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Excitation intensity dependence of photoluminescence from narrowŠ100‹-
and Š111‹A-grown In xGa12xAs/GaAs single quantum wells
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We have used excitation intensity-dependent photoluminescence~PL! spectroscopy to study strained
InxGa12xAs/GaAs (x'0.23) single quantum wells grown along the^001& and^111&A directions. PL intensi-
ties from these two quantum-well samples exhibit a linear dependence on incident power density over the
excitation intensity range examined. The linewidth of the emission from the^100& well is well described by
band-filling effects asI exc is increased. By careful analysis of the excitation intensity dependence of the^111&
linewidth and the corresponding blueshift of the PL peak energy, the strain-induced piezoelectric field is
estimated to be 70 kV/cm.@S0163-1829~99!00607-4#
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I. INTRODUCTION

InxGa12xAs/GaAs strained heterostructures are intere
ing because of the controllable variations achievable in
electronic band structure.1,2 These variations, the result o
alloying, strain, and quantum confinement, lead to import
optoelectronic device applications. Of particular interest
heterostructures in which the InxGa12xAs forms a pseudo-
morphically strained quantum well~QW! layer in the larger
band-gap GaAs barrier layers. Due to its larger lattice c
stant, the InxGa12xAs is under uniform biaxial compressiv
strain, provided the layers are kept below a critic
thickness.3–6 For the single InxGa12xAs QW’s studied here,
which are bounded by thick GaAs barrier layers, the strai
present only within the well, with the GaAs remaining stra
free.7–9 When grown along any non-@001# direction, the
strain creates a polarization charge density within
strained layer.10–14 Because the polarization charge dens
must terminate at the strained layer boundaries, an ele
field results. This piezoelectric field has been demonstra
in an InxGa12xAs/GaAs QW, even with barriers as small
150 Å.15

In this work, we use optical excitation intensity depende
photoluminescence~PL! spectroscopy to examine narro
^111&- and ^100&-oriented QW’s. Photoluminescence is a
excellent technique for investigation of band-gap-rela
processes in semiconductors. PL intensity and line shape
sensitive to crystalline quality, interface abruptness, mate
composition, and heterolayer thickness.16,17 PL was key in
determination of the critical thickness of pseudomorphica
strained layers, and has been used to gain understandin
piezoelectric field effects.2,17–23 Here we report PL experi
ments aimed at understanding the band-gap emission
cesses and the nature of the piezoelectric field in nar
QW’s. The paper is organized as follows. We begin by
tablishing the necessary background information and exp
mental details. We follow with a general discussion of t
effects of excitation intensity on the spectra of^100& and
PRB 590163-1829/99/59~7!/5049~7!/$15.00
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^111&. We then discuss the excitation intensity dependenc
the peak energy and the full width at half maximum. W
conclude by summarizing our results.

II. BACKGROUND

The optical and electronic properties of this QW syste
are influenced by alloying, strain, and quantum confinem
effects. We consider these as successive perturbations, in
order, on the electronic band structure of a bulk zinc-blen
crystal.24 For growth directions for which a piezoelectric po
larization is induced, the effect of the strain-induced elec
field is considered as a final perturbation to the system p
to determination of the confined energy levels in the qu
tum well. Since the piezoelectric field effectively tilts th
energy bands in the wells, calculation of the confinemen
nontrivial since the standard square-well solutions are
applicable.

The band offsets for a quantum-well system are gener
described in terms of fractions of the difference between
band gap of the bulk, unstrained well alloy, and the barr
material. Alloy properties are taken from prior experimen
whenever possible, and are otherwise interpolated accor
to Vegard’s law.24 The conduction band~CB! and valence
band ~VB! well edges are then shifted due to strain. Th
defines the depths of the wells used in the determination
confined energy levels. For the direct band gap of the b
alloy, InxGa12xAs at 77 K, we use

Eg~x!51.508-1.582x10.485x2 ~1!

wherex is the indium mole fraction and the respective ba
gaps of the binary constituents are 0.411 eV and 1.508
for InAs and GaAs at 77 K.25 The CB and VB offsets are
defined by

DEc5
Ec

Eg,GaAs2Eg~x!
~2!

and
5049 ©1999 The American Physical Society
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DEv5
Ev

Eg,GaAs2Eg~x!
~3!

