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Electronic parameters and interfacial properties of GaAsÕAl xGa1ÀxAs multiquantum wells grown
on „111…A GaAs by metalorganic vapor phase epitaxy
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We report a comprehensive study of the optical and interfacial properties of GaAs/AlxGa12xAs multiquan-
tum wells grown on (111)A GaAs substrates by metalorganic vapor phase epitaxy which allowed the deter-
mination of the electronic parameters appropriate for such quantum wells. High-resolution x-ray diffractometry
studies indicate an excellent crystal quality and good periodicity for the multiquantum wells and provided their
structural parameters accurately. The photoreflectance spectra exhibit all the allowed and almost all the weakly
allowed optical transitions between the confined hole and electron states. From an analysis of the photoreflec-
tance spectra it is shown that the quantum well interfaces have an abruptness better than61 ML. Photolumi-
nescence spectroscopy was also performed to evaluate independently the roughness of the interfaces and
multiquantum well period reproducibility. For a 25-period multiquantum well structure with a well width of 55
Å, a photoluminescence linewidth of 12.5 meV, which corresponds to a combined well-width fluctuation and
interface roughness of less than61 monolayer over the 25 periods, proves the achievement of heterointerfaces
with excellent interfacial quality. From a detailed analysis of the high-order transitions observed in the pho-
toreflectance spectra we determined key quantum well electronic parameters, such as, the heavy-hole valence-
band offsetQv50.3360.02, the transverse GaAs heavy-hole effective massmhh5(0.9560.02)m0 , and the
light-hole effective massmlh50.08m0 in ^111& directions, for̂ 111&-oriented GaAs/AlxGa12xAs quantum well
structures.

DOI: 10.1103/PhysRevB.68.035308 PACS number~s!: 81.07.St, 78.67.De, 78.55.Cr, 61.10.Nz
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I. INTRODUCTION

The growth of III–V compound semiconductors, such
GaAs and the related ternary alloys AlxGa12xAs and
InxGa12xAs, in the nonconventional̂111& crystallographic
directions has attracted attention during the last few ye
due to their special physical and structural properties
their applicability to novel optoelectronic devices.1,2 In par-
ticular, high quality GaAs/AlxGa12xAs quantum wells
~QWs! are necessary for double confinement lasers. Surfa
normal to ^111& orientations exhibit polar characteristics
they have either a Ga-terminated (111)A surface or an As-
terminated (111)B surface. For this reason, epitaxial grow
may evolve by the addition of discrete monolayers, wh
are composed of pairs of Ga and As layers, rather than
mixed atomic layers as for̂100&-oriented growth. This or-
dering of the atomic layers may improve the interfa
abruptness in heterostructures. Such naturally occurring
interfaces between GaAs and AlxGa12xAs could enhance
two-dimensional carrier mobility and the spectral quality
radiative transitions. It has been actually observed that st
tures grown on$111% substrates exhibit special or enhanc
electrical and optical properties over those grown on conv
tional $100% substrates. For example, a significant reduct
in the lasing threshold current density was achieved
GaAs/AlxGa12xAs lasers grown by molecular beam epita
~MBE! on slightly misoriented (111)B substrates.3 Also,
strained^111& layers exhibit the piezoelectric~PE! effect as
well as the pyroelectric effect4 and an enhanced quantum
0163-1829/2003/68~3!/035308~9!/$20.00 68 0353
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confinement Stark shift due to the PE field. These effects
be exploited for novel device applications.5 The ^111& orien-
tations may also allow the fabrication of high electron m
bility transistors or lasers with extended characteristics.6

