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Strain determination in PbEuTe ÕPbTe multi-quantum wells
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A series of Pb12xEuxTe/PbTe multi-quantum well~MQW! samples were grown on~111! cleaved
BaF2 substrates by molecular beam epitaxy. The Eu content was maintained atx;0.05– 0.06 and
the PbTe well width was varied from 23 to 206 Å. The samples were characterized structurally by
high resolution x-ray diffraction in the triple axis configuration. Thev/2Q scans of the~222! Bragg
reflection showed very well resolved satellite peaks up to the tenth-order for all samples indicating
that sharp interfaces were obtained. Reciprocal space mapping around the~224! lattice point
indicated that the MQW structure tended to the free-standing condition. The~222! v/2Q scans were
calculated by dynamical theory of x-ray diffraction and compared to the measured ones. Using the
in-plane lattice constant as the main fitting parameter, the strain in the PbTe well inside the MQW
structure was obtained as a function of its width. It decreased monotonically from an almost fully
strained layer to 26% of strain relaxation as the PbTe well increased from 23 to 206 Å. ©2000
American Institute of Physics.@S0021-8979~00!06414-8#
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I. INTRODUCTION

PbTe and EuTe crystallize in the rocksalt structure a
the lattice mismatch between these materials is relativ
small (;2%!. The energy gap of EuTe~2 eV! is much
higher than that of PbTe~310 meV at 295 K!. In this sense,
only a small Eu content in the ternary Pb12xEuxTe is suffi-
cient to produce large barriers in the PbEuTe/PbTe het
structure. For instance, Pb12xEuxTe with x50.06 ~Eg
5530 meV at 295 K! yields a barrier of 110 meV in the
Pb12xEuxTe/PbTe heterostructure, considering a band of
of 50%.1 These material properties make the PbTe–Eu
system suitable for the fabrication of multi-quantum w
structures.

Molecular beam epitaxy~MBE! has been successfull
applied for the growth of Pb12xEuxTe layers and respectiv
PbEuTe/PbTe multi-quantum wells~MQWs!.2,3 The mea-
surement of quantum Hall effect in these heterostructures
attested to the high quality of the grown layers a
interfaces.4 Infrared transmission measurements have b
performed to determine the optical transition energies
tween the confined states in the PbEuTe/PbTe MQ
samples.5,6 The electronic states and respective optical tr
sitions of lead salt QWs have been calculated and reason
agreements with the experiments have been obtained.7,8

PbEuTe/PbTe MQWs find their main application in d
ode lasers emitting in the mid-infrared range.9,10 As the
quantized levels depend strongly on the strain inside
MQW, it is important to have reliable methods to determi
the strain in these structures. High-resolution x-ray diffra
tion has been applied in the structural characterization
PbTe-based multilayer systems,11,12 but no systematic study
has been reported so far. This work is dedicated to the
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termination of strain inside PbEuTe/PbTe MQW structu
as a function of the PbTe well width, using high-resoluti
x-ray diffraction analysis.

A series of Pb12xEuxTe/PbTe MQW samples was grow
by molecular beam epitaxy where the Eu content is ma
tained atx;0.05– 0.06 and the PbTe well width is varied
the range of 20–200 Å. Detailed structural characterizat
was made by high-resolution x-ray diffraction using t
triple axis configuration. Thev/2u scans of the~222! Bragg
diffraction peak were measured for all samples. The MQ
period, the thickness of individual barrier and well laye
and the buffer lattice constants were obtained. In order
give a better insight into the strain state inside the MQ
reciprocal space maps were measured around the asymm
cal ~224! lattice point. From the information obtained from
these maps, the~222! v/2u spectra were calculated by dy
namical theory of x-ray diffraction using Takagi–Taup
equations and compared to the measured ones. From
fitting process, the strain in the MQW structure was det
mined for samples with different PbTe well widths.

