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Electronic parameters and interfacial properties of GaAgAl,Ga;_,As multiguantum 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 GaBs{ALAs multiquan-
tum wells grown on (111) 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 bettet tian Photolumi-
nescence spectroscopy was also performed to evaluate independently the roughness of the interfaces and
multiqguantum well period reproducibility. For a 25-period multiquantum well structure with a well width of 55
A, a photoluminescence linewidth of 12.5 meV, which corresponds to a combined well-width fluctuation and
interface roughness of less tharl 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 offsetQ,=0.33+0.02, the transverse GaAs heavy-hole effective nmgs=(0.95+0.02)my, and the
light-hole effective masm;,=0.08m, in (111) directions, fo111)-oriented GaAs/AlGa, ,As quantum well
structures.
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[. INTRODUCTION confinement Stark shift due to the PE field. These effects can
be exploited for novel device applicationghe (111) orien-

The growth of IlI-V compound semiconductors, such astations may also allow the fabrication of high electron mo-
GaAs and the related ternary alloys 8k _,As and bility transistors or lasers with extended characteristics.
In,Ga, _,As, in the nonconventionall11) crystallographic The status of the growth and the enhanced properties of
directions has attracted attention during the last few yearbulk GaAs and AlGa _,As layers and GaAs/AGa _,As
due to their special physical and structural properties an@W structures grown ofl111l} GaAs substrates either by
their applicability to novel optoelectronic devick$ln par- MBE or metalorganic vapor phase epitalylOVPE) was
ticular, high quality GaAs/AlGa,_,As quantum wells summarized in a previous articlewe previously reported
(QWSs) are necessary for double confinement lasers. Surfacdébe successful growth of high quality GaAs/AlGaAs QW
normal to(111) orientations exhibit polar characteristics as structures on (118 GaAs substrates by MOVPE using a
they have either a Ga-terminated (1Al3urface or an As- relatively low substrate temperatuf@00 °Q.”~° In a recent
terminated (1118 surface. For this reason, epitaxial growth letter!® we presented a preliminary comparison of the inter-
may evolve by the addition of discrete monolayers, whichfacial properties of GaAs/AGa, _,As 25-period multi-QW
are composed of pairs of Ga and As layers, rather than byMQW) structures simultaneously grown on (1Al)and
mixed atomic layers as fofl00)-oriented growth. This or- (100 GaAs substrates by MOVPE. However, to the best of
dering of the atomic layers may improve the interfaceour knowledge, there has been no report on a comprehensive
abruptness in heterostructures. Such naturally occurring flatnalysis of the interfacial properties of the (1A1)
interfaces between GaAs and,Sla, _,As could enhance GaAs/ALGa _,As material system. Furthermore, there is a
two-dimensional carrier mobility and the spectral quality of considerable uncertainty about the appropriate values of the
radiative transitions. It has been actually observed that strud®@W electronic parameters i111) orientations, such as the
tures grown on{111} substrates exhibit special or enhancedtransverse heavy-holan,,) and light-hole () effective
electrical and optical properties over those grown on convenmasses for GaAs, as well as the heavy-hole valence-band
tional {100} substrates. For example, a significant reductionoffset, defined a®),=AE,/(AE.+AE,), where AE. and
in the lasing threshold current density was achieved IME, are the conduction-band and heavy-hole valence-band
GaAs/ALGa,_,As lasers grown by molecular beam epitaxy offsets, respectively. Researchers employed different values
(MBE) on slightly misoriented (11B substrates.Also, of the heavy-hole valence-band offsed, for (111)
strained(111) layers exhibit the piezoelectri®E) effect as  GaAs/ALGa,_,As structures, e.g., 0.32, 0.33/71° and
well as the pyroelectric effettand an enhanced quantum- 0.373 However there has been no experimental study on a
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systematic determination @, for this material system in sure of the combined effect of well-width fluctuatigperi-
(111) directions. Similarly, although the effective masses forodicity) and interface roughness. From the HRXRD studies,
conventional(100 systems have been thoroughly studied,LT PR spectroscopy, LT PL spectroscopy, and the theoretical
there is no consensus on the values of the effective mass&4- analysis we demonstrate the achievement of abrupt and
for GaAs in(111) directions. Theoretically, a large anisot- Smooth interfaces in GaAs/fba_,As MQW structures
ropy of the valence band is expected. There are only a feWyrown on (1117 GaAs substrates by MOVPE.
reports on the experimental determination of the transverse
GaAs effective masses ifl1ll) orientations. Hayakawa Il. EXPERIMENTAL PROCEDURE
et al'? used the heavy-hole effective mass for GaAs as an
adjustable parameter to fit the absorption spectra of @11) The samples studied in this work were grown in a hori-
GaAs/ALGa_,As MQW structures, obtaining m,,, Zontal quartz MOVPE reactor operated at atmospheric
=0.90m,; these authors used a fixed value for the |ight_ho|epressure7.We used undoped semi-insulating exactly oriented
massm;,=0.12n,. Kajikawa and co-workets* employed (111)A GaAs substrates. The substrates were degreased in
the same values and achieved consistent results in their stu?ganic solvents and were placed on a graphite susceptor
of the quantum-confinement Stark effect from a photocurrengiuring growth. We used 100% arsine, trimethylgallium, and
spectroscopy study gb-i-n GaAs/ALGa_,As superlattice tr_imethylaluminum as precursors. The ca_lrrier gas Wds
structures grown on (1_‘]_B) GaAs substrates. Mo|enkamp diffused hydrogen with a total flow of 5 I/min. Before grOWth
et al* interpreted the absorption spectra taking into accounthe substrates were baked for 7 min at 655°C with arsine
the effective mass anisotropy of the valence bands and thelpw to remove native oxides from the surface. The growth
determined a heavy-hole effective masg,=0.7m,; this temperature was 600 °C and the V/IIl molar ratios were 76
value differs significantly from the value reported by Hay- for the GaAs layers and 64 for the /@&, _,As layers, re-
akawaet al? It should be noted that in these studfed*  spectively. The GaAs/AGa _,As QW structures analyzed
only a few transitions were considered, which may not behave the following layer sequence in order of growth:
sufficient to allow a proper determination of the values forSample MQ10: a 0.28m buffer, a ten-period
the effective masses. In addition, the structural quality of th€5aAs/ALGa;_,As MQW with an Al fraction of 29%, well
samples used was not reported in detail. Recently, Lognd barrier lengthk,, =105 A andL,=225 A, respectively,
et al !5 reported a theoretical calculation of the energy bandnd a 46-A GaAs cap on tai) Sample MQ25: a 0.3gm
structure and, thereby, the effective masses for QW strudduffer, a 25-period GaAs/gGa_,As MQW with an Al
tures for{111} and high-index surfaces. fraction of 27%, well and barrier lengtis,=55 A andL,

