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ZnTe/Zn„S,Te… superlattices: A relaxation study by x-ray diffraction and reflectometry

M. Korn, M. Li, S. Tiong-Palisoc, M. Rauch, and W. Faschinger
Physikalisches Institut, EP III, Am Hubland, 97074 Wu¨rzburg, Germany

~Received 3 August 1998!

Two different x-ray techniques, high resolution x-ray diffraction and reflectometry, are applied to investigate
crystallinity and interface properties of ZnS0.8Te0.2/ZnTe strain-balanced superlattices as a function of their
period. To gain a conclusive picture, the reciprocal space is probed in different regions: Measurements around
the ~004! Bragg peak allow conclusions on island formation and relaxation: For a superlattice period below 2
nm the layers and interfaces are nearly perfect. At periods above 2 nm there is a spread in the average lattice
constant, indicating the formation of ZnTe islands. Finally, at periods above 2.4 nm the critical thickness of the
ZnTe layers is exceeded, and dislocations are observed as a spread in the lattice plane orientation. Reflecto-
metry scans, that probe a region close to the origin of reciprocal space, give complementary information and
help to quantify the interface roughness: The nearly perfect sample with the lowest period exhibits a pro-
nounced structure of very regular terraces with bunched steps, so that the interfaces are strongly anisotropic.
The roughness in the vertical direction is very low, and is inherited from layer to layer. With increasing period,
one observes an increase of the vertical roughness due to island formation and a decrease of the anisotropy due
to step wandering. Direct imaging methods like atomic force microscopy and transmission electron microscopy
essentially confirm these results, but do not give much additional information.@S0163-1829~99!15415-8#
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INTRODUCTION

Optoelectronic devices in the near-infrared and red sp
tral range are typically based on GaAs and AlxGa12xAs,
with GaAs used as an easily available high-quality subst
material. On the other end of the visible spectrum, the II–
semiconductor ZnSe has the same crystal structure
nearly the same lattice constant, a fact that has led to
development of high-quality light emitters1 and detectors2 in
the blue range of the spectrum that are also based on GaA
a substrate. The availability of additional materials latt
matched to GaAs with energy gaps corresponding to
wavelengths between red and blue would thus allow on
cover the entire visible range with devices based on the s
substrate. One of the best candidates that fulfills these
quirements is the alloy ZnSxTe12x , which can be lattice
matched to GaAs for a Te content of about 35%, and t
exhibits an energy gap of about 2.2 eV. The correspond
combination of ZnS and ZnTe to a superlattice latt
matched to GaAs would be still more flexible, since for
superlattice the energy gap at a given lattice constant ca
changed by a variation of the superlattice period. Unfor
nately, the optimum substrate temperatures for molecu
beam-epitaxy~MBE! growth of ZnS and ZnTe differ consid
erably, so that high-quality ZnS/ZnTe superlattices canno
grown by MBE. This problem can be solved by the use
ZnSxTe12x with a low Te content~typically 20%! instead of
ZnS as one component of the superlattice, since a com
substrate temperature of 280 °C is suited for both ZnTe
ZnS0.8Te0.2 growth.3 ZnS0.8Te0.2/ZnTe superlattices are thu
of considerable interest for optical devices, and efficient
detectors with external quantum efficiencies up to 60% h
recently been fabricated in our laboratory from such sup
lattices lattice matched to GaAs.4

In addition to this device aspect, such superlattices ar
interest from a more fundamental point of view: They a
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formed from individual layers with a very large lattice mi
match with respect to the GaAs~8% for ZnTe, and 2% for
ZnS0.8Te0.2) that must be exactly strain balanced in order
obtain high-quality material. Due to this high built-i
strain, this system offers an interesting model system
which effects like interface roughening and relaxation of t
individual layers can be studied. We have recently sho
that such superlattices can be grown in excellent quality.4 In
this paper we use x-ray-diffraction techniques to obtain
detailed understanding of the evolution of interface prop
ties and crystalline quality with increasing superlattice p
riod, and compare the obtained results to direct imag
techniques like atomic force microscopy~AFM! and trans-
mission electron microscopy.

