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In this work high structural and optical quality,[@a _,P/GaAs quantum wells in a wide range of
thicknesses have been successfully grown on GaAs substrates by low temperature atomic layer
molecular beam epitaxy. We demonstrate that compositional fluctuations in the barrier alloy are
responsible for the inhomogeneous broadening and spatial localization effects observed in the
excitonic recombination, the influence of quantum well width fluctuations being negligible in
comparison. An important change of the optical transition energies in these quantum wells is
observed when tuning a 10% In—Ga ratio in the alloy around the lattice match composition
(x=0.48. This change is related to the barrier band gap variation and the intrinsic characteristics of
the InGaP/GaAs heterostructure: different exciton binding energy from tensile to compressive strain
in the barrier, and a possible dependence of the conduction band offset on the In composition.
© 1998 American Institute of Physids$0021-897@8)04023-7

I. INTRODUCTION In a previous papetwe have shown that both the GaAs
well width and the In—Ga ratio in the barrier should be taken
Much work has been devoted in the last years to thénto account for optimizing the best emitting structures. This
growth, control, and characterization of InGaP epitaxial lay-ratio not only determines the alloy band gap, but it also
ers lattice matched to GaAsee Refs. 1-3 and references seems to influence the effective band alignment between the
therein for the state of the artinGaP layers have been pro- GaAs and the InGaP. In fact, we have observed an important
posed as a partner of GaAs for use as a good substitute fé#ue shift in the photoluminescenc¢BL) lines of the GaAs
AlGaAs in electronic and optoelectronic devices, since theluantum well{QWs) confined by InGa; P barriers under
latter contains a larger concentration of deep traps and hast@nsile strain X<0.48), with respect to identical QWs con-
higher reactivity with oxygen. Furthermore, this material can/in€d by InGa P under compressive strainx0.48).
be the base of future light emitting diod4sEDs) and laser This would mean thax can be used as an additional design
diodes operating in the visible range when combined withParameter for InGaP/GaAs heterostructures.
larger band gap materials, as the promising quaternary allo In this work we extend the investigation of those

(AlGa)InP, also matched to GaAsTherefore, from InGaP amples and others grown under similar conditions, by

cladding layers of InGaAs and GaAs based lasers to InGaF,tudymg and correlating their structural and optical proper-

) ; . - ties. New samples with larger lattice mismatch to GaAs and
based heterostructuré¢beterojunction transistors, laser di- b 9

7 s ) also containing a higher number of QWs in the range 0.8-10
odes, tandem solar cells, &(e:" this alloy has introduced nm have been grown, in order to establish a better knowl-
new perspectives in optoelectronics, from the infrared to theedge of the framewo'rk of the InGaP/GaAs system. It is

visible spectral range. One can also tune the lattice mismatclyorin noting that the InGaP alloy in all samples is nominally
(i.e., the band gap and electronic propeitiestween INGaP yangom in nature under the conditions used to grow them.
and GaAs by slightly changing the In—-Ga composition ratio

in the alloy, without reducing its optical qualifyand even Il SAMPLES AND EXPERIMENT

induce drastic chang@¥’ if large ordering and phase sepa-

. N o ) Several InGa, _,P/GaAs heterostructures were grown
ration effects(both exhibiting a periodic arrangement in the

on semi-insulating001) GaAs substrates, either after a 350

crysta) could be controlled during growth. nm thick GaAs buffer layertype A samplek or after a
mixed 500 nm thick GaAs/500 nm thick InGaP buffer layer

dElectronic mail: Martinep@uv.es (type B samples The InGaP buffer layers and the hetero-
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structures have been grown by atomic layer molecular beam 0 " T T

epitaxy (ALMBE) at a substrate temperatufg=420 °C and 10" SAMPLE A1 T
a growth rate of 1 monolayer per secaiML/s). The B, was x,, = 0.541 (004) GaAs
produ_ced in a solid source cell _vvith a fast acting valve and 10-1 Experimental substrate i
cracking section. We will consider here only one sample Simulation

from type B ones, that nominally lattice matched to GaAs =
(x;n=0.48), labeled B1. It consists of five GaAs quantum = 10-2
wells of nominal thicknesses: 20, 12, 6, 4 and 3 nm, sepa-
rated by 50 nm thick lgGa P barriers; a GaAs cap layer
of 4 nm ends the structure. Type A samples contain sevennd:-" 10-3 R
QWs of nominal thicknesses: 15, 7.1, 4.8, 3.4, 2.3, 1.42, and

