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Low-temperature~1.8 K! optical reflectivity measurements have been carried out to identify the principal
interband transition energies in ordered GaxIn12xP/(Al0.66Ga0.34)yIn12yP quantum well~QW! samples. To
account for ordering effects on the band offset and optical transition energy, a theoretical model has been
constructed by incorporating the CuPt-type ordering effects of band-gap reduction@DEg(h)# and valence-band
splitting @D111

O (h)# into the model-solid theory. Fitting of the observed transition energies to the calculations
indicates that the model can reasonably describe the band-to-band transitions in the ordered QW’s. Conclusions
are reached that show that~i! ordering parameters in the QW’s can be estimated with the first band-to-band
transition energy.~ii ! Among theDEg(1) values available in the literature, two combinationsDEg(1)/D111

O (1)
of 20.43 eV/0.16 eV and20.471 eV/0.20 eV lead to good descriptions of the lattice-matched QW’s. For the
compressively strained samples, however, a smaller absolute value ofDEg(1) is favorable. Compressive strain
tends to weaken the ordering effects.~iii ! For a disordered and lattice-matched/compressively strained QW, the
conduction-band-offset ratio has a nearly constant value ofQc;0.58.~iv! Ordering causes an increase inQc ,
and for lattice-matched and compressively strained QW’sQc falls in a range of 0.5820.72 ash changes from
0 through 1. The influence is checked by using different values of the valence- and conduction-band deforma-
tion potentials in the calculations. A comparison ofQc is also made with previously reported values.

DOI: 10.1103/PhysRevB.66.035109 PACS number~s!: 71.15.2m, 71.35.Cc, 73.21.Fg, 78.30.Fs
e
to
e

ica
an
-
e
o

wt

or
ex
ch

f
an

.

ret-
the

lute
d
ring
tio
sile
d/
t

f-
and
ike
bed
I. INTRODUCTION

GaxIn12xP/AlGaInP heterostructures represent the larg
direct band gap in the III-V low-dimensional semiconduc
system apart from nitrogen containing compounds. Th
possess great potential for visible electron-optical appl
tions, such as ultrabright red-green light-emitting diodes,
semiconductor lasers.1–4 To aid the device design and mod
eling, knowledge of material properties, e.g., band offs
and band-edge carrier effective masses, is crucially imp
tant.

It has been well established that, under proper gro
conditions, epitaxially grown GaxIn12xP exhibits CuPt-
type ordering along the@111#B directions. The ordering-
induced changes in the band structure of the GaxIn12xP bulk
alloy have been investigated both experimentally and the
tically.5–14 Recently, a general theory was presented
plaining how the strain produced by lattice mismat
with the substrate interacts with ordering effects.11,12 On the
other hand, while the band-edge electronic structure
strained GaxIn12xP/AlGaInP quantum wens~QW’s! has
been intensively studied,15–20 ordering effects which could
be used to optimize optoelectronic devices21 were not in-
cluded.

In this work, we closely follow ordering theory11,12

and model-solid theory22–24 in describing total effects o
ordering and strain on the valence- and conduction-b
edges in ordered GaxIn12xP/AlGaInP QW’s. We measure
ordered and strained/lattice-matched GaxIn12xP/
0163-1829/2002/66~3!/035109~8!/$20.00 66 0351
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(Al0.66Ga0.34)yIn12yP QW samples by optical reflectivity
spectroscopy to determine excitonic resonance energies

The results indicate that~i! the theoretical model can
well describe band-to-band transitions in ordered QW’s.~ii !
Fitting the first band-to-band transition energy to the theo
ical simulation can lead to a reasonable evaluation of
ordering parameter in QW’s.~iii ! While Wei and Zunger’s
values of DEg(1)520.43 eV andD111

O (1)50.16 eV can
well explain the lattice-matched samples, a smaller abso
value ofDEg(1) is favorable for the compressively straine
samples. Compressive strain tends to weaken the orde
effect. ~iv! Ordering causes the conduction-band-offset ra
Qc to increase, especially under lattice-matched and ten
strained conditions.~v! For disordered and lattice-matche
compressively strained QW’s,Qc has a relatively constan
value,Qc;0.58.

