PHYSICAL REVIEW B VOLUME 59, NUMBER 7 15 FEBRUARY 1999-I|

Excitation intensity dependence of photoluminescence from narrow100)-
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We have used excitation intensity-dependent photoluminescéPke spectroscopy to study strained
In,Ga, _,As/GaAs (~0.23) single quantum wells grown along t@1) 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 fron{t86 well is well described by
band-filling effects as,,. is increased. By careful analysis of the excitation intensity dependence ¢fflie
linewidth and the corresponding blueshift of the PL peak energy, the strain-induced piezoelectric field is
estimated to be 70 kV/cnmiS0163-182809)00607-4

[. INTRODUCTION (117). We then discuss the excitation intensity dependence of
the peak energy and the full width at half maximum. We
In,Ga, _,As/GaAs strained heterostructures are interestconclude by summarizing our results.

ing because of the controllable variations achievable in the
electronic band structure? These variations, the result of Il. BACKGROUND
alloying, strain, and quantum confinement, lead to important . . . .
optoelectronic device applications. Of particular interest are, reT;?IlJogr:Ig:(lj %;daﬁl)i/?;gngrgi?paer:t(;eguzfnfnzlri Sc\Jll\wlfi?]yesr;eemnt
heterostructures in which the @a, _,As forms a pseudo- ! !

hicallv strained i | i the | effects. We consider these as successive perturbations, in that
morphically strained quantum welQW) layer in the larger order, on the electronic band structure of a bulk zinc-blende

band-gap GaAs barrier layers. Due to its larger lattice cOngyy o524 For growth directions for which a piezoelectric po-
stant, the InGa; _,As is under uniform biaxial compressive |4rization is induced, the effect of the strain-induced electric
strain, provided the layers are kept below a criticalfie|q is considered as a final perturbation to the system prior
thickness’™® For the single 1nGa; As QW's studied here, o determination of the confined energy levels in the quan-
which are bounded by thick GaAs barrier layers, the strain isum well. Since the piezoelectric field effectively tilts the
present only within the well, with the GaAs remaining strain energy bands in the wells, calculation of the confinement is
free’~® When grown along any nof901] direction, the nontrivial since the standard square-well solutions are not
strain creates a polarization charge density within theapplicable.
strained layet’~* Because the polarization charge density The band offsets for a quantum-well system are generally
must terminate at the strained layer boundaries, an electridescribed in terms of fractions of the difference between the
field results. This piezoelectric field has been demonstratelland gap of the bulk, unstrained well alloy, and the barrier
in an InGa _,As/GaAs QW, even with barriers as small as material. Alloy properties are taken from prior experiments,
150 A15 whenever possible, and are otherwise interpolated according
In this work, we use optical excitation intensity dependentto Vegard's law’* The conduction bandCB) and valence
photoluminescencéPL) spectroscopy to examine narrow Pand(VB) well edges are then shifted due to strain. This
(112)- and (100-oriented QW's. Photoluminescence is an defines the depths of the wells used in the determination of
excellent technique for investigation of band-gap-relatectonfined energy levels. For the direct band gap of the bulk
processes in semiconductors. PL intensity and line shape afdloy, In,Ga,_,As at 77 K, we use
sensitive to crystalline quality, interface abruptness, material
composition, and heterolayer thickné83? PL was key in Eqg(x)=1.508-1.582+0.485" @
determination of the critical thickness of pseudomorphicallyyyherex is the indium mole fraction and the respective band
strained layers, and has been used to gain understanding @ps of the binary constituents are 0.411 eV and 1.508 eV

piezoelectric field effect$!’~2*Here we report PL experi- for InAs and GaAs at 77 R The CB and VB offsets are
ments aimed at understanding the band-gap emission prewfined by

cesses and the nature of the piezoelectric field in narrow

QW’s. The paper is organized as follows. We begin by es- E.
tablishing the necessary background information and experi- AEC:E——E(X)
mental details. We follow with a general discussion of the 9.GaAs =g
effects of excitation intensity on the spectra 00 and and

@
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E
AE,=———— 3
Eg,GaAs_ Eg(x) ( )