0.85 nm, separated by 20 nm thick @e, _,P barriers(30,

40, and 50 nm thick for the last three QWs in order to reduce 10'4

flectivity

wave function overlap The nominal composition of the bar- [ AL -
riers isx;,= 0.53 andx,,= 0.43 for samples Al and A2, re- -2000 -1000 0
spectively. Q /20 (arcsec)

The optical experiments have been carried out in the
temperature range 2—-300 K. The continuous wave PL anflig. 1. High resolution x-raf2/2 scan of the(004) reflection for sample
PL excitation(PLE) measurements have been performed bya1 (x,,=0.541).The simulated diffractogram is also shown.
using either an At pumped Ti:sapphire las€¢700—820 nm
or a 1000 W Xe lamgbefore a doublé m monochromator
as excitation sources. The optical excitation density on the

samples was kept typically below 10 W/€ifor both kind of 1) has been carried out in order to reproduce the experimen-

excitation sources; we note that the illuminated area of th@a| x-ray diffraction pattern in all samples. The most impor-
sample after focusing the beam coming from the Xe lamRant parameter in this simulation is the In composition of the
excitation system is about 100 times larger than that Obta'neﬁleai,xP barriers. The best fitting values give;=0.467
after focusing the Ti:sapphire laser beam. The PL signal was- 0.003, x,,=0.541+0.006 and x,,=0.427+0.003 for
dispersed through a 100 cm double-grating monochromatobramples B1, AL, and A2, respectively. These values repre-
(giving a spectral resolution in our PL experiments below 0.25¢1t 5 deviation from nominal valuéose given in Sec. )i
meV) and detected with a cooled GaAs photomultiplier by ay¢ |ess than 3%, 3%, and 1% in samples B1, A1, and A2,
standard lock-in technique. Given the limited wavelengthegpectively. The thicknesses of the barriers and QWs are
range of the Ti:sapphire laser, the Xe lamp has been used 9, included in the simulation and give a rather complicated
perform the PLE spectra of the different QWs around th&nerference patteriisee dotted line in Fig.)1 However, a
band edge of the InGaP barrier and also for narrow QWg4rjation of these parameters to find the best fit to the experi-
(below 3 nm. With the Xe lamp setup, the heavy hdléH)  enial spectra cannot be done successfully in all cases be-
exciton resonance in PLE cannot be well resolved from stray., ,se the experimental interference patieee the low in-

Iight without compromising the PL signal. In this way, two tensity features of the experimental spectrum in Figddes
kinds of PLE spectra have been measured for narrow QWs;ot offer the desired information. In any case, the good

(i) PLE detected at the PL peak energy &inflPLE detected  54reement between nominal and experimental values for the
at an energy sufficiently below the PL peak to resolve they oy composition assures a correct calibration of the growth
HH—exciton resonance. In typ) spectra we obtain well 540 hoth for InGaP and GaAs layers in the structure. There-
defined LH-exciton resonances. In tyfB the spectra are  qre e can assume that the total thickness of the QWs
noisy with broader LKHH)—exciton resonances, leading t0 grown in each sample deviates from the nominal value
imprecise HH peak energies-5-10 meV for the three 5404 the same quantity measured for the alloy composition
thinnest QWSs in samples Al and A2. _ (3%). This means that the nominal thickness for every QW
Structural characterization has been performed by higly, oy samples is a good value for a correct interpretation of
resolution x-ray diffraction(four Ge crystal monochromator he opserved optical properties. The error in the total thick-
in the primary optics and a single Ge crystal analyzetd .o of the QW¢a few GaAs monolayers, 1 ME0.283 nm
transmission electron microscogyEM) in order to make @ .45, pe related to a rather low interface roughriesainly in
correlation with the optical properties of our InGaP/GaAsa thinnest QWs: 3, 5 and 8 ML thick ones in samples Al
heterostructures. The samples, both for cross-section ang,q A2 better than large size islands or a 1—2 ML change in

plan-view TEM, were thinned by mechanical polishing ande thickness of the QWmore probable in QWs thicker than
Ar™ ion milling. The TEM observations were performed on a10 nm.

