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The computational procedure, based on Warren’s exact method for
an amorphous sample with more than one atom, was developed to obtain
the short-range order structural parameters from the differential anomalous
X-ray scattering data, collected using the synchrotron radiation. The ex-
perimental differential radial distribution functions were fitted with the true
distribution functions expressed in an analytical form and broadened by con-
volution with the pair functions. It was found that atoms in the amorphous
Cd-As films remain almost tetrahedrally coordinated and the investigated
alloys are chemically ordered.

PACS numbers: 61.10.—i, 78.70.Dm

1. Introduction

Two-component amorphous semiconductors have become of interest recently
because of their possibility for applications and their contribution to the under-
standing of the transport and optical properties of noncrystalline systems. The
majority of reports in the literature on these materials refers to III-V amorphous
films Ga—-As, Ga-P and In-P [1-7]. The basic factor which determines the elec-
trical and optical characteristics, i.e. the electronic valence and conduction band
densities of states and the size of the band gap, is the structural disorder, either
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configurational or chemical. The chemical disorder relates to a bonding arrange-
ment in which the minority component is coordinated not only by atoms of the
majority kind. The configurational disorder relers to fluctuations in both bond
lengths and angles.

The structural information about short-range ordering in amorphous ma-
terials is usually derived from the large-angle X-ray scattering (LAXS) and ex-
tended X-ray absorption fine structure (EXAFS) experiments. Recently, the syn-
chrotron radiation technique of diflerential anomalous X-ray scattering (DAXS)
has proved to be a very effective tool for the structural studies of two-component
noncrystalline semiconductors as amorphous Ga-As [3, 4] and glassy As-Te [8].
This technique yields the structural information which is qualitatively similar to
that obtained from EXAFS but includes long-range correlations [9]. In this paper
the exact interpretation method of the DAXS data in the short-range region is
described. The results of the studies performed on the vacuum evaporated amor-
phous CdsgAsg; and CdagAsy, films are compared with those previously obtained
using the approximate method.

2. Theorctical outline

For two-component material the DAXS technique uses four complete sets of
scattering data taken at four different photon energies near the absorption edge of
both constituents, two for each edge, denoted here as “a”. The differences of the
intensities AT* (o = As or Cd) scattered at two energies immediately and further
below the absorption edges of both components yield the diflerential structure
factor AS®

ASOI(I\') = AI“(K) - Aa[(fg) - (f)z]’ (l)

A[(f)?]
where K = 4wsin0/X is the magnitude of the scattering vector, A%[ ] indicates
the diflerence between two energies of the quantity in square brackets, taken at
energies near the K-edge of a-th atom, and (f) = Z;T)___l clfil, (%) = Z?ﬂ ci|fil?,
¢; denotes the atomic concentration of species 7, f is the atomic scattering factor.
The differential structure factor (DSF) for a binary material is defined as the
weighted sum

ASY(K) = Z Z AWES;(K) (2)

i=1j=1

of the partial structure factor Sj;, where
ce: A [ff] ‘
AWE(K) = Z9= Wil | 3
AT | ®
The differential radial distribution function (DRDF) 4772Ap*(r) is calculated as

the Fourler sine transform
I{max

4rr  Ap®(r)=4ar® p0+——/ K[AS*(K) — 1) exp(—=BK?)sin(Kr)dK,(4)
B =0. 02 and 0.0075 for data at the As and Cd K-edge, 1espect|vely
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For two data sets, the anomalous scattering factor varies markedly for the
atomic species « at the energy very close to the edge, whereas the changes in the
other scattering factor are small. Thus DSF or DRDF are sensitive only to the
partial components involving species a.

Assuming three-dimensional Gaussian distribution of interatomic distances,
the DRDF function can be calculated averaging this distribution over all orienta-
tions as given in Refs. [10-12]. Now DRDF may be written as

2 X © Nk (1" - rl"-)2
l_l7r1'2Ap°'(7') = rz L c; Z/ % exp | ———L
0o 7y 2 (U"L.'i)-

i=1j=1 k

(r+ k)’

—exp [———2%| 5 [APS(r — ') — APZ(r + )] dr". (5)
2(ak)” ‘

The pair functions AP{} are defined by the following expression:

L[ A0

T Jo

APS(r) exp(—,@[\"“’)cQos(j[&'r)dK.

J Cs
i€

In Eq. (5) the third sum is taken over all coordination spheres, Niﬁ'- indicates
the number of j-th kind atoms around i-th atom in k-th coordination sphere
at the distance rf;, a value of; is the standard deviation of r¥. Equation (5) is
the base of the exact interpretation of the DAXS data, analogous to Warren’s
interpretation method proposed for classical LAXS [13]. Using this equation the
structural parameters as coordination numbers, interatomic distances and their
standard deviations can be obtained by fitting procedure. Such an approach allows
one to take into account the K dependence of the weighting factors and broadening

of the DRDF peaks resulting from truncation of the experimental data at Kpmax.

3. Results and discussion

The X-ray scattering data were collected on the DCI positron ring at LURE
(Orsay, France). The experiments and the data treatment have been described in
detail in our previous paper [14]. The weighting factors AW for both compositions
are shown in TFigs. 1 and 2 together with the computed AP functions.

From inspection of the presented plots it can be scen that AWEAS_c4,
AWEY Ao and relevant AP&S_ oy, APSY .. are reduced practically to zero. For
the remaining atomic pairs the weighting factors are clearly K dependent. There-
fore the precise interpretation of the DRDF function requires the use of the tech-
nique described in the previous scction. The curve-fitting method which utilises
the ITook—-Jeeves type procedure was used [15]. During fitting the values of the
interatomic distances, the coordination numbers and the standard deviations of
the distances were allowed to vary. The sum of the residuals between the model
calculations based on Eq. (4) and the experimental function divided by the number
of the independent data points were criteria of goodness of the fit.

