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Strain determination in PbEuTe /PbTe multi-quantum wells
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A series of Ph_,Eu,Te/PbTe multi-quantum welMQW) samples were grown ofi11) cleaved

BaF, substrates by molecular beam epitaxy. The Eu content was maintaired0a®5—0.06 and

the PbTe well width was varied from 23 to 206 A. The samples were characterized structurally by
high resolution x-ray diffraction in the triple axis configuration. T2 scans of th€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 arouri@2#helattice point
indicated that the MQW structure tended to the free-standing condition(ZR2e »/260 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 206 200®
American Institute of Physic§S0021-897@0)06414-§

I. INTRODUCTION termination of strain inside PbEuTe/PbTe MQW structures
as a function of the PbTe well width, using high-resolution
PbTe and EuTe crystallize in the rocksalt structure anck-ray diffraction analysis.
the lattice mismatch between these materials is relatively A series of Pp_,Eu, Te/PbTe MQW samples was grown
small (~2%). The energy gap of EuT€ eV) is much by molecular beam epitaxy where the Eu content is main-
higher than that of PbTE10 meV at 295 K In this sense, tained atx~0.05-0.06 and the PbTe well width is varied in
only a small Eu content in the ternary PhEu,Te is suffi-  the range of 20—200 A. Detailed structural characterization
cient to produce large barriers in the PbEuTe/PbTe heterovas made by high-resolution x-ray diffraction using the
structure. For instance, PbEuTe with x=0.06 (Eg triple axis configuration. The@/26 scans of thé222) Bragg
=530 meV at 295 Kyields a barrier of 110 meV in the diffraction peak were measured for all samples. The MQW
Pb,_,Eu,Te/PbTe heterostructure, considering a band offseperiod, the thickness of individual barrier and well layers,
of 50%! These material properties make the PbTe—EuTend the buffer lattice constants were obtained. In order to
system suitable for the fabrication of multi-quantum well give a better insight into the strain state inside the MQW,
structures. reciprocal space maps were measured around the asymmetri-
Molecular beam epitaxyMBE) has been successfully cal (224) lattice point. From the information obtained from
applied for the growth of Ph,Eu,Te layers and respective these maps, th€222) «/2¢ spectra were calculated by dy-
PbEuTe/PbTe multi-quantum welldQWs).>® The mea- namical theory of x-ray diffraction using Takagi—Taupin
surement of quantum Hall effect in these heterostructures h&fiuations and compared to the measured ones. From this
attested to the high quality of the grown layers andfitting process, the strain in the MQW structure was deter-
interfaces’ Infrared transmission measurements have beefined for samples with different PbTe well widths.
performed to determine the optical transition energies be-
tween the confined states in the PbEuTe/PbTe MQW! SAMPLE GROWTH

samples:® The electronic states and respective optical tran-  The Ph_,EuTe/PbTe MQW samples were grown on
sitions of lead salt QWs have been calculated and reasonabjgshly cleaved111)BaF, by molecular beam epitaxy in a
agreements with the experiments have been obtdified. RIBER 32P MBE system equipped with PbTe, Eu and Te
PbEuTe/PbTe MQWs find their main application in di- effusion cells®> A 12 keV reflection high-energy electron
ode lasers emitting in the mid-infrared rarfy€. As the diffraction (RHEED) system was used to evaluatesitu the
quantized levels depend strongly on the strain inside thgrowth conditions.
MQW, it is important to have reliable methods to determine  Before properly growing the MQW structure, the growth
the strain in these structures. High-resolution x-ray diffrac-of Pb, _,Eu, Te single layers with low Eu content was care-
tion has been applied in the structural characterization ofully investigated. The BaF substrates were preheated at
PbTe-based multilayer systertis;? but no systematic study 500 °C for 10 min before starting the growth. The deposition
has been reported so far. This work is dedicated to the deate of PbTe, Eu and Te was monitored with a quartz crystal
oscillator. The beam-flux rate rati@g,/JpptetJey) Was
Author to whom correspondence should be addressed: electronic maiiS€d to estimate the nominal Eu concentration. For optimal
abramof@las.inpe.br growth conditions, the Te beam-flux rate was chosen to be
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. (a')' Temdw, ] open during growth. The opening and closing times of the Eu
10 e o shutter were chosen to obtain the desired thickness of the
10° ol E2Ex0A ] barrier and well, respectively. The number of repetitions of
] all MQW samples was chosen to be 50.
10 BaF, 3 Two series of Pp ,EuTe/PbTe MQW samples were
10' +9 i produced. In these series the PbEuTe barrier is kept thicker
’g %TL“IK s than 440 A and the PbTe well width is varied. The only
ol i oo i v difference between the two series was the growth rate, which
%‘1 T e is mainly determined by the PbTe effusion cell temperature
o TR (2.2 AJs for the first series and 3.8 A/s for the secorll
0 G151 DA other growth parameters were kept constant in order to guar-
i _ antee sample reproducibility.
BaF,
mgé Ill. STRUCTURAL CHARACTERIZATION
| I
540 245 250 255 The PbEuTe/PbTe MQW samples were characterized
O (degrees) structurally by high-resolution x-ray diffraction analysis us-