The focus of the present work is on a detailed study of the= 235 A, respectively, and a 46-A GaAs cap on top.
optical, electronic and interfacial properties of (1Al) The HRXRD measurements were carried out with a Bede
GaAs/ALGa,_,As MQW structures using various comple- D* diffractometer. The x-ray beam was monochromatized
mentary techniques, such as HRXRD, low-temperatlife =~ (A=CuKa;) by using four consecutivéd2?) reflections on
11 K) photoreflectancéPR) spectroscopy, and LT PL spec- the 17.65°-0ff(011) surfaces of two Si channel-cut collima-
troscopy. The HRXRD studies were performed to assess th@rs. As the GaAs/AlGa, _,As is a material system with
crystallinity of the samples and to determine independentlyery low lattice mismatch, no in-plane relaxation of the
their structural parameters, which enabled us to analyze thed,Ga,_,As layer is expected. Accordingly, we only mea-
retically the optical measurements with fewer adjustable pasured #/2¢ scans around the symmetric 333 reflection. The
rameters. The PR measurements were conducted at LT &xperimental diffraction profiles were fitted by computer-
compare directly the lowest transition energy with the LT PLsimulated diffraction curves based on the dynamical diffrac-
emission energy. The LT PR spectra exhibited all the allowedion and anisotropic elasticity theori&s.
and almost all the weakly allowed transitions between con- Photoluminescence measurements at 11 K were per-
fined electron and hole states in the QW. The experimentdbrmed using the 5145-A line from an Arlaser with an
transition energies were determined by lineshape fitting ofxcitation intensity of 0.25 W/cfrand a double pass mono-
the PR spectra. We theoretically calculated the confined trarchromator. Photoreflectance measurements at 11 K were
sition energies using the transfer matrix method assumingnade by using the beam from a tungsten light source passed
ideal square wells with varying width. In order to evaluatethrough a double pass monochromator as the probe beam,
the abruptness of the MQW interfaces, we compared the exwith a chopped Af laser beam tuned to 5145 A with an
perimental PR transition energies with the theoretically calexcitation intensity of 2.5 mW/cfnas the pump beam. A Si
culated energies for all the observed transitions, includingliode with a longpass filtefCorning 3-68 was used to de-
the high-order transitions. In order to determine the QWtect the reflectance signal.
electronic parameters, we also compared the experimental
and theoretical transition energies using the QW electronic
parameters as adjustable parameters. As a result, this analysis
allowed us to determine quantitatively the QW electronic In this section we present the experimental results ob-
parameters for these MQW structures. In addition, the fulltained by different experimental techniques and a detailed
width-at-half-maximumFWHM) of the LT PL emission be- analysis of the structural and physical properties of
tween the lowest electron confined and lowest heavy-hol&aAs/AL Gy ,As MQW grown on (1117 GaAs substrates
confined states was analyzed to provide an independent melay MOVPE.