where Ec and Ev are the unstrained well depths andDEc
1DEv51. A wide variety of band offsets are reported f
the InxGa12xAs system~see Ref. 18 for a summary!. For our
calculations, we assumeDEc :DEv50.75:0.25, determined
from our hydrostatic pressure measurements.26

The incorporation of pseudomorphic strain leads to a d
matic restructuring of both the CB and VB.4,6 For our case,
the hydrostatic strain components cause the CBG-point
minimum to shift higher in energy, while the valence-ba
maximum shifts downward. Shear strain components s
the light hole~LH! and heavy hole~HH! of the VB G-point,
moving the HH level to the VB maximum for compressiv
strain. For thê 100&-grown system, these strain effects a
described in terms of the hydrostatic and shear deforma
potentialsa and b. For the^111&-grown system, the rhom
bohedral deformation potentiald must also be included
Starting with the unstrained distribution of the band-gap d
ference, the effect of pseudomorphic strain on the CB
VB is then used to determine the strained well depths. T
band-edge shifts are found in Ref. 4, withexx,0 for com-
pressive strain. For growth along^111&, the strain tensor con
tains off-diagonal components. The strain tensor compon
were used as in Ref. 6 to determine in-plane strain values
the ^111& QW.

The lowest energy transition for PL emission in t
strained InxGa12xAs/GaAs QW system is the first confine
level in the conduction band (EC1well) to the first confined
heavy-hole band (HH1well),

27 which we denote as 11H. To
compute the expected transition energy for the@001#-grown
well, the confinement energy is determined for the CB a
VB strain-shifted wells using the Ben-Daniel-Duke sing
envelope function approximation method.28 For the calcula-
tion, the strain-shifted well depth was used.

For the ^111&-grown QW, the effect of the piezoelectri
field must also be considered before confined energy le
can be determined. The internal fields can be on the orde
102 kV/cm, dependent upon the magnitude of psuedom
phic strain.29 Using a bulk piezoelectric approximation, th
built-in polarization field is given by30,31

Ppz52S 2

)
D ~11g!e14exx8 , ~4!

where

g5
C1112C1222C4422~e14

2/keo!
1
2 ~C1112C12!12C4412~e14

2/keo!
. ~5!

e14 is the piezoelectric constant,Ci j are the elastic constant
of the alloy,32 k is the static dielectric constant,eo is the
permeability of free space, andexx8 is the conventional in-
plane strain tensor component for the^111& growth axis.25,6

The expression forg includes experimentally determine
corrections necessary for piezoelectrically active strai
crystals.30,31 The termination of the polarization charge de
sity at the edges of the strained layer results in an elec
field along thê 111& direction:30,31
-
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Fpz52Ppz/keo , ~6!

with variables and constants defined as above. For calc
tions, linear interpolations between the binary constitu
values were used, with the exception of the piezoelec
constant.25 The experimentally determined value ofe14 from
Ref. 33 was used for our calculations. To calculate confi
ment energies formally in the asymmetric well which i
cludes the effects of the strain-induced field, numerical me
ods must be employed.34 A rough approximation of the
magnitude of the confined energy levels can be obtained
ing the semi-infinite triangular well model.34,35Although this
approximation has limited applicability for shallow wells, w
find that it provides us with an acceptable estimate of
confinement energies for several other samples. The pres
of the strain-induced electric field allows the confined lev
to shift deeper within the well according to the quantu
confined Stark Effect~QCSE!. The intrinsic piezoelectric
field present in thê111&-grown system introduces an inte
esting complication to PL studies.19–22,36 Upon excitation,
the photogenerated electron-hole pairs are polarized by
strain induced piezoelectric field within the QW. The phot
excited carriers are polarized in such a way as to crea
screening field, causing a decrease in the net field within
strained QW region.10–13,37,38 The photogenerated carrie
screening field causes a ‘‘reversed’’ QCSE resulting in
observedblueshiftof optical transition energies. Researche
have used PL to confirm the existence of the internal fie
by observing the related optical nonlinearities in t
InxGa12xAs/GaAs material systems grown along the^111&
direction.7–9,15,18–22,39–41The observed effect of the change
in the intrinsic field are consistent with those seen in
studies of QW’s under the influence of externally appli
electric fields.37 This optical nonlinearity is not observed i
the ^100&-grown system.42