The status of the growth and the enhanced propertie
bulk GaAs and AlxGa12xAs layers and GaAs/AlxGa12xAs
QW structures grown on$111% GaAs substrates either b
MBE or metalorganic vapor phase epitaxy~MOVPE! was
summarized in a previous article.7 We previously reported
the successful growth of high quality GaAs/AlGaAs Q
structures on (111)A GaAs substrates by MOVPE using
relatively low substrate temperature~600 °C!.7–9 In a recent
letter10 we presented a preliminary comparison of the int
facial properties of GaAs/AlxGa12xAs 25-period multi-QW
~MQW! structures simultaneously grown on (111)A and
~100! GaAs substrates by MOVPE. However, to the best
our knowledge, there has been no report on a comprehen
analysis of the interfacial properties of the (111)A
GaAs/AlxGa12xAs material system. Furthermore, there is
considerable uncertainty about the appropriate values of
QW electronic parameters in̂111& orientations, such as th
transverse heavy-hole (mhh) and light-hole (mlh) effective
masses for GaAs, as well as the heavy-hole valence-b
offset, defined asQv5DEv /(DEc1DEv), whereDEc and
DEv are the conduction-band and heavy-hole valence-b
offsets, respectively. Researchers employed different va
of the heavy-hole valence-band offsetQv for ^111&
GaAs/AlxGa12xAs structures, e.g., 0.32,11 0.33,7–10 and
0.37.3 However there has been no experimental study o
©2003 The American Physical Society08-1
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systematic determination ofQv for this material system in
^111& directions. Similarly, although the effective masses
conventional^100& systems have been thoroughly studie
there is no consensus on the values of the effective ma
for GaAs in ^111& directions. Theoretically, a large aniso
ropy of the valence band is expected. There are only a
reports on the experimental determination of the transve
GaAs effective masses in̂111& orientations. Hayakawa
et al.12 used the heavy-hole effective mass for GaAs as
adjustable parameter to fit the absorption spectra of (11B
GaAs/AlxGa12xAs MQW structures, obtaining mhh
50.90m0 ; these authors used a fixed value for the light-h
massmlh50.12m0 . Kajikawa and co-workers13,14 employed
the same values and achieved consistent results in their s
of the quantum-confinement Stark effect from a photocurr
spectroscopy study ofp-i-n GaAs/AlxGa12xAs superlattice
structures grown on (111)B GaAs substrates. Molenkam
et al.11 interpreted the absorption spectra taking into acco
the effective mass anisotropy of the valence bands and
determined a heavy-hole effective massmhh50.7m0 ; this
value differs significantly from the value reported by Ha
akawaet al.12 It should be noted that in these studies11–14

only a few transitions were considered, which may not
sufficient to allow a proper determination of the values
the effective masses. In addition, the structural quality of
samples used was not reported in detail. Recently,
et al.15 reported a theoretical calculation of the energy ba
structure and, thereby, the effective masses for QW st
tures for$111% and high-index surfaces.

The focus of the present work is on a detailed study of
optical, electronic and interfacial properties of (111)A
GaAs/AlxGa12xAs MQW structures using various comple
mentary techniques, such as HRXRD, low-temperature~LT,
11 K! photoreflectance~PR! spectroscopy, and LT PL spec
troscopy. The HRXRD studies were performed to assess
crystallinity of the samples and to determine independe
their structural parameters, which enabled us to analyze t
retically the optical measurements with fewer adjustable
rameters. The PR measurements were conducted at L
compare directly the lowest transition energy with the LT
emission energy. The LT PR spectra exhibited all the allow
and almost all the weakly allowed transitions between c
fined electron and hole states in the QW. The experime
transition energies were determined by lineshape fitting
the PR spectra. We theoretically calculated the confined t
sition energies using the transfer matrix method assum
ideal square wells with varying width. In order to evalua
the abruptness of the MQW interfaces, we compared the
perimental PR transition energies with the theoretically c
culated energies for all the observed transitions, includ
the high-order transitions. In order to determine the Q
electronic parameters, we also compared the experime
and theoretical transition energies using the QW electro
parameters as adjustable parameters. As a result, this an
allowed us to determine quantitatively the QW electro
parameters for these MQW structures. In addition, the f
width-at-half-maximum~FWHM! of the LT PL emission be-
tween the lowest electron confined and lowest heavy-h
confined states was analyzed to provide an independent
03530
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sure of the combined effect of well-width fluctuation~peri-
odicity! and interface roughness. From the HRXRD studi
LT PR spectroscopy, LT PL spectroscopy, and the theoret
ML analysis we demonstrate the achievement of abrupt
smooth interfaces in GaAs/AlxGa12xAs MQW structures
grown on (111)A GaAs substrates by MOVPE.

II. EXPERIMENTAL PROCEDURE

The samples studied in this work were grown in a ho
zontal quartz MOVPE reactor operated at atmosphe
pressure.7 We used undoped semi-insulating exactly orien
(111)A GaAs substrates. The substrates were degrease
organic solvents and were placed on a graphite susce
during growth. We used 100% arsine, trimethylgallium, a
trimethylaluminum as precursors. The carrier gas wasPd-
diffused hydrogen with a total flow of 5 l/min. Before growt
the substrates were baked for 7 min at 655 °C with ars
flow to remove native oxides from the surface. The grow
temperature was 600 °C and the V/III molar ratios were
for the GaAs layers and 64 for the AlxGa12xAs layers, re-
spectively. The GaAs/AlxGa12xAs QW structures analyzed
have the following layer sequence in order of growth:~i!
Sample MQ10: a 0.28-mm buffer, a ten-period
GaAs/AlxGa12xAs MQW with an Al fraction of 29%, well
and barrier lengthsLw5105 Å andLb5225 Å, respectively,
and a 46-Å GaAs cap on top~ii ! Sample MQ25: a 0.38-mm
buffer, a 25-period GaAs/AlxGa12xAs MQW with an Al
fraction of 27%, well and barrier lengthsLw555 Å andLb
5235 Å, respectively, and a 46-Å GaAs cap on top.

