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Exciton localization, photoluminescence spectra, and interface roughness in thin quantum wells
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The combination of conventional photoluminescern&), PL-excitation (PLE), and micro-PL spec-
troscopies is used to study the influence of interface roughness on luminescence properties of thin
GaAs/Al Ga -As single quantum well§QWs). The QWSs were prepared under different growth conditions,
resulting in different interface roughness. We discuss the splitting of PL spectra infotwwmre main lines,
the pronounced fine structure of the micro-PL spectra and the low-energy shift of the PL lines with respect to
the PLE spectrum in terms of a phenomenological interface model. For low temperatures exciton localization
due to interface fluctuations with different length scales determines most of the luminescence features. One
consequence is a strong suppression of the PLE signal on the low-energy side of the spectra. Therefore in this
case the PLE spectrum cannot be used as a measure for the absorption strength or as an indicator for impurity
bound excitons[S0163-18206)03828-3

. INTRODUCTION shapes? Recently, Brunneet al1* and Hes=t al'® demon-
strated by micro-PL and optical near field PL, respectively,
Optical and electronic properties of semiconductor heterothat at least for low temperatures and thin QWs the line
structures grown by molecular-beam epitakyiBE) or  shape of PL spectra is determined by the envelope of many
metal-organic vapor-phase epitaxy are sensitive to the strudery narrow lines due to excitons localized at lateral poten-
ture of the interfaces. The interface roughness can involvéal fluctuations.
several components, which differ in the lateral length I_n this paper we will focus on exciton Iocalization_ related
scale!™* Various methods are available for the investigationt©® interface roughness. Several GaAg®# _,As single
of the real structure ourfaceson different length scales duantum well{SQWSs were grown by MBE in such a way -
ranging from the atomic scale to the wafer sieeg., scan- that different interface structures are expected. Exgltonlc
ning tunne“ng and atomic force microscopy, Scanning e|ecspectra Of these SQWS show dlfferent, bu_t_CharaCterlstIC, fea'
tron microscopy, and optical microscopyn the case ofn- tures, which depend on the_growth condm_ons. We combine
terfaces however, the situation is more difficult. Applying the results of PL, photoluminescence excitati®.E), and
direct methods such as cross-section transmission electrgatially resolved micro-PL for a unified picture describing
microscopy (TEM) and scanning tunneling microscopy the interface structure of these SQWs. All PL spectra and
(STM), heterointerfaces can be imaged with atomic resolutheir temperature dependences can be interpreted in terms of
tion. However, at least for TEM the observation window is €Xciton localization due to interface roughness with different
limited to several tens of nm. For STM, the sample has to béength scales.
doped. Consequently, indirect methods such as photolumi-
nescencdPL), cathodoluminescend€L), or x-ray scatter-
ing are often used to study the interface quality of hetero-
structures such as quantum wellQWs).5% Many Three single QW$QW1, QW2, QW3 were prepared by
investigations have been devoted to deriving quantitative inMBE. We used(001)GaAs substrates, without intentional
formation about the interface structure by a detailed linecrystallographic misorientatiofQW2 and QW3 and with a
shape analysis of PL spectra or by CL imaging from GWs. misorientation angle of 2° toward€l11)Ga (QW1). The
However, results obtained by direct methods such as TEMQWSs consisted of a 1.4&m-thick GaAs buffer layer, an 18-
and STM on the one side and luminescence methods such am-thick Aly {G&, -As barrier, a 3.5-nm-thick GaAs well, a
PL and CL on the other side are often controversial concern200-nm A}, sGa, 7/As top barrier, and a 3-nm-thick GaAs cap
ing the real interface structure and the interpretation of théayer. QW1 and QW2 were fabricated during the same run.
experimental data from QWs’ The reason is probably two- The samples were grown at a substrate temperature of
fold: (i) the PL line shape is determined by lateral exciton605 °C with a growth rate of 0.34 and 0.48n/h for GaAs
transfer between discrete, large interface islahdmd by and ALGa,_,As, respectively. The Asto-Ga beam equiva-
exciton localization due to confinement potential lent pressure ratios amounted to @PW1 and QW2 and 20
fluctuations®? (ii) the probing area of the exciton is larger (QW3). Under these conditions the surface exhibit€@>a1)
than the respective component of the roughness, which ode (2Xx4) surface reconstruction transition for QW1 and QW2
curs on a nm scale, leading to an averaging process in lumand a(2x4) reconstruction for QW3. The growth was inter-
nescence experiments and hence to characteristic lineipted for 40 s at both QW interfaces to achieve a certain
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smoothness. PL and PLE spectra were recordé&dkausing 1.64 1.65 1.66 1.67
an Ar'-laser-pumped tunable Ti:sapphire laser as the excita- . L . L .
tion source. The diameter of the laser spot amounted to about
100 um. For the PL measurements we used an excitation
energy of about 1.75 eV, i.e., above all ground-state transi-
tions of the QWSs. The PL signal was dispersed by a 1-m
grating monochromator and recorded by a liquid-nitrogen-
cooled charge-coupled devi€ECD) array. The PLE signal
was dispersed by the same monochromator, but detected by a
cooled GaAs photomultiplier using conventional photon
counting techniques. Additionally, micro-PL spectra were re-
corded &5 K by aDILOR triple-grating Raman spectrom-
eter with a CCD array detector. In this case the PL was
excited by an Af laser at a photon energy of 2.41 eV. The
laser beam was focused to a circular spot by a microscope
objective with a numerical apertu(®lA) equal to 0.55. Us-

