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Indium segregation effects in(111)B-grown (In,Ga)As/GaAs piezoelectric quantum wells
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The effect of indium surface segregation on electronic states and excitonic properties is investigated experi-
mentally and theoretically i1111)B-grown (In,GaAs/GaAs strained piezoelectric quantum wells. Thermally
detected optical absorption and electroreflectance experiments are performed on two samples grown by mo-
lecular beam epitaxy and containing 7 and 14 wells. Excitonic energies and oscillator strengths are calculated
by a variational method within the effective mass approximation. The influence of indium segregation on the
piezoelectric field strength and the oscillator strength of excitonic transitions is analyzed.
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The growth of high-quality(111)B-grown (In,GaAs/  peratures by using a germanium thermometer. TDOA data
GaAs piezoelectric quantum wells is crucial for the fabrica-directly provide the positions of excitonic transitions from
tion of blue-shifting electroabsorption modulators, bistablesthe absorption maxima. Three transitions are detected in-
and low threshold lasers potentially interesting for mono-volving the fundamental levels of electrons;f and levels
lithic blue-green sources* To our knowledge, the influence of heavy holes (hhwith i=1,2,3. The monotonic increase
of indium segregation on the electronic properties of such
heterostructures is yet to be investigated. A number of stud- ER

I
ies concerning(111)B-grown (In,Ga, _,)As/GaAs multiple ToaK | e, e;hh, l
guantum wellstMQW'’s) have shown a piezoelectric field B »L%Wwwm%ww
value 30% weaker than the theoretical predictions which as- e m
sumed perfectly abrupt interfacgs. Because it is now well 10,50V wpmcermsmmap) oo s
established that strong indium surface segregation occurs in 3;3\\// W
this system, we investigate the optical effects of modifying 8.25V M’*"ﬁ\/‘”‘“""”wmw

the indium composition profile over a large number of
monolayer$®

We report a quantitative analysis of the effects of the
indium segregation on the electronic and excitonic properties
of two Ing 1Gay gsAs/GaAs MQW'’s. The samples are la-
beled sample 1 and sample 2 and have 7 and 14 wells, re-
spectively. Both samples were grown using molecular beam
epitaxy (MBE) on n* (111)B GaAs substrate misoriented 2°
toward the[211] axis. The detailed sample structure is as

4.50v w~J\/\/\/\W\V/

follows: a layer of 0.3um of n* GaAs, a 0.735um GaAs 375V "‘"’/\/\/\\'/\/\”\M

undoped region in which the 100 AJ8a, _,As/150 A GaAs 3.00v W
2.25V

Intensity (arbitrary units)

MQW'’s are incorporated centrally, and Qu&n of p* GaAs. 150 ot NS Mo o e
Mesa photodiodes 40Qm in diameter allow an optical ac- '

cess through an annular contact on piieregion. According e, o J

to a pyrometer, the substrate temperature during the growth y__y TDOA

of the quantum wells is 535 °C. The growth rate, of approxi- |

mately one monolayer per second, was measuared by moni- , ' . . . . T=0-.35K
toring the reflection high-energy electron diffraction 1.35 1.40 145 1.50

(RHEED) oscillations provided by a reference sample grown
on a(100) GaAs substrate.

Thermally detected optical absorptighDOA) and elec-  FiG. 1. TDOA spectrum and ER spectra as a function of the
troreflectancéER) spectra taken from sample 1 are shown inreverse applied voltage in the range of 1.50 to 12.75 V, obtained
Fig. 1. TDOA is a nonconventional technique based on thérom sample 1. Vertical lines indicate the energy position of exci-
detection of the nonradiative de-excitation occurring afterons. These energy positions have been obtained from the intensity
absorption. The heating of the sample induced by such normaxima in the absorption lines and from a fitting procedure of the
radiative recombinations is detected at liquid helium tem-ER spectra.

Energy (eV)
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of the TDOA signal as the energy of the incident photon ise;, deduced from a linear interpolation between the values of
increased is attributed to absorption into impurity levels.those of the two binaries, InAs and GaAs, at room tempera-
TDOA enables very weak signals occurring in the high electure.
tric field regime to be detected. At zero volt applied bias, ER Indium surface segregation, which occurs during the
could detect no transitions associated with the wells becausdBE growth, can be invoked to explain this discrepancy.
of the weak oscillator strengths and also because of the po3he resulting chemical modulation strongly modifies the
sibility that carriers recombine in the GaAs barriers whereband structure of the quantum wells and thus the energy
the electric field is weaker. levels. This segregation is an exchange mechanism between
ER spectra are shown for several reverse bias voltages the surface and the bulk phases. Indium atoms are less
the range of 1.50 to 12.75 V where excitonic oscillatorbounds than gallium atoms and thus the indium fraction in
strengths are strong enough to enable the signal to be locahe surface monolayer becomes larger than that in the bulk.
ized accurately. At low voltagdstong in-well electric fielg In order to build the concentration profile, a thermodynami-
excitonic transitions forbidden from classical selection rulescal equilibrium segregation model appears to be releVant.
could have comparable or larger intensities than those of thEor the high temperature-grown samples investigated here,
fundamental transition. When the bias increases, the funddehaeseet al. have shown that there are no kinetic limita-
mental transition becomes more prominent. When the aptions to the segregation phenomerdmssuming that the
plied bias is strong enough to cancel the in-well electric fieldexchange of atoms is limited to the last nucleated monolayer
the excitonic transitions witlAn#0 disappear. Since the (bulk phasé¢ and the surface adatoms, surface and bulk in-
in-well electric field is responsible for the transition energydium fractionsx andx,, are linked by
shifts through the quantum confined Stark effect, it is pos-
sible to locate the flat band configuration by the maximum of Xs(1=Xp)Xp(1—Xg) =l (1—- a), 2