ing Cu Ka; radiation. The x-ray diffraction measurements

po L mﬁ‘%”zaz‘@“s of hé222 Bragg diﬁfﬁ‘Cti_zan:)&ksfoAf(t&/ﬂvz f?i,)ffe*;“t were carried out in a Philips X'Pert diffractometer in the
uTe/PbTe samples wit e well widt an - . ) . . ]

(b) 206 A (M441). The open circléO) represents the experimental data and tnple ah Conflguratlon_’ WhICh_ employ; a four CryStal
the solid lines are the calculated spectra, which best fit to the measured daf@&(220) monochromator in the primary opti¢between the

Cu x-ray tube and the sampland a G€20 channel-cut
analyzer immediately before the detectsecondary optigs

two times the one of Ed.Just like PbTe, the growth of In this configuration, the incident x-ray beam has an axial
PbEuTe with low Eu content starts with a three-dimensionalivergence of 12 arcsec and a wavelength dispersion of ap-
nucleation, evidenced by the spotty RHEED pattern. Afterproximately 2< 10 4. The acceptance angle of the detector is
0.5—1 min(600—1200 A, the initial islands coalesce and the also reduced to 12 arcsec, increasing substantially the reso-
RHEED pattern changes to a streaky one. When the laydution in the 29 direction.
thickness achieves approximately Qubn, the RHEED pat- The w/26 scan of the(222) Bragg diffraction peak was
tern already shows elongated spots lying on a semicircleneasured for all samples. Figure&@)land Xb) show the
characteristic of an atomically flat surface. This RHEED pat-whole (222) «/26 scan for two different MQW samples,
tern persists until the end of growth. No surface reconstrucnamely M443 and M441, with PbTe well width of 53 and
tion is observed during the PbEuTe growth. 206 A, respectively. The general features of the measured

For the growth of the MQW samples, a PhEuTe  w/26 spectra can be summarized as follows. The zero-order
buffer layer(with the samex value as the barrigwas grown  peak (MQW,) of the MQW structure appears as the most
on top of the Bak substrate. The buffer layer was approxi- intense peak in all the spectra. Th&26 spectra exhibit a
mately 4,m thick in order to guarantee that it is completely very well resolved satellite peak structure showing up to the
relaxed and free from the defects originated from the threetenth-order. The intensity modulation of the satellite peak
dimensional nucleation at the initial growth stage. Thestructure changes as the PbTe well width changes for the
growth temperature for the buffer and MQW structure wasdifferent MQW samples. The PbEuTe buffer layer peak ap-
300°C. The PbTe and Te effusion cell shutter was alwaygears on the lower angle side near the MQJp¢ak and for

TABLE |. Data of the Ph_,Eu Te/PbTe MQW samples obtained from the x-ray analysis: MQW pdifdpd
barrier (d°@"®) and well (d*¢") width, buffer lattice constan@® "), Eu content(x), in-plane lattice constant
(@™, free-standing lattice consta@’), PbTe well parallel strain "9, maximum possible parallel
strain in PbTe well ™), and the fraction of maximum strain incorporated in PbTe \RS.