EXPERIMENTAL DETAILS

ZnTe-Zn~S,Te! superlattices were grown on~001!-GaAs
substrates. A series of lattice-matched samples with diffe
superlattice periods was grown in the following way: first
400-nm GaAs buffer layer was grown on the substrate. T
sample was then transferred under ultrahigh vacuum t
II–VI growth chamber. Here a 20-nm ZnSe buffer layer w
deposited, followed by the ZnTe-ZnSxTe12x superlattice
structure grown at a substrate temperature of 280 °C. For
superlattice, a group-II rich flux ratio was used. Zinc a
tellurium were evaporated from elemental cells, while sul
was evaporated from a ZnS compound source. After
deposition of each individual layer, growth was interrupt
and the surface was exposed to a molecular beam of zinc
10 sec to smooth the surface.

For all samples, the number of superlattice periods w
chosen to be 20, making it possible to obtainv-2u-
reflectometry scans with finite thickness fringes resolved
sulfur content of 20% for the ZnSxTe12x barrier was chosen
For a lattice-matched sample the ratio between the ZnTe
10 670 ©1999 The American Physical Society
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TABLE I. Results obtained from HRXRD.

Sample
No.

Period
~Å!

Lattice
mismatch

~%!

Superlattice
thickness

~nm! g ~%!
FWHMmeaz

~arcsec!
FWHMsim z

~arcsec!
DFWHMz

~arcsec!
DFWHMx

~arcsec!

1 19.2 0.63 39.2 1 410 407 3 0
2 23.9 0.86 47.8 1 387 355 32 1
3 32.8 0.19 65.6 1 276 196 80 17
4 40.9 '0 81.8 550 202 348 26
pl

n
Te

to
la
-
oc
o

sfi

el

g
ro
o

en
pe
lit
lo
c

ra
ur

t
tiv
e

nt
te

od
h-
a
th

sp

lti
ve
th
et
s

ably

e 1
the
ans
he
g in
an,
er-

o
he
tel-

d-
ble,
per-
er
to

ple

st

the
thickness and the ZnS0.8Te0.2 barrier width is approximately
1:2. The series consisted of four lattice-matched sam
with intended periods of 20, 24, 32, and 40 Å~the corre-
sponding sample numbers are 1, 2, 3, and 4!. The sample
structures are listed in Table I.

The main focus of our investigation is on x-ray-diffractio
techniques. As shown in our first study devoted to ZnS,
related superlattices,5 high-resolution x-ray-diffraction
~HRXRD! around Bragg peaks is a very powerful tool
determine the onset of the relaxation process such as is
or dislocation formation. With HRXRD it is possible to dis
tinguish between a variation in the lattice constant, as it
curs in the case of elastic island formation, and a variation
the lattice plane orientation, which is a measure for mi
dislocation formation, by measuring the fIull wI idth of hIalf
mI aximum~FWHM! of the Bragg peaks in directions parall
and vertical to the surface, respectively~hereafter calledqx
andqz direction!. For HRXRD measurements the followin
x-ray optics was used: on the incident side an x-ray mir
together with a four-crystal Ge 220 monochromator; and
the exit side a 1° receiving slit~for qz scans! or a triple-axis
Ge 220 monochromator~for qx scans!.

Second, grazing-incidence x-ray scattering measurem
were carried out, using the same diffractometer equip
with an x-ray mirror and a programmable divergence s
With these experiments one probes the reciprocal space c
to the origin, so that one is especially sensitive to interfa
properties. Specular and nonspecular scattering of x
contains statistical information about the interfacial struct
which can be accessed by employing a model based on
distorted-wave Born approximation to evaluate the reflec
ity data.6 This is an excellent tool for the investigation of th
mesoscopic structure of heterostructures, such as the i
face roughness and the correlation between different in
faces.