Ill. RESULTS AND DISCUSSION
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e L B. Low temperature photoreflectance spectroscopy
Substrate .
. Low temperature PR spectroscopy was used to assess in
- 1 detail the interfacial properties of the (1K)
_2 333 reflection (GaAs/AlGaAs)x25 GaAs/AL(Gai,XAs MQW structures gnd determine some of
2 111DA GaA 1 the QW electronic parameters. During a PR experiment the
2 6/28 on (11HA GaAs dielectric function, expressed by its real and imaginary parts
2R . e=g,tlie,, is modulated by the chopped pump beam, pro-
s S, ducing a change in the measured reflectivitiR/R given
= J Experiment S, S . ble
=1] 2
) S, S,
— S, Ss AR
N R ~ale1e2)Ae11b(ey,85) A8, (1)
Stmylation T T T T wherea andb are the Seraphin coefficients, and the quanti-
3000 -2000  -1000 0 1000 2000 3000

tiesAe, andAe, are the changes of the real and imaginary
Relative angle (seconds of arc) parts of the dielectric function, respectively, induced by the

. ) . modulating electric field created by the chopped pump beam.
FIG. 1. HRXRD experimental profile and theoretical best-fit for The modulated signal can be explained using a third-

the 25-period GaAs/AlGa - As MQW grown on a (111 GaAs  gerjvative of a Lorentzian function, which is expressed
substrate by MOVPE. The MQW satellites are marked hy S ad819

wheren indicates the order.

m
A. High resolution x-ray diffractometry A_RR = z [Ajei d’j(E_ EJ- +iI‘j)_nj]’ )
Figure 1 shows the HRXRD experimental profile and the =1

theoretical best-fit for sample MQ25. The experimental pro-wheremis the total number of features in the spectrémis
file displays an intense narrow peak, originating from thethe amplitude; is a phase anglé is the photon energ;
substrate, and a set of MQW satellitgs, Svheren indicates  is the transition energy, anid; is the broadening parameter
the order. The presence of distinct narrow satellites demoref the jth feature. The exponen is determined by the form
strates that MQ25 has good crystal and interfacial qualitie®f the dielectric function that is being modulated and by the
and periodicity. Theoretical dynamical computations weremodulation mechanism. In our case, the features in the PR
fitted to the experimental diffraction profiféfrom whichwe  spectra that were associated with the interband transitions
accurately determined the MQW period lengthpf and the  were fitted usingn;=3, which corresponds to taking the
average Al fraction in the periodX)). By taking into ac- third derivative of a two-dimensional critical point. The bulk
count the growth times of the GaAs and,8k_, As  GaAs and AlGa _,As features were fitted using;=2.5,
layers!’ we obtained unambiguously the Al fractidr) of  which is the result of taking the third derivative of the three-
the AlLGa, _,As barriers and the quantum welL() and dimensional critical points related to bulk GaAs and
barrier (L,) lengths from the determined valueslof and  Al,Ga _,As. Besides the third-derivative of a Lorentzian
(x). For the calculation ok we used an AiGa, _,As lattice  function, there are two other types of lineshape functions that
parameter value resulting from the linear interpolation becan be used to analyze PR spectra, namely, the first deriva-
tween the GaAs and AlAs values, which were taken agive of a Lorentzian function and the first derivative of a
5.6533 and 5.6622 A respectively. The HRXRD profile for Gaussian function. However, it should be noted that the val-
sample MQ10 indicated similarly good crystal quality, andues of the QW confined transition energies extracted from
periodicity. The structural values obtained from the HRXRDsuch fits are generally insensitive to the choice of lineshape
study of samples MQ25 and MQ10 are listed in Table I. Thefunction?°
errors shown in Table | provide an estimation of the uncer- Figure 2 shows the 11-K PR spectra fay sample MQ25
tainties associated with the fitting procedure. They do noaind(b) sample MQ10. Shown by the solid lines in Fig. 2 are
represent variations of the structural values between differerthe least-squares fits of the experimental data to the relevant
measurements, which are negligible for the present samplebneshape functions according to E&). The arrows in Fig.