P dbarrier dwell aI;Juffer ain-plane afs EHPbTe GHma\x PS=
sample &) A A A  «x R) R) (107 (107 (™ g™
1st series
M443 582 529 53 6.4808 0.060 6.47933 6.4791 2.682 2.909 0.922
M440 622 518 104 6.4820 0.064 6.47940 6.4787 2.693 3.095 0.870
M442 676 520 156 6.4808 0.060 6.47765 6.4765 2.422 2.909 0.832
M441 721 515 206 6.4783 0.052 6.47420 6.4736 1.888 2.522 0.748
2nd series
M457 510 487 23  6.4775 0.049 6.47700 6.4768 2.321 2.399 0.968
M462 502 457 45 6.4772 0.049 6.47622 6.4758 2.201 2.352 0.936
M461 562 470 92 6.4763 0.046 6.47397 6.4740 1852 2.213 0.837
M460 600 460 140 6.4775 0.049 6.47410 6.4739 1.872 2.399 0.781
M456 621 442 179 6.4784 0.052 6.4750 6.4737 2.012 2.538 0.793
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FIG. 2. Expanded scale near the zero-order satellite pl&XW,) of the
(222 /26 scans plotted in Figs.(&) and Xb), respectively. 0.7145}

0.714

0.7135¢
samples with narrow PbTe well it is overlapped by the

MQW,. The Bak substrate peak is observed with a small
intensity, due to the absorption in the buffer layer plus MQW 0.7125¢
stack, and is used as a reference for ¢hecale. 0712+
The MQW period was obtained from the angular sepa-

ration between the satellite peaks. The individual thickness
of the barrier and well was inferred from the Eu shutter °7''T
opening and closing time, respectively. Since the Eu contento.7105
was small 0.05-0.06), the growth rate in the MQW 1
structure was mainly determined by the PbTe effusion cell Qx (A )

tgmperat.ure, leading to a m.aXImum error of 5% in this Irldl_FIG. 3. Reciprocal space maps around the asymmei{22a) lattice point
vidual thickness determination proced_ure. The values of thﬁ)r two PbEuTe/PbTe MQW samples. The maps are plotted in reciprocal
MQW period (P), PbEuTe barrie(d®™®) and PbTe well coordinates), parallel to thef11-2] in-plane azimuth an@, parallel to the

(dwe”) width obtained from the x-ray measurements are dis{111] growth direction. The plotted region includes the buffer layer peak

| in Table | for all MOW samples. and the zero-ordefMQW,;) plus two first-order {=1) satellite peaks(a)
P ay_?g PbaEb'?' k()-) ﬁa | Q samples buffe d Sample M443[(529/53 x50 A] with isointensity contour lines at 10, 40,
e uTe buffer lattice consta@™"™®) was deter- 154 550 600, 2000, and 5000 cifb) Sample M441[(515/208x50 A]

mined using the BafFsubstrate peak as a reference. The Euwith isointensity contour lines at 10, 40, 100, 200, 600, 1500, and 3200 cps.

content(x) of the Ph_,EuTe buffer layer was evaluated

from a“f" for each sample. The mean Eu content for the

first series turned out to be 0.049 with a maximum variationsamples with wider PbTe weR06 A in case of Fig. @)],

of =0.003. For the second series, the mean Eu content wdke PbEuTe buffer peak is well resolved and separated from

0.059 with a maximum variation a£0.006. These data are the MQW,. The position of the zero-order peak relative to

also displayed in Table I. the buffer layer peak contains important information about
The resolved satellite peak structure shown in Fig. 1 washe strain inside the MQW samples.

observed for all samples. It indicates good thickness repro-

ducibility from layer to layer, homogeneous Eu content

through the MQW structure and very low interdiffusion in V. STRAIN DETERMINATION

the interfaces, independent of the PbTe well width. The full  Reciprocal space mapping around {224) asymmetri-

width at half maximum(FWHM) of the MQW, peak was cal Bragg diffraction peak was performed in order to give a

about 25 arcsec in th@/26 direction and approximately better insight into the strain state of the MQW structure. The

three times larger in the direction. reciprocal space maps are obtained by performing a set of
Figures 2a) and 2b) plot the (222 w/26 spectra of w/26 scans with differentw-offset angles. Figures(8d and

Figs. 1@ and Xb), respectively, in an expanded scale near3(b) show the reciprocal space maps around(&®&J) recip-

the zero-order peak of the MQW structure including up torocal lattice poinRELP) for the samples M448°bTe well

the two nearest satellite peaks. For the samples with narrowidth of 53 A) and M441(PbTe well width of 206 A, re-

PbTe well[53 A in case of Fig. @)], the MQW zero order spectively. The maps include the MQW zero-order RELP

overlaps with the PbEuTe buffer layer peak, whereas, folMQW,), the buffer layer and the two first-order satellite

0713}

M5+

0.2515 0252 0.2525 0.253
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FIG. 4. Thew/26 scan near the zero-orde22) Bragg diffraction peak for the PbEuTe/PbTe MQW sample with PbTe well width of 104440). The lines
are the calculated spectra using different values of in-plane lattice coriatait™y.