II. SAMPLE GROWTH

The Pb12xEuxTe/PbTe MQW samples were grown o
freshly cleaved~111!BaF2 by molecular beam epitaxy in a
RIBER 32P MBE system equipped with PbTe, Eu and
effusion cells.13 A 12 keV reflection high-energy electro
diffraction ~RHEED! system was used to evaluatein situ the
growth conditions.

Before properly growing the MQW structure, the grow
of Pb12xEuxTe single layers with low Eu content was car
fully investigated. The BaF2 substrates were preheated
500 °C for 10 min before starting the growth. The depositi
rate of PbTe, Eu and Te was monitored with a quartz cry
oscillator. The beam-flux rate ratio~JEu/JPbTe1JEu) was
used to estimate the nominal Eu concentration. For opti
growth conditions, the Te beam-flux rate was chosen to
il:
© 2000 American Institute of Physics
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two times the one of Eu.3 Just like PbTe, the growth o
PbEuTe with low Eu content starts with a three-dimensio
nucleation, evidenced by the spotty RHEED pattern. Af
0.5–1 min~600–1200 Å!, the initial islands coalesce and th
RHEED pattern changes to a streaky one. When the la
thickness achieves approximately 0.5mm, the RHEED pat-
tern already shows elongated spots lying on a semici
characteristic of an atomically flat surface. This RHEED p
tern persists until the end of growth. No surface reconstr
tion is observed during the PbEuTe growth.

For the growth of the MQW samples, a Pb12xEuxTe
buffer layer~with the samex value as the barrier! was grown
on top of the BaF2 substrate. The buffer layer was approx
mately 4mm thick in order to guarantee that it is complete
relaxed and free from the defects originated from the thr
dimensional nucleation at the initial growth stage. T
growth temperature for the buffer and MQW structure w
300 °C. The PbTe and Te effusion cell shutter was alw

FIG. 1. Thev/2u scans of the~222! Bragg diffraction peak for two different
PbEuTe/PbTe MQW samples with PbTe well width of~a! 53 Å ~M443! and
~b! 206 Å ~M441!. The open circle~s! represents the experimental data a
the solid lines are the calculated spectra, which best fit to the measured
Downloaded 02 Mar 2005 to 150.163.34.25. Redistribution subject to AIP
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open during growth. The opening and closing times of the
shutter were chosen to obtain the desired thickness of
barrier and well, respectively. The number of repetitions
all MQW samples was chosen to be 50.

Two series of Pb12xEuxTe/PbTe MQW samples wer
produced. In these series the PbEuTe barrier is kept thic
than 440 Å and the PbTe well width is varied. The on
difference between the two series was the growth rate, wh
is mainly determined by the PbTe effusion cell temperat
~2.2 Å/s for the first series and 3.8 Å/s for the second!. All
other growth parameters were kept constant in order to g
antee sample reproducibility.

III. STRUCTURAL CHARACTERIZATION

The PbEuTe/PbTe MQW samples were characteri
structurally by high-resolution x-ray diffraction analysis u
ing Cu Ka1 radiation. The x-ray diffraction measuremen
were carried out in a Philips X’Pert diffractometer in th
triple axis configuration, which employs a four-cryst
Ge~220! monochromator in the primary optics~between the
Cu x-ray tube and the sample! and a Ge~220! channel-cut
analyzer immediately before the detector~secondary optics!.
In this configuration, the incident x-ray beam has an ax
divergence of 12 arcsec and a wavelength dispersion of
proximately 231024. The acceptance angle of the detector
also reduced to 12 arcsec, increasing substantially the r
lution in the 2u direction.

