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Ordering effects on optical transitions in GaxIn1ÀxPÕ„Al0.66Ga0.34…yIn1ÀyP quantum wells studied
by photoluminescence and reflectivity spectroscopy
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Optical transitions are investigated systematically by excitation-density dependent photoluminescence~PL!,
magneto-PL, and reflectivity spectroscopies in ordered GaxIn12xP/(Al0.66Ga0.34)yIn12yP quantum-well~QW!
structures with different strain, substrate orientation, and capping layer. Blueshift and narrowing of the PL peak
are observed as the excitation density increases in the range of&40 W/cm2 and approach nearly constant
values as the excitation gets higher. They are affected by strain, substrate and doping of the capping layer. A
larger blueshift corresponds to a larger stable line width of the PL peak measured at a high excitation level. In
the magneto-PL measurements, the excitonic feature of the PL transition is clearly identified. The Stokes shift
of the first peak in the reflectivity spectrum relative to the corresponding PL peak is also affected by strain,
substrate misorientation, and doping of the capping layer. With the observations,~i! the assumptions are
checked to be unreasonable of the spatially type-II band alignment and the band-tail states in the case of QW’s.
~ii ! The existence of domain distribution and order-induced piezoelectric field is verified and the scattering of
the domain distribution (Dh) and the magnitude of the piezoelectric field (epe,') are estimated.~iii ! The Dh
is obviously larger in the QW’s than that determined previously in GaInP2 bulk alloy. It takes a large value for
the sample with~001! GaAs substrate and a small value for that with 6° off toward@111#B misaligned~001!
GaAs substrate.~iv! The epe,' is significantly smaller in the QW’s than the theoretical prediction for the
GaInP2 bulk alloy. It is relatively high for the sample with the~001! GaAs substrate, and is obviously enhanced
by the Zn-doped GaP capping layer. The results clarify that the optical transitions can be well interpreted with
the combination of theDh andepe,' in the QW’s. A model is hence established in understanding the optical
phenomena based on the concepts of the domain distribution and the piezoelectric field.

DOI: 10.1103/PhysRevB.68.165327 PACS number~s!: 78.67.De, 78.30.Fs, 78.55.Cr, 78.20.Ls
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I. INTRODUCTION

Under proper growth conditions, epitaxially grow
GaxIn12xP alloy exhibits CuPt-type ordering along th
@111#B directions.1 The local ordering parameterh (0<h
<1) is substrate-misorientation dependent. It was sugge
that domains characterized by a distribution functionF(h)
may be formed in GaInP2 bulk material.2 Supports of the
domain distribution have been established in spatially
solved photoluminescence~PL! studies.3–5 The ordering
causes prominent changes to the electronic band struc
and optical properties of the GaxIn12xP alloy. In the last
several years, extensive theoretical and experimental stu
have been conducted in investigating ordering-induced ba
gap reduction and valence-band splitting,6–13 anisotropy of
the optical transitions,14–16 and polarization electric fields
and their effects on band offsets.17–19

Low temperature PL studies20,21 illustrated that the PL
spectra from ordered GaInP2 bulk alloy could be classified in
three types, of which a distinct feature was the coexistenc
a nonexcitonic ‘‘moving peak’’ at a lower energy with a
excitonic peak at a higher energy. The energetic separa
0163-1829/2003/68~16!/165327~12!/$20.00 68 1653
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between the two peaks was correlated to the ordering. It
peculiar that while the moving peak showing energetic b
shift the excitonic peak manifests no shift upon increas
excitation power density. To address the origin of the mov
peak, assumptions were proposed of spatially indirect rec
bination occurring at domain boundaries of different deg
of ordering3,21–24 and band-tail states due to, e.g., shallo
traps.21

Recently, two new models were employed in explaini
the ordering dependence of carrier lifetimes in orde
Ga0.52In0.48P/GaAs,25 in light of the progress in theoretica
studies.26,27 One of the models was based on the plane-w
pseudopotential calculations of Mattilaet al. that ~111! layer
thickness fluctuations~sequence mutations! may occur in the
form of In-In double layers embedded in the CuPt-orde
GaInP2 matrix, during the growth of GaInP2 alloy.26 Such
sequence mutations induce localized hole states energeti
above the CuPt-confined hole states. As the lowest cond
tion band is confined in the CuPt region, the transition to
localized hole states is spatially indirect. The other one or
nated from the first-principle pseudopotential calculations
Froyen et al. that the ordered/disordered GaInP2 interface
©2003 The American Physical Society27-1
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TABLE I. Samples parameters and experimental data of the ordered GaxIn12xP/(Al0.66Ga0.34)yIn12yP
QW’s established by PL and optical reflectivity measurements. The ordering parameterh was determined
with the procedure discussed in Ref. 34. Except forT, x, h, andDh, the parametersepe,' andh2epe,' are
in the unit of kV/cm, others are in the unit of meV. Undop stands for 2-nm-thick undoped GaInP ca
layer, and Zn-dop for 410-nm-thick Zn-doped GaP capping layer.