Fpz= =P/ keq, (6)

with variables and constants defined as above. For calcula-
whereE, and E, are the unstrained well depths addE,  tions, linear interpolations between the binary constituent
+AE,=1. A wide variety of band offsets are reported for values were used, with the exception of the piezoelectric
the InGa, _,As system(see Ref. 18 for a summaryFor our constant® The experimentally determined value &f, from
calculations, we assum&E.:AE,=0.75:0.25, determined Ref. 33 was used for our calculations. To calculate confine-
from our hydrostatic pressure measureméts. ment energies formally in the asymmetric well which in-

The incorporation of pseudomorphic strain leads to a dracludes the effects of the strain-induced field, numerical meth-
matic restructuring of both the CB and \8.For our case, 0ds must be employe. A rough approximation of the
the hydrostatic strain components cause the TPBoint  magnitude of the confined energy levels can be obtained us-
minimum to shift higher in energy, while the valence-banding the semi-infinite triangular well mod&t Although this
maximum shifts downward. Shear strain components spligpproximation has limited applicability for shallow wells, we
the light hole(LH) and heavy hol¢HH) of the VB I'-point,  find that it provides us with an acceptable estimate of the
moving the HH level to the VB maximum for compressive confinement energies for several other samples. The presence
strain. For the(100-grown system, these strain effects areof the strain-induced electric field allows the confined levels
described in terms of the hydrostatic and shear deformatioto shift deeper within the well according to the quantum-
potentialsa andb. For the(111)-grown system, the rhom- confined Stark EffecfQCSB. The intrinsic piezoelectric
bohedral deformation potential must also be included. field present in thg111)-grown system introduces an inter-
Starting with the unstrained distribution of the band-gap dif-esting complication to PL studié8-?**® Upon excitation,
ference, the effect of pseudomorphic strain on the CB and¢he photogenerated electron-hole pairs are polarized by the
VB is then used to determine the strained well depths. Thétrain induced piezoelectric field within the QW. The photo-
band-edge shifts are found in Ref. 4, wigh,<0 for com-  €xcited carriers are polarized in such a way as to create a
pressive strain. For growth alod#j11), the strain tensor con- screening field, causing a decrease in the net field within the
tains off-diagonal components. The strain tensor componengirained QW region® **3"3¥ The photogenerated carrier
were used as in Ref. 6 to determine in-plane strain values fo¥creening field causes a “reversed” QCSE resulting in an
the (111) QW. observedlueshiftof optical transition energies. Researchers

The lowest energy transition for PL emission in the have used PL to confirm the existence of the internal fields
strained InGa, _,As/GaAs QW system is the first confined by observing the related optical nonlinearities in the
level in the conduction bandE(C1,,) to the first confined N Ga, As/GaAs material systems grown along t(ie 1)
heavy-hole band (HHJ;),%” which we denote as H. To  direction/%*18-223%"4¥rhe opserved effect of the changes
compute the expected transition energy for ib@1]-grown in the intrinsic field are consistent with those seen in PL
well, the confinement energy is determined for the CB andstudies of QW's under the influence of externally applied
VB strain-shifted wells using the Ben-Daniel-Duke single- €lectric fields}’ This optical nonlinearity is not observed in
envelope function approximation meth®tFor the calcula- the (100-grown systenf?
tion, the strain-shifted well depth was used.

For the (111)-grown QW, the effect of the piezoelectric
field must also be considered before confined energy levels
can be determined. The internal fields can be on the order of Our samples are Woa _,As/GaAs QW’s grown using
107 kV/cm, dependent upon the magnitude of psuedomormetal-organic chemical vapor deposition da00 and
phic strain?® Using a bulk piezoelectric approximation, the (11DHA GaAs (slightly n-type) substrates. The latter were
built-in polarization field is given b3t misoriented~2° toward the(110) axis. The two wells were