III. EXPERIMENTAL DETAILS

Our samples are InxGa12xAs/GaAs QW’s grown using
metal-organic chemical vapor deposition on^100& and
^111&A GaAs ~slightly n-type! substrates. The latter wer
misoriented'2° toward thê 110& axis. The two wells were
grown simultaneously with nominal values ofx50.23, well
width of 2461 Å, and a GaAs cap layer of 550 Å. Details o
sample growth and characterization have been publis
elsewhere.43 The strained QW layer is well below the critica
thickness for strain relaxation.17 One important difference
between̂ 111&- and ^100&-grown samples is the presence
the piezoelectric field in thê111&-grown sample. This has
been observed in lattice-matched systems of different gro
directions.44 For our study, thin wells~24 Å! were chosen for
several reasons. The optical matrix element is less sens
to small changes in electric field when compared with thic
wells.22,40 We chose a single QW rather than a multiple-Q
system, since study of a single, pseudomorphically strai
QW layer has the advantage of isolation.19–22,45 Coupling
through thin barrier layers in MQW structures can play
significant role in carrier dynamics, particularly in the pre
ence of an electric field.46,47 Constraining the piezoelectri
field to a single layer eliminates this complicated pheno
enon. All PL measurements were taken with the sample s
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PRB 59 5051EXCITATION INTENSITY DEPENDENCE OF . . .
mersed in liquid nitrogen~77 K!. The 647.1-nm line of a
Kr-ion laser was used as the PL excitation source. T
488.0-nm Ar-ion laser line was used to confirm our resu
The PL signal was dispersed by a1

3 -m single grating mono-
chromator with slits set for instrumental resolution below
meV. The PL signal was detected with a liquid-nitroge
cooled Ge detector, using an optical chopper and lock
detection scheme. All spectra were corrected for
wavelength-dependent system response. Excitation inten
(I exc) studies were performed by using calibrated neu
density filters. Power densities range from 0.5– 800 W/c2.
The position and line shape of the GaAs band-gap emis
~cap and substrate! were monitored over a wide range ofI exc
in order to check for significant local heating effects. T
maximum laser intensity was thereby kept sufficiently low
avoid local heating of the sample. Following measureme
at high excitation intensity, we rechecked the spectrum
low excitation intensity to verify that the QW had suffere
no damage by intense laser excitation.

IV. EFFECT OF EXCITATION INTENSITY ON
PL SPECTRA

In Fig. 1 we show PL spectra of both the^100&- and
^111&A-grown single QW’s for range of excitation powe
densities,I exc. Spectra for thê 100&-grown QW show no
significant energy shift over the 8 – 750 W/cm2 excitation
range studied. This confirms that no local heating occ
over this incident power density range, since local heatin
accompanied by a redshift in peak energy. Peak position
I exc data are shown in Fig. 2. The peak energy observe
1.420 eV compares well with our calculation of 1.423 eV f
the ^100& QW. We have not accounted for the exciton bin
ing energy, which has been estimated to be'7 meV.48 The
large effect of confinement in the narrow QW is evident. T
observed transition energy is large compared to the c
puted strained band-edge splitting of 1.250 eV. Our m

FIG. 1. Representative PL spectra of the two QW
studied at three different excitation intensities. Spectra have b
normalized for comparison of position and line shap
Upper: InxGa12xAs/GaAs-̂ 100&-grown single QW. Lower:
InxGa12xAs/GaAs-̂ 111&-grown single QW.
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sured result is consistent with the HH1 confined level res
ing approximately midwell in the valence band and theEC1
level positioned very near the top of the conduction-ba
well. Confinement in this case adds over 150 meV to
band-edge energy splitting.

PL spectra for thê111&-grown QW over a similar range
of I exc are shown in Fig. 1~lower!. These spectra clearly
exhibit a large blueshift in the peak energy with increas
excitation intensity. The peak energy shifts from 1.322
1.378 eV forI exc from 0.01 to 500 W/cm2. Without account-
ing for the piezoelectric field, we calculate a band-edge sp
ting of 1.259 eV. We expect the confinement energies to
much smaller than those found for the^100& well, due to the
large heavy-hole mass for@111# orientations.49 Comparison
of the observed energy of 1.322 eV~for I exc,1 W/cm2! to
the computed band-edge splitting confirms that the squ
well approximation is not valid for thê111&A-grown well,
since it yields large confinement energies~as found for the
^100& QW case!. Using the semi-infinite triangular well ap
proximation and a field strength of'73 kV/cm from Eq.~6!,
we expect confinement energies of'38 meV ~CB! and
'23 meV~VB!. This yields an expected transition energy
'1.320 eV. This simple approximation yields good agre
ment with the PL.