The HRXRD measurements were carried out with a Be
D3 diffractometer. The x-ray beam was monochromatiz
(l5Cu Ka1) by using four consecutive~022! reflections on
the 17.65°-off~011! surfaces of two Si channel-cut collima
tors. As the GaAs/AlxGa12xAs is a material system with
very low lattice mismatch, no in-plane relaxation of th
Al xGa12xAs layer is expected. Accordingly, we only me
suredu/2u scans around the symmetric 333 reflection. T
experimental diffraction profiles were fitted by compute
simulated diffraction curves based on the dynamical diffr
tion and anisotropic elasticity theories.16

Photoluminescence measurements at 11 K were
formed using the 5145-Å line from an Ar1 laser with an
excitation intensity of 0.25 W/cm2 and a double pass mono
chromator. Photoreflectance measurements at 11 K w
made by using the beam from a tungsten light source pa
through a double pass monochromator as the probe be
with a chopped Ar1 laser beam tuned to 5145 Å with a
excitation intensity of 2.5 mW/cm2 as the pump beam. A S
diode with a longpass filter~Corning 3-68! was used to de-
tect the reflectance signal.

III. RESULTS AND DISCUSSION

In this section we present the experimental results
tained by different experimental techniques and a deta
analysis of the structural and physical properties
GaAs/AlxGa12xAs MQW grown on (111)A GaAs substrates
by MOVPE.
8-2
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ELECTRONIC PARAMETERS AND INTERFACIAL . . . PHYSICAL REVIEW B 68, 035308 ~2003!
A. High resolution x-ray diffractometry

Figure 1 shows the HRXRD experimental profile and t
theoretical best-fit for sample MQ25. The experimental p
file displays an intense narrow peak, originating from t
substrate, and a set of MQW satellites Sn , wheren indicates
the order. The presence of distinct narrow satellites dem
strates that MQ25 has good crystal and interfacial quali
and periodicity. Theoretical dynamical computations we
fitted to the experimental diffraction profile.16 from which we
accurately determined the MQW period length (LP) and the
average Al fraction in the period (^x&). By taking into ac-
count the growth times of the GaAs and AlxGa12x As
layers,17 we obtained unambiguously the Al fraction~x! of
the AlxGa12xAs barriers and the quantum well (Lw) and
barrier (Lb) lengths from the determined values ofLP and
^x&. For the calculation ofx we used an AlxGa12xAs lattice
parameter value resulting from the linear interpolation
tween the GaAs and AlAs values, which were taken
5.6533 and 5.6622 Å respectively. The HRXRD profile f
sample MQ10 indicated similarly good crystal quality, a
periodicity. The structural values obtained from the HRXR
study of samples MQ25 and MQ10 are listed in Table I. T
errors shown in Table I provide an estimation of the unc
tainties associated with the fitting procedure. They do
represent variations of the structural values between diffe
measurements, which are negligible for the present sam

FIG. 1. HRXRD experimental profile and theoretical best-fit f
the 25-period GaAs/AlxGa12xAs MQW grown on a (111)A GaAs
substrate by MOVPE. The MQW satellites are marked by Sn ,
wheren indicates the order.
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B. Low temperature photoreflectance spectroscopy

Low temperature PR spectroscopy was used to asse
detail the interfacial properties of the (111)A
GaAs/AlxGa12xAs MQW structures and determine some
the QW electronic parameters. During a PR experiment
dielectric function, expressed by its real and imaginary pa
«5«11 i«2 , is modulated by the chopped pump beam, p
ducing a change in the measured reflectivityDR/R given
by18

DR

R
5a~«1 ,«2!D«11b~«1 ,«2!D«2 , ~1!

wherea andb are the Seraphin coefficients, and the quan
ties D«1 andD«2 are the changes of the real and imagina
parts of the dielectric function, respectively, induced by t
modulating electric field created by the chopped pump be
The modulated signal can be explained using a th
derivative of a Lorentzian function, which is express
as18,19

DR

R
5(

j 51

m

@Aje
if j~E2Ej1 iG j !