JEOL 1200EX microscope at an accelerating voltage of 120

. Another key point for understanding the excitonic re-

combination in InGaP/GaAs QWs is the origin of the inho-
mogeneities giving rise to the PL broadening at low tempera-
lll. STRUCTURAL CHARACTERIZATION tures. With this aim, structural characterization by TEM was
Figure 1 shows &)/2 scan of the(004) reflection for  also performed both in planar view and cross section. All the
sample Al. A dynamical simulatiofsee dotted line in Fig. QWSs exhibit nearly flat interfacesvithin the accuracy given
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FIG. 2. Cross-section image of sample AZX,&0.427) under 002 FIG. 3. Cross-section image of sample Ag,E 0.427) under 220.
reflection.

by the TEM imagg as observed from the cross-section mi- (001) growth plane. The appearance of this fine structure has

crograph under 002 reflection taken for sample (KR). 2). been ascribed to the existence of compositional fluctuations

From this image, only the thickness of the barriers and thélue to the decomposition of the InGaP alloy in both In- and

thickest QWs can be estimated with a certain degree of ac3@-enriched regions and/or to alloy disordering effécis.

curacy, being the error of the determination is aroungt ~ On the other hand, no traces of long range ordering are ob-

ML. The estimated barrier thicknesses deviates from nomiserved by electron diffraction and Raman scattering mea-

nal values by about 6%, which means an expected deviatioptred on this InGaP single layer sampleherefore, the In-

around 3% for QW thicknessék and Ga cells work during GaP barriers of our QWs should be nominally free from long

the alloy growth but only the Ga cell works for Qs range ordering effects. Furthermore, Raman scattering has
In Fig. 3 the same sample is observed by TEM under th&€en measured in all samplésot shown hereto control

220 reflection. The image shows that the two QW interface®nce more the degree of ordering with the same final con-

are asymmetric, with some kind of roughness in the well/clusion.

barrier interface(bottom interface, as seen from the buffer

layen while the barrier/well interfacéupper interface re-

mains smooth. The origin of this roughness could be attribyyy opTICAL CHARACTERIZATION

uted to imperfections in the alloy. A much more clearly de-

veloped contrast modulation is observed under 400 and 040 Figure 5 shows the PL spectra of samples Al, A2, and

reflections in plan view. Figure 4 shows a micrograph of aB1. An outstanding feature observed in our InGaP/GaAs

single Iy 4/Gay s layer grown by ALMBE under identical QW:s is the important energy blueshift of the PL lifafout

growth conditions. The modulation has a spacing in the60 meV between the 3 MI0.85 nm thick QWS when the

range 10—20 nm and is oriented alafi0) directions inthe In—Ga ratio of the barrier alloy decreases fregm=0.541 to

FIG. 4. Plan-view transmission electron micrograph of an InGaP epilayer grown by ALMBE. The In content for this layer is 0.48, i.e., lattice matched to the
GaAs(00)) substrate. A modulated contrast parallel to ¢B&0) direction is observed under the 400 reflection.
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FIG. 6. PLE spectrat® K of the different QWs in sample Binear lattice
matched to GaAsx,,=0.467). Short solid lines indicate the position of the
PL peak energyfrom Fig. 5 and short dotted lines the tentative position of
the HH—exciton continuum onset. The detection energies for these spectra
are 1.525, 1.561, 1.586, and 1.606 eV, corresponding to the 12, 6, 4, and 3
nm wide QWSs, respectively.