To obtain a comprehensive picture, these x-ray meth
were complemented by AFM and TEM. While x-ray met
ods give statistical informations over large sample are
these direct imaging techniques are complementary in
sense that they probe very small sample areas with high
cial resolution.

RESULTS AND DISCUSSION

In order to determine the relaxation degreeg, asymmetric
113 and 115 reflections were also measured. The resu
values forg are included in Table I. Sample Nos. 1–3 ha
a g of 1, corresponding to a fully strained situation wi
respect to the substrate. For sample No. 4 the asymm
reflexes were too weak to be measured. This indicate
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strong peak broadening, so that this sample is presum
partly relaxed.

Second, symmetric reflexes were investigated. Figur
showsv-2u scans of sample Nos. 1–4, measured around
symmetric 004 reflection of the GaAs substrate. Such sc
give information on variations of the lattice constant in t
growth direction and on interference phenomena occurrin
this direction. To describe the typical features of such a sc
we concentrate first on the results for sample No. 2: Sup
lattice satellite peaks can be observed in anv range of 10°.
On the left side of thev-2u curve, superlattice satellites up t
the third order are visible, while on the right side only the t
first-order superlattice peak is observed. Between the sa
lites of 21 and11 order, finite thickness fringes correspon
ing to the total thickness of the superlattice are observa
pointing out that the surface and the interfaces of the su
lattice are relatively smooth. The FWHM of the zero-ord
satellite inqx direction is 11 arcsec, a value corresponding
the resolution of the diffractometer. It is evident that sam
No. 2 is of nearly perfect structural quality.

The v-2u scan of sample No. 4, which has the longe

FIG. 1. v-2u scans of sample Nos. 1–4, measured around
004 reflection of the GaAs substrate with HRXRD.



n
so
o

M

th
o

o-

r-
ial
ay
ta

ic
r

ab
I

d
-
y

o

re

d

e
ith

his
ple

su-
be-

,
able
ria-

-
r-
ther
en
ds
fa-
o-

ch
ur-
ex-

ish
.
tion
can

in a
ace

he

and
hin

line
he
the

h-

in

n
en-

of
s a
the

of

r to
er-

is
he
of
rec-
ce
-

n

10 672 PRB 59KORN, LI, TIONG-PALISOC, RAUCH, AND FASCHINGER
superlattice period of the series, looks significantly differe
Compared to the other samples, the satellite peaks are al
lower intensity. In addition, the superlattice satellites
sample No. 4 are broadened in theqz direction, indicating a
variation in the average vertical lattice constant. The FWH
of the zero-order satellite in theqx direction is 36 arcsec, a
value which is also significantly increased compared to
one of sample No. 2, showing that the structural quality
sample No. 4 is diminished by the formation of misfit disl
cations.

All measuredv-2u curves were simulated using the recu
sion relation derived from the Takagi-Taupin different
equations according to the dynamical theory of x-r
diffraction.7,8 Since sample Nos. 1–4 have different to
thicknesses and the peaks are broadened in theqz direction
due to the finite sample thickness, a variation of the latt
constant is observed as a broadening of the peaks with
spect to the peak width of an ideally perfect sample~the
so-called intrinsic peak width!. This differenceDFWHMz
between the measured and simulatedv-2u widths of the
zero-order satellite was calculated, and taken as a suit
quantity to describe the variation of the lattice constant.
analogy, the differenceDFWHMx between the measure
FWHM in the qx direction and the resolution of the diffrac
tometer~which is 10 arcsec! is a measure for the mosaicit
of the sample which is a consequence of the formation
misfit dislocations. The obtained values ofDFWHMz and
DFWHMx of the zero-order satellite of all four samples a
listed in Table I.