The v/2u scan of the~222! Bragg diffraction peak was
measured for all samples. Figures 1~a! and 1~b! show the
whole ~222! v/2u scan for two different MQW samples
namely M443 and M441, with PbTe well width of 53 an
206 Å, respectively. The general features of the measu
v/2u spectra can be summarized as follows. The zero-or
peak ~MQW0) of the MQW structure appears as the mo
intense peak in all the spectra. Thev/2u spectra exhibit a
very well resolved satellite peak structure showing up to
tenth-order. The intensity modulation of the satellite pe
structure changes as the PbTe well width changes for
different MQW samples. The PbEuTe buffer layer peak a
pears on the lower angle side near the MQW0 peak and for

ta.
l

TABLE I. Data of the Pb12xEuxTe/PbTe MQW samples obtained from the x-ray analysis: MQW period~P!,
barrier ~dbarrier) and well ~dwell) width, buffer lattice constant~abuffer), Eu content~x!, in-plane lattice constant
~ain-plane), free-standing lattice constant~afs), PbTe well parallel strain (e uu

PbTe), maximum possible paralle
strain in PbTe well (e uu

max), and the fraction of maximum strain incorporated in PbTe well~PS!.

P dbarrier dwell abuffer ain-plane afs e uu
PbTe e uu

max PS5

Sample ~Å! ~Å! ~Å! ~Å! x ~Å! ~Å! ~1023) ~1023) (e uu
PbTe/e uu

max)

1st series
M443 582 529 53 6.4808 0.060 6.479 33 6.4791 2.682 2.909 0.922
M440 622 518 104 6.4820 0.064 6.479 40 6.4787 2.693 3.095 0.870
M442 676 520 156 6.4808 0.060 6.477 65 6.4765 2.422 2.909 0.832
M441 721 515 206 6.4783 0.052 6.474 20 6.4736 1.888 2.522 0.748

2nd series
M457 510 487 23 6.4775 0.049 6.477 00 6.4768 2.321 2.399 0.968
M462 502 457 45 6.4772 0.049 6.476 22 6.4758 2.201 2.352 0.936
M461 562 470 92 6.4763 0.046 6.473 97 6.4740 1.852 2.213 0.837
M460 600 460 140 6.4775 0.049 6.474 10 6.4739 1.872 2.399 0.781
M456 621 442 179 6.4784 0.052 6.475 0 6.4737 2.012 2.538 0.793
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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samples with narrow PbTe well it is overlapped by t
MQW0. The BaF2 substrate peak is observed with a sm
intensity, due to the absorption in the buffer layer plus MQ
stack, and is used as a reference for theu scale.

The MQW period was obtained from the angular se
ration between the satellite peaks. The individual thickn
of the barrier and well was inferred from the Eu shut
opening and closing time, respectively. Since the Eu con
was small (;0.05– 0.06), the growth rate in the MQW
structure was mainly determined by the PbTe effusion
temperature, leading to a maximum error of 5% in this in
vidual thickness determination procedure. The values of
MQW period ~P!, PbEuTe barrier~dbarrier) and PbTe well
(dwell) width obtained from the x-ray measurements are d
played in Table I for all MQW samples.

The PbEuTe buffer lattice constant~abuffer) was deter-
mined using the BaF2 substrate peak as a reference. The
content ~x! of the Pb12xEuxTe buffer layer was evaluate
from abuffer for each sample. The mean Eu content for t
first series turned out to be 0.049 with a maximum variat
of 60.003. For the second series, the mean Eu content
0.059 with a maximum variation of60.006. These data ar
also displayed in Table I.

The resolved satellite peak structure shown in Fig. 1 w
observed for all samples. It indicates good thickness rep
ducibility from layer to layer, homogeneous Eu conte
through the MQW structure and very low interdiffusion
the interfaces, independent of the PbTe well width. The
width at half maximum~FWHM! of the MQW0 peak was
about 25 arcsec in thev/2u direction and approximately
three times larger in thev direction.