2nj #, ~2!

wherem is the total number of features in the spectrum,Aj is
the amplitude,f j is a phase angle,E is the photon energy,Ej
is the transition energy, andG j is the broadening paramete
of the j th feature. The exponentnj is determined by the form
of the dielectric function that is being modulated and by t
modulation mechanism. In our case, the features in the
spectra that were associated with the interband transit
were fitted usingnj53, which corresponds to taking th
third derivative of a two-dimensional critical point. The bu
GaAs and AlxGa12xAs features were fitted usingnj52.5,
which is the result of taking the third derivative of the thre
dimensional critical points related to bulk GaAs an
Al xGa12xAs. Besides the third-derivative of a Lorentzia
function, there are two other types of lineshape functions t
can be used to analyze PR spectra, namely, the first de
tive of a Lorentzian function and the first derivative of
Gaussian function. However, it should be noted that the v
ues of the QW confined transition energies extracted fr
such fits are generally insensitive to the choice of linesh
function.20

Figure 2 shows the 11-K PR spectra for~a! sample MQ25
and~b! sample MQ10. Shown by the solid lines in Fig. 2 a
the least-squares fits of the experimental data to the rele
lineshape functions according to Eq.~2!. The arrows in Fig.
TABLE I. Structural values obtained by HRXRD for the GaAs/AlxGa12xAs MQW structures grown on
(111)A GaAs substrates by MOVPE.N is the number of periods,Lw , Lb , andLbuffer are the well, barrier,
and buffer layer thickness,x is the Al fraction in the barriers, andr GaAs and r AlxGa12xAs are the GaAs and
Al xGa12xAs growth rates, respectively.

Sample N
Lw

~Å!
Lb

~Å! x
Lbuffer

~Å!
r GaAs

~Å/s!

r AlxGa12xAs

~Å/s!

MQ10 10 10565 22565 28.861.0 28006150 4.860.5 6.160.3
MQ25 25 5565 23765 26.561.0 38006150 4.660.5 6.46.0.3
8-3
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CHO, SANZ-HERVÁS, MAJERFELD, AND KIM PHYSICAL REVIEW B68, 035308 ~2003!
2 indicate the values of the experimental transition energ
deduced from the lineshape best-fit analyses. In orde
identify the origin of the various spectral features observ
in the PR spectra, we calculated the transition energies
the MQW structures within the transfer matrix formalism21

In the calculations an exciton binding energy of 6 meV w
added to the measured values in order to determine
Al xGa12xAs barrier bandgaps. The exciton binding energ
for excitonic transitions were taken to be 8 meV for sam
MQ10 (Lw5105 Å), and 10 meV for sample MQ25 (Lw
555 Å), respectively.22 The effective masses that we tent
tively used in the calculations were obtained by interpolat
the theoretically determined Luttinger-Kohn parameter15

The heavy-hole valence-band offsetQv was taken to be the
conventional 33% of the total band-gap difference. The Q
electronic parameters, such as, effective masses, band
and band offsets, for these two structures are listed in Ta
II. A detailed discussion about the adequacy of the val
used for the effective masses andQv will be given in Sec.
III C. The different transitions are labeled as EmH~L!n,
which denotes a transition between the electron~E! mth
conduction-band state and thenth valence-band state o
heavy~H!- or light ~L!-hole character.

According to our interpretation, for sample MQ25, w
observed two electron conduction-band confined states, t
heavy-hole and one light-hole valence-band confined st

FIG. 2. PR spectra~dots! and theoretical best-fits~solid lines!
for two GaAs/AlxGa12xAs MQWs grown on (111)A GaAs sub-
strates with~a! 25 periods and~b! ten periods.
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inside the wells. The experimental energies were comple
identified with all the allowed transitions~E1H1, E1L1, and
E2H2! and one weakly allowed transition~E1H3! for this
structure along with the AlxGa12xAs-related peak at 1.862
eV.

We applied the same method to analyze the PR spect
of sample MQ10. This sample has wider wells (Lw
5105 Å) than MQ25 (Lw555 Å) and, therefore, has mor
confined interband transitions for a similar Al fraction. Th
larger number of transitions allowed us to obtain a be
accuracy both in the assessment of the interface abrupt
and in the determination of the QW electronic parameters
will be described in Sec. III C. For sample MQ10, from th
line-shape fitting it was possible to identify five allowed tra
sitions ~E1H1, E1L1, E2H2, E2L2, and E3H3! and five
weakly allowed transitions~E1H3, E2H4, E2H6, E3H1, and
E3L1! between the three electron states in the conduct
band and six heavy-hole and two light-hole states in the
lence band. The weakly allowed E1H5 and E3H5 transitio
were not observed. This can be attributed to the fact that
amplitudes of those transitions are small compared to
other transitions. There is an additional peak at 1.878
which is related to the AlxGa12xAs barriers.