Xin=0.427[it is strong enough to be explained only by tak-

ing into account the increase of the barrier band ¢E0—
110 meV, as will be discussed beldw conjunction with the measured large FWHM constitute lim-
The overall optical quality, firstly represented by the PLiting factors to the optical quality of the thick InGaP/GaAs
linewidth in Fig. 5 and the reproducibility achieved in our QWs.
samples, is quite satisfactory. To our knowledge, no such The mechanism producing a large FWHM for thick
good quality(considering the whole QW thickness range ex-QWs is thought to be responsible for the absence of light
amined, from 3 to more than 40 Mlhas been achievéd *®  emission from the 20 and 15 nm thick QWar not well
The good quality achieved in our samples could be due to theesolved from the PL of the GaAs substiate B and A
growth process itself, because no important exchange reasamples, respectively, as was previously reported for B
tions take place between P and As during growth bysample$ In that work, a localization dynamics was also no-
ALMBE at rather low temperatures, leading to an improve-ticed for the 12 nm thick QWs: the PL line is redshifted up to
ment of the InGaP—GaAs interfaces as compared to othés meV when decreasing the excitation photon energy below
epitaxial techniques. the InGaP band gapPL peak at 1.523 eV with 803 nm
The optical quality of a heterostructure is usually mea-(1.544 eV} excitation; 1.528 eV with green excitatipriThat
sured by the full width at half maximutFWHM) of the PL s, the SS depends on the PL excitation energy, being mini-
line and the Stokes shifSS. Figure 6 shows the PLE spec- mum for the above barrier excitation. This effect is lower in
tra for all the QWs of sample BnGaP barriers near lattice the 6 nm wide QW2 meV redshiftefland negligible in the
matched to GaAs The SS is zero for the 12 and 6 nm thick two thinnest QWs.
QWs, less than 1 meV for the 4 nm thick QW and about 2  If the PL of the thick QWs changes with excitation en-
meV for the 3 nm thick QW. From the point of view of this ergy (existence of exciton localization dynamjic®ne will
spectral parameter, the quality of these QWs would be aalso expect changes in the PLE spectrum at different detec-
good as in the best quality AlGaAs/GaAs QWsHowever, tion energies. Two characteristic PLE spectra obtained by
the FWHM is practically independent of the QW thickness inchanging detection energy from lower.5215 eV to higher
B-set sampleg5—6 meV} and greater than the values one (1.525 eV}, are shown in Fig. 7 for the 12 nm wide QW of
could expect from the measured SS. In relatively good qualsample B1. Some extra peaks, namely T1 and T2, cannot be
ity AlGaAs/GaAs QWs, the SS is representative of the thertelated to the possible optical transitions associated with this
mal occupation of the inhomogeneously broadened excitoniQW size(their positions are indicated by dotted lines in Fig.
levels at carrier quasiequilibrium temperatures higher thart). Either transitions from the 20 nm thick QW in this
the lattice temperature, and the SS becomes proportional &ample or different spatially localized excitons could be as-
the broadening parameter and inversely proportional to theumed as the origin of these extra peaks. The second hypoth-
quasiequilibrium temperatufé!® In our InGaP/GaAs QWs esis seems more reliable because it is supported by two other
this relation seems to apply somehow for thin QWSs, but noexperimental facts(i) the FWHM measured for the HH—
for the thick ones, where the SS is negligible as compared texciton resonances in the PLE spectra is narrower than that
the FWHM. Following Ref. 18, a poor thermal equilibrium measured for the PL lines, 4(6.4), 4.4(5.5), 3.6 (5.2 and
between excitons localized at different sites throughout thé& (5.1) meV for 12, 6, 4 and 3 nm thick QWSs, respectively,
plane of the QW can be inferred. Therefore, this effect inand (ii) the HH—exciton continuous onséand 2s HH-

FIG. 5. PL spectrdexcitation at 514.5 ninat 2 K for all samples.
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, . , . , . are related to the estimated contributighg Egs.(1) and(2)] from the two

most important broadening mechanisms: alloy clustetimgve 1 and in-
1.55 1.60 1.65 terface roughnesgurve 2.

