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Sinusoidally modulated ZnSgTe,;_, superlattices: Fabrication and structural studies

P. M. Reimer and John R. Buschert
Turner Precision X-ray Laboratory, Goshen College, Goshen, Indiana 46526

S. Lee and J. K. Furdyna
Physics Department, University of Notre Dame, Notre Dame, Indiana 46556
(Received 13 July 1999; revised manuscript received 8 November 1999

Semiconductor “sinusoidal superlattices” of Zn3e, ,—that is, periodic structures in which the chemical
composition parametrized byvaries sinusoidally along one direction—were fabricated by rotating a substrate
through an inhomogeneous distribution of constituent fluxes within a molecular beam epitaxy growth chamber.
The modulation of chemical compositioris accompanied by modulation of strain, owing to the difference in
Zn-Se and Zn-Te bond lengths. By fitting x-ray diffraction scans around(68, (004), and (006) Bragg
reflections for(001)-oriented ZnSgTe, , sinusoidal superlattices to a simple scattering theory, we have
determined both the strain and the chemical modulation amplitudes in these structures.

[. INTRODUCTION unusual in several respects: to achieve such a profile by con-
ventional growth method&.g., by some form of continuous
We describe the fabrication and structure of semiconducshutter programming would be simply unrealistic. Such a
tor “sinusoidal superlattices,” i.e., periodic structures in profile in turn results in a band structure, that leads to novel
which the composition of a semiconductor alloy varies sinu-optical properties via relaxation of the “standard” selection
soidally (or very nearly spin one direction. We will con- rules? Furthermore, one can grow “massive” superlattices,
centrate on the system Zn3e, _, with sinusoidally modu- of multimicrometer thicknesses and with many hundreds of
latedx, about which our knowledge is the most advanced. Inperiods without any wear on the shutters. A superlattice of
an earlier papérsome of the present authors had alreadythis type is thus an anisotropic medium in its own right, even
noted that this 1I-VI ternary system could be prepared as ghen the period is too short to achieve charge carrier con-
periodic structure that shows only one set of x-ray superlatfinement.
tice satellite reflections, indicating just one Fourier compo-
nent of compositional modulation. In that paper the authors
had mistakenly assumed the origin of the modulation to be |, FABRICATION OF SINUSOIDAL SUPERLATTICES
spontaneous, arising from the nature of growth dynamics in
the presence of surface steps. We have since been able to
link the formation of this modulation to the rotation of the
substrate during molecular beam epita®BE) growth in
the presence of an uneven distribution of constituent fluxe
(Te and Se in the present cas€his understanding offers a
means by which to fabricate such sinusoidally modulate
structures with controlled period and modulation amplitude.
An x-ray #-26 scan of a typical compositionally modu-
lated ZnSgTe, _, structure is shown in Fig. 1. In a qualita- | L L L L B
tive sense, x-ray diffraction depicts the square of the Fourier 8
transform of electron density in a sample. X-ray diffraction (004)
scans from semiconductor superlattices with abrupt inter-
faces typically havenanysatellite peaks around each Bragg
reflection®® corresponding to the many Fourier components
that add up to form a square-wave composition profile. The
fact that Fig. 1 shows justne peak on either side of each
fundamental Bragg peak implies the existence of only one
Fourier component in the compositional modulation of this
system—hence the term ‘“sinusoidal” superlattices. We A J
show below that such superlattice peaks can arise from either
a purely chemical modulation of the sample, or a pure modu-
lation of the lattice parameter, or—as is much more
likely—a combination of the two. We elaborate a simple Q (A‘1)
scattering theory that allows composition and strain modula- z
tion amplitudes to be separately and quantitatively deter- FIG. 1. A typical x-ray scan, showing superlattice satellites for
mined. (002 and(004) Bragg peaks. The most intense, narrow peak in the
Superlattices with a sinusoidal compositional profile are(004) group is the GaAs substrate04) Bragg peak.