To illustrate the results, in Fig. 2DFWHMz and
DFWHMx are plotted as functions of the superlattice perio

FIG. 2. Deviation from the full width at half maximum of a
ideal crystal in theqz direction~solid squares! and theqx direction
~open circles! as functions of the superlattice period.
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DFWHMx , which is a measure for the tilt in the lattice plan
at a given lattice constant, also increases significantly w
the superlattice period: while for sample Nos. 1 and 2 t
value is zero, it is increased to 17 and 26 arcsec for sam
Nos. 3 and 4, respectively. This means that the critical
perlattice period determining the onset of relaxation is
tween 23.9~sample No. 2! and 32.8 Å~sample No. 3!.

In contrast, theDFWHMz is zero only for sample No. 1
while for the other three samples there exists a measur
spread in the average lattice constant. The onset of this va
tion in the lattice constant thus starts alreadybeforethe onset
of relaxation for superlattice periods between 19.2~sample
No. 1! and 23.9 Å~sample No. 2!. The most probable inter
pretation for this behavior is elastic relaxation by island fo
mation, a phenomenon that has also been observed for o
strongly strained systems like InAs on GaAs, and is driv
by the fact that the lattice cells at the border of the islan
can expand elastically, a situation which is energetically
vorable. Such an elastic relaxation typically leads to a tw
dimensional wetting layer, and islands on top of it whi
differ in lattice constant. One would thus expect a meas
able spread in the vertical lattice constant, as observed
perimentally. From the experiment, one cannot distingu
whether the ZnTe or ZnS0.8Te0.2 layers form the islands
However, it is reasonable to assume that the island forma
occurs in the ZnTe, which is extremely strained and thus
gain much more energy by the island formation.

In contrast to the measurements described above,
reflectometry arrangement one probes the reciprocal sp
close to its origin and far away from Bragg reflections of t
basic crystal lattice~in case of a superlattice, thesuperlattice
Bragg peaks can, however, be much closer to the origin,
one or more superlattice Bragg peaks typically appear wit
the range of a reflectometry measurement!. As a conse-
quence, the method is nearly insensitive to the crystal
quality of the layers, but very sensitive to the quality of t
interfaces, and thus gives information complementary to
Bragg diffraction.

Three types of information can be gained from hig
resolution reflectometry: First, a scan alongqz ~an v-2u
scan! contains information on the roughness of interfaces
the vertical direction. Second, diffuse scattering in theqx
direction~obtained by anv scan! can be evaluated to obtai
lateral correlation lengths of the roughness. As in conv
tional Bragg diffraction,v-2u and v-scans can, third, be
combined to reciprocal space maps. The relative form
coherently reflected and diffusely scattered intensity give
picture of the roughness inheritance from one layer to
next.

As a typical example, two reciprocal space maps
sample No. 3, one with the x ray parallel to the@110# direc-
tion of the substrate, and one with the x-ray perpendicula
it, are drawn in Fig. 3. The intensity of the coherent scatt
ing is observed on a line in thev-2u direction alongv50. It
is evident that the intensity of the diffuse scattering, which
observed atv values away from zero, already replicates t
oscillations of the Bragg reflections. This is typical
samples where the interface roughness in the vertical di
tion is more strongly correlated from interface to interfa
~so called inherited roughness!, whereas uncorrelated inter
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PRB 59 10 673ZnTe/Zn~S,Te! SUPERLATTICES: A RELAXATION . . .
faces would give a smooth intensity distribution of the d
fuse scattering.

v-2u reflectometry scans correspond to a horizontal
through the reciprocal space map atv50. Such scans are
compared in Fig. 4 for the four samples. The decay of
reflectivity curves increases with the sample number, imp
ing that the surfaces become rougher as the superlattice
riods are longer.

A quantitative evaluation of the surface and interfa
roughnesses can be obtained by a simulation of these cu
based on the well-known Parratt’s recursion relation9

Rj5
r j , j 111Rj 11 exp~2iq j 11dj 11!