ing a pinhole aperture at the image plane of the lumines-
cence, the effective probe size was reduced to abouytth5

Intensity (arbitrary units)

Ill. RESULTS AND DISCUSSION

Our experimental results are summarized in Figs)4
1(c) showing the PL and micro-PL spectra of the samples
QW1-QWS3 together with the heavy-hole line of the respec-
tive PLE spectra. Most of the published PL spectra resemble
one of the spectra in Figs(d—1(c) or show at least some of : .
their features, even in cases where multiple monolélytr) 1.64 1_('35 1.66
splitting was observed. Five characteristic features derived Photon Energy (eV)
from the PL/PLE spectra sequence in Fig. 1 are listed below.
(For comparison with results of other authors several refer-

ences are added. L ! .
. excitation spectrdopen circley of three GaAs/A} Ga, -As single
(i) The PL spectra become more structured from Fig) 1 QWs at 5 K. For(a) the substrate misorientation angle was 2°

to 1(C): While in Fig. 1a) Iine.a f:an_ be described by a towards(111)Ga(QW1), the samples QW2 and QW3 h) and(c),
Gaussian line shape, the PL distribution becomes asymmefsgpectively, were grown on substrates without crystallographic
ric in Fig. 1(b), and a second lin@ becomes visible on the  misorientation. QW1 and QW2 were grown simultaneously with an

high-energy side. In Fig. (&), this second lineB is even  as,.to-Ga beam equivalent pressure raB&P) of 16, for QW3 the
more pronounced. Moreover, additional satellite peaks value of BEP amounted to 20.

and 8* appear in the PL spectrum of QW3:5:9:16-20

(i) The energy separation between linesand B is  fects caused by roughness and composition fluctuations.
smaller than expected for a variation of the QW thickness bySince our samples are undoped, and the unintentional doping
1 monolayer(ML splitting).t~351621-23 density is supposed to be less thart“1€m ™2 in the GaAs

(i) The micro-PL reveals that at least each main kine layer, i.e., 3.5 10’ cm 2 for a well thickness of 3.5 nm, we
which corresponds to the low-energy PL line in Figéh)l would expect to obtain less than 0.35 spikes per 2, when
and Xc), actually consists of many, very narrow linésll each impurity contributes one line. This is two orders of
width at half maximum smaller than 0.1-0.2 me¥ven the  magnitude less than the number of pe&B8—-50 observed
spikes of lineB in Fig. 1(c) are real spectral features and not in the micro-PL spectrd®® Moreover, it is not expected that
just noise, which is confirmed by repetitive measurementsthe variation of our growth conditions causes an essential
This fine structure disappears for temperatures larger thachange of the impurity situation in the QWSs. Therefore we
50 K.141524 believe that the low-energy parts of the PL spectra are related