TABLE |. Structural values obtained by HRXRD for the GaAsf@h, _,As MQW structures grown on
(111)A GaAs substrates by MOVPH is the number of periodd,,,, L,, andL,e are the well, barrier,
and buffer layer thickness is the Al fraction in the barriers, and;,as and FAlLGa ,As &r€ the GaAs and
Al,Ga _,As growth rates, respectively.

Lw Lp L putfer l'Gaas F'ALGa  As
Sample N A) A X A (Als) (Als)
MQ10 10 105-5 225+5 28.8£1.0 2800+ 150 4.8-0.5 6.1+-0.3
MQ25 25 55+ 5 237+5 26.5£1.0 3800+ 150 4.6-0.5 6.4-.0.3
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[ TABLE Il. Summary of the parameters used to calculate the
- transition energies for the GaAs/iMa _,As MQW structures
- L grown on (1117 GaAs substratedN is the number of periods is
= L the Al fraction in the AlGa _,As barriers,E, is the band gapm,
S is the electron effective massy,;, is the heavy-hole effective mass,
Ef, [ my, is the light-hole effective mass\E. is the conduction-band
2 [ offset, andAE, is the valence-band offset.
72} =
=
«g S Parameter Sample MQ10 Sample MQ25
E B - PR Spectrum - N 0 s
A = Lineshape fit
p T=1K neshap X (%) 29 27
145 150 155 160 165 170 175 180 1.85 1.90 195 2.00 Ey of AlLGay_xAs (eV) 1.884 1.868'
Img(Al,Ga, _,As) 0.087 0.084
Energy (eV Me/MolAlx x
@ gy (eV) My /Mo(AlLGa, AS) 1.002 0.999
T T T | 1 T Mip /mO(AIXGaﬂfXAS) 0.093 0.092
i ElHI E2H2 E3L1 MQI0 ] me/my(GaAs) 0.067 0.067
~ 2H4
s EILL B2 o e Al Ga, As ] Myn/Mo(GaAs) 0.952 0.952
s [ GaAs E2H6 T 1 my, /Mo(GaAs) 0.079 0.079
E/ i E3H1 AE; (meV) 245 234
2 [ ] AE, (meV) 120 115
vl
st 7 —
P_.é aafter adding an exciton binding energy of 6 meV.
s [ J
E i PR Spectrum i inside the wells. The experimental energies were completely
CTo 1K Lineshape fit | identified with all the allowed transitior_(ngl, E1L1, and
[ . . . L e E2H2 and one weakly allowed transitiofE1H3) for this

145 150 155 160 165 170 175 1.80 185 190 195 structure along with the AGa, _,As-related peak at 1.862
() Energy (eV) eV.
We applied the same method to analyze the PR spectrum
FIG. 2. PR spectrgdoty and theoretical best-fitésolid lineg of sample MQ10. This sample has wider welld
for two GaAs/ALGa, ,As MQWs grown on (111 GaAs sub- =105 A) than MQ25 [, =55 A) and, therefore, has more
strates with(a) 25 periods andb) ten periods. confined interband transitions for a similar Al fraction. The
larger number of transitions allowed us to obtain a better
2 indicate the values of the experimental transition energieaccuracy both in the assessment of the interface abruptness
deduced from the lineshape best-fit analyses. In order tand in the determination of the QW electronic parameters, as
identify the origin of the various spectral features observedwill be described in Sec. Il C. For sample MQ10, from the
in the PR spectra, we calculated the transition energies fdine-shape fitting it was possible to identify five allowed tran-
the MQW structures within the transfer matrix formaliéh. sitions (E1H1, E1L1, E2H2, E2L2, and E3hi3and five
In the calculations an exciton binding energy of 6 meV wasweakly allowed transition$E1H3, E2H4, E2H6, E3H1, and
added to the measured values in order to determine thE3L1) between the three electron states in the conduction-
Al,Ga, _,As barrier bandgaps. The exciton binding energiesband and six heavy-hole and two light-hole states in the va-
for excitonic transitions were taken to be 8 meV for samplelence band. The weakly allowed E1H5 and E3H5 transitions
MQ10 (L, =105A), and 10 meV for sample MQ23.{,  were not observed. This can be attributed to the fact that the
=55 A), respectively? The effective masses that we tenta- amplitudes of those transitions are small compared to the
tively used in the calculations were obtained by interpolatingother transitions. There is an additional peak at 1.878 eV,
the theoretically determined Luttinger-Kohn parameters. which is related to the AGa,_,As barriers.
The heavy-hole valence-band off€@f was taken to be the A comparison between the experimental transition ener-
conventional 33% of the total band-gap difference. The QWgies obtained from the PR spectra and the theoretically cal-
electronic parameters, such as, effective masses, bandgapsjated transition energies taking into account the exciton
and band offsets, for these two structures are listed in Tablbinding energi€¥ is summarized in Table Ill. The excellent
II. A detailed discussion about the adequacy of the valueagreement between the experimental and calculated transi-
used for the effective masses a@g will be given in Sec. tion energies, to within a few millielectronvolts, reveals a
[IIC. The different transitions are labeled asmB(L)n, high degree of structural quality and uniformity of the inter-
which denotes a transition between the electt@n mth  faces, which is essential for obtaining appropriate QW elec-
conduction-band state and theh valence-band state of tronic parameters by the method which will be discussed in
heavy(H)- or light (L)-hole character. Sec. llIC. The PR features related to thg @& _,As barri-
According to our interpretation, for sample MQ25, we ers enabled us to measure directly the band ggp and the
observed two electron conduction-band confined states, thred fraction (x) of the ALGa _,As barriers. The dependence
heavy-hole and one light-hole valence-band confined statesf the Al,Ga, _,As band gap with the Al fractior at 11 K is
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TABLE Ill. Comparison between the experimental transition energies deduced from the best line-shape fit