grown simultaneously with nominal values f 0.23, well
width of 24+1 A, and a GaAs cap layer of 550 A. Details of
(14 y)era€xy. (4)  sample growth and characterization have been published
elsewherd? The strained QW layer is well below the critical
thickness for strain relaxatiolf. One important difference
betweer111)- and(100-grown samples is the presence of
2 the piezoelectric field in th€l11)-grown sample. This has
- C11+2C15—2Cy4—2(e147 ke€,) _ (5)  been observed in lattice-matched systems of different growth
1(C14+2C ) +2C 4+ 2(e14 kEL) directions** For our study, thin well§24 A) were chosen for
several reasons. The optical matrix element is less sensitive
€14 is the piezoelectric constar@;; are the elastic constants to small changes in electric field when compared with thicker
of the alloy®? « is the static dielectric constant, is the  wells?2“°We chose a single QW rather than a multiple-QW
permeability of free space, ang, is the conventional in- system, since study of a single, pseudomorphically strained
plane strain tensor component for tHl1) growth axis®>® QW layer has the advantage of isolatidh?>“® Coupling
The expression fory includes experimentally determined through thin barrier layers in MQW structures can play a
corrections necessary for piezoelectrically active strainegignificant role in carrier dynamics, particularly in the pres-
crystals®®31 The termination of the polarization charge den-ence of an electric fieltf*’ Constraining the piezoelectric
sity at the edges of the strained layer results in an electrifield to a single layer eliminates this complicated phenom-
field along the(111) direction303t enon. All PL measurements were taken with the sample sub-

IIl. EXPERIMENTAL DETAILS
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FIG. 1. Representative PL spectra of the two QW'’s ) .

studied at three different excitation intensities. Spectra have been F!G: 2. Summary of peak energies for ttE00-grown single

normalized for comparison of position and line shape. QW and the(11l)-grown single QW.

Upper: InGa_,As/GaAs{100-grown single QW. Lower:

In,Ga, _,As/GaAs{111)-grown single QW. sured result is consistent with the HH1 confined level resid-
ing approximately midwell in the valence band and E€1

mersed in liquid nitrogen(77 K). The 647.1-nm line of a level positioned very near the top of the conduction-band

Kr-ion laser was used as the PL excitation source. Thevell. Confinement in this case adds over 150 meV to the

488.0-nm Ar-ion laser line was used to confirm our resultsband-edge energy splitting.

The PL signal was dispersed bysam single grating mono- PL spectra for th€111)-grown QW over a similar range

chromator with slits set for instrumental resolution below 3of |, are shown in Fig. 1lower). These spectra clearly

meV. The PL signal was detected with a liquid-nitrogen-exhibit a large blueshift in the peak energy with increasing

cooled Ge detector, using an optical chopper and lock-irexcitation intensity. The peak energy shifts from 1.322 to

detection scheme. All spectra were corrected for thel.378 eV forl e, from 0.01 to 500 W/crh Without account-

wavelength-dependent system response. Excitation intensityg for the piezoelectric field, we calculate a band-edge split-

(lexd studies were performed by using calibrated neutrating of 1.259 eV. We expect the confinement energies to be

density filters. Power densities range from 0.5—800 W/cm much smaller than those found for ttE00) well, due to the

The position and line shape of the GaAs band-gap emissiolarge heavy-hole mass f¢i11] orientations*® Comparison

(cap and substraktevere monitored over a wide rangelgf,  of the observed energy of 1.322 gfor |4,.<1Wi/cn?) to

in order to check for significant local heating effects. Thethe computed band-edge splitting confirms that the square

maximum laser intensity was thereby kept sufficiently low towell approximation is not valid for thé111)A-grown well,

avoid local heating of the sample. Following measurementsince it yields large confinement energies found for the

at high excitation intensity, we rechecked the spectrum a{1000 QW casg. Using the semi-infinite triangular well ap-

low excitation intensity to verify that the QW had suffered proximation and a field strength ef73 kV/cm from Eq.(6),

no damage by intense laser excitation. we expect confinement energies ef38 meV (CB) and
~23meV(VB). This yields an expected transition energy of
IV. EEEECT OF EXCITATION INTENSITY ON ~1.320_ eV. This simple approximation yields good agree-
PL SPECTRA ment with the PL.