II. THEORETICAL CALCULATION OF THE BAND-EDGE
ELECTRONIC STRUCTURE

Atomic CuPt-type ordering results in two prominent e
fects to electronic band structures: band-gap reduction
valence-band splitting. The valence-band splitting is just l
that caused by spin-orbit interaction, and can be descri
using a parameter similar toDSO ~spin-orbit splitting!,11,12

D111
O ~h!5h2D111

O ~1!, ~1!
©2002 The American Physical Society09-1
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whereh is ordering parameter,D111
O (h) is the crystal-field

splitting due to the atomic ordering, andD111
O (1) is the value

of a perfectly ordered alloy. The band-gap reduction
mainly due to a depression of theG6

c conduction band cause
by the folding state from theL point.5,6,12 The ordering-
induced valence-band splitting also plays a minor role a
shifts the upper valence-subband upward.25 The band-gap re-
duction can be described as

dEg~h!5h2DEg~1!, ~2!

whereDEg(1) is band-gap reduction of the perfectly order
alloy relative to the perfectly random alloy. NeitherDEg(1)
nor D111

O (1) is uniquely available in the literature, e.g., W
et al. previously reported7,8 DEg(1)520.32 eV and
D111

O (1)50.20 eV based on first-principles, local-density a
proximation ~LDA !, and recently suggestedDEg(1)
520.43 eV andD111

O (1)50.16 eV using a LDA-corrected
method for strain-free alloy;26 Ernst et al. extracted a value
of DEg(1)520.471 eV from photoluminescence excitatio
~PLE! measurements;13,14 Geng proposed a value o
20.405 eV for a compressively strained QW.27 Their influ-
ence on the electronic band-structure calculation will
checked in Sec. IV.

Incorporating the two effects into model-solid theory,22–24

a general description of the band lineup in the GaxIn12xP
lly

o
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QW layer including the interaction of~111! CuPt-type order-
ing with ~001! strain as well as spin-orbit split-off~SO! states
is obtained:

Ev,i5Ev,av1dEv,av1Ei ~ i 51,2,3!,

Ec5Ev,av1dEc1Eg~e50,h50!1dEg~h!

1
1

3
@DSO1D111

O ~h!#, ~3!

where Ev,av is the weighted average energy over the th
uppermost valence bands at theG point and taken as a ref
erence energy level.22 dEv,av and dEc are energy shifts of
Ev,av and Ec induced by the hydrostatic strain compone
and can be expressed as

dEv,av52av

C112C12

C11
exx , dEc52ac

C112C12

C11
exx ;

av and ac are the hydrostatic deformation potentials of t
valence and conduction band, respectively.exx5(as
2af)/af . as is the lattice parameter of the substrate, andaf
is the value of QW layer.Ei are valence-subband shifts rel
tive to their weighted average caused by both the unia
strain component and atomic ordering, and correspond to
eigenvalue of the Hamiltonian:12
Hv5
1

3S D001
S 2D111

O 2 iDSO 2D111
O 0 0 DSO

2D111
O 1 iDSO D001

S 2D111
O 0 0 2 iDSO

2D111
O 2D111

O 22D001
S 2DSO iDSO 0

0 0 2DSO D001
S 2D111

O 1 iDSO 2D111
O

0 0 2 iDSO 2D111
O 2 iDSO D001

S 2D111
O

DSO iDSO 0 2D111
O 2D111

O 22D001
S

D ~4!
d
d

ted
are
for
.
es

ely
with

D001
S 53b

C1112C12

C11
exx .

Eg(e50,h50) is the band gap of the strain-free and tota
random GaxIn12xP alloy and is adopted from Ref. 28.

The band lineup for the (Al0.66Ga0.34)yIn12yP barrier
layer can be expressed as being similar to that of GaxIn12xP,
but it ignores the ordering effect. That is, for the first tw
valence subbands, i.e., heavy-hole~hh! and light-hole~lh!
subbands, theEi in Eq. ~3! can be described as12,22,24

E1~barrier!5
DSO

3
1

D001
S

3
,

E2~barrier!52
DSO

6
2

D001
S

6
1

1

2 F ~DSO!22
2

3
DSOD001

S

1~D001
S !2G1/2

. ~5!

Here only the valueEi(barrier) of the upper valence subban
is usedto obtainEv(barrier). The band gap of the strain- an
ordering-free (Al0.66Ga0.34)yIn12yP alloy is also adopted
from Ref. 28.