(iv) The energy shift between the low-energy PL lime to localization of excitons at intrinsic interface defects rather
and the PLE spectrumfAEp ) amounts to 5.5 meV for than to impurities. The spectral position of each of the nar-
QW1, i.e., for the sample with a misorientation angle of 2°,row micro-PL lines represents different localizatigpind-
and about 9 meV for QW2 and QW3 without ing) energies E,,) of the excitons, which are determined by
misorientatior?? the size and shape of the interface defects acting as a local-

(v) The PLE signal is strongly suppressed within theization center. In this context, the comparison of micro-PL
spectral range of the low-energy part of the PL spectrumspectra with conventional PL and PLE spectra can result in
where the micro-PL spectra show a pronounced finénformation about the contribution of exciton localization
structure>?® connected with interface fluctuations to the shape and posi-

Following the arguments of Brunneat al,'* we assign tion of PL and PLE spectra. One conclusion is that the PL
the part of the PL spectra which shows a fine structure irspectra are determined by the envelope of the narrow line
micro-PL experiments to excitons localized at interface dedistributions and reflect distinct size distributions of interface

FIG. 1. Photoluminescendglotted, micro-PL (solid), and PL
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pseudosmooth?® Such interfaces cause weak, short-range
e potential fluctuations on a length scale much smaller than the
QL m exciton radius(Rg~10 nm.?® On the other hand, we pre-
() sume a rather flat top interface characterized by a certain
distribution of rather large interface defects. In order to get
B an idea about the nature of this interface, we grew one
) sample without misorientation under the same conditions as
®)  for QW1 and QW2, but stopped the growth after the GaAs
layer was completed. Surface images of this sample taken by
atomic force microscopynot shown herefrom an area of
FIG. 2. Schematic sketch of the bottom and top interface oflx1 um? show fewer than ten 1-ML steps. Therefore at least
QWs grown on substrates without misorientati@ and of the  this surface, which would be the top interface of the QW,
resulting lateral variation of the exciton localization eneEgy, (b).  consists of 1-ML-high(deep growth islands(valleys with
Ap andAg are the lateral sizes of QW regioAsandB differing in  |ateral sizes larger than 100 nm. Consequently, it is reason-
the mean thicknesis, by about 1 monolayefML). L3, andLyare  aple to distinguish QW regions andB with lateral extents
the length scales_ qf fluctuations within regioAsand B_, respec- A, and Ag much larger tharRg, which differ in the mean
tively. Characteristic length scale; for the bottom interface ‘fir%hickness(Lz) by about 1 ML[cf. Fig. 2@)]. Furthermore,
much smaller than those of th_e top mierface. The s_lzg of the excitolithin the narrower QW region8 (completed growth is-
is sketched by the added ellipses. o, B, and 8" indicate QW |5n4g of the last oh GaAs monolayensthe probability is
regions contributing to the corresponding PL lines in Fig).1 large that 1-ML-higmanoislandswith lateral sizes. Ey< Rg
remain. Within the QW regioné [uncompleted growth is-
defects. As proposed by Bastatlal?” back in 1984 within  lands of the G+ 1)th GaAs monolaydr however, it is more
a theoretical model, the Stokes shift between absorption angrobable that 1-ML-deepoleswith distanced. Qy between
PL line can be interpreted as mean value of the binding eneach other remain. Consequently, the mean thick(legg'
ergy E, of excitons localized at these defects. This energy((L,)®), which is the result of averaging over all holes
shift corresponds approximately to the energy shifp ¢ (nanoislands is determined by the distribution function of
between the PL and PLE linesve will see later that the Ljy (L3,).
relation betweem\Ep, ¢ and the Stokes shift is not straight-  The hole distribution iPA and the nanoisland distribution
forward under conditions of strong exciton localizajiofhe  in B cause different potential fluctuations experienced by the
Stokes shift also depends on the details of the carrier relaxeenter-of-mass motion of the excitofef. Fig. 2b)].1° Flat