Figures 2~a! and 2~b! plot the ~222! v/2u spectra of
Figs. 1~a! and 1~b!, respectively, in an expanded scale ne
the zero-order peak of the MQW structure including up
the two nearest satellite peaks. For the samples with nar
PbTe well@53 Å in case of Fig. 2~a!#, the MQW zero order
overlaps with the PbEuTe buffer layer peak, whereas,

FIG. 2. Expanded scale near the zero-order satellite peak~MQW0) of the
~222! v/2u scans plotted in Figs. 1~a! and 1~b!, respectively.
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samples with wider PbTe well@206 Å in case of Fig. 2~b!#,
the PbEuTe buffer peak is well resolved and separated f
the MQW0. The position of the zero-order peak relative
the buffer layer peak contains important information abo
the strain inside the MQW samples.

IV. STRAIN DETERMINATION

Reciprocal space mapping around the~224! asymmetri-
cal Bragg diffraction peak was performed in order to give
better insight into the strain state of the MQW structure. T
reciprocal space maps are obtained by performing a se
v/2u scans with differentv-offset angles. Figures 3~a! and
3~b! show the reciprocal space maps around the~224! recip-
rocal lattice point~RELP! for the samples M443~PbTe well
width of 53 Å! and M441~PbTe well width of 206 Å!, re-
spectively. The maps include the MQW zero-order RE
~MQW0), the buffer layer and the two first-order satelli

FIG. 3. Reciprocal space maps around the asymmetrical~224! lattice point
for two PbEuTe/PbTe MQW samples. The maps are plotted in recipr
coordinatesQx parallel to the@11-2# in-plane azimuth andQy parallel to the
@111# growth direction. The plotted region includes the buffer layer pe
and the zero-order~MQW0) plus two first-order (61! satellite peaks.~a!
Sample M443@~529/53!350 Å# with isointensity contour lines at 10, 40
120, 250, 600, 2000, and 5000 cps.~b! Sample M441@~515/206!350 Å#
with isointensity contour lines at 10, 40, 100, 200, 600, 1500, and 3200
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 4. Thev/2u scan near the zero-order~222! Bragg diffraction peak for the PbEuTe/PbTe MQW sample with PbTe well width of 104 Å~M440!. The lines
are the calculated spectra using different values of in-plane lattice constant~ain-plane).
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RELPs. They are plotted in reciprocal lattice coordinatesQx

parallel to the@11-2# in-plane azimuth direction~parallel to
the sample surface! andQy parallel to the@111# growth di-
rection. The ellipse-like curves in the maps are contour li
with equal intensity. The axis of the ellipses is inclined
relation toQx axis due to a broadening inv direction caused
by the mosaicity in the MQW samples.

In the map of Fig. 3~a! the buffer layer RELP is mixed
with the MQW0 RELP. Within the map resolution, th
MQW structure has approximately the same horizontal co
dinateQx as the buffer layer. However, in the map shown
Fig. 3~b! the buffer layer RELP appears well resolved se
rated from the MQW0 RELP with its central position shifted
in the Qx axis with respect to the central positions of t
MQW structure RELPs. These results indicate that the MQ
structure does not remain pseudomorphic~same in-plane lat-
tice constant! to the buffer layer. The MQW structure tend
to the free-standing condition.

The in-plane lattice constant for the free-standing st
can be calculated using the individual layer thickness,
laxed lattice parameters and bulk elastic constants of the
terials that compose the MQW stack. Since the Eu con
is small (;0.06!, the elastic constants of the barrier a
well can be considered the same. In this case, the in-p
lattice constant of the free-standing MQW structure is sim
given byafs5(dbarrier3abuffer1dwell3aPbTe)/(dbarrier1dwell),
whereaPbTe56.462 Å is the relaxed lattice constant of PbT
andabuffer is the relaxed PbEuTe lattice constant, conside
to be the same as for the buffer and barrier layers~same Eu
Downloaded 02 Mar 2005 to 150.163.34.25. Redistribution subject to AIP
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content throughout each sample!. The values ofafs are dis-
played in Table I for all samples.