The material parameters used for the modeling are lis
in Table I. Parameters for the ternary and quaternary
linearly interpolated between the binary values, expect
Ev,av, for which a bowing parameter is taken into account28

For the hydrostatic deformation potentials, a set of valu
newly calculated by Wei and Zunger29 with the LDA method
is listed in the parentheses in addition to the values wid
used in the literature. It’s distinct that the new values ofav
9-2
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TABLE I. Material parameters used in the band-edge electronic structure calculations. The values
av andac listed in the parentheses are recently reported by Wei and Zunger.~Ref. 29!. c11 andc12 are in units
of 1011 dyn/cm2.

Name av ~eV! ac ~eV! b ~eV! C11 C12 a (Å) Ev,av ~eV! DSO ~eV!

AlP 3.15 ~2.64! 25.54 (25.86) 21.6 13.2 6.30 5.462 28.09 0.07
GaP 1.70 (20.58) 27.14 (28.57) 21.5 14.39 6.52 5.45 27.40 0.08
InP 1.27 (20.41) 25.04 (25.71) 21.6 10.22 5.76 5.8686 27.04 0.11
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for GaP and InP have an opposite sign relative to the wid
used ones. In this work, the major discussion will be ba
on the widely used values to simplify the comparison w
the band-offset values available in the literature, though
difference caused by using the new values will also be
dressed in Sec. IV.

The band-gap offsets and band-offset ratios of orde
GaxIn12xP/(Al0.66Ga0.34)yIn12yP QW are

DEc5Ec~barrier!2Ec ,

DEv,i5Ev,i2Ev~barrier!,

Qc5
DEc

DEc1max~DEv,i !
, ~6!

where max(DEv,i) is the confinement of the upper valen
subband, which is hh-like for lattice match and compress
strain, and is lh-like for tensile strain.

To determine confinement energies in the QW, a fin
deep square-well model is employed, which leads to

Es,n
z 5DEs3S ms,w*

ms,w* 1ms,b* tan2~ks,nL/2!
D 1/2

for tan(ks,nL/2).0, and

Es,n
z 5DEs3S ms,w*

ms,w* 1ms,b* /tan2~ks,nL/2!
D 1/2

for tan(ks,nL/2),0. s refers to the conduction~e! or valence
(h1 , h2 , h3) subband.w andb refer to the well and barrie
material, respectively.L is the well width, andDEs is the
potential well height, which is given by Eq.~6!; ms,w* and
ms,b* are effective masses in the well and barrier, respectiv
and are listed in Table II.
03510
ly
d

e
-

d

e

-

y,

Finally all the three band-to-band~i.e.,e-h1 , e-h2 , e-h3)
transition energies are obtained:

Ei ,n5Ee,n
z 1uEhi ,n

z u1Ec2Ev,i ~ i 51,2,3! ~7!

and the energy difference between the first two transition
also straightforward,

DE125E1,12E2,1. ~8!

III. EXPERIMENT

Three series of GaxIn12xP/(Al0.66Ga0.34)yIn12yP QW’s,
each consisting of three samples grown on~001! GaAs sub-
strates with different misorientation, i.e., 0°, 6° off towa
@111#A , and 6° off toward@111#B , respectively, are investi
gated in this work. They were prepared by metal-orga
vapor-phase epitaxy at a temperature of 700 °C. The
two series, A and B, have a similar structure: on top of
Si-doped GaAs substrate, a 30-nm-thick GaAs buffer la
was grown, followed by a 2-nm-thick GaInP layer and
20-nm-thick (Al0.66Ga0.34)0.52In0.48P layer, then 10 periods
of 10-nm-GaInP/4-nm-(Al0.66Ga0.34)yIn12yP QW’s were
grown, with a 50-nm-thick (Al0.66Ga0.34)0.52In0.48P buffer
layer and a 2-nm-thick GaInP cap layer at the end of
structure. The only difference is that the A series was latt
matched (x.0.52, y50.52), whereas the B series had
compressively strained QW layer and a tensile strain
barrier layer (x50.40, y50.76). The third series, C, is simi
lar to the A series but had a 410-nm-thick Zn-doped G
capping layer.