Excitation Energy (eV)

FIG. 7. PLE spectrata2 K of the 12 nmthick QW of sample B1 X, . ) ) .
=0.467) under two different detection energi@sdicated in the figure additional absorption band. This absorption band cannot be

The possible optical transitions for this QW are indicated by dotted lines;attributed to high energy transitions in the QWSs, because it is
they have been calculated as indicated below(gr=0.13. centered at about the same enefdy97-1.99 eV in the
three thickest QW$3.4, 4.8 and 7 nmits shape is similar
and its importance with respect to the average barrier band

exciton resonangds not resolved between the 1s HH- and edge increases when increasing the QW width. The most
LH—exciton transitions of the PLE spectgomehow a small rg|iaple hypothesis arises from the existence of local compo-
bump appears in some spectra, which are marked by dottegjonal fluctuationgfine structure 10—20 nm in sizes dis-
lines in Fig. 6. ~ cussed in Sec. lll for a nearly lattice-matched sample. That

The above given results have demonstrated the existenggysorption band could be associated with a spatial distribu-
of an important exciton localization dynamics in thick QWS. tiony of defect zones—those where the alloy composition is
We will now try to elucidate its origin. Exciton localization gitferent from the average value. If we translate the energy to
effects occur at spatia! zones whos_e lateral dimensions aijg composition, we find that the center energy of that extra
comparable to the exciton Bohr radius, when local changegpsorption band in Fig. 8 nicely corresponds to the lattice-
of the confining potential or local fluctuations of the QW yaiched alloy 1p.GaysP. At the same time, if the pre-
thickness take place. We know from Sec. lll that both kindstered alloy composition in these defect zones is around the
of defects can exist in thick QWs, but we cannot say which igatiice match value, no such absorption bands should be ob-
the most important from the data shown up to here. The PLEgryed in sample B1. In fact this is the real case for samples
spectra depicted in Fig. 8 for different QWs of sample A2g1 ang A1—the latter because the absorption in defect zones
give us a surprising result: the photon absorption below thgyo,i1d be above the average alloy band gap. However, the
average band gap of the InGaP barrie2€04 eV} is more  yost important fact affecting the QW optical qualigxciton
and more pronounced for thicker QWs, even giving rise to angcalization is not the most probable local composition in
defect zones, but its existence. Assuming a Gaussian distri-
bution for these compositional defects, one finds a typical
deviation abouto,=0.04 for sample A2. In this sense, the
PLE of the two widest QWs in sample Bl exhibits a less
pronounced and broader barrier band edge than the thinnest
one.

In conclusion, exciton localization effects in thick QWs
[excitation (detection energy dependence of the FBLE)
and hence a not well defined SS vdlehould arise from
carriers photogenerated at defect zori@se 10-20 nm
spaced compositional modulation observed by TEhere

SAMPLE A2
X, =0.43

PLE 7 nm QW

PL Intensity (arb. units)

PLE 3.4 nm QW
barriers have a significantly different compositievithin the
PLE 1.4 nm QW Gaussian distribution for these defect§he usual PL-PLE
. . . ' comparison can lead to erroneous conclusions if no further
' 190 ' 1 95 ' 2 00 ' > 05 ' characterization is done.

e o- Figure 9 shows the FWHM measured for the different
Excitation Energy (eV) QWs in the three samples studied here. For QWs thicker than

FIG. 8. PLE spectrate K of three QWs in sample A2x(,=0.427) inthe ~ © nm'the FWHM is not sensitive to the QW width variation

energy range of the barrier band edge. (precisely the thickness range where exciton localization ef-
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fects dominate as was discussed abo¥®r QWs thinner 1.9+
than 5 nm, the FWHM rapidly increases by decreasing QW i (a) |
width likely to occur in the well known GaAs/AlGaAs sys-
tem. In this system, interface roughness due to QW width
fluctuations is the most important broadening mecharifsm.
In other systems such as InGaAs/I@® InGaAsP/InP QWs
near lattice matched to InP substratesich is the analo-
gous case of InGaP/GaAs on GaAmmpositional fluctua-
tions (clustering in the alloy are normally taken into account
by explaining the PL line broadenirtg?! The FWHM can

be estimated by the expressioiis?