The experimental and calculated curves are compared in Figs. 3 and 4, the
resulting structural parameters are collected in Table. The values of the coordi-
nation numbers and the interatomic distances, presented in this paper, do not
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Fig. 1. The differential weighting factors and the relevant differential pair functions for
CdsgAss1 at the As and Cd K-edges.
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Fig. 2. The differential weighting factors and the relevant differential pair functions for
Cdz¢Aszs at the As and Cd K-cdges.

differ substantially from those derived from the peak areas and positions using the
simplified method which neglects the K dependence of the weighting factors [14].
The proposed procedure is not only more correct from the methodological point
of view. The curve-fitting method allows one to evaluate the structural parame-
ters more precisely and additionally offers new possibility as an estimation of the
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Fig. 3. The experimental (solid line) and simulated (filled circles) DRDF functions for

Cdsg Asyy; the one- and two-shell fits at the As K-edge and the two-shell fit at the Cd
K-edge together with the partial contributions (dotted line).
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Fig. 4. The experimental (solid line) and simulated (filled circles) DRDF functions for
Cdz¢ As7s; the two-shell fit at the As K-edge and the one-shell fit at the Cd K-edge
together with the partial contributions (dotted line).

spread of the bond lengths. It is noteworthy that the unambiguous estimation of
the peak area may be complicated when the peak is not well separated from the
next coordination contribution.

Several models have been tested to simulate the first coordination sphere
around As and Cd in the investigated films. For the Cd-rich film the one-shell
model accounts very well for the experimental data. Ilowever, the small As—As
contribution, on the average 0.5 As atoms, cannot be completely ruled out within
the method precision (see Fig. 3). The coordination number greater than 0.5 leads
to poorer agreement with the experimental curve. Comparison of these coordina-
tion numbers with the results previously obtained basing on the paracrystalline
model with the 1 : 1 stoichiometry in which each Cd is coordinated by 1 Cd and
3 As and each As has 1 As and 3 Cd as the near neighbours, suggests that in the
one-shell model the As positions around the arsenic atoms are substituted by Cd.
The coordination numbers obtained from the two-shell fitting can be explained by
the statistical occupation of As by As and Cd, in the proportion depending on the
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: TABLE
The interatomic distances [A], the coordination numbers
and the spread of the bond lengths [A] obtained from the
curve-fitting method for the first coordination sphere of
amorphous CdsgAsy; and CdagAsze. The estimated errors
are given in brackets (%).

‘K-edge
As Cd -
1 shell
ras-cd = 2.68(0.02)
Nas—cd = 4.40(0.25)
oas—cd = 0.12(0.02)
2 shells

Sample

CdseAsy

ras—-As = 2.45(0.03)
Nas—as = 0.50(0.50)
oAs—as = 0.06(0.02)
TAs-Cd — 270(003)
Nas—ca = 3.90(0.50)

rcda—ca = 3.05(0.03)
Nca-cd = 1.00(0.50)
ocd—cd = 0.20(0.05)
rod-as = 2.67(0.03)
Ncd-as = 3.30(0.50)

Oas—cd = 0.06(0.02) | oca—as = 0.08(0.02)
CdagAs7a 1 shell ’
rcd—as = 2.70(0.03)
Nca—as = 3.70(0.50)
OCd-As = 015(002)
2 shells.

PAs—As = 2.47(0.03)
Nas—as = 2.30(0.50)
OAs—As = 015(002)
ras—cd = 2.67(0.03)
Nas—ca = 1.20(0.50)
Tas—ca = 0.19(0.02)

chemical composition. The contribution at about 3 A in DRDFT calculated near
the Cd-edge and its absence in As-edge DRDF is interpreted as resulting from the
Cd-Cd bonds because only the partial Cd-Cd component is involved in Cd-DRDF
and not in As-DRDF. Attempts made to fit the experimental Cd-DRDF function
by the model consisting of the Cd-As contribution at about 2.7 A and the next
neighbour contribution at about 4 A proved inefTective. Ilowever, the fit in this -
region can be improved if one takes into account the next neighbour correlation to-
gether with the Cd-Cd peak at 3.05 A. On the other hand the one-shell fit leads to



~

Interprelation of Differential Anomalous X-Ray ... 639

the value of Nca_as = 4.6 which is clearly incompatible with the bond-consistency
condition

ccdNcd-as = casNas-ca.

The presented model describes only the short-range order correlations and is far
from being complete. The description of the atomic arrangement in the large
scale of the interatomic distances will be the subject of our subsequent paper. .
For Cd2gAsz4 the one-shell fit performed at Cd edge DRDT, based on the assump-
tion that only As is the near neighbour to Cd, gives the coordination number
Ncd-as equal to 3.7. At the As cdge the model composed of two subshells As—As
and As-Cd with Nas_as = 2.3 and Nas_cd = 1.2 accounts well for the experi-
mental data. These values of the cooxdmatlon numbers satisfy the bond-consisting
relationship.

The obtained results confirm that amorphous CdzgAss; and CdagAsyy are
fourfold coordinated; in other words the investigated films consist of tetrahedral
units within the estimated errors. The undercoordination of As in the As-rich film
could be explained assuming the presence of threefold coordinated arsenic atoms.

4. Summary

The exact method for extracting the near neighbour structural information
from the DAXS data has been developed. This technique, based on the curve-fitting
procedure, has been applied to interpretation of the data for the amorphous Cd-As
films containing 41 and 74 at.% As. It has been found that the investigated films
are tetrahedrally coordinated and chemically ordered.
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