to 11-K PR spectra and the theoretical calculations for the ten- and 25-period Gg@a/AlAs MQWs

grown on (111A GaAs substrates.

Ten-period MQW(sample MQ10

25-period MQW(sample MQ25

L,=105A L,=55A
Spectral PR energy Calculatior? Spectral PR energy  Calculatio’?
feature (eV) (eV) feature (eV) (eV)

Al ofGay 7:AS 1.878 - Ab »/Ga 7AS 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

@After deducing an exciton binding energy of 8 meV for the ten-period MQW and 10 meV for the 25-period
MQW (Ref. 20.

given by E4(eV)=1.519+ 1.24%(x<40%) 2% For sample dotted lines represent the value @f that provides the best
MQ10, the 1.878 eV feature gives=29% and for sample agreement for both MQ10 and MQ25 samples. A detailed
MQ25 the 1.862-eV feature yields=27%. These two val- discussion of these results is summarized in the following
ues are in excellent agreement with the Al fractions obtaine¢omments.

from the independent HRXRD analygishown in Table ). (i) The choice ofQ, as an adjustable parameter in the
calculations is justified by the fact that the high-order transi-
tions, which are located near the top of the wells, are

C. Quantitative determination of (111) QW electronic
Q (111 Q strongly dependent on the energy depth of the wells, and thus

parameters: Heavy-hole valence-band offset and transverse
GaAs heavy and light-hole effective masses

1.850 T I T T | I — T
MQ25

As summarized in Sec. |, due to the relative novelty of the
epitaxial growth of the GaAs/AGa, _,As materials system
on {111} surfaces compared to tH&00) case, fundamental
QW electronic parameters, such as, the heavy-hole valence’,
band offsetQ,, and the effective masses, are not presently
well established. For this reason, the principal objective of
this work was the experimental determination@fand the
transverse GaAs heavy-hole and light-hole effective masse
for (111)-oriented GaAs/AlGa _,As QWs. For this reason
the structural parameters of the MQW and a detailed knowl- :
edge of the heterointerfaces are of key importance. In order 1550E " % EIHI T 7
to ascertain the best value @f for our MQW structures, we r 5 I : T
compared the theoretically calculated transition energies with 1.500
the experimental PR transition energies usijgas the only
adjustable parameter in the calculations. The calculated tran-

sition energies as a function @, are shown in Fig. 3 for FIG. 3. Calculated transition energies as a function of the heavy-
both samplesMQ10, MQ23. The tentative values of the pgje valence-band offsed, for the ten-periodMQ10, lefy and
effective masses used in the calculations are listed in Tabl§5_peri0d (MQ25, righy GaAs/ALGa_,As MQWSs grown on

Il. These theoretical values were obtained from Ref. 15 ang¢111)A GaAs substrates. The solid lines are the calculated transi-
their appropriateness will be discussed later. In Fig. 3 thejon energies for varyin®, and the dashed horizontal lines indicate
solid lines represent the calculated values for the transitiofhe experimental energies obtained by fitting the PR spectra. The
energies and the horizontal dashed lines show the experimetertical dotted lines show the value @f that gives the best fit to all

tal energies obtained by fitting the PR spectra. The verticahe observed PR transitions.