As illustrated by Fig. 2, over comparable ranges ofI exc,
the two emission energies of the QW’s show vastly differe
behavior. For thê100& QW, the peak energy remains ap
proximately constant. However, the^111& QW dramatically
blueshifts. This verifies the existence of the piezoelec
field and its screening. However, we do not attribute
entire energy shift to piezoelectric field screening. We b
lieve that the range of incident excitation intensities prob
two regimes. In the lower range (&10 W/cm2) the observed
blueshift in energy is due to piezoelectric field screenin
Above this range, the large broadening toward higher ene
of the emission is inconsistent with a single transition. Ban
filling effects must also be considered, but cannot acco
for the large disparity between the PL from the^100& and
^111&-grown QW’s at high intensities of photoexcitation. W

en
.

FIG. 2. Summary of peak energies for the^100&-grown single
QW and thê 111&-grown single QW.
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believe that the data may implicate the participation
higher lying levels, brought on by the complexities of t
piezoelectric field present in thê111& QW. A quantitative
examination of the linewidth and its dependence on exc
tion intensity given in Sec. VI provides the basis for th
interpretation.

V. INTENSITY OF QW PL

The PL spectra were dominated by the QW emission e
for the highestI exc. Emission from the GaAs is observed fo
both QW’s only for I exc.500 W/cm2. The GaAs PL was
difficult to observe, despite the fact that most of the pho
generated carriers are created in the GaAs. Carrier injec
from the GaAs barrier layers into the well is the domina
process for producing free carriers in the well, particula
for thin wells and when the energy of excitation exceeds
energy gap of the barrier material.50 Thus the dominance o
the QW PL is expected, since the transfer rate between
barrier states and QW states is extremely fast.36

The observation that the QW’s efficiently harvest carri
from the barriers is particularly true for the^111& system. In
this case, QW PL persisted and was measurable for ex
tion power densities as low as 0.01 W/cm2. This is in con-
trast to thê 100&-grown well luminescence, which was rel
ably observable only for excitation power densities one or
of magnitude higher. Under the same experimental con
tions, the integrated intensity of the^111& PL was greater by
a factor of 2–3 than that seen for the^100&-grown sample.
This is interesting, since the presence of the piezoelec
field within the well layer results in a slightly reduced ove
lap integral of the confined envelope wave functions. T
enhanced intensity of thê111&-grown sample may be due t
improved carrier capture, also a result of the presence of
piezoelectric field within the well.51,44

We now examine the dependence of the PL integra
intensity as a function ofI exc. Figure 3 shows a log-log plo
of the data, along with least-squares linear fits. The PL
tensity should have a power-law dependence on incident
citation intensity:I PL}I exc

g .52 We find g10051.0360.05 and
g11150.9860.06. Both values are within experimental u
certainty of unity. This result is significant, since it may

FIG. 3. Summary of excitation intensity dependence of the
tegrated PL intensity for the pair of QW’s, along with results
least-squares fitting.
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taken as evidence of good interface quality. One effect
interface roughness is the creation of nonradiative recom
nation centers. These do not appear to play a dominant
in the recombination process for either the^111&- or ^100&-
grown sample. This result is remarkable for narrow we
since interface roughness will have a pronounced effec
comparison to wider wells in which monolayer-scale roug
ness will be averaged out.