Optical reflectivity spectra were recorded at a temperat
of 1.8 K by using a BOMEMDA 3.01 Fourier-transformed
infrared spectrometer. The system was equipped with a c
ventional halogen lamp, a quartz beam splitter, and a silic
diode detector. With this optical configuration, a spect
.
TABLE II. Out-of-plane effective masses used in the calculations. li. stands for linear interpolation

Name GaP InP AlP Ga0.5In0.5P ~AlGa!InP

me
z/m0 0.15a 0.064a 0.22a 0.088b li.

mhh
z /m0 0.41a 0.48a 0.52a 0.48c li.

mlh
z /m0 0.16a 0.14a 0.22a 0.14c li.

mso
z /m0 0.23a 0.19a 0.34a 0.226c li.

aReference 23.
bReference 30.
cReference 16.
9-3
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SHAO, DÖRNEN, WINTERHOFF, AND SCHOLZ PHYSICAL REVIEW B66, 035109 ~2002!
scopic range of 10 000218 500 cm21 and a resolution of
6 cm21 ~;0.7 meV! were accessible.

In Fig. 1 representative reflectivity spectra are depic
for lattice-matched and compressively strained samples
spectively. To enable a comparison the corresponding
spectra are also plotted. In general, the reflectivity spect
shows strong and broad peaks, e.g., at;1.91 eV in Fig. 1~a!
and;1.82 eV and;2.1 eV in Fig. 1~b!, which are ascribed
to the Fabry-Pe´rot interference caused by sample structu
Besides, it manifests weak features with peaks and dip
the energies of the excitons associated with conduction
valence confinement subbands around 1.92 eV in Fig.~a!
and 1.88 eV in Fig. 1~b!. In order to accurately determine th
energetic positions of the minima of the weak features
second-order derivative operation31 is performed on the re
flectivity spectrum. The peaks of the second-order deriva
of the reflectivity~SODR! correspond to the minima of th
weak features in the reflectivity spectrum, as shown in Fig
As the peaks are drastically narrowed, their energies ca
accurately determined in the SODR. The overall reprod
ibility of the energy determination is about60.3 meV for the
first two transitions and about61.0 meV for the third one. In
general, the reflectivity minima do not necessarily coinc
with the exciton resonance accurately, however, the dif
ence in energy is much less than the exciton bind
energies.32,33We therefore assume in the determination of
exciton transition energies that the maxima in the SO

FIG. 1. Reflectivity spectra and their second-order derivati
for ~a! lattice-matched and ~b! compressively strained
GaxIn12xP/(Al0.66Ga0.34)yIn12yP QW’s, respectively. PL spectra ar
plotted as dotted-lines to aid the identification of the QW-rela
transitions in the reflectivity spectra.
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correspond to excitonic transitions. In this way, the energ
of the first three transitions are determined for all t
samples.

IV. RESULTS AND DISCUSSIONS

We first check the contribution of the ordering-induc
valence-band splitting to the band-gap reduction accordin
the model. Using the data listed in Table I, we numerica
solve Eqs.~3! and ~5! for both the disordered~h50! and
perfectly ordered (h51.0) GaxIn12xP. With D111

O (1)
50.20 eV the contribution is about 20% forDEg(1)
520.32 eV and decreases to about 16% forDEg(1)
520.405 eV at x50.52. If the new combination o
DEg(1)520.43 eV andD111

O (1)50.16 eV is used in the
calculation it will further decrease to about 12%. This ind
cates that the contribution is significantly affected by t
D111

O (1) value. Recently, Kippenberget al. deduced a value
of about 20% by electroabsorption measurements.34 Froyen
et al. calculated a value of about 29% together w
DEg(1)520.35 eV using the first-principles pseudopote
tial method within the local-density approximation,25 but the
correspondingD111

O (1) value was not available.
In Fig. 2 the band-to-band transition energies are plot

in lines as functions of the ordering parameterh for lattice-
matched (x.0.52, y50.52) and compressively strained (x
50.4, y50.76) QW’s, respectively, by solving Eq.~7!. The
values of DEg(1)520.43 eV andD111

O (1)50.16 eV are
used. Also plotted are the measured transition energies
the following procedure. First,~i! we assume exciton binding
energies to be 12 meV,17 and include them in transferring
measured excitonic transition energies to band-to-band
ues. Then~ii ! we fit the first transition energy of each samp
to the first theoretical line in Fig. 2 as black squares. T
leads to a determination of the ordering parameterh, which
is listed in Table III. It is interesting to note here that, ev
the samples with 6°-@111#A substrate misorientation are sti
ordered, though the ordering parameters are significa
smaller than those of samples with other substrate misor
tations. Regarding this point, we conclude that attent
should be always paid to the ordering in this material syste
Finally, ~iii ! we plot the other two transition energies again
this h value into the figure as black dots and triangles,
spectively.

