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X-ray study of atomic correlations in Zn,:Cdg sS&, sTeg 5 epitaxial thin films
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X-ray absorption fine-structure spectroscdAFS) measurements have been performed at approximately

90 K to study the local structure of II-VI quaternary alloy ZiCdsSeysTegs. Samples were grown by
molecular beam epitaxy ofi00 GaAs substrates, 4° miscut towards {h&1)B direction with a ZnTe buffer

layer. The XAFS data indicate that there are more Zn-Se and Cd-Te bonds in the alloy than expected for a
random arrangement. The results imply the formation of high-strain local structure and indicate that electronic
pairing energies dominate over strain energy. These results are similar to the earlier observation of interlayer
switching in ZnTe/CdSe superlattices. The preference of Zn-Se and Cd-Te bonding also implies a tendency to
spontaneously form a composition-modulated microstruc{®@163-18207)09315-

I. INTRODUCTION rangement could be much more significant in quaternary al-
loys than ternary alloys because of disorder on both the an-
The local structure of semiconductor alloys has long beefon and cation sublattices.
studied both experimentally and theoretically, and is clearly
closely related to the electronic and optical properti@l-
though much of this work has concentrated on I1I-V alloys, ||. SAMPLE PREPARATION AND CHARACTERIZATION
developments in the wide-gap II-VI semiconductors have re-
cently drawn attention due to their success in short wave- A Riber 32 R&D MBE system was used to grow the
length optoelectronic applications such as blue-green laseamples. For each sampleuth of GaAs was grown on top
diodes. There are to date, however, relatively few studies off the GaAs substrate, with a substrate temperature of
the local structure of II-VI semiconductors. 580 °C, to improve the starting surface. The substrate was in
One recent studysuggests that entire layers of atoms in- the (100) direction with 4° miscut towards the (118 )direc-
terchange at ZnTe/CdSe superlattice interfaces. In this sysion. A 2um ZnTe buffer layer was grown to decrease the
tem ZnTe and CdSe are nearly lattice matched, but the atomgisjocation density due to 7% lattice mismatch from GaAs
on both sides of the interface are still observed to switch afo the zn,Cd,:Se,:Teqs alloy. Finally, an epilayer of
the interface. The formation of a high-strain structure in thezn ) Cd, Se,Te,s was grown with a thickness of 2.5
superlattice suggests investigation of the alloy grown by si;;m microns. The ZnTe and the ggCd,sSeysTe, s layers
multaneous deposition of all the constituent elements. TQuere grown with a substrate temperature of 300 °C. The
explore this system, ZjxCdgsSesTe€os samples were growth rate was kept at about 1 ML/S. A ZnTe buffer layer
grown by molecular beam epitaXMBE) under similar flux g nearly matched with the ZnCd, sSe, sTe, 5 alloy. X-ray
ratios, growth rate, and substrate temperature as those fg§cking curve measurements of the samples show no charac-
growing the ZnTe/CdSe superlattices. The primary motivateristic peaks due to any constituent binary or ternary com-
tion for the x-ray absorption fine structu(®AFS) and dif- pound alloys. Transmission electron microscofyEM)
fraction study of these quaternary alloys has been to undefneasurements show some indications of short-range compo-
stand the driving force behind the switching mechanism andjtional modulation. Transmission electron diffractiGfED)
to investigate structural consequences of that mechanism ing,dies, however, show no additional spots corresponding to

random alloy. the composition modulation.
Artificially ordered structures, such as ZnSe/Cd&ef.