RELPs. They are plotted in reciprocal lattice coordinadgs content throughout each sampl@he values o™ are dis-
parallel to the[11-2] in-plane azimuth directioigparallel to  played in Table | for all samples.
the sample surfageand Q, parallel to the[111] growth di- The reciprocal space map resolution does not allow an
rection. The ellipse-like curves in the maps are contour linesccurate determination of the in-plane lattice constant within
with equal intensity. The axis of the ellipses is inclined inthe MQW structure, but it attests that the MQW tends to the
relation toQ, axis due to a broadening i direction caused free-standing condition. In order to obtain quantitatively the
by the mosaicity in the MQW samples. strain inside the MQWs, th€222) /260 spectrum of the

In the map of Fig. 8a) the buffer layer RELP is mixed MQW samples was calculated by dynamical theory of x-ray
with the MQW, RELP. Within the map resolution, the diffraction using Takagi—Taupin equatidfisand compared
MQW structure has approximately the same horizontal coorto the measured ones. The solid curves in Figs. 1 and 2 are
dinateQ, as the buffer layer. However, in the map shown inthe calculated spectra, which best fit to the measured data.
Fig. 3(b) the buffer layer RELP appears well resolved sepa-The main fitting parameter is the in-plane lattice constant
rated from the MQVY RELP with its central position shifted (a™?"9 considered being the same throughout the whole
in the Q, axis with respect to the central positions of the MQW structure. Using this concept, the PbTe well has a
MQW structure RELPs. These results indicate that the MQWensile ~ parallel ~ strain  given by ¢”°T%= (a™Pame

structure does not remain pseudomorplsame in-plane lat- —a"*™9/a"T™ and the PbEuTe barrier remains with a com-
tice constantto the buffer layer. The MQW structure tends pressive parallel straine”EuTe= (g/Plane— gPufer) jgbuffer
to the free-standing condition. The perpendicular strain relates to the parallel strain through

The in-plane lattice constant for the free-standing stater; = —2[(C13+2C15,—2C44)/(C11+ 2C15+ 4Cyg) ], Where
can be calculated using the individual layer thickness, rethec;’s are the elastic constants of the bulk material. In case
laxed lattice parameters and bulk elastic constants of the maf PbTe,e; = —1.0%,.
terials that compose the MQW stack. Since the Eu content Figure 4 plots thes/26 scan of sample M44(PbTe well
is small (~0.06), the elastic constants of the barrier andwidth of 104 A), together with three calculated spectra using
well can be considered the same. In this case, the in-plardifferent values ofa™P3"¢ The best fit is obtained with
lattice constant of the free-standing MQW structure is simplya™2"=6.4794 A and the other two curves are calculated
given bya's= (dPamerx gbuffery. gwellx gPbTe /(gbarmer gqwely = ysing a™PlA"e=6.4820 A (PbTe well completely strained
wherea™™=6.462 A is the relaxed lattice constant of PbTeanda™Pa"=6.4768 A. This graph shows how sensitive the
anda ™ is the relaxed PbEuTe lattice constant, consideredatellite peak position to the fitting parametét?2"is, i.e.,
to be the same as for the buffer and barrier layeamne Eu the strain in the MQW structure.
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SRR thickness control and sharp interfaces were obtained. Recip-
10 PbEuTe/PbTe MQW - rocal space mapping indicated that the MQW structure

§ s 1% series tended to the free-standing equilibrium condition. A broad-
I ﬁ o 2"series - ening inw direction was observed for all samples, indicating
04 ] that some relaxation took place along the 50 periods of
0 %E E 1 MQW structure. _The calculate(dZ'Z) wl26 §pectra were fit-
oBL ] ted to the experimental ones using the in-plane lattice con-
! § § ] stant as the main fitting parameter. The in-plane lattice con-
EZ stant obtained from the fitting procedure turned out to be

slightly higher than the in-plane free-standing lattice param-
0' — éo it ‘1|oc')' . 1'50 : ‘zlocl) eter. The strain in the PbTe well inside the MQW structure

i decreased monotonically from an almost fully strained layer
PoTe well width (A) to 26% of strain relaxation as the PbTe well width increased
FIG. 5. Fraction of the maximum parallel strain incorporated in the PbTefrom 23 to 206 A. The actual strain obtained by this method
well, PS=¢"°T9¢ ™ as a function of the PbTe well width. has to be taken into account in the calculations of the energy
structure of PbEuTe/PbTe MQW systems.
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