Sample I II III IV
6°A 0° 6°B 6°A 0° 6°B 0° 6°B 0° 6°B

T(°C) 700 700 700 700 700 700 700 700 750 750
Capping undop undop undop Zn-dop Zn-dop Zn-dop undop undop Zn-dop Zn
x 0.52 0.52 0.52 0.52 0.52 0.52 0.40 0.40 0.40 0.40
h 0.21 0.40 0.50 0.22 0.34 0.44 0.30 0.33 0.29
Blueshift 0.2 5.0 3.4 0.7 7.1 1.5 10.5 2.3 6.3 2.3
Narrowing 21.5 1.9 1.4 1.9 3.3 3.2 1.0 1.3 2.1 1.3
PL LWs 11.2 18.6 12.2 16.5 23.2 15.3 27.1 20.0 23.4 29.8
Stokes shift 7.0 20.3 18.7 21.1 35.7 22.1 16.2 10.3 27.4
LWDR 12.0 17.1 14.7 10.5 30.9 13.0 16.4 15.5 15.6
Dh 0.07 0.08 0.05 0.03 0.20 0.04 0.13 0.11 0.13
epe,' 106 48 331 216 103 167 129 238
h2epe,' 17 12 16 25 20 15 14 20 18
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has type-I band alignment, and the ordered region ha
strong macroscopic electric polarization.27 The polarization
generates a strong internal electric field in ordered GaIn2,
by which the experimental phenomena can be interpre
without a type-II band alignment. Note, however, that t
question of the magnitude of this electric field is still ope
and hence awaiting new experiments.18

The fact that by including ordering one could alter t
materials properties of an alloy without changing its chem
cal composition opened novel technological opportunities
GaxIn12xP/AlGaInP QW systems, it was illustrated that t
ordering could be used to optimize optoelectronic device
even to develop new device concepts.28,29 In contrast to the
bulk material, however, few studies were available conce
ing ordering effects on, e.g., optical transitions30,31and band-
edge electronic structures32–34 in the QW systems.

In this work, PL and reflectivity measurements are p
formed on ordered GaxIn12xP/(Al0.66Ga0.34)yIn12yP QW
samples. Two types of PL line profiles are identified, one
which is single peak and the other is slightly separa
double peak. For the single-peak samples, distinct phen
ena are observed simultaneously of blueshift and narrow
as the excitation-power density increases. The blueshift
narrowing approach nearly constant values at an excita
density of*40 W/cm2. Excitonic feature of the PL peak i
evidenced by magneto-PL measurements. A model is
posed based on the concepts of domain distribution
order-induced piezoelectric field, and is illustrated to be
plicable in explaining the experimental phenomena. T
magnitudes of the scattering of the domain distribution a
the piezoelectric field are also estimated, and manifest
pendence on strain, substrate misorientation, and dopin
the capping layer.

II. EXPERIMENT

Four series GaxIn12xP/(Al0.66Ga0.34)yIn12yP QW samples
are studied in this work, each consists of three samples. T
16532
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were grown on~001! Si-doped GaAs substrate by meta
organic vapor-phase epitaxy with a similar structure but d
ferent substrate misorientation, i.e., 0°, 6° off toward@111#A

~denoted as 6°A hereafter!, 6° off toward@111#B ~denoted as
6°B), respectively. On top of the substrate, a 30-nm-th
GaAs buffer layer was grown, followed by a 2-nm-thic
GaInP layer and a 20-nm-thick (Al0.66Ga0.34)0.52In0.48P
layer. Then ten periods of 10-nm-GaxIn12xP/
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 capping
layer as the end of the structure. Two strain conditions w
realized of compressive strain with a combination ofx
50.40 andy50.76 for the series III and IV samples an
unstrain ~lattice match! with x.0.52 andy50.52 for the
series I and II samples. The series I and III samples hav
2-nm-thick GaInP capping layer, whereas the series II and
have a 410-nm-thick Zn-doped GaP capping layer. The se
IV samples were prepared at a temperature of 750 °C.
other three series samples were prepared at a temperatu
700 °C. The details of the samples parameters are sum
rized in Table I, together with the experimental data est
lished in the following sections.

The samples were arranged in the center of a super
ducting split-coil magnet in a Zeeman cryostat and were k
at a temperature around 1.8 K. The Faraday configuratio
the magnet was used. The magnetic field was adjustable
tinuously in the range of 026.8 T. To record optical spectra
a Fourier-transformed-infrared spectrometer was employ
In the PL measurements, an Ar1-ion laser acted as exciting
source with its wavelength being set at 514.5 nm. Light fro
the laser first went through a laser-power controller so a
keep the output power stable and to drastically reduce la
noise. A visible beam-splitter and a liquid-nitrogen cool
Ge detector were used. In the reflectivity measurement
conventional halogen-lamp served as excitation source a
Si-diode detector were used. A spectral range
7-2
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11 500–18 000 cm21 was warranted at a resolution o
6 cm21 (;0.7 meV).

III. RESULTS

Figure 1 illustrates the typical PL spectra from the latt
matched ~a! and compressively strained ~b!
GaxIn12xP/(Al0.66Ga0.34)yIn12yP QW’s with different sub-
strate misorientations. The dashed lines are for the serie
and IV, and the solid lines for the series I and III sampl
respectively. The sparks occurring in all the PL spectra
;1.96 eV are introduced by the He-Ne laser of the FT
spectrometer. Unlike the classification of three types of P
line profiles in ordered GaInP2 bulk material,21 here only two
types are identified:~i! One has a single peak and is for a
the lattice-matched samples and the compressively stra
ones with the 0° and 6°B substrates and the other~ii ! shows
slightly separated double peaks and is for the 6°A compres-
sively strained samples.

FIG. 1. PL spectra from~a! lattice matched (x50.52,y50.52)
and ~b! compressively strained (x50.40,y50.76) GaxIn12xP/
(Al0.66Ga0.34)yIn12yP QWs with different substrate misorientation
Dashed lines represent series II and IV and solid lines repre
series I and III samples, respectively, in~a! and~b!. Vertical dotted
lines correspond to the energies of the series I and III samples
the 6°B substrate, respectively.
16532
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For the lattice-matched samples shown in Fig. 1~a!, the
PL peaks occur at highest energies for the 6°A substrate and
at lowest energies for the 6°B substrate. This is consisten
with the established knowledge.16 For the compressively
strained samples shown in Fig. 1~b!, however, two excep-
tions exist that the series IV sample with the 6°B substrate
has significantly higher transition energy than that with t
0° substrate, and the ‘‘low-energy’’ peak of the samples w
the 6°A substrate even occurs at the lowest energy posi
in the same series.