There is good agreement for the second transition
tween the theoretical results and the experimental values.
the third transition, however, the agreement is slightly d
graded. An obvious reason is that the third transition in
reflectivity spectrum has a much flatter peak than the fi
two transitions, which causes a significant uncertainty
resonance energy determination. For the lattice-matc
samples the transition energy of the first excited state of
topmost valence subband (2e-2h1) is close to that of the
ground state of the third valence subband (1e-1h3) under a
low degree of ordering. The overlap of the two transitio
also causes uncertainty in the peak-position determinatio

We have also attempted to fit the experimental values w
an assumption that the first transition corresponds to a r
tively light out-of-plane valence-subband effective mass, i

s

d
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mlh
z listed in Table II, but failed to obtain any agreement.

indicates that the first transition has a relatively heavier o
of-plane effective mass than does the second for all
lattice-matched and compressively strained samples. The
per valence subband is hence hh-like.

For the possible error introduced by the assumed valu
the exciton binding energy, we note that the deviation of
assumed value from the real one is only a few meV, which
much smaller than the linewidth~full width at half maxi-
mum! of the exciton line in the reflectivity spectrum
~*24 meV!. As an estimation, a 3-meV change in the fi
transition energy results in a;0.01 change to theh, which

FIG. 2. Band-to-band transition energies as a function of
ordering parameterh for ~a! lattice-matched (x.0.52, y50.52)
and ~b! compressively strained (x50.40, y50.76)
GaxIn12xP/(Al0.66Ga0.34)yIn12yP QW’s, respectively. The experi
mental values are plotted as dots. 1e-1hi represents the first prin
cipal transition between the conduction band and thei th valence
subband.
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falls in the range of ordering scattering in the QW layer35

Therefore the determinedh can serve as a plausible param
eter describing the ordering phenomena in the QW’s.

An argument exists maintaining that fitting the energy d
ference between the first two transitions,DE12, to the nu-
merical simulation could also lead to the determination ofh.
That was indeed the procedure used in the study of GaI2

bulk material.36 As theDE12 is insensitive to the change o
h, especially in the compressively strained QW’s where
difference of 0.1 inh corresponds to just a;1.5-meV
change in theDE12 but about a 20-meV change in theE1,1,
accurate knowledge of the exciton binding energies of
first two transitions becomes crucially important, which
generally difficult to exactly establish in this materi
system.37

In Fig. 3 the energy differenceDE12 from the aforemen-
tioned calculation is plotted against the first transition ene
E1,1 in solid lines for the lattice-matched and compressiv
strained QW’s, respectively. Also depicted is the calculat
with DEg(1)520.47 eV in dashed lines as well as that wi
20.405 eV in dash-dotted lines and that wi
20.32 eV in dotted lines, in which theD111

O (1) was selected
as 0.20 eV as used by those authors. The experimental
are shown with triangles.

One distinct feature in Fig. 3 is that with the same val
of D111

O (1), a larger theoretical value of2DE12 corresponds
to a smaller ordering-induced band-gap reduction. Anot
feature is that the experimental values of the2DE12 are
slightly smaller than the theoretical prediction. A similar ph
nomenon was also observed in the GaInP bulk alloy and
explained as a result of a clustering-type of short-ran
order.12 In our case it is probably caused by the assumpt
that the first two excitonic transitions have an identical ex
ton binding energy. According to an ordering-included s
bandk•p simulation the second transition corresponds to
relatively large in-plane hole effective mass and henc
larger exciton binding energy in compressively strained a
lattice-matched QW’s. Assuming equality will caus
2DE12 to be to a degree underestimated. If the difference
the exciton binding energies is accounted for, a sligh
downward shifting of the experimental points in Fig. 3 m
be expected.