8) and CdTe/ZnTdRef. 9 layered structures, show charac-
teristic optical propertie¥ "2 An obvious question is
whether some of these properties are related to local struc-
ture, and in particular, local ordering. The observation of XAFS experiments were performed at both the Se and Zn
atomic switching in ZnTe/CdSe superlattices indicates thak edges with the x-ray polarization vector parallel and per-
atomic rearrangement may occur in II-VI compounds. Rependicular to the sample surface; both polarizations were
cently, spontaneous ordering has been reported in the dilutadeasured to investigate possible anisotropy in the alloy
magnetic alloy Zi sFey sSe(Ref. 14 grown by MBE. Spon-  structure. The experiments were performed at approximately
taneous short-period compositional modulation has also bee30 K to reduce thermal disorder. Normally, measurements of
discovered in ZnSg ,Te, (Ref. 19 and long-range compo- thick samples are performed by collecting emitted x-ray
sitional modulation has been observed in ZpSde,, fluorescence as a function of incident x-ray energy. In these
grown on GaAs 4° miscut towards the (1BljRef. 1§ as  single-crystal samples, however, x-ray diffraction peaks are
in the present samples. Previous studies have concentratalowed at certain energies and severely contaminate the
on ternary(“pseudobinary”) II-VI alloys only. Atomic rear-  fluorescence signal. To minimize this problem, total

Ill. XAFS MEASUREMENTS
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electron-yield(TEY) instead of fluorescence detection hasthe detected secondary electrdfidata were collected at
been used as the electron yield is much less sensitive tiiree different incidence angles, and three azimuthal angles
diffraction peaks’ XAFS measurements were also per-at each incident angle. With such measurements, major dif-
formed on ZnSe and CdSe single crystdits the Se edge  fraction peaks were avoided and smaller peaks distinguished
and ZnSe and ZnT¢for the Zn edgg as standards for a from the “true” data. The remaining sharp diffraction peaks
check on the analysis. The standards are all MBE-grownvere “deglitched®® as one of the first steps of the data
crystals. analysis process.