A comparison between the experimental transition en
gies obtained from the PR spectra and the theoretically
culated transition energies taking into account the exci
binding energies22 is summarized in Table III. The excellen
agreement between the experimental and calculated tra
tion energies, to within a few millielectronvolts, reveals
high degree of structural quality and uniformity of the inte
faces, which is essential for obtaining appropriate QW el
tronic parameters by the method which will be discussed
Sec. III C. The PR features related to the AlxGa12xAs barri-
ers enabled us to measure directly the band gap (Eg) and the
Al fraction (x) of the AlxGa12xAs barriers. The dependenc
of the AlxGa12xAs band gap with the Al fractionx at 11 K is

TABLE II. Summary of the parameters used to calculate
transition energies for the GaAs/AlxGa12xAs MQW structures
grown on (111)A GaAs substrates.N is the number of periods,x is
the Al fraction in the AlxGa12xAs barriers,Eg is the band gap,me

is the electron effective mass,mhh is the heavy-hole effective mass
mlh is the light-hole effective mass,DEc is the conduction-band
offset, andDEv is the valence-band offset.

Parameter Sample MQ10 Sample MQ25

N 10 25
x ~%! 29 27
Eg of Al xGa12xAs ~eV! 1.884a 1.868a

me /m0(Al xGa12xAs) 0.087 0.084
mhh /m0(Al xGa12xAs) 1.002 0.999
mlh /m0(Al xGa12xAs) 0.093 0.092
me /m0(GaAs) 0.067 0.067
mhh /m0(GaAs) 0.952 0.952
mlh /m0(GaAs) 0.079 0.079
DEc ~meV! 245 234
DEv ~meV! 120 115

aAfter adding an exciton binding energy of 6 meV.
8-4
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TABLE III. Comparison between the experimental transition energies deduced from the best line-sh
to 11-K PR spectra and the theoretical calculations for the ten- and 25-period GaAs/AlxGa12xAs MQWs
grown on (111)A GaAs substrates.

Ten-period MQW~sample MQ10!
Lw5105 Å

25-period MQW~sample MQ25!
Lw555 Å

Spectral
feature

PR energy
~eV!

Calculationa

~eV!
Spectral
feature

PR energy
~eV!

Calculationa

~eV!

Al0.29Ga0.71As 1.878 - Al0.27Ga0.73As 1.863 -
E1H1 1.543 1.543 E1H1 1.586 1.586
E1L1 1.561 1.561 E1L1 1.622 1.623
E1H3 1.565 1.565 E1H3 1.653 1.652
E1H5 not observed 1.610 E2H2 1.771 1.770
E2H2 1.635 1.635
E2H4 1.669 1.669
E2L2 1.703 1.704
E2H6 1.722 1.722
E3H1 1.745 1.745
E3L1 1.764 1.764
E3H3 1.771 1.768
E3H5 not observed 1.813

aAfter deducing an exciton binding energy of 8 meV for the ten-period MQW and 10 meV for the 25-p
MQW ~Ref. 20!.
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given by Eg(eV)51.51911.247x(x,40%).23 For sample
MQ10, the 1.878 eV feature givesx529% and for sample
MQ25 the 1.862-eV feature yieldsx527%. These two val-
ues are in excellent agreement with the Al fractions obtai
from the independent HRXRD analysis~shown in Table I!.

C. Quantitative determination of Š111‹ QW electronic
parameters: Heavy-hole valence-band offset and transverse

GaAs heavy and light-hole effective masses

As summarized in Sec. I, due to the relative novelty of
epitaxial growth of the GaAs/AlxGa12xAs materials system
on $111% surfaces compared to the~100! case, fundamenta
QW electronic parameters, such as, the heavy-hole vale
band offsetQv , and the effective masses, are not presen
well established. For this reason, the principal objective
this work was the experimental determination ofQv and the
transverse GaAs heavy-hole and light-hole effective mas
for ^111&-oriented GaAs/AlxGa12xAs QWs. For this reason
the structural parameters of the MQW and a detailed kno
edge of the heterointerfaces are of key importance. In o
to ascertain the best value ofQv for our MQW structures, we
compared the theoretically calculated transition energies w
the experimental PR transition energies usingQv as the only
adjustable parameter in the calculations. The calculated t
sition energies as a function ofQv are shown in Fig. 3 for
both samples~MQ10, MQ25!. The tentative values of the
effective masses used in the calculations are listed in T
II. These theoretical values were obtained from Ref. 15
their appropriateness will be discussed later. In Fig. 3
solid lines represent the calculated values for the transi
energies and the horizontal dashed lines show the experim
tal energies obtained by fitting the PR spectra. The vert
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dotted lines represent the value ofQv that provides the bes
agreement for both MQ10 and MQ25 samples. A detai
discussion of these results is summarized in the follow
comments.