The ZnSgTe;_, superlattices were fabricated using a
Riber 32 R&D molecular beam epitax¢MBE) machine
equipped with elemental Zn, Se, and Te sources. The super-
Tattices were grown oi100) GaAs substrates mounted with
cindium on a molybdenum sample mounting block with a
diameter of 5.6 cm. After being placed in the preparation
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T wherex(z) is the atomic fraction of Se at depthM is the
modulation amplitudeof the composition(a number less
than 1, and A is the superlattice period.

The consequences of the approximation in ED. on
- x-ray diffraction are developed in the Appendix. In particu-
lar, the following expressiofEq. (A9)] gives the intensities
T of the two satellite peaks associated with a given fundamen-
tal x-ray Bragg reflection in such a sinusoidally modulated

system:
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where the upper and lower subscripts refer to the high- and
Rotation period (sec) low-angle satellites, respectively(M) is proportional toM
[see Eq.(A6)], the amplitude of chemical modulatioe;is
FIG._2. Plot of superlattice period as a function of the period the amplitude of strain modulationn is the order of the
of rotation rate. fundamental reflectiofim=2 for satellites associated with

chamber, the GaAs substrates were clednesitu by oxide the(ogz_) Bragg refle_ctionm=4 corresponds 1004), etc} _
and by is the intensity of the fundamental Bragg reflection

desorption, by heating to 600°C. The completion of the® . s
cleaning process was recognized by monitoring the reflectiofi? OUr case, the intensity of the central Zo®e, _, peak.
high-energy electron diffraction pattern. Cleaned GaAs sublN€ dependence on the orderis clearly seen in Fig. 1 in
strates were then cooled to the superlattice growth temper&€ form of the different asymmetries of andl_ for m
ture (ca. 300°C). The Se and Te evaporation cells were=2 andm=4.
placed on opposite sides of the mounting block, each ap- ©One might suppose that two measurements) sand!
proximately 12 cm away from the mounting block. This con-N€éarone Bragg reflection, \_Nould be sufﬁClent to determine
figuration yields a nonuniform flux distribution across the the two unknownsy and e in Eq. (2). Since Eq.(2) really
mounting block(Se rich on one side, Te rich on the other TePresentswo equations, we can eliminate one unknown
The rotation of the mounting block about an axis approxi-(Say, 7) between them. However, this results in an expres-
mately perpendicular to the substrate surface thus makes ti§on which is biquadratic ir. _ _
substrate pass regularly through different flux distribution ~Thus, to establish the values efand 7 unambiguously it
areas, resulting in alternating Se-rich and Te-rich layers. Wi necessary to make observations near at leestBragg
prepared three superlattices under identical growth condiorders. In fact, in this paper we will use satellite data near
tions, varying only the rate at which the substrate was rotatefhreeBragg ordergthus overdetermining the two model pa-
in the chamber. We then made radiat26) x-ray scans of rametery and then vary and 7 to find the best fit.
the samples after they were taken out of the growth chamber.
The separation in reciprocal spat€ between the superlat- A. Experimental considerations
tice peaks is inversely proportional to the superlattice modu-

lation distance\, i.e., the superlattice period. In Fig. 2, we . ) :
P P g ties of low- and high-angle satellites and fundamentals at

plot the superlattice period as a function of the period of three Br reflection this is notoriously more reliable t
rotation T used in fabricating the respective specimens. It is €€ bragg refiections, as this 1S notoriously more retiable to

very clear that the superlattice periddis directly propor- measure than amplitudes glone, and is entirely equivalent
tional to the period of rotatio: the faster the sample is when the peak shapes being compared are the sage

rotated, the shorter is the repeat distance of the superlatti eItO\_/\b. dThe 0-20 x-ray di?anf usid '?.ttth('js a’?r?lyigj X)vere
modulation. In other studiegot shown we found the am- obtaineéd on an X-ray diffractometer ntted with a

plitude of the superlattice peaks increasing as the distam%OnOChromator in double-axis modat is, without an ana-