ation kinetics, which are determined by the carrier temperaparts of region® correspond to what is usually referred to
ture, the carrier mobility, and correlation length of the poten-as free exciton levels. It should, however, be noted that theo-
tial fluctuations'? retically the center-of-mass wave function is expected to be
With regard to our experimental results, the decrease dbcalized for all exciton eigenstates. Excitons experience
AEp g between the samples without misorientatidfigs.  shallow potential minimglocalization is weak and can be
1(b) and Xc)] and the one with a 2° misorientation angle overcome easily by thermal activatjodue to the nanois-
[Fig. 1(a)] confirms the model given in Ref. 27 qualitatively, lands withinB and deep potential minimédocalization is
because changing the misorientation angle from 0 to 2° istrong in A. The maximum localizatiofbinding energy is
expected to lead to smaller growth terraces and hence tAE; \, , which is the change of the QW confinement energy
smaller mean defect sizes. However, the nature of QW interfor a well thickness variation of 1 ML. Within this picture,
faces is probably very compleiifferent lateral shapes of we will discuss the change of the PL spectra in Fig. 1.
interface islands or holes for given areas are possible, corre- For substrate misorientation angles of(€fW1) the sizes
lation between sizes and shapes of adjacent isjafitiere-  of growth terraces are expected to be not larger than about 8
fore the simplified assumption of a semi-Gaussian interfacem, i.e., smaller thafRg~10 nm. Therefore the probed ex-
defect with only one parameter for its lateral size in Ref. 27citons cannot distinguish different terracksandB and the
seems to be not suitable to give a correct quantitative dePL spectrum consists of only one main lindcf. Fig. 1(a)].
scription. It should be noted that for entropy and growthThe energy shift betweem and the PLE line of about 5 meV
kinetic reasons irregular shapes and fuzzy boundaries are fas well as the well-pronounced fine structure of the micro-PL
vored whereas energetic arguments favor regular compaspectrum indicate that the excitons are localized at potential
shapes and straight boundaries. This is supported by the retinima. The two linesx and 8 appearing in the PL spectra
sults of numerical growth simulatior(see, e.g., GiBe and  of QW2 and QW3 are due to the existence of large growth
Zimmermanr®). Therefore we do not attempt to describe theterracesA and B as expected for the present growth condi-
PL spectra quantitatively, but discuss our data qualitativelytions, when the misorientation angle is nearly 0°. Although
using a phenomenological interface model. the area densities of regiodsandB are about the same in
In Fig. 2 this model is illustrated. It contains sketches of QW2 (see below, the PL linea dominates in the case shown
the two QW interfaces ifla) and the resulting potential fluc- in Fig. 1(b), because excitons can be transferred f®mto A
tuations experienced by excitons (h). The nominal QW  before radiative recombination can take place. Therefore the
thickness id_,. We distinguish between the top and the bot- Stokes shift seems at first sight to be remarkably increased
tom interface. On the one hand, it is expected that the bottorfrom QW1 to QW2. Actually, in Figs. (b) and Xc) the PLE
interface(GaAs on top of AlGa, _,As) shows microrough- band belongs to ling, and the PLE signal of the QW region
ness on a nm scale and is usually described a# is suppressed.
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For the interpretation of the high-energy linBsand g* . : . '

we focus on sample QW3 because they are well pronounced 1.2 L
in that case due to a large area ratio betwBemdA regions .g u
(see below. Its micro-PL spectrum shows a fine structure S 1.0 L
o oc ' ]
within almost the whole spectral range. Therefore we argue -
that even in the high-energy regioms excitons are well = 0.8 L
localized. However, the narrow lines become weaker and 5
their energy separation smaller with increasing photon en- + ] /| ]
) . . ) . £ 06 *

ergy, and they disappear within the high-energy tail of line P78 |
B, indicating a decrease of the localization strength from line A 0.4- |
ato B. )