~i! The choice ofQv as an adjustable parameter in th
calculations is justified by the fact that the high-order tran
tions, which are located near the top of the wells, a
strongly dependent on the energy depth of the wells, and

FIG. 3. Calculated transition energies as a function of the hea
hole valence-band offsetQv for the ten-period~MQ10, left! and
25-period ~MQ25, right! GaAs/AlxGa12xAs MQWs grown on
(111)A GaAs substrates. The solid lines are the calculated tra
tion energies for varyingQv and the dashed horizontal lines indica
the experimental energies obtained by fitting the PR spectra.
vertical dotted lines show the value ofQv that gives the best fit to al
the observed PR transitions.
8-5
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CHO, SANZ-HERVÁS, MAJERFELD, AND KIM PHYSICAL REVIEW B68, 035308 ~2003!
on Qv . It must be noted that the energy band gap of
Al xGa12xAs barrier layers was directly measured by LT P
Furthermore, the PR feature yields an Al fraction which is
excellent agreement with the HRXRD studies. Therefo
there is no uncertainty about the bandgap value in
samples, andQv remains as the only parameter that can s
nificantly affect the potential energy depth of the well.

~ii ! For sample MQ10, some of the observed transition
the experimental PR spectrum cannot be obtained from
theoretical calculations using heavy-hole valence-band of
Qv values lower than 0.28 or higher than 0.38. This is
because the number of confined states in the conduction
valence-band is critically dependent on the barrier hei
and, therefore, on the valence-band offset. This observa
alone limits the range (0.28,Qv,0.38) of possibleQv val-
ues for sample MQ10. Furthermore, for the MQ25 samp
the highest confined states, both in the conduction~E2! and
valence band~H3!, emerge in the calculations using th
range ofQv values mentioned above.

~iii ! By comparing the experimental results to our calc
lated values, it is concluded that the best value forQv is
0.3360.02. The error represents one standard deviation
the values obtained for all the observed transitions. T
value obtained for̂111&-oriented GaAs/AlxGa12xAs QWs is
similar to the value for̂100& QWs.

~iv! It is important to note that all the calculated transiti
energies do not change in the same direction when the b
offset is increased. This indicates that, even though the t
sition energies are also a function of the effective mas
change of the effective mass does not reverse the tren
any particular transition energy to increase or decrease
band offset changes. Therefore, it is not possible to ach
such a good agreement between all the experimental
calculated transition energies only by changing the effec
mass and using a value ofQv other than 0.33.

~v! The fact that the calculated transition energies ag
well with the observed transitions assures that the obta
Qv is a reliable determination.

From the above analysis we determined the best valu
the heavy-hole valence-band offsetQv for our (111)A
GaAs/AlxGa12xAs MQW structures by tentatively acceptin
certain theoretical values for the effective masses as liste
Table II. In what follows we discuss the experimental det
mination of the transverse GaAs effective masses.

From the band energy dispersion relation, the heavy-h
and the light-hole effective masses along the^111& growth
directions are given by

mhh
~111!5

m0

g122g3
, ~3a!

mlh
~111!5

m0

g112g3
, ~3b!

where g1 and g3 are the Luttinger-Kohn parameters. Th
theoretical heavy-hole and light-hole effective masses
GaAs and AlxGa12xAs layers are calculated using Eqs.~3a!
and ~3b! by linearly interpolating the theoretical Luttinge
Kohn parameters for GaAs (g156.85,g352.9) and AlAs
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(g153.45,g351.29).15 The electron effective masses fo
Al xGa12xAs layers are also obtained by linear interpolati
between the GaAs (0.067m0) and AlAs (0.124m0) values.15

