflections. The objective was to assess the XSW technique as a 
structural probe in superlattices. For samples with perpendicular lattice misfit less than 1.5% we f i d  clear XSW modulations in 
the As fluorescence; this signal is well reproduced by simulations performed by solving the Takagi-Taupin equations. For 
samples with higher misfit a negligible XSW signal is found, indicating considerable lattice disorder. 

1. INTRODUCTION 
The X-ray standing waves technique (XSW) [f is commonly used to determine the structure of an impurity with respect to a 
perfect crystal, be it on the surface or in the bulk. In the most usual version, the standing wave field is set-up by the diffracting 
planes of choice and perfect crystal dynamical theory is used to obtain the reflectivity and phase vs. angle functions needed to 
interpret the data. In this paper we report on an attempt to extend the technique to semiconductor superlattices (SL), the 
objective being to assess the ability of XSW to obtain structural information in these systems, and in particular on thin 
interface layers. The behaviour of the XSW field in distorted epi-layers has been studied theoretidy 121; there have also been 
two recent experimental reports of the application of XSW in SL's; in one case, one SiIGe SL was studied [3], while in the 
other [4] two InAsIGaAs SL's were investigated, in both cases the (004) reflection was used. In the present paper we report on 
XSW measurements on six InAsPIInP SL's exhibiting a wide range of misfit values using both (004) and (002) reflections; the 
same samples have also been studied by XAFS [5] in a parallel investigation. 

A detailed, mimscopic, characterization of SL's is of great importance in the field of semiconductor materials science. The 
particular system studied here, a set of InPIInAsP SL's, is of two-fold importance. First of all, it is a model for the InP-InGaAs 
interface in unstrained InGaAsflnP SL's. It is well known that the performance of these devices is strongly influenced by the 
microscopic structure of the buried interfaces[6]; as an example, imperfections of the crystal lattice cause scattering processes 
yielding a reduction of the exciton decay time, a limitation in the electron mobility and an increase of the non radiative 
recombination. Secondly, InAsP is the active,strained, layer in InAsPIInGaP strain compensated lasers. 

2. SAMPLES AND EXPEXIMENTAL 
Six InAsPIInP SL structures were grown in the CSELT laboratories on InP(001) 171. The main sample characteristics are 
described in Tab. 1; samples 1 - 5 were grown by LP-MOCVD while sample 6 was grown by CBE. Notice that the 
perpendicular lattice misfit ranges from 0.34 to 2.7 %. The sample characteristics have been determined by high-resolution x- 
ray diffraction -)[8,9] and confirmed by TEM. In pafticular the former technique, which is directly related to the XSW 
technique developed here, is able to measure the SL period, P, and the average As concentration of the SL, a>. A typical 
HRXRD spectrum is composed of a peak originating from the substrate, a 0-order SL peak, and higher order SL replicas. 
Under the assumption that the SL can be described as a two-component system, an InP layer of thickness P-t and a ternary 
layer of thickness t, with perfect reproducibility and negligible interface roughness, a model which we will call the Ideal 
Uniform Abrupt SL (IUASL), the As concentration in the ternary layer may be deduced: x = cet/P. 

XSW measurements were performed at the ID 32 beamline of the ESRF. The radiation from the undulator was 

Table 1: Nominal sample characteristics as deduced by HRXRD: P: period, t: thickness of ternary layer, x: As concentration in ternary 
layer, N: number of periods; EL - (al-aoyao, perpendicular lattice misfit 
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monochromatized at 12.5 keV with a bandpass by a 
cryogenically cooled Si(ll1) double crystal monochromator. 
The nominal vertical divergence of the beam on the sample 
was 20 p a d .  Samples were positioned on a multi-circle 
diffractometer with a vertical scattering geometry. As Ka 
fluorescence was monitored as a function of incidence angle 
for the 002 and 004 reflections with a high-purity Ge 
detector positioned -5" above the horizontal in the vertical 
plane containing the electric vector of the incoming beam; 
this choice guarantees good surface sensitivity and 
minimizes the elastically scattered radiation. Along with the 
fluorescence yield, the diffracted intensity (the reflectivity, in 
XSW terminology) was measured with a NaIfJl) detector. 