attributed to carrier escape through the barrier potential tip : .
via field assisted tunnelin. ulk and surface free energies. In this treatment, the mono-

In order to obtain the characteristics of the excitons fromIayer thickness is defined by the width separating two suc-

the ER spectra, we have analyzed the shapes of these spejf?a?(sj've Elanif/%:ontﬁmlng |_nd|Lr:m|at(_)ms and can be} c;]alcu—
through a multilayer model based on the calculation of th gte to beao » Wherea, Is the lattice parameter of the
reflection coefficient. The variation of this coefficient in- C2/AS substrate.

duced by the modulation of the electric field is calculatedf. Ildn th% b?fnd structure calculatllonsl,, Sg?'”’ Iflezoellectrlc
literally by a simple derivation with respect to the dielectric "'¢'d» and effective masses are calculated in all monolayers

function that is modeled by a standard damped oscillator¥Nlich contain indium atoms. They, value, which varies
ith the indium concentration, is estimated in each mono-

Changes in this dielectric function are evaluated by a firs . L . -

derivative expression with respect to the oscillator param!@Yer- We assume a linear variation with the indium compo-

eters: energy, broadening, and oscillator strefgth. sition and we use the same fractions of Higvalues of the
From the examination of Fig. 1, it is difficult to determine two binaries to determine the slope. The in-well and barrier

accurately the value of the voltage corresponding to the flaf!€ctric fields are calculated by considering that a well con-
band configuration. Therefore, we have used a model in tha!StS of @ set of monolayers, each containing a different in-
effective mass approximation to calculate the energy leveldium fraction. For each well, there am,_ monolayers
and wave functions in the presence of electric fields. ThigVhich contain indium atoms; monolayerhas a thickness
model is coupled with a variational calculation of the exci-'w(i) and a piezoelectric fielf e, {i). If N is the number of
tonic binding energy and oscillator strength. The excitonicVells within the MQW structure, the total potential drop

trial function used has the following form: across the intrinsic region caused by the p-i-n fielg)
and eventually by the applied electric fiel?&/ ) can be

expressed as the sum of the potential variations across the

D(Z¢,2n T en) = PelZe) pn(Zn) X — (rgh+ (Ze— Zh)Z)lIZ/)\]_ barriers and the wells:
@ -
The relative distance between the two particles in the layer Vappt Vpin= LpFp+ N, Iw(i)F piezd i), ®))
=1

plane is given by, andz,z, are the coordinates of the
electron and hole along the quantization direction, an
¢e(Ze), en(zn) their envelope functions, respectively. The
exciton binding energy is determined by minimizing the
quantity (®|Hg,JP)/(P|dD) with respect to the variational
parameten; H,. represents the excitonic Hamiltonian. Fiezdi)=Fp—Fw(i). (4)

It has been shown that these calculations using abrupt piez
interfaces and taking the in-well electric field as an adjust+rom Eqgs.(3) and (4) it is possible to evaluat&,(i) for
able parameter lead to a piezoelectric field discontinuity oleach monolayer and therefore to build the band structure of
165 kV cmi L. This results in a poor description of the behav-the MQW's.
ior of the excitonic transitions involving excited levels of  The exchange coefficient used to fit the experimental data
holes! The theoretical value for the piezoelectric fielge,,  is taken to be 0.95. It provides segregation energies consis-
is 225 kV cm ! for x=0.15, and for a piezoelectric constant tent with previous values reported in the literature ®0)

%hereLb is the total width of pure GaAs. The piezoelectric
field discontinuity in each monolayer can be related to the
total electric field in this monolayéef,(i) by
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Applied bias (V) FIG. 3. (a) The difference between tleghh, excitonic transition
energies calculated with segregatian=0.95 and without segre-

o erimental excitonic eneraies obtained by TDOA andgation(a=0) is_reported as a fu_nction of the wel! width for several
FIG. 2. Exper xetton! g I y values of the in-well electric fieldr. (b) The ratio of the corre-

from ER spectra of samplgd) and sample @) are plotted with dot s . .
center and filled square symbols, respectively, as a function of aps_pondlng oscillator strengths is also reported.