We also point out differences in the spectral line sha
between thê100& PL and that of thê111&. At low excitation
intensities, the line shapes are very similar and are consis
with band-band transitions between parabolic bands.53 PL
from the ^100& QW exhibits broadening toward higher en
ergy as excitation intensity is increased, but retains appr
mately the same line shape. This supports the fact that l
heating is not a factor, since local heating generally caus
redshift, which we do not observe. In contrast, the^111&
well acquires a more symmetric profile, tending toward
Gaussian line shape asI exc is initially increased. At high
excitation intensities (I exc.300 W/cm2), the line shape ap-
pears inconsistent with a single transition, and indicates
higher-lying states may be involved in the observed PL em
sion. The CB well is expected to support only one confin
electron level in the square-well approximation, relevant
the ^100&-grown QW. However, because confinement en
gies are evidently much smaller for the^111& QW, both the
CB and VB may support a second confined level. Both th
levels are expected to be very near the GaAs-barrier c
tinuum energy levels. We attribute the large blueshift a
broadening seen under high pump intensities primarily to
participation of either the CB or VB quasiconfined levels
the radiative emission. We rule out the participation of t
InxGa12xAs LH level since it should lie well below the top
of the barrier VB edge for this system. This implies that t
higher-energy emission stems from higher-lying levels
the conduction band.21 This is discussed in more detail i
Sec. VI.

VI. LINEWIDTH ANALYSIS

The ^111& linewidth at low excitation intensity is
'20 meV, only slightly wider than thê100& linewidth of
'14 meV. Thê 100& PL linewidth is somewhat broader tha
reports of linewidths from other systems.21 This may be due
in part to the fact that our measurements are recorded
higher temperature~77 K! than those of Ref. 21~7 K!. Ad-
ditionally, fluctuations in layer thickness have a more p
nounced effect for our thinner well samples, leading to lar
linewidth values. The presence of the piezoelectric field
the ^111& QW is expected to cause a slight broadening of
linewidth when compared with a similar^100&-grown well.
This is due to the piezoelectric field-induced spatial sepa
tion of the electronic and heavy-hole wave-function env
lopes. The result is analogous to the effect of an exter
electric field on PL emission.46

The linewidth broadening with increasedI exc seen in the
^100& PL is interpreted as follows. We find that the linewid
~G! data follow a power-law dependence of the form

G5Go1bI exc
2/3, ~7!

-
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PRB 59 5053EXCITATION INTENSITY DEPENDENCE OF . . .
whereGo represents the limit ofG at low excitation intensi-
ties. This function, withGo51065 meV and b5(462)
31024 as fit parameters,54 is shown with thê 100& PL data
in Fig. 4. The exponent is consistent with the2

3 dependence
of the position of the quasi-Fermi level on carrier density

eF* 5@~3p2!2/3\2/2m* !]n2/3, ~8!

wheren is the photogenerated electron-hole pair concen
tion. This change in the position of the quasi-Fermi lev
assumes parabolic bands.55 We approximate the number o
photogenerated carriers48

n'~at/Eexc!I exc, ~9!

where a55.83104 cm21 is the absorption coefficient24 in
the well and barrier materials, and 1/t is the recombination
rate witht'1 ns.56 Using the reduced mass, and substituti
Eqs.~7! and~8! into Eq.~6!, we obtain reasonable agreeme
with the coefficientb.

Conceptually,I exc is responsible for increasingn, filling
the energy bands near the CB and VB edges. Compet
between increasing excitation intensity and the natu
bottleneck caused by the limited rate at which the QW c
radiate, raise the quasi-Fermi level. The change in PL li
width for the ^100& QW is well described by carrie
concentration-dependent band-filling effects. We refer to
as a dynamic Burstein-Moss effect. This scenario does
apply to the behavior of thê111& QW PL linewidth under
high excitation conditions, as shown below.

We subsequently applied this analysis to the^111& line-
width, fixing Go520 eV. The agreement is poor, as is e
dent from the dashed line on the^111& linewidth data in Fig.
4. This implies that the change in linewidth for the^111&
system cannot be explained solely in terms of band filli
Band-filling effects in no way account for the very slig
decreasewe observe in linewidth in the 0.01 to'12 W/cm2

FIG. 4. Summary of linewidth~G! data for thê 100&- and^111&-
grown single QW’s. Solid curves are from Eq.~6! over the ranges
of validity as described in the text. The dashed curve is Eq.~6!,
illustrating poor agreement with thê111& QW PL data in the low
I exc range.
-
l

t

n
l

n
-

is
ot

.

excitation intensity range. We associate the diminishing li
width in this low excitation intensity range to screening
the piezoelectric field. This results in greater envelop
function overlap which reduces the emission linewidth.