HH1-CB1
8r optical transitions 7

LH1-CB1
optical transitions

JE R3|Y?
W
AEC:2355—Q 0.32 X(l_x)_;: , (1) 1-5...|...|...| NP B B |
X |, R 0 4 8 120 4 8 12
Well Thickness (nm)
JE
AER:2_35Eﬂ SLw, 2 FIG. 10. Summary of thd€a) HH— and (b) LH—exciton related optical
dLw transition energies measured in all QWs of the different sanfghessame
symbols as in Fig. 9 are usedContinuous lines represent the calculated
FWHM = (AE(Z:-i- AE%) 1/2, (3) tenerg';t)_/(for Xin=0.48) as a function of the QW width for HH and LH optical
ransitions.

where C stands for clustering an® stands for interface
roughnessl,, is the QW width,x is the In composition in
the alloy(we have used the lattice match value, 0,48,y is  finemeni than the large size clusters and shorter size clus-
the calculated confinement ener@s given beloyy andR:  tering of the alloy arises as the dominant broadening mecha-
andRy are the cluster and exciton radii, respectively. Curvenism of the PL line. The effect of large size compositional
1 (continuous line in Fig. Prepresents the calculated values modulation on thin QWSs can be seen as an additional lateral
of Eq. (1), consideringRy to be nearly constantexciton confinement, similar to that observed in QWs grown on vici-
calculations are out of the scope of this paperA cluster  nal surface$?
radius of 0.15Ry (where the magnitude is similar to that After the discussion of optical quality of our samples, we
found for InGaAs/InP QW®) has been chosen as the valuecan now deal with more intrinsic optical properties of the
(the maximum onewhich reproduces experimental results in In,Ga, _,P/GaAs QWs following our previous investigation
the thickness range below 5 nm. Curvéddtted line in Fig. in B sample$ In that work, the effect of a change in the
9) is the interface roughness contribution given by &by  alloy In—Ga ratio around the lattice match composition was
consideringéL,,=0.019_,—that is, half the thickness de- studied for the first timex,, values ranged from 0.45 to 0.51.
viation (two interfacey from nominal values estimated in An increase of the conduction band offset from compressive
Sec. lll. Equation(3) yields approximately the same curve as (x,,>0.48) to tensile strainx;,<0.48) samples was reason-
Eqg. (2) (the largest value dominateafter an appropriate ably assumed to account for the observed blueshift in their
change of both parameteRs. andSL,, . A reasonable agree- corresponding optical transitions. Looking for a stronger cor-
ment to experimental data is found fét; in the range roboration, A samples were grown by expanding the In-Ga
(0.10-0.15Ry and 6L, below 2.5% ofL,,. These limits do ratio and the QW width range. Once again, an important
not differ appreciably if the average composition used for theblueshift has been observed from sample Al,=0.541
calculation of confinement energiésnd derivativesis that  (compressive strajrio sample A2x,,=0.427(tensile strain
of samples Al or A2. as was shown in Fig. 5. The structural and optical character-
The above evaluation of the FWHM, even though con-ization performed on B and A samples make us now more