It is clear that for the lattice-matched QW’s Wei an
Zunger’s new values ofDEg(1)520.43 eV andD111

O (1)
50.16 eV lead to a very good description of the experime
tal data. Ernstet al.’s value ofDEg(1)520.47 eV together
with D111

O (1)50.20 eV also provides a good fit. On the oth
hand, to fit the experimental values to the calculations w
DEg(1)520.405 eV or 20.32 eV an unreasonabl

e

to-band

5

TABLE III. Ordering parameters for the samples with different substrate misorientation determined by fitting the first band-
transition energyE1,1 to the theoretical simulations.

A (x50.52) B (x50.40) C (x50.52)
0° 6°-@111#A 6°-@111#B 0° 6°-@111#A 6°-@111#B 0° 6°-@111#A 6°-@111#B

E1,1 ~eV! 1.9623 2.0125 1.9268 1.8761 1.9016 1.8693 1.9818 2.0107 1.947
h 0.40 0.21 0.50 0.30 0.16 0.33 0.34 0.22 0.44
9-5
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larger difference of;8 meV or;11 meV between the two
valence subbands’ related exciton binding energies has t
assumed. For the compressively strained samples, howev
smaller absolute value of theDEg(1) is favorable if the
aforementioned downward shifting of the experimen
points is taken into account. This is in consistent with Ge
et al.’s observation that relative to lattice-matched QW
compressively strained QW’s manifest less of a band-
reduction,38 and may suggest that effects of~111! atomic
ordering in compressively strained QW’s is weakened du
the interaction with the~001! elastic strain.

To check the influence of using different values of t
deformation potentials, we repeat the procedures involve
plotting Fig. 2 and Fig. 3 with theav and ac listed in the
parentheses of Table III. We note that the calculated tra
tion energies for the lattice-matched QW’s are nearly
same as those plotted in Fig. 2~a!. The determined ordering
parameters just change by an amount of;0.005, which is in
the range of the ordering scattering in the QW layer.35 On the
other hand, the calculated transition energies for the c

FIG. 3. Correlation betweenDE12 and E1,1 based on different
DEg(1) values. The experimental data are plotted as triang
Solid lines are calculated withDEg(1)520.43 eV andD111

O (1)
50.16. Dashed lines are ofDEg(1)520.47 eV, dash-dotted line
of DEg(1)520.405 eV, and dotted lines of DEg(1)
520.32 eV, respectively. The asterisks on the electron-volt val
indicate that aD111

O (h51) value of 0.20 eV was used in the corr
sponding calculations.
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pressively strained QW’s are slightly reduced~;8 meV!,
which lead to a reduction in the ordering parameters
;0.03 for the samples with 0° and 6°-@111#B substrates and
of ;0.07 for the sample with the 6°-@111#A substrate. The
reduction of the transition energies due to using the n
deformation potentials may become critical for the compr
sively strained QW’s with very low ordering. In a measur
ment of an additional sample withx50.40 and 6°-@111#A
substrate, we observe an excitonic transition energy
1.9032 eV for the first transition. To fit the calculation usin
the new values of the deformation potentials, we have
either assume the exciton binding energy to be as low a
meV or reduce thez-direction electron effective mass t
,0.05m0 to warranth>0, neither of which is reasonable
Nevertheless, using the new values of theav andac does not
change the above conclusions on the favorable values o
DEg(h) and D111

O (h) for the lattice-matched and compre
sively strained QW’s. As an example a similar plot of Fi
3~b! is depicted in Fig. 4. Obviously, here again a sm
absolute value of theDEg(1) ~e.g.,20.32 eV) is preferred if
the aforementioned downward shifting of the experimen
points is taken into account. On this point, the widely us
values of the deformation potentials seem to be favora
and will be used in the following discussion.

Being sure that the model can reasonably pred
the band-to-band transitions in the order
GaxIn12xP/(Al0.66Ga0.34)yIn12yP QW’s, we now set our
sights on the band offset. We solve Eqs.~6! numerically, and
plot the band-offset ratio as a function of strain and order
parameter, respectively, in Fig. 5. It is clear that order
causes the conduction-band-offset ratio to increase, and
upper valence-subband-offset ratio to decrease. For pe
ordering,Qc;0.71 for x50.40 andQc;0.72 for x50.52.
Meanwhile, ordering removes the cusp in Fig. 5~b! at x
;0.52(e50) for h50, which is caused byElh and Ehh
switching order.12