between the sample and the center of rotation of the moun zer crystal. . . .
ing block was increased. The samples which we investigated were grown on sub-

strates with a considerable>@3°) miscut relative to the
(100 plane. This results in satellite peaks which are not col-
linear with the fundamental Bragg peaks in reciprocal space,
so care must be taken that the full integrated intensity of the
It has already been shown in the Introduction that thesatellites is measured. To ascertain that this is the case, we
x-ray diffraction data from the Zn$&e, _, superlattices un- oriented each sample on the diffractometer such that the sat-
der consideration imply a sinusoidal modulation of theellite peaks lay in the plane of diffraction, and relaxed the
chemical composition parameterWe can usefully approxi- detector collimation. After making @-26 scan, we rocked
mate this composition profile as varying with degthbout a 26 at the satellite-peak positions, to make sure that collima-
mean valuexg in the form tion had been sufficiently relaxed to capture the full peak
intensity.
X(2)=Xo+ M cos( E) 1) The analysis of experimental data in terms of E2).was
0" 2 A’ carried out as follows. Using the Levenburg-Marquardt fit-

In practice, we set out to measure théegrated intensi-

Ill. STRUCTURAL ANALYSIS: CHEMICAL
AND STRAIN MODULATION
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ting algorithm?® we fitted the data from each Bragg order to a rrr rr 1 v
three-peak combination—the fundamental Zg®e , re-

flection and the two satellites. Peak shgpseudo-Voigtian 10
parameters, such as the peak width, were allowed to vary,

but all three peaks were constrained to have the same peak 10°
shape. Only the amplitudes and relative peak positipas

rametrized byA) were allowed to differ among the three

peaks. In fact, the peak shapes and widths of the fundamental 10
and of the satellites do appear identical—indicating that the
superlattice modulation coherence length is comparable to _ 4%
the atomic coherence length.

The resulting peak intensities were corrected for the
gradual variations in thé, and » factors as a result of the
variation of the atomic scattering factofs,,, fge, andfre
as a function ofq,® as well as for Lorentz polarization
effects’ and sample geometry effects. Best-fit values for the
chemical and strain amplitude were extracted by taking
weighted averages of the parameters found from fits at each
Bragg order. Experimental uncertainty was estimated by
varying individual model peak intensities to increase e
fitting criteria a constant amount, and recalculatéingnd 7.

A typical fit to the x-ray data obtained for one of the super-
lattices (A =46.33 A) is shown in Fig. 3.
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B. Results: Modulation amplitudes

We list the results of our fitting analysis for two superlat-
tices in Table I, which includes the sample fit shown in Fig. L L B
3. The intensities of all six satellite peaks were determined
by the sameéwo free fitting parameters andM for each of 10 T
the superlattices. No other fitting parameters were used in the
analysis. The agreement of the fit and the data provide en-
couraging confirmation of the general outlines of the scatter-
ing theory put forth in the Appendix.

The parameters obtained from the(fiee Table)i may be
interpreted as follows. Considering sample 2 for purposes of
illustration, the anion layers in this superlattice consist on
average of 63% Se, 37% Tkl=0.157 obtained from the fit
indicates that the Se concentration varies sinusoidally be-
tween 55% and 71%, i.e£8% around the mean value of
63%. The distance between the peak Se concentrafiens
the superlattice periodis 46.33 A. It is apparent that the
deposition techniques described in this report are leading to
significantmodulation amplitudes, of the order of the mean FIG. 3. 6-26 scans for sample 2 in Table | neiop to bottom
Se concentration itself. the (002), (004), and (006) Bragg reflections. For the fit, points