The theoretical transverse effective mass values for
samples MQ10 and MQ25 are listed in Table II. To establ
the best value of the GaAs effective masses for our samp
we calculated the dependence of the transition energies
the heavy-hole effective mass. For the valence-band of
Qv we used the previously determined value of 0.33. T
result of those computations is shown in Fig. 4, in whi
only the heavy-hole related transitions are displayed. T
solid lines represent the calculated transition energies and
horizontal dashed lines indicate the PR experimental tra
tion energies. It can be seen that the high-order transiti
are more sensitive to the variation of the effective mass t
the low-order transitions. The dashed vertical lines mark
best valuemhh5(0.9560.02)m0 for the transverse GaAs
heavy-hole effective mass for both samples, which is
agreement with the theoretical value.15 The error represents
one standard deviation of the values obtained for all the
served transitions. Regarding the light-hole mass, as the
spectra exhibited only a few light-hole related transitions
was not possible to employ this fitting procedure w
enough accuracy, therefore, we used the theoretical valu
mlh50.08m0 obtained from Eq.~3b!, which is significantly
different from the value previously reported.12–14 In view of
the good agreement that was achieved for all the obse
transitions using this theoretical value, we conclude that b
the heavy-hole and light-hole effective masses used in
calculations are at the very least consistent with the exp
mental results. It should be noted that our value for the tra
verse GaAs heavy-hole effective mass (mhh50.95m0) is
much larger than that for the@100# orientation (0.34m0).

FIG. 4. Calculated heavy-hole related transition energies a
function of the transverse GaAs heavy-hole effective mass (mhh)
for the ten, ~MQ10, left! and 25-period ~MQ25, right!
GaAs/AlxGa12xAs MQWs grown on (111)A GaAs substrates. A
heavy-hole valence-band offsetQv50.33 was used. The solid line
are the calculated transition energies for varyingmhh and the
dashed horizontal lines indicate the experimental energies obta
by fitting the PR spectra. The vertical dotted lines show the valu
mhh that provides the best fit to all the transitions.
8-6
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Therefore, we obtained a larger effective-mass anisotr
than in previous reports. While in our case the ra
mhh(111)/mhh(100) equals 2.80, this ratio is 2.06 for Mo
lenkamp et al.,11 2.53 for Hesset al.25 2.60 for Lawaetz
et al.,24 and 2.65 for Hayakawaet al.3 It must be noted at
this point that, as the experimental value for the heavy-h
effective mass is in perfect agreement with the tentative
oretical value used previously in the evaluation of the hea
hole valence-band offsetQv , the value obtained forQv is
still valid and does not have to be reevaluated. In summ
we achieved a consistent explanation of the observed
transition energies using the valuesQv50.3360.02, mhh
5(0.9560.02)m0 , and mlh50.08m0 for ^111&-oriented
GaAs/AlxGa12xAs QW structures.

D. Evaluation of interface abruptness: ML analysis

In order to evaluate the abruptness and uniformity of
interfaces of the MQW structures, we carried out a M
analysis, which involves a comparison between the exp
mental transition energies obtained from the PR spectra
the theoretical transition energies calculated for a vary
well width. Figure 5 shows the calculated transition energ
for different well widths in the rangeLw61 ML @1 ML

FIG. 5. Variation of the theoretical transition energies~solid
lines! as a function of well width for the GaAs/AlxGa12xAs MQWs
grown on (111)A GaAs substrates with~a! 25 periods and~b! ten
periods. The hollow squares show the observed experimenta
transition energies.
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5)aL/353.26 Å in ^111& GaAs, whereaL is the lattice
constant of GaAs# for ~a! sample MQ25 and~b! sample
MQ10 under the assumption that the QWs are perfe
square. The solid lines indicate calculated transition energ
which are a function of the well width, and the hollo
squares show the experimental PR transition energies.
QW transition energies are dependent on the well width
can be seen that all the experimental transition energies
well within the range of the calculated values for a w
width Lw61 ML, where the Lw was obtained from the
HRXRD study. If the actual potential profile in the MQW
structure was non-square, the transition energies, espec
for the high-order transitions, should significantly shi
which would not allow to achieve such a good agreem
between the experimental and the theoretical transition e
gies for all the observed transitions, particularly for the hig
order transitions. Therefore, the excellent agreement~to
within 3 meV! between all the experimental and theoretic
transition energies, as shown in Fig. 5 and Table III indica
that our samples have an interface abruptness better tha61
ML. This result provides further confirmation that the we
of the MQW structures investigated are essentially squar

E. Evaluation of interface roughness and well-width
fluctuation: PL analysis

In a periodic MQW structure, the broadening of th
FWHM of the PL emission peak is mainly due to the com
bined effects of well-width fluctuation from well to well in
the periodic structure and interface roughness. Accordin
the PL FWHM was analyzed to assess the interfacial pr
erties of the (111)A GaAs/AlxGa12xAs MQW structures.
Figure 6 shows the PL spectrum at 11 K for sample MQ
The PL analysis of sample MQ10 was reported elsewhe8