Due to the lattice mismatch between the thick Zn-dop
GaP capping layer and its adjacent barrier/QW layers,
additional compressive strain may be introduced in the se
II and IV samples. This will reduce the PL transition ener
with respect to the counterpart with a GaInP capping lay
From the PL spectra, it can be seen, however, the ef
should be significantly weaker than that introduced
changing Ga composition from 0.52 to 0.40 in the QW’s. F
the compressively strained samples, the difference in
transition energy is very small for the two series samp
with an identical substrate. For the lattice-matched samp
on the other hand, the samples with the GaP capping la
has slightly higher transition energy for each particular s
strate.

A. Excitation-density dependent photoluminescence

Figure 2 depicts two spectra recorded at different exc
tion densities for the series II sample with the 6°B substrate.
The intensity of the spectrum at lower excitation is mul
plied by a factor of 30 to match the other spectrum at hig
excitation level. The blueshift as well as narrowing of the
peak is clearly identified as the excitation density increas

In Fig. 3, typical tendency of the peak energy is shown
a function of the excitation density. For the single-pe

nt

ith

FIG. 2. PL spectra recorded at different excitation densities
the series II lattice-matched sample with the 6°B substrate. The
intensity of the spectrum at lower excitation is multiplied by 30
match the other spectrum. The downward arrows indicate the p
energies of the two spectra, respectively.
7-3
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samples, the PL peak shifts first rapidly to higher energ
with increasing the excitation density in the range bel
15 W/cm2, then slowly, and finally does not show any si
nificant increase further in the range*40 W/cm2. This was
not the case for the measurement on GaInP2 bulk material,21

whereby the blueshift was identified for the moving peak
be strong in a range of the excitation density up
500 W/cm2. The reason will be discussed in Sec. IV. It
noteworthy that the degree of the ‘‘saturation’’ of the blu
shift depends on the substrate misorientation: while
samples with the 0° substrate still manifest slight blues
with the excitation density, those with the 6°B substrate do
not show blueshift further. Also observed is that the mag
tude of the blueshift varies with substrate misorientation. T
lattice-matched sample with the 0° substrate@denoted by
d- -d in Fig. 3~a!# shows a blueshift of about 7 meV, whil
the 6°B substrate~denoted by *•••*) only a value of 1.5
meV and the 6°A substrate below 0.7 meV, in the range
the excitation density being employed. Similar tendency
enlarged value of the blueshift is observed for the series

FIG. 3. Excitation-density dependence of the PL tran
tion energies for ~a! the series II (x50.52)
GaxIn12xP/(Al0.66Ga0.34)0.52In0.48P QW samples with the 0° an
6°B substrates~denoted byd- -d and *•••*, respectively!, and
~b! the series III (x50.40) QW samples with the 0° and 6°B sub-
strates~denoted byd- -d and *•••*, respectively! and the series
IV sample with the 0° substrate~denoted byL- • -L), respec-
tively. Lines are fitted to the measuring points as a guide to
eyes.
16532
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~compressively strained! samples with the 0° and 6°B sub-
strates as illustrated in Fig. 3~b!. The sample’s growth tem
perature and/or the doping of the capping layer also af
the blueshift. As can be seen in Fig. 3~b!, the blueshift of the
sample prepared at 700 °C with the 0° substrate~denoted by
d- -d) is nearly two times as large as that of the counterp
prepared at 750 °C with Zn-doped GaP capping layer~de-
noted byL-•-L).

Concerning the PL peak line width@full-width at half-
maximum~FWHM!#, it first decreases (;0.521.5 meV) as
the excitation density increases up to;15 W/cm2, then
keeps nearly constant for higher excitation density for m
of the single-peak samples. An exception is that the latti
matched sample with the 6°A substrate and Zn-doped cap
ping layer manifests further peak narrowing as the excitat
density gets higher. This will be discussed in Sec. IV.

The change in the FWHM is also strain- and substra
misorientation dependent. As shown in Fig. 4, the lattic
matched samples manifest more significant PL-peak narr
ing than the corresponding compressively strained ones.
the lattice-matched samples with the 0° and 6°B substrates
correspond to a sharper peak narrowing than the sample
the 6°A substrate. Even more, the series I sample with
6°A substrate shows a slight increase to the peak width
;1.5 meV~not illustrated in Fig. 4!, its corresponding blue-
shift, however, is nearly undetectable (<0.2 meV) as the
excitation-density increases. Similar comparison for
compressively strained samples is difficult, as the sam
with the 6°A substrate corresponds to a slightly separa
double peak for which the FWHM is difficult to exactly de
termine. It is worthy to mention that unlike the blueshift, th
narrowing of the PL peak is more obvious for the series
sample prepared at 750 °C with a Zn-doped GaP capp
layer than for the corresponding series III sample prepare
700 °C without a doped capping layer.