As illustrated by Fig. 2, over comparable ranged gf,

In Fig. 1 we show PL spectra of both tH&00- and the two emission energies of the QW's show vastly different
(11 A-grown single QW'’s for range of excitation power behavior. For thg1000 QW, the peak energy remains ap-
densities,l o,.. Spectra for the(100-grown QW show no proximately constant. However, tR@11) QW dramatically
significant energy shift over the 8—750 W/€rexcitation  blueshifts. This verifies the existence of the piezoelectric
range studied. This confirms that no local heating occurdield and its screening. However, we do not attribute the
over this incident power density range, since local heating igntire energy shift to piezoelectric field screening. We be-
accompanied by a redshift in peak energy. Peak position veve that the range of incident excitation intensities probes
| oxc data are shown in Fig. 2. The peak energy observed dtvo regimes. In the lower ranges(10 W/cnf) the observed
1.420 eV compares well with our calculation of 1.423 eV for blueshift in energy is due to piezoelectric field screening.
the (100 QW. We have not accounted for the exciton bind- Above this range, the large broadening toward higher energy
ing energy, which has been estimated tobe meV*® The  of the emission is inconsistent with a single transition. Band-
large effect of confinement in the narrow QW is evident. Thefilling effects must also be considered, but cannot account
observed transition energy is large compared to the confor the large disparity between the PL from tH0 and
puted strained band-edge splitting of 1.250 eV. Our mea¢111)-grown QW's at high intensities of photoexcitation. We
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taken as evidence of good interface quality. One effect of
interface roughness is the creation of nonradiative recombi-
nation centers. These do not appear to play a dominant role
in the recombination process for either tfigl1)- or (100)-
grown sample. This result is remarkable for narrow wells,
since interface roughness will have a pronounced effect in
comparison to wider wells in which monolayer-scale rough-
ness will be averaged out.

We also point out differences in the spectral line shapes
between th€100) PL and that of thé111). At low excitation
intensities, the line shapes are very similar and are consistent

5 . S with band-band transitions between parabolic baidaL
10 10 10 10 from the (1000 QW exhibits broadening toward higher en-
Excitation Power Density (W/cm?) ergy as excitation intensity is increased, but retains approxi-
mately the same line shape. This supports the fact that local

FIG. 3. Summary of excitation intensity dependence of the i”‘heating is not a factor, since local heating generally causes a
tegrated PL int_e_nsity for the pair of QW's, along with results of redshift, which we do not observe. In contrast, #1d1)
least-squares fitting. well acquires a more symmetric profile, tending toward a

Gaussian line shape ds,. is initially increased. At high
believe that the data may implicate the participation ofexcitation intensities I(,>300 W/cnf), the line shape ap-
higher lying levels, brought on by the complexities of the pears inconsistent with a single transition, and indicates that
piezoelectric field present in thd11) QW. A quantitative  higher-lying states may be involved in the observed PL emis-
examination of the linewidth and its dependence on excitasion. The CB well is expected to support only one confined
tion intensity given in Sec. VI provides the basis for this electron level in the square-well approximation, relevant for
interpretation. the (100-grown QW. However, because confinement ener-
gies are evidently much smaller for tk&l1) QW, both the
CB and VB may support a second confined level. Both these
levels are expected to be very near the GaAs-barrier con-

The PL spectra were dominated by the QW emission evefinuum energy levels. We attribute the large blueshift and
for the highest ... Emission from the GaAs is observed for broadening seen under high pump intensities primarily to the
both QW’s only for | ,,>>500W/cn?. The GaAs PL was Participation of either the CB or VB quasiconfined levels in
difficult to observe, despite the fact that most of the photoihe radiative emission. We rule out the participation of the
generated carriers are created in the GaAs. Carrier injectiofxGa—,As LH level since it should lie well below the top
from the GaAs barrier layers into the well is the dominantOf the barrier VB edge for this system. This implies that the
process for producing free carriers in the well, particularlyhigher-energy emission stems from higher-lying levels in
for thin wells and when the energy of excitation exceeds thdh€ conduction ban#f: This is discussed in more detail in
energy gap of the barrier materfdThus the dominance of Sec. VI.
the QW PL is expected, since the transfer rate between the
barrier states and QW states is extremely fast.