11r j , j 11Rj 11 exp~2iq j 11dj 11!
,

where dj is the thickness of thej th layer, andqj is the
normal component of the wave vector inside thej th layer.
The effect of the interfacial roughness is incorporated i
the Fresnel reflectance10 by

r j , j 115
qj 112qj

qj 111qj
exp~22qjqj 11s2!,

wheres j is the root-mean square of thej th interface.
Best fits based on this formalism are also shown in Fig

However, it has to be stated that these fits are not unamb
ous in the sense that they are not very sensitive to the di
ence in the roughness on top of the ZnTe and ZnS0.8Te0.2
layers. Based on the results of the high-resolution Bragg
fraction, which indicate that the ZnTe starts to form islan
after a certain thickness, we used two different roughn
parameters to simulate the ZnTe and ZnS0.8Te0.2 interfaces.
The larger value was assumed to describe the roughne
the ZnTe layer~although good fits could also be obtaine
with an inverse assumption!. The three resulting roughnes
parameters, describing the roughness of ZnTe, ZnS0.8Te0.2
and the the surface, are listed in Table II. All three roughn

FIG. 3. Reciprocal space maps of sample No. 3, measured
an x-ray in the@1–10# and @110# directions~reflectometry!.
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parameters increase with increasing superlattice period
also turns out that the surface is about 1 Å rougher than the
interfaces. This may be due to oxidation of the surface.

The question of how the rough interfaces look like can
partly answered byv scans through the superlattice Brag
peaks~so-called transverse scans!. Such transverse scans
the qx direction around the first-order Bragg peak were c
ried out in two perpendicular~110! azimuths. Figure 5 shows
examples of such scans for sample Nos. 1 and 3 toge
with simulations based on the following formalism: Th
cross section for the diffuse scattering is given by11

I diff~q!5A
uT1T2u2

uqzu2 (
j ,k

d jdk* e20.5qz
2
~s j

2
1sk

2
!e2 iqz~zj 2zk!

3E dr~eqz
2cjk~r !21!e2 i ~qzx1qyy!,

where T1,2 are the transmittivities at the surface,qz is the
refraction-corrected vertical moment transfer,d j is the con-
trast in the scattering density, andA is a constant. The cross
correlation function C jk5^Dzj (0,0)Dzk(x,y)& represents
the average of the height-height correlations between thej th
interface of heightDzj and thekth interface of heightDzk .
This cross-correlation function can be written as12,13

Cjk5s jske
2~zj 2zk!/j'e2~r /j i !

2h
cos~2pr /l!,

FIG. 4. v-2u reflectometry scans of sample Nos. 1–4~thick
line! together with fits~thin line!.

ith
TABLE II. Roughness obtained from reflectometry and ATM.

Sample No.
ZnTeRef.

~Å!
Zn~S, Te!Ref.

~Å!
SurfaceRef.

~Å!
SurfaceAFM, rms

AM ~Å!
SurfaceAFM, rms

PM ~Å!

1 3.260.5 2.860.5 4.460.5 6.962 4.162
2 4.060.5 3.260.5 4.760.5 7.162 3.962
3 4.560.5 3.960.5 5.760.5 7.262 4.262
4 5.660.5 4.560.5 6.260.5 5.462 4.362
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FIG. 5. v reflectometry scans
around the zero-order superlattic
Bragg peak of sample No. 1@~a!
and~b!# and sample No. 3@~c! and
~d!# with an x ray parallel to the
@110# direction@~a! and~c!# and to
the @1–10# direction @~b! and ~d!#.
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wherej i and j' are the mean parallel and vertical corre
tion lengths respectively, andh is the roughness exponen
The cosine function is introduced to account for the wa
length selection of the terraces.14

The scans in the two directions are very different, sho
ing that the interface morphology is strongly anisotrop
This anisotropy can be best understood from the scan
sample No. 1, where one observes two side maximum
@110# azimuth @Fig. 5~a!#. The occurrence of such pro
nounced side maxima implies a wavelength selection of
roughened interfaces that can only occur if the roughnes
very regular. This is typically the case for an arrangemen
steps on a slightly miscut substrate. The minimum mis
angle can be directly obtained from the asymmetry of
side maxima with respect to the coherently scattered cen
peak; it is on the order of 0.3°. The fit in Fig. 5~a! is based on
the assumption of a mean terrace width of 230 nm. Toge
with the miscut angle this value can be used to calculate
mean step height, which is 1.1 nm or about 3 ML. This is
strong indication that at each terrace edge several monol
steps occur within a short distance, a well-known behav
that is called step bunching.