The values of the PL-peak blueshift, narrowing, a
stable linewidth are summarized in Table I for all four ser
samples. The results illustrate a general relation between
blueshift and the stable linewidth (LWs) of the PL peak mea-
sured at high excitation density (;50 W/cm2): a larger blue-
shift corresponds to a larger stable FWHM. The 6°B lattice-
matched samples have relatively small FWHM, 12.2–1
meV, similar to the 6°A samples. In contrast, the 0° sampl
have a large value 18.6–23.2 meV. Similar but enlarged v
ues~20.0 meV for the 6°B and 27.1 meV for the 0° sample!
are observed for the series-III compressively strain
samples. For the series-IV samples prepared at 750 °C w
Zn-doped GaP capping layer, however, the 0° sample h
smaller FWHM~23.4 meV! than the counterpart of the serie
III sample prepared at 700° without a doped capping lay
and the value is even smaller than the 6°B sample~29.8
meV! in the same series. It is worthy to emphasize that
line shape of the 6°B sample of series IV is obviously asym
metric with its maximum occurring at higher energy than t
0° sample, suggesting a bad sample quality. Further evide
is revealed shortly afterward by magneto-PL and reflectiv
measurements.
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e
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B. Magnetophotoluminescence

Figure 5~a! shows a set of the PL spectra recorded
different magnetic fields for the series IV compressive
strained sample with the 0° substrate. The peak energie
the PL spectra are depicted against the magnetic fields
this sample and the 6°B series III sample in Fig. 5~b!, and
for the 6°A and 0° series II lattice-matched samples in Fi
5~c! and 5~d!, respectively. Obviously, the PL transition pea
shifts to higher energies as the magnetic fieldB increases.

The diamagnetic shift of the 0° compressively strain
sample is more significant than the 6°B sample. Further-
more, similar diamagnetic shifts have been detected for
0° and 6°B compressively strained samples under high
citation density of;45260 W/cm2 as well as a low excita-
tion density of;1.5 W/cm2. It is safely concluded that the

FIG. 4. Full-width at half-maximum~FWHM! of the PL
peak determined by curve-fitting procedure plotted against
excitation density for ~a! the series II lattice-matched
GaxIn12xP/(Al0.66Ga0.34)0.52In0.48P QW samples with the 0°~de-
noted byd- -d), 6°A ~denoted by3-•-3) and 6°B ~denoted by
* •••*) substrates, respectively and~b! the series III compressively
strained QW samples with the 0°~denoted byd- -d) and 6°B
~denoted by *•••*) substrates, and the series-IV compressive
strained sample with the 0° substrate~denoted byL- • -L), re-
spectively. The lines are fitted to the corresponding measu
points to guide the eyes. The horizontal arrows in~a! indicate the
corresponding data being plotted against the pointed vertical a
16532
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PL transitions have a similar origin and correlate with t
band-to-band involved transition of the QW’s in all the em
ployed excitation levels.

For the series-II lattice-matched sample with the 6°A sub-
strate illustrated in Fig. 5~c!, very small diamagnetic shif
;0.7 meV is observed. In this particular case, the orderin
in a very low degree,34 h.0.22, as listed in Table I, and th
highest two valence subbands of the QW’s, namely, hea
hole- ~HH-! and light-hole-~LH-! like subbands,35 are very
close to each other as predicted by an ordering-included
bandk•p model.36 The strong interaction between the tw
subbands results in the diamagnetic shift negligible un
medium magnetic fields. For the series II sample with the
substrate illustrated in Fig. 5~d!, the degree of ordering get

e

g

s.

FIG. 5. ~a! PL spectra recorded at different magne
fields for the series IV compressively straine
Ga0.4In0.6P/(Al0.66Ga0.34)0.76In0.24P QW sample with the 0° sub
strate. The peak energies are plotted against the magnetic field
~b! this sample~denoted byd- -d) and the series III compressivel
strained sample~denoted by *••• *) with the 6°B substrate, and
the series II lattice-matched samples with~c! 6°A and ~d! 0° sub-
strates. The dashed vertical line in~a! is a guide to the eyes, and th
curves in~b!–~d! are theoretical fits to the peak energies based
an effective-mass equation of an exciton in external magnetic fie
7-5
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higher, leading to an additional separation to the two high
valence subbands. The interaction between the subban
reduced, and hence, a larger diamagnetic shift is detecte

To theoretically simulate the diamagnetic shifts, t
effective-mass equation of an exciton in an external magn
field is employed37

H 2
\2

2m F1

r

]

]r S r
]

]r D G1
e2

8m
B2r21V~r!J Rn~r!

5EnRn~r!, ~1!

V~r!5
2e2

4p«0
E E

2`

1` uZe~ze!u2uZh~zh!u2

« r~ze ,zh!Ar21~ze2zh!2
dzedzh ,

~2!

wherer is the in-well-plane separation between the elect
and hole constituting an exciton.m is exciton reduced effec
tive mass.Ze(ze) and Zh(zh) are the confined-state wav
functions of electrons and holes, respectively.« r«0 is the
dielectric constant of the well or the barrier depending onze
andzh . n represents thenth excitonic state.Rn(r) is for the
S-type excitonic envelope function. In the calculation,m is
assigned an initial value and is adjusted for each partic
sample to achieve a good fit. The results are depicted by
solid and dotted lines in Figs. 5~b!–5~d!. As that the theory
describes the experimental data quite well, it serves as d
evidence indicating that the PL transition from the QW
excitonic.

It is worthy to mention that a ‘‘negative’’ shift is observe
with large scattering in the magnetic field range of 026 T
for the series IV compressively strained sample with the 6B
substrate. This indicates that the PL from the sample is n
excitonic, and hence provides a direct support to the
sample-quality assumption in Sec. III A.