sidered as a rough estimate, is in qualitative agreement witbonfident about the intrinsic nature of such a blueshift, dis-
structural results related to rather smooth interfaces. Shoregarding error sources like uncertainties in the QW width or
size alloy clustering(close to the valueRc~1-1.5 nm  the barrier composition along the growth direction.
should also be considered as an important broadening Figure 10 summarizes the observed optical transitions in
mechanism for thin QWSs. On the other hand, if one does athe different samples. In this work we have taken a value of
estimate oR for reproducing the large FWHM measured in Qc=AE/AE4=0.13 forx;,=0.48, following our previous
the 12 nm wide QW, a value close Ry will be found. Such  findings® This value ofQ. coincides with that obtained by
a largeR¢ value is consistent with the 10-20 nm composi- Chenet al?® However, the band offset of the InGaP/GaAs
tional modulation size, which was assumed above to be resystem is still a controversial subject, and a wide range of
sponsible of the observed exciton localization effects. It isvalues can be found in the literatu(see for example, the
obvious that Eq(1) would predict huge FWHM values for most recent works of Refs. 9 and 24 and other references
thin QWs if this large sizeR: was maintained for all QW therein. The different content of ordered Gan&omains in
widths; that is, Eq(1) does not contemplate exciton local- different samples can be a possible origin for such a great
ization at the clusters. In thin QWs the exciton radius will divergence, because a type Il alignment between fully or-
become smallefincrease of the two-dimensioné?D) con-  dered GalnPand GaAs has been predicted by Frogermal®
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In this sense, the effective band offset of the InGaP/GaAs sof T " " ]
system should decrease when reducing the content of or- : HH difference (A2 - A1) @
dered domains in the alloy. At this point, we are able to give '-" Q. variable:
some basic facts in favor of a low value @f (as the value 40F - 0.09 for A1 .
proposed by us, Froyeet al® and Cheret al?®): 017 for A2
(i) Only HH- and LH—exciton optical transitions are ob- o0 ]
served for QWs thinner than about 6 nm. This is not >
the case for the well known AlGaAs/GaAs system g A .........
(Qc about 0.6. ~ O LH difference (A2 - A1) . ”_
(i)  The energy difference between HH— and LH—exciton & 120f O ' ) ' (b) ]
transitions gradually increases by reducing QW width = N 'H"C')d':fe(;%';ce A1)
up to more than 100 meV for the thinnest QWs, never 5 o100 B o 1
measured in the AlGaAs/GaAs systdgsimilar hole [
effective masses and band gap difference 801 i' T
(i) The well width dependence of the HH-— and LH-
exciton optical transition energies is reasonably repro- 60r i
duced py u_sing the b_and gap off$@£=0.13, as ob- a0t Q= 017 =
served in Fig. 1Qcontinuous ling LH - HH difference (A2) W >
This calculation has been made considering the experimental 0 2 4 6 8
band gap energy of the near lattice match InGaP barriers in Well Thickness (nhm)