The MQ25 LT PL peak energy (Ep51.585 eV) corresponds
to the radiative transition between the confined states E1
H1 and, as expected, is in perfect agreement with the va
observed in the LT PR spectrum~see Table III!. The FWHM
of 12.5 meV is smaller than the energy difference for t
E1H1 transition calculated for the well widthsLw21 ML
andLw11 ML, as can be seen in Fig. 5~a!. Therefore, it is
concluded that the combined well-width fluctuation and
terface roughness of sample MQ25 must be less than61 ML
over the 25 periods of the MQW structure. This result in
cates that the sample has excellent interfacial quality
period repeatability. Previously, Chinet al. reported a
FWHM of 13.4 meV for a five-period MQW grown on a
(111)A GaAs substrate by MBE with a well width of 10
Å.26 Sanz-Herva´s et al.10 reported a FWHM of 10.5 meV for
a similar structure~25-period GaAs/AlxGa12xAs MQW!
with a narrower well width (Lw544 Å). A FWHM of 12.5
meV for sample MQ25 is therefore among the best val
reported for GaAs/AlxGa12xAs MQWs grown on (111)A
GaAs substrates either by MBE or MOVPE. Several auth
have recently reported that, even in highly lattic
mismatched materials systems, such as, InAs/GaAs~Refs. 27
and 28! or InSb/GaAs.29 (111)A GaAs substrates appear
provide naturally atomically flat interfaces for MBE growth
In the present study we have shown the achievement of v

R
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FIG. 6. PL spectrum for the
25-period GaAs/AlxGa12xAs
MQW grown on a (111)A GaAs
substrate. Ep is the PL peak
energy.
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abrupt and uniform interfaces in GaAs/AlxGa12xAs QW
structures grown by MOVPE on (111)A GaAs. Very recent
results9,30 indicate that similar interfacial quality can b
achieved in strained InxGa12xAs/GaAs QW structures grown
on GaAs (111)A substrates by MOVPE. Thus, it can b
concluded that QWs with good interfacial properties can
obtained on the (111)A surface regardless of the epitaxi
growth technique employed.

IV. SUMMARY AND CONCLUSIONS

In summary, we reported the determination of the el
tronic parameters and the optical and interfacial propertie
GaAs/AlxGa12xAs MQW structures grown on (111)A GaAs
substrates by MOVPE. The HRXRD study shows the exc
lent crystal quality and very good QW periodicity of th
samples. The PR spectra exhibit all the–allowed and almost
all the weakly allowed optical transitions. The experimen
transition energies are in excellent agreement with the th
retically calculated values, from which we showed that
QW interfaces have an abruptness better than61 ML. For
the 25-period MQW a PL FWHM of 12.5 meV was ob
served, which corresponds to a combined interface rou
ness and well-width~55 Å! fluctuation over the 25 periods o
less than61 ML, and proves the excellent interfacial quali
and period repeatability in this structure. The PL FWH
value of 12.5 meV for the 25-period MQW is among th
narrowest values reported for (111)A MQWs grown by
MOVPE or MBE. These results indicate the achievemen

*On leave from Dpto. de Tecnologı´a Electrónica, E.T.S.I. Teleco-
municación, Universidad Polite´cnica de Madrid, Ciudad Univer
sitaria, 28040 Madrid, Spain.

†Author to whom correspondence should be addressed. E-mai
dress: majerfel@spot.colorado.edu
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1–2-ML heterointerfaces for (111)A GaAs/AlxGa12xAs QW
structures grown by MOVPE. The high quality of these Q
structures allowed us to determine accurately the value
the heavy-hole valence-band offsetQv and the transverse
GaAs heavy-hole and light-hole effective masses, wh
were not well established for thê111& crystallographic ori-
entations, by comparing the experimental PR transitions w
the theoretical transition energies computed for a range
values for each QW electronic parameter. For (111A
GaAs/AlxGa12xAs MQWs we obtained a heavy-hol
valence-band offsetQv50.3360.02 and the transverse GaA
heavy-hole and light-hole effective masses in the^111& direc-
tions;mhh5(0.9560.02)m0 andmlh50.08m0 , respectively.
The effective masses are significantly different from the v
ues previously reported but in excellent agreement with
theoretically expected values. Finally, the achievement
abrupt and smooth QW interfaces on the (111)A surface by
MOVPE indicates the feasibility of fabricating QW device
employing the special properties of the^111& orientations.
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