C. Optical reflectivity

Figure 6~a! shows reflectivity and PL spectra for the seri
IV sample with the 0° substrate. As is known, optical refle
tivity shows sharp features at the energies of the exc
associated with conduction and valence confinem
subband.38–40 However, the typical reflectivity spectrum i
here broad, ‘‘mountainlike’’ with apparent extrema located
about 1.82 eV and 2.08 eV, respectively. Such broad feat
are ascribed to the Fabry-Pe´rot interference and are dete
mined by the sample thickness.36 In addition, there are weak
fluctuations around 1.86 eV, as marked with three downw
arrows. They are due to the transitions in the QW’s.
clarify them, a second-order derivative operation is p
formed on the reflectivity spectrum.34,37 The second-orde
derivative of the reflectivity ~SODR! is also depicted.
Clearly, the SODR manifests clear peaks and dips in
region of about 1.86 eV. All the three peaks in the SOD
were shown to originate from the excitonic transitions in t
QW layer,31 and the first two were identified to be HH- an
LH-like exciton transitions by a modified model-solid theor
The ordering parameter of the sample was determined a
same time,34 and is listed in Table I for convenience of com
parison. By correlating the weak features marked by
16532
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downward arrows in Fig. 6~a! to the corresponding PL spec
trum, a slight blueshift of the minimum with respect to th
PL maximum is evident, which is known as a Stok
shift.20,41

Similar SODR line shape is observed for other samp
with two exceptions. The first exception is illustrated in F
6~b! for the series IV compressively strained sample with
6°B substrate. On the low energy side of the first SOD
maximum, no dip similar to that shown in Fig. 6~a! occurs.
This suggests that no HH-like exciton state exists in this Q
sample, and hence provides a further support to the
sample-quality assumption for this sample. The second
ception occurs in the two 6°A lattice-matched samples
where only one peak can be clearly identified in the SO
with an apparent shoulder on the high-energy side. The s
tra are illustrated in Fig. 7 for the 6°A series I sample. For
such a lattice-matched sample, the ordering is very wea28

The first two valence subbands are hence nearly degene
With an assumption of two Gaussian functions constitut
the SODR peak, a good fit is obtained. The result is plot
in Fig. 7 as dashes and dash dots. The relative intensities
line widths suggest HH- and LH-like transitions35 to the first
and second fitting curves, respectively. The energetic p
tions, on the other hand, are consistent with the modifi
model-solid theory, and lead to a determination of the ord

FIG. 6. Reflectivity and its second-order derivative~SODR! as
well as PL spectrum of the series IV compressively strain
Ga0.4In0.6P/(Al0.66Ga0.34)0.76In0.24P QW samples with~a! the 0° and
~b! the 6°B substrates. Vertical arrows indicate the energetic po
tions of excitonic related transitions in the QW’s.
7-6
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ORDERING EFFECTS ON OPTICAL TRANSITIONS IN . . . PHYSICAL REVIEW B68, 165327 ~2003!
ing parameterh.0.2, which is in agreement with the com
mon knowledge of low ordering for such a sample structu

A detailed analysis indicates that all the strain, substr
misorientation and doping of the capping layer affect
Stokes shift of the first SODR maximum relative to the c
responding PL peak at a constant position~corresponding to
a high excitation density of;50 W/cm2). ~i! The compres-
sively strained sample has a smaller Stokes shift than
lattice-matched counterpart with the same substrate
sample structure.~ii ! The sample with the Zn-doped Ga
capping layer has a larger Stokes shift than the sample
the same strain and substrate but undoped GaInP cap
layer. ~iii ! The sample with the 0° substrate has the larg
Stokes shift and the 6°A the smallest in the same samp
series. The values of the Stokes shift are presented in Tab

Concerning the FWHM of the first SODR peak LWDR,
similar dependence is only observed for the substrate mis
entation that the sample with the 0° substrate has the lar
FWHM in a same sample series. No obvious dependence
be found in the strain and doping of the capping layer. T
FWHM values for most of the samples are given in Table
By assuming a similar line shape of, e.g., Gaussian form
the first peak for all samples, a similar relation can be fou
among the FWHM of the first peak in their original refle
tivity spectra. It is clear that the Stokes shift is smaller th
the FWHM of the first peak in the reflectivity spectrum f
all the single-peak samples except the bad one, if the fa
taken into account that the FWHM of the peak in the origin
reflectivity spectrum is about two times as large as that in
corresponding SODR spectrum.42

IV. DISCUSSIONS

With the experimental observations, we now check
frequently used concepts of domain distribution, band-

FIG. 7. Reflectivity and its SODR as well as PL spectrum of
series I lattice-matched GaxIn12xP/(Al0.66Ga0.34)0.52In0.48P QW
sample with the 6°A substrate. The SODR peak is fitted by tw
Gaussian functions depicted in dashes and dash dots.
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states, and spatially indirect band alignment due to seque
mutations, and order-induced piezoelectric field, and try
clarify the origin of the peak narrowing as well as the sa
ration of the narrowing and blueshift.

A. Domain distribution?

Based on the knowledge that~i! PL transition tends to
occur in small band-gap regions while reflectivity represe
a spatially averaged effect2,41 and ~ii ! ordered domains with
different sizes correspond to different ordering paramet
Hence in characterizing the ordering not only is the order
parameterh of particular domains needed but also the d
main distribution function4 F(h) where *0

1F(h)dh51, is
necessary. A band-edge model is established as follows
the ordered GaInP/AlGaInP QW system. A Gaussian form
assumed for the functionF(h),4 and two functions are plot-
ted with their maximum athp but with different FWHM’s in
Fig. 8~a!. The band edge is hence depicted as a function
the ordering, as illustrated in Fig. 8~b!, by taking into ac-
count the order-induced band-gap reduction. The dash-do
lines are moved slightly down to make the solid lines easy
see.hP andEp are, respectively, the ordering parameter a
its corresponding band gap at which the domain distribut
function F(h) reaches its maximum.hH and hL represent
the highest and lowest ordering in the same sample, res
tively. Obviously, a larger linewidth of the distribution func
tion corresponds to a larger energy difference betweenEp
andEH .