Since a blueshift due only to piezoelectric field screen
is accompanied by a correspondingdecreasein linewidth,56

we use the linewidth data to estimate the value ofI exc at
which the screening becomes complete and band filling
gins to dominate. This value isI exc'15 W/cm2. Over the
0.01– 15-W/cm2 excitation intensity range, we observe th
peak energy to blueshift by'0.016 eV. If we assume tha
the strain-induced electric field is uniform over the width
the thin QW, the magnitude of the field can be roughly a
proximated asFpz5DE/L'70 kV/cm, where we takeL as
the nominal well width. This is in good agreement with th
value of 73 kV, found above using Eq.~6!. We would also
point out that, in systems which exhibit a piezoelectric fie
determination of the PL peak position and linewidth must
done with great care. Variations in excitation intensity c
shift the line position and even diminish the linewidth.

Our ability to reach the flatband condition is consiste
with the identification of the system as mechanica
clamped.7–9 However, when the number of photogenerat
carriers exceeds that required for complete field screen
~flatband condition!, we must consider other mechanisms f
the blueshift in energy with increasing optical excitation i
tensity above'12 W/cm2 in Fig. 4. Because the photogene
ated carriers cannot drive the bandsbeyondthe flatband con-
dition ~i.e., cause a reversal in the net field direction!, further
increase in carrier densities results in the onset of bleach
and possibly the participation of higher-lying transitions.7–9

This is in agreement with straightforward calculations of t
energy levels using the semi-infinite, triangular-well appro
mation.

We confirmed that consideration of simple band filling
inadequate in this case by using the analysis for the linew
data from our̂ 100& well for the corresponding data from th
^111&-oriented sample in the rangeI exc.12 W/cm2. This re-
sult is shown as the solid line on the^111& linewidth data in
Fig. 4. The agreement is good only for mid-rangeI exc. We
attribute the poor agreement at highI exc primarily to the
onset of emission by higher lying transitions, suggested
the spectral line shape in Fig. 1. The emission appears t
composed of several bands in the high excitation inten
range. Plausible assignments for the higher-lying transit
include near-continuum states in the CB of the well to t
HHVB level. Additionally, a type-II emission from the GaA
barrier CB level to the well HHVB state is possible. Th
close proximity of the CB levels in the well and barrier is
agreement with our hydrostatic pressure work.26 This result
calls attention to the very different behavior of the^111& PL
under variations inI exc when compared to thê100& PL. This
dramatic difference is not surprising, since the carrier d
namics at high excitation rates are very different in the t
wells. Once thê111& QW has reached the flatband regim
the well is highly excited and saturated with carriers, allo
ing for the participation of higher-lying, quasiboun
conduction-band levels which are not present in the^100&
system. This is in contrast with the situation in the^100&
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QW, where the emission is seen to be consistent wit
single emission, even at the highest attempted excitation
tensity.

VII. SUMMARY

We have used excitation dependent photoluminesce
spectroscopy to examine differences in the photolumin
cence spectrum of a simultaneously grown pair
InxGa12xAs narrow single QW’s with different crysta
growth axes. We find striking differences in the power de
sity dependence of the peak energy, line shapes, and o
PL spectra for the two wells. In contrast, both wells exhibi
linear dependence on incident power density for the PL
tegrated intensity. The linewidth of thê100& PL is accu-
rately modeled by band-filling effects asI exc is increased,
while PL emission from thê111& well cannot be explained
by the simple model. By careful analysis of the excitati
intensity dependence of thê111& linewidth the point at
which the flatband condition~complete screening of the QW
internal field! is determined. This allows us to estimate e
x

,

t,

.

B

n

J

a
n-

ce
s-
f

-
the

-

-

perimentally the strain-induced piezoelectric field of 70 k
cm. ForI exc in excess of the full-screening value, band-fillin
effects cannot adequately explain the evolution of the
shape, which dramatically broadens toward higher ene
This marked difference between the behavior of the^111&
and^100& PL under high excitation intensity conditions ma
be attributed to the participation of higher-lying CB levels
the ^111& QW. However further studies of this interestin
system are necessary to fully understand the origin of the
in the ^111&-grown system under high excitation intensitie
The PL from the^111& QW was observable for extremel
low incident power densities, approximately an order
magnitude lower than the point at which the PL from t
^100& system became unobservable.
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