The observation that the QW’s efficiently harvest carriers

Integrated Intensity (arb. units)

-1 v A sl 0 ol el

V. INTENSITY OF QW PL

VI. LINEWIDTH ANALYSIS

frc_)m the barriers is part_icularly true for tH@11) system. In ~ The (111 linewidth at low excitation intensity is
this case, QW PL persisted and was measurable for excitas 20 mev, only slightly wider than thé100 linewidth of
tion power densities as low as 0.01 W/enThis is in con- 14 meV. The(100) PL linewidth is somewhat broader than

trast to the(100)-grown well luminescence, which was reli- reports of linewidths from other systefisThis may be due
ably observable only for excitation power densities one ordey, part to the fact that our measurements are recorded at a
qf magnitgde higher_. Und_er the same experimental Condihigher temperaturé77 K) than those of Ref. 217 K). Ad-
tions, the integrated intensity of t&11) PL was greater by gjtionally, fluctuations in layer thickness have a more pro-
a factor of 23 than that seen for tke00-grown sample.  oynced effect for our thinner well samples, leading to larger
This is interesting, since the presence of the piezoelectrignewidth values. The presence of the piezoelectric field in
field within the well layer results in a slightly reduced over- the(111) QW is expected to cause a slight broadening of the
lap integra_l of th_e confined envelope wave functions. ThQinewidth when compared with a similgL00)-grown well.
enhanced intensity of the11)-grown sample may be due to Tpjs is due to the piezoelectric field-induced spatial separa-
improved carrier capture, also a result of the presence of thgon of the electronic and heavy-hole wave-function enve-
piezoelectric field within the weft: . lopes. The result is analogous to the effect of an external
We now examine the dependence of the PL integratedactric field on PL emissioff
intensity as a function of,.. Figure 3 shows a log-log plot  Tpe |inewidth broadening with increaség,. seen in the
of the data, along with least-squares linear fits. The PL in{100, pL is interpreted as follows. We find that the linewidth

tensity should have a power-law dependence on incident exy) gata follow a power-law dependence of the form
citation intensity:l p, =12,.%2 We find y;00=1.03+0.05 and

exc
v111=0.98+0.06. Both values are within experimental un-

certainty of unity. This result is significant, since it may be I'=T,+ Bl (7)
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excitation intensity range. We associate the diminishing line-
width in this low excitation intensity range to screening of
the piezoelectric field. This results in greater envelope-
function overlap which reduces the emission linewidth.
Since a blueshift due only to piezoelectric field screening
is accompanied by a correspondidgcreasen linewidth >
we use the linewidth data to estimate the valuel gf at
which the screening becomes complete and band filling be-
gins to dominate. This value ik,~15Wi/cnt. Over the
0.01-15-W/crA excitation intensity range, we observe the
peak energy to blueshift by0.016 eV. If we assume that
the strain-induced electric field is uniform over the width of
the thin QW, the magnitude of the field can be roughly ap-
proximated ad=,,=AE/L~70kV/cm, where we také as
the nominal well width. This is in good agreement with the

0.07 &

FWHM (eV)
=3
<
S

0.00 s il value of 73 kV, found above using E¢6). We would also
10 10 10 10 10 point out that, in systems which exhibit a piezoelectric field,
Excitation Power Density (W/cmz) determination of the PL peak position and linewidth must be

done with great care. Variations in excitation intensity can
shift the line position and even diminish the linewidth.

Our ability to reach the flatband condition is consistent
with the identification of the system as mechanically
clamped’~® However, when the number of photogenerated
carriers exceeds that required for complete field screening
wherel , represents the limit of at low excitation intensi- ~ (flatband condition we must consider other mechanisms for

ties. This function, withI';=10+5 meV and 8= (4=*2) the blueshift in energy with increasing optical excitation in-
X104 as fit parameter¥ is shown with the(100) PL data  tensity above~ 12 W/cn? in Fig. 4. Because the photogener-
in Fig. 4. The exponent is consistent with thedependence ated carriers cannot drive the barimsyondthe flatband con-
of the position of the quasi-Fermi level on carrier density, dition (i.e., cause a reversal in the net field directidarther
increase in carrier densities results in the onset of bleaching
er =[(37%)?212m* )23, (8)  and possibly the participation of higher-lying transitidns.

wheren is the photogenerated electron-hole pair concentral NiS is in agreement with straightforward calculations of the

tion. This change in the position of the quasi-Fermi levelENETay levels using the semi-infinite, triangular-well approxi-
assumes parabolic bantfsWe approximate the number of Maton. _ _ , _
photogenerated carriéfs ' We conflrmeq that con5|dgrat|on of S|mple band f!ll|ng'|s
inadequate in this case by using the analysis for the linewidth
N~ (a7/Egdl excr (99  data from oux100 well for the corresponding data from the
(111)-oriented sample in the randg,>12 W/cnt. This re-
sult is shown as the solid line on th&l11) linewidth data in
Fig. 4. The agreement is good only for mid-rarige.. We
attribute the poor agreement at high, primarily to the
onset of emission by higher lying transitions, suggested by
the spectral line shape in Fig. 1. The emission appears to be