1.800

1750 |

1.650

1.600 |- + .

Transition Energy (

0.25 035 045 055 065 025 035 045 055
Heavy-hole Valence-band Offset Q,
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on Q,. It must be noted that the energy band gap of the 1.850 == ' T ' ' ' '
Al,Ga _,As barrier layers was directly measured by LT PR. (T=11K MQIO 1 ok MQ25
Furthermore, the PR feature yields an Al fraction which is in 1800 1 : ]
excellent agreement with the HRXRD studies. Therefore, S 1750k ]
there is no uncertainty about the bandgap value in our 2
samples, an®), remains as the only parameter that can sig- g 1700 - 4
nificantly affect the potential energy depth of the well. 2 -

(ii) For sample MQ10, some of the observed transitions in ”j 1.650 F .
the experimental PR spectrum cannot be obtained from the;g - ; ;
theoretical calculations using heavy-hole valence-band offset § 1600 r T i |
Q, values lower than 0.28 or higher than 0.38. This is so & [ --sT==——i——uce-. EIH3 ] : ]
because the number of confined states in the conduction- or [ --—————-- EiHI 1 j
valence-band is critically dependent on the barrier height | o— L L . L L
and, therefore, on the valence-band offset. This observation ’ 075 095 115 135 075 095 115 135

alone limits the range (0.28Q,<0.38) of possibleQ, val-
ues for sample MQ10. Furthermore, for the MQ25 sample,
the highest confined states, both in the conduct®? and FIG. 4. Calculated heavy-hole related transition energies as a
valence band(H3), emerge in the calculations using the function of the transverse GaAs heavy-hole effective masg,)
range ofQ, values mentioned above. for the ten, (MQ10, lefy and 25-period (MQ25, righy

(iii) By comparing the experimental results to our calcu-GaAs/ALGa_,As MQWs grown on (111 GaAs substrates. A
|ated ValueS, it |S Concluded that the best Value @”S heaVy'hole Valence'bandoﬁﬂ:033 was used. The solid lines
0.33+0.02. The error represents one standard deviation o€ the calculated transition energies for varyimg, and the
the values obtained for all the observed transitions. Thiéiashed horizontal lines indicate the experimental energies obtained
value obtained fot111)-oriented GaAs/AlGa,  As QWS is by fitting the I?R spectra. Thg vertical dotted .Ii.nes show the value of
similar to the value fo(100 QWs. my,;, that provides the best fit to all the transitions.

(iv) It is important to note that all the calculated transition
energies do not change in the same direction when the bar(d/;=3.45,y3=1.29 The electron effective masses for
offset is increased. This indicates that, even though the trarAl,Ga, _,As layers are also obtained by linear interpolation
sition energies are also a function of the effective mass, aetween the GaAs (0.06%) and AlAs (0.124n,) values'®
change of the effective mass does not reverse the trend dhe theoretical transverse effective mass values for our
any particular transition energy to increase or decrease witkamples MQ10 and MQ25 are listed in Table Il. To establish
band offset changes. Therefore, it is not possible to achievihe best value of the GaAs effective masses for our samples,
such a good agreement between all the experimental ande calculated the dependence of the transition energies on
calculated transition energies only by changing the effectivéhe heavy-hole effective mass. For the valence-band offset
mass and using a value , other than 0.33. Q, we used the previously determined value of 0.33. The

(v) The fact that the calculated transition energies agreeesult of those computations is shown in Fig. 4, in which
well with the observed transitions assures that the obtainednly the heavy-hole related transitions are displayed. The
Q, is a reliable determination. solid lines represent the calculated transition energies and the

From the above analysis we determined the best value dforizontal dashed lines indicate the PR experimental transi-
the heavy-hole valence-band offs€, for our (111)A  tion energies. It can be seen that the high-order transitions
GaAs/ALGa, _,As MQW structures by tentatively accepting are more sensitive to the variation of the effective mass than
certain theoretical values for the effective masses as listed ithe low-order transitions. The dashed vertical lines mark the
Table Il. In what follows we discuss the experimental deter-best valuem,,=(0.95+0.02)m, for the transverse GaAs
mination of the transverse GaAs effective masses. heavy-hole effective mass for both samples, which is in