In terms of the model sketched in Fig. 2 we propose the 0.01 01 i 10
following interpretation. For QW regionB a certain distri- Power (mW)

bution of nanoislands causes an energy shif, - of the PL
line B which corresponds to a mean vaI(JEXy>B of the

EaIrIOISIIan(;i SIz€e. ;or QV\,/ regiors a certain d'it,”?]uuon of ﬁ‘ in dependence on the excitation intensity. The values are ob-
oles leads to a fluctuating and on average higher potent ined from fits to the data points assuming Gaussian shaped lines.

as expected without any holes. Therefore its main 88 1 solid line is a guide for the eye. The diameter of the laser spot
shifted to higher photon energies compared to the expecteg,s apout 10qum.

spectral position for exactly 1 ML thicker QW regions. This
high-energy shift amounts tAE; ML—AEQLE, which de-
pends on the mean density and size of the holes. The shift QVILS andlB Corresponds to almost fl&t regions with (1-}— 1)
a as well asB leads to a ML splittingAEp, of the PL peaks, MLs.
which is actually smaller thadE; . In the case of QW2 We do not interpret our micro-PL spectra in terms of a
and QW3, AEp. amounts to 7.8 meV compared to QW-dot model as was recently done by Gammon, Snow, and
AE; =12 meV. In this senseAEZ ¢ and AE; y.  KatzeP* because the nature of the QW interfaces is too com-
— AEp ¢ are a measure for the average size of the nanoisplex to assume sharp potential jumps and simplified lateral
lands on terraceB and the average distance of holes within shapes for nanoislands or holes. The effective potential lo-
terracesA, respectively. Besides these growth-induced asymealizing excitons is rather smooth?®*?° We calculated
metries, differences in the relaxation and optical matrix ele-center-of-mass wave functions for smooth random potentials.
ments ofA andB regions might also contribute to ML shifts In the low-energy part of the optical spectrum the wave func-
smaller thamAE; . tions are well separated from each other and centered in in-
The sketched model is suitable to explain the shape of thdividual deep potential minima. In the intermediate- and
PL spectrum in Fig. (t) in detail. The appearance of satellite high-energy regions some wave functions are extended over
lines in ML split PL spectra of QWs as in the case of QW3larger regions and appear fractal-like. They can be consid-
(a*la, B*1B) is often interpreted by the coexistence of freeered as combinations of excited states in different potential
excitons and impurity bound excitoR$®3°We interpret this minima. Thus shape and size of potential minima cannot
doublet shape of the PL spectrum in terms of the interfaceasily be derived from micro-PL or near-field PL spectra.
structure of the QW as assumed earlier by Fujiwara, Cingo- In Ref. 31 Gurioliet al. describe the exciton distribution
lani, and Plood® Two arguments led us to this conclusion: in a thermalization model even for thin QWs and low tem-
(i) the micro-PL spectrum shows a similar fine structure inperatures. They argue that the low-temperature theory of
the spectral range of ling* as in the one of liner, whichwe  Yang et al3? should not be applied because the carrier tem-
cannot explain by impurities(ii) the intensity of line 8* perature T.) was found to be considerably higher than the
does not saturate, when the excitation intensity is increaseldttice temperature. The validity of respective models de-
by four orders of magnitude. This can be derived from thepends strongly on the actual experimental conditions. For
dependence of the intensity ratio of lineg8" and 8  values of the Stokes shift on the order of or smaller than
(Igx I15) on the excitation density in Fig. 3. Instead of a kT 31 we would expect that thermalization is dominantly
decrease of g« /1 5, we find a weak increase within the dis- effective and determines the PL properties. For growth con-
played excitation power range. Therefore we asgijnto  ditions, however, leading to rather large interface islands,
excitons localized at nanoislands of terra®sand the PL i.e., larger Stokes shifts, as it occurs in our samples prepared
line B to excitons, which recombine within defect-free re- by growth-interrupted MBE, exciton trapping determines the
gions of terrace8. The shape of3, its Stokes shiffabout 1 ~ shape and temperature dependence of the PL spectra.
meV), and the appearance of spikes in the micro-PL spec- We will now discuss the strong suppression of the PLE
trum are probably due to the pseudosmooth bottom interfacgignal within the spectral ranges, where the micro-PL spec-
and/or composition fluctuation in the barrier layers. The linetrum shows a pronounced fine structure. In order to estimate
«a is assigned to excitons localized at holes of QW regidns the actual density of states in these spectral windows and
Remarkably, the energy separation of line8 and 8  therefore the expected absorption strength, we used the tem-
amounts to almost exactly the value &oE; , . Moreover, perature dependence of the PL intensity ratios between the
the micro-PL spectrum shows no or only very weak finePL linesa andgin Figs. 1(b) and Xc). At low temperatures
structure in the spectral range @f. The obvious interpreta- excitons move from terraces to terracesA [larger average
tion is thata™ corresponds to almost fl# regions withn  value of (L,) and therefore a smaller exciton confinement