The energy of the reflectivity peak is nearEp , and the
FWHM of the reflectivity peak is;(EL2EH)/2. By assum-
ing the linewidth of the reflectivity peak (LWref) being de-
termined by the intrinsic linewidthd0 and the contribution of
the domain distributiondh , dh52hDhDEg

h51 , we have

Dh5
ALWref

2 2d0
2

2hDEg
h51

, ~3!

whereDh represents the FWHM of the domain distributio
LWref is about two times as large as LWDR. DEg

h51 is the
order-induced band-gap reduction for a perfectly orde

FIG. 8. Schema of~a! domain distribution functionF(h), and
~b! band-edge structure due to theF(h) in ordered QW’s.
7-7
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SHAO, WINTERHOFF, DÖRNEN, BAARS, AND CHU PHYSICAL REVIEW B68, 165327 ~2003!
GaxIn12xP and takes a value of 0.43 eV for the lattic
matched samples and 0.32 eV for the compressively stra
samples.34 With respect to the fact that~i! for large-domain
partially ordered GaInP2 bulk alloys,h varies only slightly4

with Dh.0.0048 and~ii ! the smallest FWHM of the SODR
peak is 10.5 meV,d0 is here assumed to be 20 meV.43 The
Dh can therefore be estimated for each of the samples.
results are listed in Table I. Clearly, theDh is more signifi-
cant for the samples with the 0° substrate and less signifi
for those with the 6°B substrate. This is explicable wit
respect to the well established knowledge that for a Ga
film grown on the exact 0° substrate, two variants, i.

@ 1̄11# and @11̄1#, of the CuPt-ordered structure occur, a
the degree of order is not the same for the two variants.44 For
a GaInP film grown on the 6°B substrate, on the other han
only a single variant CuPt-ordered structure is observed.44–46

The doping of the GaP capping layer does not introd
systematic change to theDh. Connecting to the experienc
of best~Al !GaInP lasers having been established from dis
dered material, and the 6°B substrate being preferable fo
achieving ordering,28 it is clear that the spread of the doma
distribution F(h) plays a crucial role in the optoelectron
application. For aDh that is significantly larger than th
ordered GaInP2 bulk alloy, the spatial fluctuations of atomi
concentration~inhomogeneities! may be the reason.47 Rela-
tive to the bulk, even a monolayer-thick fluctuation w
cause significant inhomogeneities at the interfaces for
case of a 10-nm-thick GaInP layer sandwiched in AlGaI
barriers.

With this model, the blueshift of the PL peak can be e
plained qualitatively in a simplified manner. At low temper
ture, the density of the excitation-generated electrons
holes is very low at a low excitation-power level. Most pro
ably the carriers diffuse into the domains with extreme
high ordering (hH) and recombine there. This corresponds
low-energy emission. As these domains are limited in th
occurring probability, the PL via them is weak and satura
as excitation density increases. The PL recombination
hence occur in the domains with lower ordering, leading t
shift of the total PL peak to higher energies. If theF(h)
function is sharp, the blueshift will be small. This is, in fac
the observation in the 6°A and 6°B lattice-matched samples
According to this model, the PL emission is always ex
tonic, which is in agreement with the measurements.

The general relation is also straightforward between
blueshift and the stable linewidth of the PL peak: a lar
blueshift corresponds to a wide range of domains being fi
with photoinduced carriers, and hence a large stable l
width of the PL peak. Meanwhile, at an identical excitati
density, the stable PL peak energyEPL is estimated to be
betweenEp andEH and around the middle point. For a larg
spread ofF(h) distribution the Stokes shift will take a large
value. This is also consistent with the experimental obse
tion.

Nevertheless, with this model, it is hard to obtain a res
of PL peak narrowing as the excitation-power density g
higher. It therefore suggests that there should be other
son~s! coaffecting the optical properties.
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B. Band-tail states or spatially indirect band alignment?

At first glance, the assumption of band-tail states seem
be able to interpret the excitation-density dependent PL tr
sition energy. However, the assumption is questionable
two reasons in this case.

First, the narrowing is explicable only if the band-ta
states are located in one or several separated energy lev~s!.
Figure 9 schematically illustrates a two-level model. The
tal PL peaks are assumed to consist of a band-tail-st
related transition in dash dots with lower energy and a ba
band related transition in dots with higher energy. At lo
excitation density, the strength of the band-tail-state-rela
transition is comparable to that of the band-band-rela
transition, the total PL peak is illustrated to the left side
Fig. 9. As the excitation density gets higher, the strength
the band-tail-state-related transition saturates quickly, du
the limited density of the states, and the total PL peak
dominated mainly by the band-band-related transition, as
picted in the right side of Fig. 9. It is apparent that the to
PL peak gets narrower while shifting to higher energy as
excitation power gets higher. Note, however, that the narro
ing would not be observed if the band-tail states are conti
ously distributed.21

Secondly, the assumption does not explain the sim
quadratic diamagnetic shift of the PL peak at differe
excitation-density levels. Even if the band-tail states fo
excitons, the exciton effective mass and therefore the
magnetic shift should obviously be different than that of t
band-band exciton.

The model of spatially indirect recombination, originate
from the assumption of either type-II band alignment in t
ordered/disordered GaInP2 interface3,21–24 or sequence
mutations,26 can explain the blueshift of the PL peak as
result of the band-filling effect. However, the former assum
tion has been proved to be untrue that more than 10% of
order-induced band-gap reduction is due to the upward s

FIG. 9. Superposition of two adjacent peaks with identical
tensity in the left part, and with higher energetic peak~depicted as
dotted line! being four times stronger~dash-dotted! in the right part,
respectively. The summation from the left part~dashed line! is
scaled and moved to overlay on the right part to directly comp
both the line width and the energetic position of the two summ
tions.
7-8
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ORDERING EFFECTS ON OPTICAL TRANSITIONS IN . . . PHYSICAL REVIEW B68, 165327 ~2003!
ing of the valence band.27,34,48For the sequence mutations,
there is a particular relation between the transition probab
ties of the spatially indirect and direct transitions, increas
excitation power will simply increase the absolute intensit
but not the ratio of the intensities of the two transitions.
broadening instead of narrowing is therefore predict
Moreover, the diamagnetic shift of the spatially indirect tra
sition should be linear with respect to the magnetic field49

which is contradictory to the experimental results. It is hen
clear that neither the band-tail states nor the spatially indi
band alignment can serve to explain the excitation-den
dependence of the PL-peak linewidth.