Conceptually,l o is responsible for increasing, fillin : , A ,
the energg/ bar):dgxcnear th% CB and VB edge?Comp?etitioﬁomposed of several bands in the high excitation intensity
fange. Plausible assignments for the higher-lying transition

between increasing excitation intensity and the natural ‘ ;
bottleneck caused by the limited rate at which the QW carinclude near-continuum states in the CB of the well to the
radiate, raise the quasi-Fermi level. The change in PL lineltHVB level. Additionally, a type-Il emission from the GaAs
width for the <100> QW is well described by carrier barrier CB level to the well HHVB state is pOSSIble. The
concentration-dependent band-filling effects. We refer to thiglose proximity of the CB levels in the well and barrier is in
as a dynamic Burstein-Moss effect. This scenario does ndgreement with our hydrostatic pressure witRhis result
apply to the behavior of thél11) QW PL linewidth under calls attention to the very different behavior of tiel1) PL
high excitation conditions, as shown below. under variations in,,. When compared to thd.00 PL. This
We subsequently applied this analysis to thé1) line- dramatic difference is not surprising, since the carrier dy-
width, fixing I';=20eV. The agreement is poor, as is evi- namics at high excitation rates are very different in the two
dent from the dashed line on tk&11) linewidth data in Fig. wells. Once thg111) QW has reached the flatband regime,
4. This implies that the change in linewidth for ti€11)  the well is highly excited and saturated with carriers, allow-
system cannot be explained solely in terms of band fillinging for the participation of higher-lying, quasibound,
Band-filling effects in no way account for the very slight conduction-band levels which are not present in ¢h@0)
decreaseve observe in linewidth in the 0.01 ts12W/cnf  system. This is in contrast with the situation in tt00)

FIG. 4. Summary of linewidtkiI") data for the(100)- and{111)-
grown single QW’s. Solid curves are from E®) over the ranges
of validity as described in the text. The dashed curve is (.
illustrating poor agreement with th@11) QW PL data in the low
| oxc Frange.

where «=5.8x10*cm™ is the absorption coefficiefft in

the well and barrier materials, andrlis the recombination
rate with7~1 ns%® Using the reduced mass, and substituting
Egs.(7) and(8) into Eq.(6), we obtain reasonable agreement
with the coefficients.
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QW, where the emission is seen to be consistent with g@erimentally the strain-induced piezoelectric field of 70 kV/
single emission, even at the highest attempted excitation irem. Forl,.in excess of the full-screening value, band-filling
tensity. effects cannot adequately explain the evolution of the PL
shape, which dramatically broadens toward higher energy.
VIl. SUMMARY This marked difference between the behavior of ¢{h&1)

o ) and(100 PL under high excitation intensity conditions may

We have used excitation dependent photoluminescenqgge attributed to the participation of higher-lying CB levels in
spectroscopy to examine differences in the photoluminesme (111) QW. However further studies of this interesting
cence spectrum of a simultaneously grown pair ofsystem are necessary to fully understand the origin of the PL
In,Ga,_,As narrow single QW's with different crystal in the (111)-grown system under high excitation intensities.
growth axes. We find striking differences in the power den-The pL from the(111) QW was observable for extremely
sity dependence of the peak energy, line shapes, and of th&y incident power densities, approximately an order of
PL spectra for the two wells. In contrast, both wells exhibit amagnitude lower than the point at which the PL from the
linear dependence on incident power density for the PL in1100, system became unobservable.
tegrated intensity. The linewidth of thd00 PL is accu-
rately modeled by band-filling effects dg,. is increased,
while PL emission from thé111) well cannot be explained
by the simple model. By careful analysis of the excitation
intensity dependence of th@11) linewidth the point at The authors wish to thank T. S. Moise for a careful read-
which the flatband conditiofcomplete screening of the QW ing of this manuscript. T.S. gratefully acknowledges the Na-
internal field is determined. This allows us to estimate ex-tional Science Foundation for support of this work.
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