3. RESULTS 
The XSW spectra are shown for all samples in Fig. 1. In Fig. 
2 we show fluorescence and reflectivity for the (002) and 
(004) reflections of sample 3. The angular scale is referred to 
the substrate reflectivity peak; at this angular position a 
symmetrical peak is observed in the XSW yield. This 
observation is compatible with the negligible coherent 
fraction expected for the As atoms, which are embedded in 
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field set-up here has a periodicity equal to the average SL (002) or (004) planes we conclude that we are observing XSW 
signals which give us information on the position of the As atoms with respect to these planes. For samples 4 - 6, which have a 
higher As concentration, the XSW signal is extremely small if not absent. 

4. SIMULATION OF XSW SPECTRA 
In order to analy?e spectra such as those presented in fig. 1 and 2 it is not possible to use standard dynamical theory. In fact, 
we are dealing with a wave field set-up by a crystal with two components, one of which under strain.The Takagi-Taupin [8] 
equations have therefore been solved using the recursion formula by assuming a model structure for each sample. In particular, 
the aforementioned IUASL model was assumed for the samples. 

As an example, we show in Fig. 3 the depth and angle dependence of the eletric field intensity for sample 1. The origin of 
the depth scale is the SGair interface; the SL is approximately 8000 A thick. At the origin of the angular scale is the substrate 
peak; its intensity undergoes characteristic beating due to the small difference in lattice spacing between substrate and 
overlayer. At negative angles, the characteristic derivative-like signal associated with the SL average diffracting planes grows 
with distance from the substrate. 
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Fig. 2: Fluorescence yield and reflectivity for (002) and (004) reflections for sample 3. 



In order to simulate a XSW signal for the As some 
assumption must be made regarding the local structure 
in the ternary alloy. As a starting point we have chosen 
the Virtual Crystal Approximation (VCA): each atom 

3 5 ,  is positioned in its ideal crystallographic position, i.e. 
3, 

that determined by elementary geometry by its two 
relevant lattice parameters ( a1  and all). 

2 5, It must be pointed out that it is well known that ths  
2, approximation is not strictly valid for bulk ternary 

alloys; moreover, As XAFS measurements on the 
same sample here presented have shown that the VCA 
is not valid locally [5]. Therefore the VCA must be 
considered a starting point for further structural 
refinement. 

Using the two cited approximations, IUASL and 
VCA, we have simulated the As XSW signal for 
samples 1 - 3. Examples of the comparison between 

yfOd data and simulation for sample 1 are shown in Fig. 4. 

~ e p t h  (Angstroms) 5. DISCUSSION 
Theta (arc set) The results presented can be summarized in the 

following way: for samples 1 - 3 the simulation using 
the VCA and IUASL models reproduces very well the 
experimental lineshapes while samples 4 - 6, which 
exhibit a higher lattice misfit, have a very small signal 

Fig. 3: Intensity of the electric field for sample 1 and consequently a very low coherent fraction. 

The result on the first three samples indicates that our method and underlying hypotheses are fundamentally correct. A 
detailed comparison indicates that the coherent position used is not perfectly adequate to reproduce the data; this is not 
surprising given the crudeness of the VCA. In these samples XSW can therefore give useful structural information. 

The very small or absent signal on samples 4 - 6 indicates that coherent fraction of As in these samples is very small; these 
samples have a rather high misfit and therefore our result indicates the presence of interdiffusion, roughness or lattice disorder 
due to the high accumulated strain. 

References 
1. J. Zegenhagen, Surf. Sci. Rep., 18 (1993).199. 
2. A. Authier, J. Gronkowsi, and C. Malgrange, Acta Cryst. A45 (1989) 432. 
3. A. Lessmann, M. Schuster, S. Brennan, H. Riechert, and G. Materlik, submitted to Phys. Rev. B, and private communication. 
4. P. Castmcci, S. Lagomarsino, P. Calicchia, and A. Cedola, to appear in Appl. Surf. Science, and private communication. 
5. S. Pascarelli, F. Boscherini, C. Lamberti, and S. Mobilio, these proceeding. 
6. C. Lamberti, Comput Phys. Comm. 93 (19%) 54; ibidem p. 82, and references cited therein. 
7. A. Mircea, R. Mellef B. Rose, P. Dast*, and G.M Schiavini, J. Cryst. Growth 77 (1986) 340. 
8. C. R. Wie, Mat. Sci. En& R13 (1994) 1 . 
9. A. Antolini, L. Francesio, L. Gastaldi, F. Genova, C. Lambed, C. Papuzza, C. Rigo, and C. Salviati, J. Cryst. Gmwth 127 (1993) 189. 

3 
-250-200-150-100 -50 0 50 100 150 

o -a,, (arc sec) o -om (arc sec) 

Fig. 4: Comparison of experimental spectra (dots) with simulations, as described in the text 