Several “reality checks” may be made on the parametersporrespondiqg to GaAs subs_trate reflections were excised. This
From the table we note, for example, thahas the opposite made it particularly hard to fit accurately the high-angle satellite
sign fromM. This indeed makes sense: a depthhere the ~ "€ar(004.
cosine function is positive in EqAl) corresponds to a
higher than average concentration of Se. At the same depthfor the first sample arises because the GaAs substrate reflec-
we would expect the lattice parameter in E47) to be less tion (excised from the data in the fitting process in Fig. 3
than its average value, sineg,se<az,te. A second check falls on top of the(004) s=+1 satellite, making its ampli-
on the parameters is as follows: is the fractional strain tude difficult to determine.
amplitude relative to the mean lattice parameter. Without The satellite intensities do not change monotonically with
going to the trouble of making an exact elastic calculationreflection order, but instead vary rather widely from one or-
we can say that the strain amplitude, when expressed asder to the next, both relative to the fundamental as well as
fraction of the differenced;,se—azn7o, is likely to be of  relative to each other. The theory accounts for this variation.
the same order of magnitude as the chemical modulation general terms, it may be seen from tmedependence of
fraction M, which is already relative to the difference of Eq.(2) that whenme is of ordera/A, drastic cancellations
chemical concentrations. The last two columns in Table Ican take place. Nor is it likely that any two satellites would
show that this is indeed the case. The larger uncertainty in have the same intensity, unless eiti=0 or »=0, and
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TABLE |. Parameters found from the fitting procedure described in the text for two,ZeSe, samples.
a, is the mean lattice parameter; arglis the mean Se fraction implied Bg; A is the period of super-
lattice modulationg is the fractional strain modulation amplitude; a¥ids the chemical modulation ampli-

tude.
Sampl A ] M
ampie a X € S ———
P 0 0 Aznse AznTe
1 5.804 A 0.682 52.00 A —0.0124+0.002 0.167 0.1080.04
2 5.826 A 0.631 46.33 A —0.0139+0.002 0.187 0.15%0.01

this would be rather unphysical in alloys involving lattice- source configurations and similar rotation rates, so far we

mismatched constituents, as in the case of Zm&e, con-  have not succeeded in forming superlattices in alloys with

sidered here. one anion and two catior{g.g., ZnCdSe or CdMnTeThus,
Finally, we have observed hints of higher-order satelliteif the sources are far enough apart and the rotation is suffi-

peaks in some of the samples, particularly among(@@$)  ciently slow, it seems one should be able to form superlat-

order peaks, as can be seen by close inspection of Fig. Sces with any ternary combination of elemeftsowever, it

This indicates the samples are mxiactlysinusoidal, having appears that the tendency to form a sinusoidal superlattice

small Fourier components of higher orders. However, thedoes depend on the different chemical species involved and

sinusoidal approximation which we have been using taheir interactions.

model the scattering still turns out to be very useful, and able
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according to a more complete theory that takes into account

higher-order Fourier componer(tsot shown in this papgrit APPENDIX: SCATTERING FROM A SINUSOIDAL
would also be expected that the higher-order satellites would SUPERLATTICE
increase relative to the fundamental at higher-order Bragg

We would like to analyze x-ray scattering expected from

reflections. . . . . R
Finally, we note that the misalignment of the superlatticethe lattice of an alloy in which the chemical composition is

modulation with the crystallographic directions is not takenMdulated sinusoidally along onengérecticﬁsay, 2). This
into account in the scattering theory. This—and perhaps to g"lysis is based on Guinier's treatmemf small amplitude
minor degree geometrical factors—probably account foStr@in and chemical waves, as used also by Miceli and

most of the discrepancies between our fits and the diffractios@P€l:~ Based on the observation of just a single order of
data. superlattice reflections around each fundamental Bragg peak,

we will assume that the chemical composition in our
ZnSgTe, , system can be expressed hyarying about a