From the band energy dispersion relation, the heavy-holagreement with the theoretical valtieThe error represents
and the light-hole effective masses along tfiél) growth  one standard deviation of the values obtained for all the ob-
directions are given by served transitions. Regarding the light-hole mass, as the PR

spectra exhibited only a few light-hole related transitions, it

Heavy-Hole Effective Mass m,, (m,)

) .15

D — Mo (3 was not possible to employ this fitting procedure with
hh oy =2y, enough accuracy, therefore, we used the theoretical value of
m;,,= 0.08m, obtained from Eq(3b), which is significantly
mo different from the value previously reportét:**In view of
mfﬁll)Zm, (3D the good agreement that was achieved for all the observed

transitions using this theoretical value, we conclude that both
where y; and y5 are the Luttinger-Kohn parameters. The the heavy-hole and light-hole effective masses used in the
theoretical heavy-hole and light-hole effective masses foralculations are at the very least consistent with the experi-
GaAs and AlGa, _,As layers are calculated using Eq8a)  mental results. It should be noted that our value for the trans-
and (3b) by linearly interpolating the theoretical Luttinger- verse GaAs heavy-hole effective mas®,(=0.95ng) is
Kohn parameters for GaAsy(=6.85,y3=2.9) and AlAs much larger than that for thELOQ] orientation (0.3#).
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1.90 — T - ' - » =v3a,/3=3.26 A in (111) GaAs, wherea, is the lattice
I i MQ25 constant of GaAkfor (a) sample MQ25 andb) sample
1851 L =55 A (HRXRD) ) MQ10 under the assumption that the QWs are perfectly
% 180k l 4 square. The solid lines indicate calculated transition energies,
g ] which are a function of the well width, and the hollow
2 175} \ E2H2 8 squares show the experimental PR transition energies. The
5 » QW transition energies are dependent on the well width. It
& 170 PR Measurements 1 can be seen that all the experimental transition energies are
2 Les L _— | W_eII within the range of the calculated vglues for a well
g EILL width L,*1 ML, where thel, was obtained from the
1.60 - . HRXRD study. If the actual potential profile in the MQW
- E1HI structure was non-square, the transition energies, especially
1.55 5'1 5'3 : 5‘5 5'7 - 5'9 6'1 for the high-order transitions, should significantly shift,
' which would not allow to achieve such a good agreement
(@) Well Width (A) between the experimental and the theoretical transition ener-
184 - : gies for all the observed transitions, particularly for the high-
T=11K [.=105A (HRXRD) ~ MQIO ] order transitions. Therefore, the excellent agreemgot
180T 4 within 3 meV) between all the experimental and theoretical
S 176k e ee—————e B33 g transition energies, as shown in Fig. 5 and Table Ill indicates
ol T o ] that our samples have an interface abruptness better-ttian
2 ' T TT————— B2 ML. This result provides further confirmation that the wells
g 18— . b i of the MQW structures investigated are essentially square.
£ Lo E2H2 )
£ 160F J/ PR Measurements ] E. Evaluation of interface roughness and well-width
£ 156k g EIH3 EIL1 A fluctuation: PL analysis
U S L In a periodic MQW structure, the broadening of the
101 103 105 107 109 111