The reciprocal space map resolution does not allow
accurate determination of the in-plane lattice constant wit
the MQW structure, but it attests that the MQW tends to
free-standing condition. In order to obtain quantitatively t
strain inside the MQWs, the~222! v/2u spectrum of the
MQW samples was calculated by dynamical theory of x-r
diffraction using Takagi–Taupin equations14 and compared
to the measured ones. The solid curves in Figs. 1 and 2
the calculated spectra, which best fit to the measured d
The main fitting parameter is the in-plane lattice const
(ain-plane) considered being the same throughout the wh
MQW structure. Using this concept, the PbTe well has
tensile parallel strain given by e uu

PbTe5(ain-plane

2aPbTe)/aPbTe, and the PbEuTe barrier remains with a com
pressive parallel straine uu

PbEuTe5(ain-plane2abuffer)/abuffer.
The perpendicular strain relates to the parallel strain thro
e'522@(c1112c1222c44)/(c1112c1214c44)#e uu , where
thecij ’s are the elastic constants of the bulk material. In ca
of PbTe,e'521.09e uu .

Figure 4 plots thev/2u scan of sample M440~PbTe well
width of 104 Å!, together with three calculated spectra usi
different values ofain-plane. The best fit is obtained with
ain-plane56.4794 Å and the other two curves are calculat
using ain-plane56.4820 Å ~PbTe well completely strained!
andain-plane56.4768 Å. This graph shows how sensitive t
satellite peak position to the fitting parameterain-plane is, i.e.,
the strain in the MQW structure.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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The maximum parallel strain for each MQW sample
given bye uu

max5(abuffer2aPbTe)/aPbTe, and a good paramete
to describe the strain status in the MQW structure is
fraction of the maximum parallel strain incorporated in t
PbTe well,PS5e u u

PbTe/e uu
max. The values ofain-plane, e uu

PbTe

and PS obtained from the best-fit procedure for all MQW
samples are displayed in Table I. Figure 5 plots the par
eter PS as a function of the PbTe well width. It decreas
monotonically from 0.97 to 0.74 as the PbTe well wid
increases from 23 to 206 Å. This result means that the P
well is almost completely strained for samples with narr
wells and relaxes up to 26% of the maximum strain as
PbTe well width increases up to 200 Å. This graph rep
sents the way the strain inside the PbTe well relieves a
function of its width for PbEuTe/PbTe MQW samples.

In a more realistic scenario, the in-plane lattice const
should vary within the MQW stack, i.e., a strain gradie
probably exists through the MQW structure. It is importa
to point out that this gradient was not considered here
the value ofain-planeobtained from the fitting procedure give
the parallel strain averaged over the 50 periods that comp
the MQW structure.

V. CONCLUSIONS

Two series of PbEuTe/PbTe MQW samples, in whi
the PbTe well width was varied from 23 to 206 Å, we
successfully grown by molecular beam epitaxy. The Eu c
tent in each series was 0.04960.003 and 0.05960.006. The
well resolved satellite peak structure observed in the~222!
v/2u scans of all MQW samples indicated that very go

FIG. 5. Fraction of the maximum parallel strain incorporated in the Pb
well, PS5e uu

PbTe/e uu
max, as a function of the PbTe well width.
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thickness control and sharp interfaces were obtained. Re
rocal space mapping indicated that the MQW struct
tended to the free-standing equilibrium condition. A broa
ening inv direction was observed for all samples, indicati
that some relaxation took place along the 50 periods
MQW structure. The calculated~222! v/2u spectra were fit-
ted to the experimental ones using the in-plane lattice c
stant as the main fitting parameter. The in-plane lattice c
stant obtained from the fitting procedure turned out to
slightly higher than the in-plane free-standing lattice para
eter. The strain in the PbTe well inside the MQW structu
decreased monotonically from an almost fully strained la
to 26% of strain relaxation as the PbTe well width increas
from 23 to 206 Å. The actual strain obtained by this meth
has to be taken into account in the calculations of the ene
structure of PbEuTe/PbTe MQW systems.
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