The measurements were carried out at beam lines X11-A
and X23-A2 at the National Synchrotron Light Source IV. DATA ANALYSIS
(NSLS). The electron beam in the storage ring had an energy
of 2.5 GeV and a maximum stored current of 225 mA. Two The data were analyzed by using a locally modified ver-
Si (311) single crystals were used in the fixed-exit mono-sion of the UW/NRL package. The analysis procedure is
chromator at X23A2 and in a pseudo-channel cut monochrodiscussed in detail elsewhéereAfter removing the slowly
mator at X11A. The beam size at the sample was 5.0 mrvarying background, the normalized extended XAFS data
wide by 0.5 mm high and 0.5 mm by 1.0 mm, respectively,were mapped from x-ray energy space to electron wave num-
for measurements with the beam polarization parallel andber space(* k space’). The normalized XAFS oscillations
perpendicular to the sample surface. An ion chamber filled¢(k) for the Zn and Se edges of g§8CdysSeysTeqs are
with nitrogen gas was used for measuring the incident bearshown in Fig. 1. They(k) data were then Fourier trans-
intensity | ,. The total electron yield is proportional to x-ray formed into real spacé‘r space’) with a k? weighting and
absorption by the sample and it is measured by a free-flo-space ranges of 2.95-11.357A for the Zn edge and
He gas electron yield detector. The helium gas amplifies th8.05-11.55 A'* for the Se edge. The Fourier-transformed
electron yield current by a factor of approximately @ef.  “r-space” data are shown in Fig. 2. To isolate the nearest-
18) and also serves as a thermal exchange!g&amples neighbor information, data were inverse Fourier transformed
were set up at relatively low anglés°—10°) relative to the ~with window width of 2.0 A for the Zn edge and 1.8 A for
incident beam in order to spread the beam footprint over th¢éhe Se edge. These data were then fit to reference data from
sample. At these angles, x rays penetrate to a few thousarhe standards ZnSe, ZnTe, CdSe, and CdTe. The experimen-
angstroms, which is also the approximate escape depth fdal single-shell data and the resulting fits are shown in Fig. 3,
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while the resulting structural parameters are summarized in The preference of Zn-Se and Cd-Te bonds is consistent
Table I. with the result of the XAFS studies of interfaces in ZnTe/
CdSe superlattices. A recent stidyiggests that CdSe/ZnTe
V. RESULTS AND DISCUSSION superlattices exhibit a switching of nearly entire planes of
atoms at the interfaces between the two materials. This work
In Fig. 2, where the Zn edgespace data are shown, the demonstrates that the switching mechanism could be driven
ZnyCdgsSeysTeg 5 r-space XAFS spectrurfwhich is re- by the relative pairing energigsr pair potentialsof Zn-Se,
lated to a radial distribution functigrof the alloy is seen to Zn-Te, Cd-Se, and Cd-Te at the cost of increased strain en-
be more similar to ZnSe than to ZnTe. A similar effect is ergy.
seen for the Se edge, where the,28d, sSey sTeq s shape is The competition of “pairing” bond formation and strain
much closer to ZnSe than to CdSe. These qualitative obseenergies are also expected to be important in the random
vations suggest that there are more ZnSe bonds than Zn&dloy. The strain energy is highly dependent on the size of
bonds and more ZnSe bonds than CdSe bonds. the constituent atoms. To minimize the total strain in the
Quantitative results are obtained from the fits, which aresystem, one would expect that Zn-Te and Cd-Se bonds be
summarized in Table |. These results agree with the qualitapreferred, which is opposite of the experimental results here.
tive conclusions, showing there are more Se than Te atomAn explanation lies in the differences in bond formation of
around Zn atoms, and more Zn than Cd atoms around the S#nary compounds in the alloys. The bond-formation energy
atoms. Note that the results from the Zn and Se edges aie simply the reduction in total energy in forming a pair
independent, but are consistent with each other within th&ond?° The sum of bonding energies for ZnSe and CdTe is
experimental uncertainties. Unfortunately, tieedge ener- about 0.26 eV higher than that of ZnTe and CdSe. This in-
gies for both Cd and Te are too higand theL-edge ener- equality suggests that the ZnSe and the CdTe pairs have a
gies too closely spacedo obtain good quality data with the higher tendency to form than ZnTe and CdSe pairs. This is
experimental facilities used here, so direct measurements @fiso supported qualitatively by the fact that ZnSe has much
the Cd-Te coordination were not possible. However, notéiigher melting point than the other binary compounds in the
that the preference of Zn-Se bonds and a deficit of Cd-Se aralloy, and the sum of the band gap of ZnSe and CdTe is 0.20
Zn-Te bonds all imply a preference for Cd-Te bonds. eV higher than that sum of ZnTe and CdSe. From our mea-
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surements, the bonding energies apparently favor the formdnave a relatively large surface area, while these current mea-
tion of ZnSe and CdTe, which overcome minimization of surements were performed on single-crystal epitaxial films.
strain energy. This can be important for some cases because surface and
Similar XAFS studies have been performed on the IlI-V interfaces may not have the same boundaries to phase segre-
qguaternary alloy G,e;;lnl,xAs:ySbl,y.21 The llI-V quater- gation as the bulk single crystals. Despite these differences,
nary results showed the Ga-As pairs were preferred ovethe results of the two studies are in agreement.
In-As pairs. These results are similar to our II-VI findings A further corroboration of these results is seen in dark-
and also imply the formation of high-strain microstructure. Afield TEM image$® of the ZnCd, _,Se,Te;_ alloy, which
major difference between the previous llI-V studies and ourshow some indications of short-range composition varia-
present work is in sample preparation. The previous llI-Vtions. Since ZnSe and CdTe bonds are preferred and the
study was performed on polycrystalline powder samples thataverage” alloy has equal nhumbers of Zn, Se, Cd, and Te

TABLE |. Structural parameters of ZrCd, sSeysTey s as obtained from XAFS measurements.

Correlation Nearest-neighbor

K edge Polarization Bonds number distarte
Zn Parallel Zn-Se 3.28, 5% 2.47+0.01
Zn-Te 0.72,93 2.58+0.04

Perpendicular Zn-Se 3.24. 55 2.47+0.01

Zn-Te 0.76,93 2.60+0.04

Se Parallel Se-Zn 2.600.4 2.46-0.01
Se-Cd 14604 2.63:0.02

Perpendicular Se-Zn 2.690.3 2.46:0.01

Se-Cd 1.3*+0.3 2.62:0.02
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atoms, the alloys must be segregated into ZnSe-rich anevidence for long-range ordering of either local structure or
CdTe-rich regions. The XAFS data shown in Fig. 1 show nothe composition fluctuations, however.

change in coordination between the parallel and perpendicu-

lar orientations, which is consistent with the lack of long-
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