The peak in the@1–10# azimuth @Fig. 5~b!# is much
sharper, and can be simulated with a lateral correla
length of 610 nm. The fact that side maxima do not occu
this case shows that the step distance is irregular in this
rection. This is the behavior one would expect for a measu
ment along slightly curved terraces. The overall picture
sample 1 is thus very clear: It consists of slightly curv
terraces that are limited by bunched steps in the direc
transverse to the terraces.

It is interesting to observe the change of these terraces
increasing periods. The scans for sample Nos. 2–4 l
qualitatively similar, so that only sample No. 3 is includ
Fig. 5: in the@110# direction @Fig. 5~c!#, no side maxima is
visible, but a broadened diffuse intensity is. From the fits o
can extract that the correlation length transverse to the
races does not change significantly, meaning that the num
of terraces remains constant but their width is no lon
regular. Along the terrace direction the diffuse scattered
tensity has a similar shape, but is always more narrow,
-
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responding to larger correlation lengths. The samples
thus still anisotropic, although the anisotropy decreases w
increasing period, i.e., the mean terrace length decrease

A reasonable explanation for this behavior is the assum
tion that the step edges begin to become more and m
curved as the period becomes larger and the strain is
creased~so-called step wandering!. Such a curving is ener
getically favorable, since it increases the fraction of latt
cells at edges, and thus allows for a certain amount of ela
relaxation. Eventually, a step curved inward and one cur
outward may touch each other, forming an island that lim
the terrace length. This tendency increases with increa
strain, so that the mean terrace length decreases with inc
ing superlattice period.

So far all conclusions have been obtained from recipro
space, and represent an average information over a l
sample area. In order to test the validity of these conclusio
it is interesting to compare the obtained picture to the res
of real-space imaging techniques. AFM gives a possibility
gain information on lateral correlations and anisotropy of
surface, whereas TEM gives informations on the roughn
of individual interfaces and roughness inheritance betw
interfaces.

As an example for the evolution of the surface with i
creasing period, AFM measurements of the surface
sample Nos. 1 and 3 are shown in a three-dimensional plo
Fig. 6. The image of sample No. 1 shows pronounced
races with very regular width. The average terrace width
200 nm, a typical step length is about 3000 nm, and
average step height is about 1 nm. With the exception of
step length, these results are in excellent agreement to
picture of regular terraces with bunched steps obtained f
the x-ray reflectivity measurements. The larger terrace wi
from the AFM measurement~3000 nm compared to 610 nm
from x-ray reflectivity! is most probably a consequence
the fact that the size of the AFM picture (535 mm2) is too
small to obtain reasonable statistics for the evaluation of
erage length scales.

The surface morphology of the relaxed sample No. 3
modified, compared to sample No. 1. On the one hand,
sample still shows the typical anisotropic picture of a terra
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PRB 59 10 675ZnTe/Zn~S,Te! SUPERLATTICES: A RELAXATION . . .
surface, with a mean terrace width which has not chan
significantly. On the other hand, the terraces have chan
their size and form: They end or are eventually bent wh
they are close to a broader terrace. As a consequence
anisotropy is much smaller than for sample No. 1. With
exception of the absolute values of the lateral correlat
lengths~which are again larger for the AFM measureme
than for the reflectivity experiment!, the picture is again in
good agreement to the model of terraced interfaces w
wandering steps developed from the reflectivity data.