C. Ordering induced electric fields?

The existence of a unique@111# axis in CuPt-type ordered
GaInP2 alloys suggests the possibility of a piezoelectric fie
This field is related to the internal electric fields for straine
layer ~111! superlattices and remains even for layers
monolayer thickness.

Figure 10 illustrates the electronic band structure for
ordered domain sandwiched in disordered domains. For
QW’s, this represents two types of structures.~i! In the well
plane, it is an ordered domain embedding in the doma
with lower ordering, and the domain size is of the order
magnitude of 100 nm or higher.20 ~ii ! In the @001# direction
perpendicular to the well plane, the domain is likely limite
by the AlGaInP barriers and its size is about 10 nm. Due
the piezoelectric field, the optical recombination with
QW’s may be both direct as marked by I and ‘‘indirect’’ a
marked by II for the extremal case. The energy differen
between the two transitions isDEpe.h2epeSd , whereepe is
the piezoelectric field of perfect ordering andSd is the line
scale of the domains.

Under a low power excitation, the transitions occ
mainly in the domains with extremely high ordering. Ther
fore, the FWHM of the PL peak is determined by

LWl5Ad0
21dpe,'

2 1dpe,i
2 , ~4!

FIG. 10. Schema of the electronic band structure and the t
sitions within an ordered GaxIn12xP domain possessing a piezoele
tric field.
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whered0 represents the intrinsic FWHM, which correspon
to the excitonic transition in an ideal QW structure free
any internal electric field and domain fluctuation.dpe,' and
dpe,i are the contributions of the piezoelectric field along t
@001# direction and in the~001! well plane, respectively.
They are estimated to be

dpe,'.h2epe,'Sd,'/2, dpe,i.h2epe,iSd,i/2. ~5!

As the excitation power gets higher, more carriers
generated. This introduces two distinct effects.~i! The carri-
ers tend to extend their region in the direction illustrated
the arrow parallel to the bottom of the conduction/valen
band, and hence screen the piezoelectric field.dpe,' anddpe,i
are therefore reduced, leading to a narrowing of the PL pe
~ii ! As the domain with extremely high ordering is limited
occurring possibility, the PL recombination begins to occ
in domains with lower ordering, which in turn causes
broadening of the PL peak. For a high enough excitation,
contribution ofdpe,' will be totally removed, and the line
width of the PL peak will be

LWs5Ad0
21dpe,is

2 1dhs

2 , ~6!

where dpe,is
is the residual portion of thedpe,i . dhs

is the

contribution of the filled domains,dhs
<dh .

With the fact in mind that the linewidth tends to stabiliz
in a rather wide range after a particular excitation-pow
density (>40 W/cm2), it can be concluded that the decrea
in dpe,is

2 is compensated by the increase indhs

2 , dpe,is

2 1dhs

2

.dpe,i
2 . The peak narrowing can hence be determined:

PN5LWl2LWs.
dpe,'

2

2 LWs
, ~7!

due touLWl2LWsu!LWs .
The combination of Eqs.~5! and ~7! gives

epe,'.
2A23PN3LWs

h2Sd ,'

. ~8!

With this relation, we can check the order of magnitude
the order-induced piezoelectric field along the@001# direc-
tion. The results are listed in Table I ofepe,' and h2epe,' ,
the latter indicates the real magnitude of the field in the p
ticular sample. They indicate the following:~i! The electric
field epe,' is higher for the compressively strained samp
than for the lattice-matched sample with the same subst
and capping layer. This can be understood with the sim
model of Gax6h/2In12x7h/2P layers in ordered GaInP2 such
as simply strained bulklike material.18 ~ii ! epe,' depends on
the substrate misorientation, and the 0°-substrate sample
responds to a higher value than the 6°B sample in the same
series. This can be understood in a similar manner. Rela
to the 0° substrate, the 6°B substrate may result in an add
tional tensile while the 6°A substrate may result in a com
pressive strain to the Gax6h/2In12x7h/2P ordered layers. The
former reduces and the latter increases theepe,' . It is noted
that the 6°A series II sample has the largestepe,' value in the

n-
7-9



i
he
he
er
ng
0
ds

e
th
Z

ge
er
i
le

th
ino

in
ld
th
te
e

Th
th
e
he
io
bu
c
id
w
w
es
to
of
ig

in

o

is
f
c

ng
g
th
nt
ra
s
re
e

i

. A
ed
0 °C

ift
ty,
r

PL
kes
ak
of
he
t of
les
to
y

a

nts,
the
e
in,

.
and
the
ive
the
-
es-
ple
ed
po-
te
-

the
to

he
op-

d
hed

ger
the

ap-
°

ally
con-
ge
ain

ric
er-

SHAO, WINTERHOFF, DÖRNEN, BAARS, AND CHU PHYSICAL REVIEW B68, 165327 ~2003!
same series.~iii ! A general trend forh2epe,' is that the
sample with 0° substrate has a higher value than that w
6°B substrate in a same series. For the lattice-matc
samples, the one with 6°A substrate may possesses t
smallesth2epe,' in the same series, due to its lowest ord
ing. ~iv! The epe,' of the samples with an undoped cappi
layer is much lower than the theoretical limit of 90
kV/cm,27 and is within the experimentally observed boun
of <240 kV/cm in fully ordered GaInP2 bulk alloy.18 ~v! The
electric fieldepe,' is obviously higher for the sample with th
Zn-doped GaP capping layer than for the sample with
same substrate but undoped GaInP capping layer. In the
doped GaP capping layer, there are positive net char
which produce an additional electric field in the QW lay
with the direction pointing down to the substrate, and
hence expected to enhance the intrinsic order-induced e
tric field. In addition, the compressive strain caused by
410-nm-thick GaP capping layer may also cause a m
increase of the piezoelectric field.