plied bias for the fundamental and two excited excitonic transitions.
Lines are obtained by includinghick lines or neglecting(thin +10kVcem 1), This result is of fundamental interest be-
lines) indium segregation. cause it shows that a great part of the discrepancy between
experimental and theoretical value of the piezoelectric field
In,Ga,_,As/GaAs heterostructurés?~1® Indium segrega- (220 kV cmi'%) can be explained by segregation. This effect
tion blueshifts the fundamental transition energy and in-combined with the pyroelectric effect described by Bahder
creases the electron and heavy hole wave function overlap & al. that e;, increases with temperature, can totally ac-
reported by Disseiet al.in the case 0f100) growth® This  ccount for the disagreement in the,, value for
phenomenon is enhanced in the piezoelectric)) quantum  In,Ga, _,As.® It has to be noted that the piezoelectric con-
wells by the presence of a strong electric field: the heavystant value for 1g,5Ga, gsAs deduced from the interpretation
hole wave function is pushed toward the center of the wellpf our experimental data including the In segregatien, (
increasing the overlap. =0.124Cm?) is found to be greater than the experimental
Figure 2 shows the experimental energies deduced fromalues reported in the literature’-*7-1°
the TDOA and ER experiments as a function of applied bias The effects of indium surface segregation on excitonic
for sample 2. Theoretical fits are also displayed consideringroperties calculated by using the trial function described in
abrupt or gradual interfaces due to segregation processesq. (2) are illustrated in Fig. 3. The upper part of the figure
These adjustments include the binding energy variation inshows its effects on fundamental excitonic transition energy.
duced by changes in the in-well electric field by bias. In thelt is worth noting that by increasing the in-well electric field
case of segregation the binding energies have been recalaie indium segregation blue shift is enhanced. The strongest
lated because of the modified carrier localization. The tranis the quantum confined Stark effect, the strongest is the
sitions involving excited levels of heavy holes are better desegregation effect. This behavior accounts for the observa-
scribed if segregation is included. This is due to the fact thations of Ilg and Plood: They report a stronger blue shift of
segregation widens the top of the wells leading to the narphotoluminescence peaks in the case(Idfl) growth axis
rowing of the heavy hole levels. In this way, hnd hh heterostructure tharf211) or (311), and of course(100
levels are closer to the hHevel when segregation is taken grown structures. They concluded that enhanced indium seg-
into account. regation occurs by crystallographic orientation. Since the pi-
In addition, the piezoelectric field deduced from these fitsezoelectric field is larger in the case(dfl1) planes than that
is larger Fpiezo (x=0.19=190+10 kVem 1) than that in  in the (211) and (311) planes, our results demonstrate that
the case of a square composition profile,(,.=165kV  the increase of the energy is mostly due to the exhaltation of
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the segregation effect under built-in electric field rather thams a function of the well thickness for the fundamenetgih,

the increase in the segregation phenomenon itself. Howevegxcitonic transition. For thin wells, the broadening of the top
a slight increase of the segregatin phenomenon with crystabs the well induced by segregation enables an enhanced car-
lographic orientation can be expected assuming that the pier separation by the in-well electric field and induces a
ezoelectric field being generated reduces the incorporation Qfecrease of the oscillator strength ratio. For larger thick-

indium ihnto the growing IpGa, AS 'f"‘yer:' his eff ¢ nesses, the hole wave function is pushed toward the center of
di Another |nt?rest_|ng t?bservc?tlon 'Sft at this ?d ect o Ln'the well because the segregation increases the wave function
Ium Segregation 1S observed even for very wide guan un6verlap and consequently the oscillator strength value. The

wells. For thin wells, the trend follows that of a square well L L o . .
o otiol . q . same behavior is observed for excitonic transitions involving
because the carrier wave function is delocalized; so for thin

wells the electric field and the indium segregation effects Onexcned levels such as;hh, or e;,hhy, but in this case the

band structure are seen as very weak and localized perturbg‘-"’lgnitUde _Of the effe_ct is drasti_cally reduced because of the
tion. When the well thickness increases, carriers are pushdd9€r Spatial extension of carriers located or Bhd hiy
toward opposite sides of the quantum wells. Confinement of€Ve!S: _ _

electrons and holes occurs even for very thick wells because " conclusion we have shown how segregation affects
of the strong electric field which makes the shape of theelectronic  states and excitonic properties 111)B
wells triangular at each side. This triangular shape and relnxGa - As/GaAs MQW structures. As a result, piezoelec-
sulting confinement energy are almost independent of thtric field determination based on energy level calculations
well thickness. Therefore, segregation effects under an ele¢nust account for this phenomenon. The electroreflectance
tric field do not vanish for thick wells, as they do in the experiments are analyzed within this framework andehge
absence of any electric field. To illustrate this point, Fign)3 value is found to be higher than the previous determinations.
shows the evolution of the oscillator strength ratio, definedt is also shown that the presence of a strong in-well electric
as the value of the oscillator strength with segregatien field enhances segregation effects by modifying its action on
=0.95), divided by that obtained without segregatian=0),  electronic states confined in the quantum wells.
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