IV. CONCLUDING REMARKS mean valuex, as
We have demonstrated that Zp¥%e, _, superlattices with M 2mz
a sinusoidal modulation of compositioncan be fabricated X(2)=Xo+ 5 0§ —— |, (A1)

by MBE by rotating the substrate in the presence of an in-

homogeneous distribution of the anion flux over the substratevhere M is the modulation amplitude of the Se concentra-
area. We then measured quantitatively the strain and compdion, a number not greater than 1, andis the modulation
sition modulation amplitudes. It is clear from this that bothlength (i.e., the superlattice peripd

the superlattice period and amplitude can be continuously Eqr scattering vectorg|=qz, the scattering amplitude

modulated structures, simply by programming the rotatioryjscrete positiong, with scattering amplitudes, from
speed within the rotation cycle, and choosing the position of

the sample relative to the center of rotation. The quality of : N
the superlattices is very high, as judged by the criterion that A(Q):; fne'qZ”:Z [E fje'dr |e'%
the satellite peaks are as narrow as the “parent” Bragg re- :
flections. iqu: | iz
Finally, the physics of the superlattice formation by rota- ”Z 2 fj(zr) e e (A2)

tion in uneven fluxes is so “obvious” as to appear trivial.
The inhomogeneity of the anion fluxes was in the presenthe third expression is a rewriting of the sum as a summa-
case achieved by the Se and Te source configurations. It t®n over thej atoms within the repeatin@nit) cell at rela-
therefore important to note that, using analogaaion tive positionsu;; and then over all the unit cells at posi-



8392

tions z,. The scattering intensity is then proportional to
|A(g)| 2 in the kinematiqweak scatteringapproximation.

In the present case, the modulation directron (almosy
normal to the (0D planes of the zinc-blende lattice of
ZnSeTe,_,. With one side of the cubic unit cell having
length a, cation and anion layers alternate at increments of

. - . S
distance ofa/4 alongz. So, u;=ja/4, f,=f,=f;,, and
taking into account Eq(Al),

27z
A

M
fl:f3:fTe+X0(fSe_fTe)+?(fSe_fTe) co

(A3)
The unit cell sum may then be cast in the form
4
. 2mw(z+ald
>, fi(z)ei=bg| 1+ nco{% . (A%
i=1

where, to zeroth order im near the first three permitted
reflections at002), (004), and(006), we have

bo(oo2)= — 2[ fret Xo(fse= fre) = fznl=bo(o0s), (A5)

bo(ooay= — 2 Fret Xo(fse=fre) +f2nl,

Strain modulation

and

1

W:bo

M
[E(fs;fm

Above, the scattering power modulation was cast in the
form b,=Dbg[ 1+ 7 cos(2rzA)]. We now introduce a similar
sinusoidal form for thdattice positions The positionz, of
unit cellr may be found by summing up the spaciragsof
all the previous unit cells. The mean value of theis a.
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27Ss
=2 a=2, a1+, escos<—zk)
k=0 k=0 s A
A (27 A7
—ra+ezsm Tra . (A7)

ince our experimental results only showed one set of satel-
lites, we kept only thes=1 componenk,=e¢, and then ap-
proximated the resulting sum with an integral.

Substituting this expression fay into Eq. (A2), and de-

veloping the expressions further with “small angle” ap-
proximations valid fore<2w/Aq, we are left with terms
which all contain lattice sums that approximatdunctions
for larger. Let G be one of the reciprocal lattice vectors from
the unstrained, unmodulated lattice, i®,=27m/a. Then
the terms may be grouped as follows:

bon bege A 27
A(@)~bod(a-G)+| 5=+ = z)fs(q T_G)
bon boge A 2
*(7‘ 2 24)°97 2 6 (A8)

It follows immediately that the intensity of the fundamental
at =G is b3; and that the intensities of the satellites at

gq=

G+2nw/A andg=G—2m/A are

) 2w\ bo\2 27w\ A ?
A=) =12) |7 e a2
_(2o)® mA . A9
=\ |7tel 5~ ; (A9)
2 277_ b02 mA 2
Aer 3y )=1z) |7 e = Y]

wherem is the Bragg reflection order. These are the equa-

Because of modulation of the chemical species, we wouldions of central importance to the analysis of x-ray diffrac-
also expect a modulation of the lattice spacing, which can bé&on from sinusoidal superlattices, shown as E2). in the

represented most generally with a Fourier sum:

body of the article.
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