The results for the disordering suggest a nearly cons
conduction-band-offset ratioQc.0.58 for lattice matched
and compressively strained, but a significant drop for ten

s.

s

FIG. 4. Similar to Fig. 3, except that here the new values of
av andac deformation potentials listed in the parentheses of Ta
III are used in the calculations.
9-6
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ORDERING PARAMETER AND BAND-OFFSET . . . PHYSICAL REVIEW B 66, 035109 ~2002!
strained QW’s. It is in good agreement with the results giv
in Ref. 28 predicted by the Krijn formalism of the mode
solid theory.23 A small difference, if that exists, is due to th
fact that different material parameters were used. OurQc is
also consistent with Liedenbaumet al.’s experimental value
Qc50.6060.05 for GaxIn12xP/(Al0.66Ga0.34)0.52In0.48P
QW’s obtained by fitting of PLE spectra with thek•p
calculation,16 and slightly smaller than Kowalskiet al.’s
value of Qc50.65 for GaInP/(Al0.66Ga0.34)0.52In0.48P deter-
mined by pressure-dependent photoluminesce
measurements.20

However, theQc value is obviously smaller than Dawso
et al.’s prediction of 0.67 forx50.44 and 0.70 forx50.59
GaxIn12xP/AlGaInP QW’s,18,28 though identical material pa
rameters are used. An obvious reason for tensile stra
QW’s is that the definition ofQc is different from that used
in Ref. 28. We have employed a similar definition to th
proposed by Krijn, while Dawsonet al. defined Qc

FIG. 5. Band-offset ratios as a function of~a! ordering param-
eter, and~b! strain for GaxIn12xP/(Al0.66Ga0.34)0.52In0.48P QW’s.
ro

tt

03510
n

ce

ed

t

5DEc /(DEc1DEhh), whereDEhh is the confinement energy
of the heavy-hole subband, which leadsQc to a larger value
in the range of tensile strain. In fact a value ofQc.0.57 can
be derived for Ga0.59In0.41P/AlGaInP QW’s if Dawson
et al.’s definition is used in our calculation. Another impo
tant reason is that thoseQc values were determined to be a
adjustable parameter in fitting of theDE12 observed in QW’s
by assuming identical binding energy to the hh and lh ex
tons. As aforementioned, the general trend of lh-exci
binding energy is that it is larger than that of the correspo
ing hh-exciton made2DE12 underestimated in compres
sively strained QW’s~equivalent to the hh-lh splitting de
fined in Ref. 18!. Due to the fact that the hh band has
heavier out-of-plane effective mass, this will result in an u
derestimation ofQv and hence an overestimatedQc . On the
other hand for tensile strained QW’s it caused an overe
mation to2DE12 ~equivalent to the lh-hh splitting in Fig. 4
of Ref. 28! and hence an overestimatedQc , again due to the
difference in the out-of-plane effective masses of hh and
bands. This indicates that to use theDE12 in evaluating pa-
rameters in QW’s, the exciton binding energies should
accurately known in advance.

V. SUMMARY

To summarize, we have incorporated the ordering effe
of band-gap reduction and valence-band splitting in
model-solid theory to account for both strain and orderi
effects on QW electronic band structures. We ha
also measured ordered and strained/lattice-matc
GaxIn12xP/(Al0.66Ga0.34)yIn12yP QW samples by low-
temperature optical reflectivity spectroscopy to determ
excitonic resonance energies. The results indicate that
model can reasonably predict band-to-band transitions in
dered GaxIn12xP/(Al0.66Ga0.34)yIn12yP QW’s. The ordering
parameter in QW’s can be estimated with the first band-
band transition energy. TheEg(1) is strain dependent
whereasDEg(1)520.43 eV gives a best fit for the lattice
matched QW’s; a smaller absolute value ofDEg(1) is favor-
able for the compressively strained samples. Compres
strain tends to weaken the ordering effects. Ordering cau
the conduction-band-offset ratio to increase. For lattic
matched and compressively strained QW’s,Qc falls into a
range of 0.5820.72 ash changes from 0 through 1. Fo
disordered and lattice-matched/compressively strai
GaxIn12xP/(Al0.66Ga0.34)0.52In0.48P QW’s, Qc has a nearly
constant value ofQc;0.58.
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