The anisotropy of the surface morphology is also revea
if one takes the rms roughness values evaluated from
scans along the@110# miscut ~AM ! and perpendicular to the
@110#-miscut-direction~PM! into account. The correspond
ing values are listed in Table II. It turns out that for th
sample Nos. 1, 2, and 3 the rms roughness in the AM dir
tion is always higher than that in the PM direction~approxi-
mately 7 and 4 Å, respectively!. The roughness measure
within one step terrace is lower than the roughness de
mined perpendicular to the step edge.

Figures 7~a! and 7~b! show cross-sectional TEM image
along the^110& projection of samples Nos. 2 and 4. Th
TEM image of sample No. 2 shows the GaAs buffer, f
lowed by the 20-nm-thick ZnSe layer. On top of the Zn
layer, the ZnTe-ZnS0.8Te0.2 superlattice structure is visible
Each superlattice period consists of a thin ZnTe layer wh
is darker, and a ZnS0.8Te0.2 layer which is approximately two
times thicker and appears bright in the TEM image.
stacking faults and dislocations are visible in the image

FIG. 6. Atomic force microscopy measurement of the surface
sample Nos. 1 and 3. The@110# direction is indicated.
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sample No. 2. This result agrees very well with our HRXR
measurement, because, from the FWHM of the zero-or
satellite in theqx direction of 12 arcsec, we expect th
sample No. 2 is still fully pseudomorphic.

The image of sample No. 2 also allows us to compare
roughness of the ZnTe layer qualitatively with the roughn
of the ZnS0.8Te0.2 layer. It is evident that ZnTe roughens th
growth front, while ZnS0.8Te0.2 smooths it. Despite the
smoothing effects of ZnS0.8Te0.2, the roughness of one ZnT
layer is inherited by the following ZnTe layer. These tw
facts are in excellent agreement with the Bragg diffract
results, which suggest island formation of the ZnTe, and
reflectivity results that show a roughness inheritance.

The cross-section TEM of the relaxed sample No. 4 loo
different. The GaAs buffer and the following 20-nm ZnS
layer are similar to sample No. 2, but the perfect line patt
of a superlattice structure is disturbed. Though during
growth of the GaAs buffer and the following ZnSe layer n
dislocations are visible, many dislocations are created du
the superlattice growth. A detailed analysis of the TEM p

f

FIG. 7. Cross-sectional TEM images along the^110& projection
of sample Nos. 2 and 4.
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ture shows that these dislocations always start a
ZnS0.8Te0.2/ZnTe interface, an observation that can be u
derstood from the fact that the critical thickness for ZnTe
much lower than that for ZnS0.8Te0.2, so that relaxation oc-
curs first in the ZnTe.

SUMMARY

In conclusion, we have applied high-resolution x-ray tec
niques to investigate crystallinity and interface properties
ZnS0.8Te0.2/ZnTe strain-balanced superlattices as a funct
of their period. To gain a conclusive picture, it is necess
to probe the reciprocal space in different regions: Measu
ments around the~004! Bragg peak alow conclusions on is
land formation and relaxation: For a superlattice period
low 2 nm the layers and interfaces are nearly perfect.
periods above 2 nm there is a spread in the average la
constant, indicating the formation of ZnTe islands. Finally,
periods above 2.4 nm the critical thickness of the ZnTe l
ers is exceeded, and dislocations are observed as a spre
ys

g,

C.

ev
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-
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t
-
d in

the lattice plane orientation. Reflectometry scans, that pr
a region close to the origin of reciprocal space, give comp
mentary information and help to quantify the interfa
roughness: The nearly perfect sample with the lowest pe
exhibits a pronounced structure of very regular terraces w
bunched steps, so that the interfaces are strongly anisotr
The roughness in the vertical direction is very low, and
inherited from layer to layer. With increasing period, o
observes an increase of the vertical roughness due to is
formation and a decrease of the anisotropy due to step w
dering. Direct imaging methods like AFM and TEM esse
tially confirm these results, but do not give much addition
information. We think that our work underlines the usefu
ness of x-ray scattering for the analysis of interfaces.
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