sample B.(by PL-E) and the most used Valuéﬁom those FIG. 11. Compositional and strain effects on the valence band stajes:
reported in the Ilteratuﬂefor electron HH and LH masses: blueshift between samples A1 and A2 for HH excitdsslid circles and
m; =0.12m,, mﬁH: 0.47mg, and my=0.145my, respec- LH excitons(solid triangles, and(b) energy difference between HH and LH
tively. Exciton correction has not been taken into accountgxcitons for samples Athollow squarel A2 (solid squaresand B1(hol-
which is the reason for the eventual better agreement witff" diamonds.
the experimental optical transitions observed in sample A2.
In spite of the reasonably good agreement between the
experiment and our estimate for both HH— and LH—excitonin Fig. 10 is not the best one to highlight the energy changes
optical transitions, the absolute energy blueshift between thehen tuning the In composition around the lattice match
transitions in sample Al and those in A2 cannot be as easilyalue. Figure 1(a) details the energy blueshift from sample
reproduced by only considering the increment of the alloyAl (x,,=0.541) to A2 &,=0.427) for HH—(solid circles
band gap fronx,,=0.541 tox,,=0.427(from PLE measure- and LH-exciton(solid triangle$ transitions. Figure 1(b)
ments: 1.935-2.035 ¢V keeping the band alignment shows the LH-HH energy differenc&E, ,;_,, for samples
Qc=0.13 constant. In this case, the HHH) potential bar- Al (hollow squaresand A2(solid squares We have calcu-
rier will increase from compressive to tensile strain by aboutated the subband energies for all kinds of carriers as a func-
125 meV (50 me\) whereas the electron potential barrier tion of the QW width for samples A1l and A2 under two
only changes by 13 meV. conditions: (1) Q¢=0.13 and(2) Q. varies about 30%
Here it is interesting to point out some details about thearound the lattice match value; that 3¢=0.09 is used for
calculation. We have extended the model by Chéamgthe  sample A1(InGaP under compressive straand Qc=0.17
case of strained barriers using experimental values for thefior sample A2(InGaP under tensile strgin
band gap and LH-HH splittingwell resolved in the PLE Before the comparison between calculated and experi-
spectra of the thinner QWs for each sample mental values in Fig. 11, we note that the experimental HH
We have taken, as the best working formubd, (LH) blueshift in Fig. 11a) contains the difference between
=QcAE, and Vyyny=(1—Qc)AE4+(—)4 (in the case the associated exciton binding energies under tefijland
of tensile strain; opposite signs for compressive sjrfon  compressivéC) strain, EFM (1) — EFHH(C) . Moreover,
the different carrier potential barriers, whefeis half the the energy difference between both series of experimental
splitting between LH— and HH—exciton transitions in the points[in Figs. 11a) and 11b)], is the same: E;"— EL™)
InGaP barrier, and E is the energy difference between the X(T)— (E;"—E;")(C).
InGaP strainedhydrostati¢ band gap and that of the GaAs. It is striking that excitons confined in GaAs are so sen-
It is really difficult to match the well width dependence for sitive to the relatively slight strain change in the alloy, even
both HH— and LH—exciton transitions by using the proce-if this effect is enhanced because we pass from compressive
dure referred to by Chuaft)(it needs the knowledge of the to tensile strain conditions: the blueshift found for HH exci-
unstrained band gap, and the deformation and shear potetons is 15-20 meV larger than for LH excitons in QWs
tials): first applying the band offset between the unstrainedhinner than 3.5 nm. Without taking into account the barrier
materials and adding the calculated uniaxial and hydrostatistrain state, the exciton binding energy could only vary
energy shifts latefthe last divided for conduction and va- around 2 meV for the measured 120 meV increase of the
lence bands by using the 2/3—1/3 rule, respectively barrier band gap, as occurs for the AlGaAs/GaAs system.
The scale imposed by the optical transitions summarizedh this way, we would expect a similar QW width depen-
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dence for HH and LH blueshift&as in our calculated curves potential fluctuations in the InGaP barriers produced by alloy
without exciton correction The observation of such a huge disordering. Spatial localization at zones with different com-
difference between HH and LH excitons blueshifts can begositions(10-20 nm in sizehas a stronger effect on thick
related to the small value @, which implies huge valence QWSs. An important blueshift in the PL lines of the GaAs
band potential barriers and thus both 2D exciton wave funcQWs (=60 meV for 0.85 nm thick QWsis observed when
tion and binding energy—mostly determined by holes. changing the composition of the barrier alloy from
Condition (1), Q-=0.13, predicts the correct blueshift Ings.:Gay 45 (compressive strajrto Iny 4,/Ga&, 57P (tensile
for the HH and LH optical transition in the 0.85 nm thick strain). This result has been explained by an increase of the
QW, but the well width dependence of the HH blueshift conduction band offset from compressive to tensile strained
[bottom continuous line in Fig. 14)] exhibits a rapid de- barriers in the InGaP/GaAs QW system from=€0.09 to
crease and clearly underestimates the other measured valu€s=0.17 (maximum difference The exciton binding en-
On the other hand, the calculated curve for the LH blueshifergy has to be taken into account for a more conclusive and
[bottom dotted line in Fig. 1&)] agrees with experimental quantitative analysis, given the important effect of the barrier
values in the whole range. In conditia?), Q. variable  strain condition(relatively small on this magnitude. Our re-
(30%), both calculated blueshift curves for HH and LLbp-  sults show that the alloy composition of the InGaP barriers is
per continuous and dotted lines in Fig.(&] respectively  an important parameter for device design.
predict a slower decrease with well width, and the experi-
mental HH blueshift in the whole QW width range would be AckNOWLEDGMENTS
reasonably reproduced. Therefore, taking into account the ) )
considerations given above concerning the effect of strain on ~ The authors wish to acknowledge Dr. Carmen Quintana
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~15% and maximum ~30% from compressive X, Yolanda Gonzkez for her ugeful parnupgtlon in the x-ray
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