As manifested by the model, it can interpret the narrow
of the PL peak well. For a strong enough piezoelectric fie
the effect of narrowing dominates the broadening due to
scattering of domain distribution and the PL peak is expec
to manifest narrowing as the excitation density increas
This is indeed the most frequent case in experiments.
only exception, however, is for the series I sample with
6°A substrate, whose PL peak width shows slight broad
ing while the blueshift is also very small. With respect to t
series II sample with the same substrate misorientat
which has a significantly enhanced internal electric field
a smaller scattering of the domain distribution, the differen
can be easily understood as the change of the PL-peak w
with the excitation density. For the saturation of the narro
ing and blueshift of the PL peak, it is clear that at a lo
excitation level, the contribution to the narrowing com
from bothepe,' andepe,i components, and the contribution
the blueshift comes from, in addition, the effect of filling
the domains with extremely high order, whereas at a h
enough excitation level, the contribution fromepe,' disap-
pears. This leads to a drastically slowed down to narrow
and blueshift. For a bulk alloy, the domain linescaleS is in
both thei and' directions near the domain size, and is
the order of magnitude of 100 nm or higher.20 The saturation
will hence occur only when the excitation-power density
higher than 400 W/cm2. This explains why the blueshift o
the PL peak in the bulk alloy was observable in a mu
wider range of excitation-power density.21

Meanwhile, with the effects in mind of both the scatteri
of domain distributionDh and the piezoelectric field causin
blueshift to the PL peak, the difference in the degree of
saturation of the blueshift and narrowing for differe
samples is straightforward. The sample with the 0° subst
has a largerDh and higherh2epe,' than the same serie
sample with the 6°B substrate. It therefore manifests a mo
obvious increase in the ‘‘saturated’’ region. On the oth
hand, the series II lattice-matched sample with the 6°A sub-
strate has a narrow scattering ofDh, which may result in a
further narrowing to the PL peak in the saturated region
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the case of a strong electric field existing in the sample
similar discussion is valid for the two compressively strain
samples with the 0° substrate: the sample prepared at 75
possesses an identicalDh but a largerh2epe,' , and hence
still shows a slight narrowing in the saturated region.

The difference is also straightforward in the Stokes sh
for different samples. At a similar level of excitation densi
a largerDh results in a largerEp2EPL , and hence a large
Stokes shift; meanwhile, a largerh2epe,' corresponds to a
larger residualDEpe,i , and again a larger Stokes shift.

It is noteworthy that the model does not explain the
from the slightly separated double-peak samples. The Sto
shift of the first SODR peak relative to the low-energy pe
in the PL spectrum is significantly larger than the FWHM
the first peak in the reflectivity spectrum, indicating that t
energy of the low-energy peak is even smaller than tha
the transition from extremely high order domains. This ru
out the possibility of relating the low-energy PL peak
~extremely high! order domains. As its origin is not clearl
identified in this work, we guess it may be caused by
strain-related defect30 occurring especially in the 6°A
misoriented-substrate case.

V. CONCLUSION

In the excitation-density dependent PL measureme
blueshift and narrowing of the PL peak are observed in
range of up to 40 W/cm2 and become less significant as th
excitation density gets higher. They are affected by stra
substrate misorientation, and doping of the capping layer~i!
For the lattice-matched samples, the highest blueshift
peak narrowing are identified for the 0° substrate and
lowest for the 6°A substrate sample. For the compress
strain, the blueshift is higher for the 0° substrate than for
6°B substrate sample.~ii ! The peak narrowing is more sig
nificant for the lattice-matched sample than the compr
sively strained one, and is more significant for the sam
with Zn-doped GaP capping layer than that with undop
GaInP capping layer with the same substrate and Ga com
sition in the QW layers. The blueshift is found to correla
directly with the stable linewidth. A larger blueshift corre
sponds to a larger stable linewidth of the PL peak. With
magneto-PL measurements, the PL transition is identified
be excitonic.

The optical reflectivity measurements illustrate that t
Stokes shift is also affected by the strain, substrate, and d
ing of the capping layer.~i! The compressively straine
sample has a smaller Stokes shift than the lattice-matc
sample with the same substrate and sample structure.~ii ! The
sample with a Zn-doped GaP capping layer has a lar
Stokes shift than the sample with the same substrate and
Ga composition in the QW layers but undoped GaInP c
ping layer.~iii ! The 0° sample has the largest and the 6A
the smallest Stokes shift in the same sample series.

With the observations, the band-tail states and spati
indirect band alignment due to sequence mutations are
cluded to be not suitable for the QW structure. A band-ed
model is then established based on the concepts of dom
distribution function and ordering-induced piezoelect
field, with which the experimental phenomena are well int
7-10
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ORDERING EFFECTS ON OPTICAL TRANSITIONS IN . . . PHYSICAL REVIEW B68, 165327 ~2003!
preted. The scattering of the ordering parameterDh and the
piezoelectric field along@001# directionepe,' are estimated.
The results indicate that theDh is obviously larger than tha
reported in GaInP2 bulk material. It plays a crucial role
in optical transitions and is more significant for the samp
with the 0° substrate than for the samples with the 6B
and 6°A substrates. Theepe,' , on the other hand, is signifi
cantly lower than the theoretically predicted value and fa
into the experimentally observed range for the GaInP2 bulk
material. The Zn-doped GaP capping layer causes
enhancement toepe,' .

*Author to whom correspondence should be addressed. Electr
address: jshao@mail.sitp.ac.cn
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