FWHM of the PL emission peak is mainly due to the com-
(b) Well Width (A) bined effects of well-width fluctuation from well to well in
the periodic structure and interface roughness. Accordingly,
the PL FWHM was analyzed to assess the interfacial prop-
erties of the (1113 GaAs/ALGa _,As MQW structures.
gigure 6 shows the PL spectrum at 11 K for sample MQ25.
he PL analysis of sample MQ10 was reported elsewhere.
The MQ25 LT PL peak energy (& 1.585 eV) corresponds
Therefore, we obtained a larger effective-mass anisotrop the radiative transmqn 'between the confined s'tates El and
than in previous reports. While in our case the ratio 1 and, as expected, is in perfect agreement with the value
Myn(111)/my,(100) equals 2.80, this ratio is 2.06 for Mo- OPSeIved in the LT PR spectrufmee Table lll. The FWHM
lenkamp et al,1* 2.53 for Hesset al?> 2.60 for Lawaetz of 12.5 me\/_ is smaller than the energy cﬁfference for the
et al,?* and 2.65 for Hayakawat al® It must be noted at E1H1 transition calculated for the well widths,—1 ML
this point that, as the experimental value for the heavy-hol@"dLw+1 ML, as can be seen in Fig(&. Therefore, it is
effective mass is in perfect agreement with the tentative theconcluded that the combined well-width fluctuation and in-
oretical value used previously in the evaluation of the heavy!€face roughness of sample MQ25 must be less thaivL
hole valence-band offséd,, the value obtained fo), is over the 25 periods of the MQW struc;ure. Th_|s resul_t indi-
still valid and does not have to be reevaluated. In summanfates that the sample has excellent interfacial quality and
we achieved a consistent explanation of the observed PREN0d repeatability. Previously, Chiretal. reported a
transition energies using the valu@=0.33+0.02, m,, I WHM of 13.4 meV for a five-period MQW grown on a
=(0.95+0.02)m,, and m,,=0.08m, for (11l-oriented (12161)A GaAs §ubstral'[()e by MBE with a well width of 100
GaAs/ALGa, ,As QW structures. A. .Sz_inz-Hervaet al: repprted a FWHM of 10.5 meV for
a similar structure(25-period GaAs/AlGa_,As MQW)
with a narrower well width ,,=44 A). A FWHM of 12.5
meV for sample MQ25 is therefore among the best values
In order to evaluate the abruptness and uniformity of thaeported for GaAs/AlGa, _,As MQWs grown on (1114
interfaces of the MQW structures, we carried out a MLGaAs substrates either by MBE or MOVPE. Several authors
analysis, which involves a comparison between the experihave recently reported that, even in highly lattice-
mental transition energies obtained from the PR spectra amtiismatched materials systems, such as, InAs/G&&ss. 27
the theoretical transition energies calculated for a varyingand 28 or InSb/GaAs?® (111)A GaAs substrates appear to
well width. Figure 5 shows the calculated transition energieprovide naturally atomically flat interfaces for MBE growth.
for different well widths in the range.,=1 ML [1 ML In the present study we have shown the achievement of very

FIG. 5. Variation of the theoretical transition energi@slid
lines) as a function of well width for the GaAs/f6a, _,As MQWSs
grown on (1117 GaAs substrates witte) 25 periods andb) ten
periods. The hollow squares show the observed experimental P
transition energies.

D. Evaluation of interface abruptness: ML analysis
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4 | 1

F T=11K MQ25 ]
. |
= = ]
g
Z;. » E =1.585eV | FIG. 6. PL spectrum for the
R P 25-period GaAs/AlGa, _,As
S I — ~— FWHM =12.5meV 1 MQW grown on a (111A GaAs
= R A substrate. [ is the PL peak
: energy.
= |

n " 1 n 1 A
1.500 1.550 1.600 1.650 1.700
Energy (eV)

abrupt and uniform interfaces in GaAs/8a_,As QW  1-2-ML heterointerfaces for (114)GaAs/ALGa _,As QW
structures grown by MOVPE on (114)GaAs. Very recent  structures grown by MOVPE. The high quality of these QW
results$'* indicate that similar interfacial quality can be structures allowed us to determine accurately the values of
achieved in strained J&a _,As/GaAs QW structures grown the heavy-hole valence-band offs@, and the transverse
on GaAs (111M substrates by MOVPE. Thus, it can be GaAs heavy-hole and light-hole effective masses, which
concluded that QWs with good interfacial properties can bevere not well established for th@11) crystallographic ori-
obtained on the (111 surface regardless of the epitaxial entations, by comparing the experimental PR transitions with

growth technique employed. the theoretical transition energies computed for a range of
values for each QW electronic parameter. For (#L1)
IV. SUMMARY AND CONCLUSIONS GaAs/AlGa_,As MQWs we obtained a heavy-hole

valence-band offseé),= 0.33£0.02 and the transverse GaAs
In summary, we reported the determination of the elecheavy-hole and light-hole effective masses in¢hkl) direc-
tronic parameters and the optical and interfacial properties ofons; m;,,= (0.95+ 0.02)m, andm;,=0.08m,, respectively.
GaAs/ALGa, —,As MQW structures grown on (118)GaAs  The effective masses are significantly different from the val-
substrates by MOVPE. The HRXRD study shows the excelyes previously reported but in excellent agreement with the
lent crystal quality and very good QW periodicity of the theoretically expected values. Finally, the achievement of
samples. The PR spectra exhibit all tilowed and almost  aprupt and smooth QW interfaces on the (1A Eurface by
all the weakly allowed optical transitions. The experimentalMOVPE indicates the feasibility of fabricating QW devices

transition energies are in excellent agreement with the theasmploying the special properties of thEL1) orientations.
retically calculated values, from which we showed that the

QW interfaces have an abruptness better thdnML. For
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