FIG. 3. Ratio of the integrated intensities of the PL lingand
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The strong suppression of the PLE signal can be under-
- : s stood in terms of exciton localization at interface defects as
’ I[5 /1, (1/T=0) = 0.93 ‘ discussed above. Excitons, which are excited resonantly at
the almost defect-free regions of terra@during the wave-
length scan of the PLE measurement, are only localized
weakly. Therefore some of them are able to move to QW
regionsA and have sufficient excess energy to find the very
deep minimaAy representing the detection enerBy, of
the PLE. Thus they contribute to the PLE signal. However,
excitons, which are resonantly excited within QW regiéns
are in general strongly localiz&f3and not able to move to
other QW regions, especially to regioAg.. Hence the in-
tensity of the PLE signal is suppressed and does not neces-
sarily correspond to the absorption strength in this spectral
range. Note that in the low-temperature case of Fig. 1 the
13 (b) ________ g PLE signal is strongly suppressed only in energy regions
' ' ' ' showing clear spikes in the micro-PL spectrum. This sup-
0 5 0 15 20 25 30 pression is less pronounced at higher temperatures, and PLE
1000/ (1/K) is expected to be a measure for the optical density of states

FIG. 4. Temperature dependence of the intensity ratios of PL(absorpt'om' The f'?‘Ct th_at _We find an Arrhenl'uslbehav'or
lines 8 and @ (QW2) in (a) and of the lines8+8*) and (a+a*) above~40 K (cf. Fig. 4) indicates that such “kinetic” sup-
(QWS3) in (b). The intensity values are obtained from fits to the dataPression of PLE is no longer effective at this temperature.
points assuming two and four Gaussian shaped linés)iand (b),
respectively. The solid lines describe the relationship between the
exponential temperature dependence and the respective activation

energieQEa. The low-temperature limitg5 K) are marked by dot- IV. SUMMARY AND CONCLUSIONS
ted lines at the right margin.

0 5 10 15 20 25 30

Photoluminescence Intensity Ratio

In conclusion, we compared PL, micro-PL, and PLE spec-
tra of thin GaAs/A|Ga, _,As single QWs fabricated under
energy as orB] before radiative recombination takes place. different conditions by growth-interrupted MBE. At low
The transfer fromA to B, however, is suppressed. Hence attemperatures excitons are localized at interface defects of
low T the ratiol 4/, does not agree with the ratio of the different lateral sizes. Therefore the PL spectrum consists
corresponding density of statésWhen T is raised, the in-  actually of a certain distribution of very narrow lines. This
tensity of line g increases at the expense of the intensity ofgistribution is related to an interface roughness on a length
line «. The Arrhenius plots ofl 5/I, from QW2 and  scale smaller than the exciton Bohr radius. Its average energy
| g+ px I asox from QW3 are drawn in Figs.(d) and 4b),  gpift with respect to the PLE spectrum is a measure for the

r_espectively. The_logarithm of _the intensity ratios shows 33verage defect size. Moreover, the splitting of the PL spec-
linear decrease with T/for the displayed temperature range, ym into two main lines indicates an additional variation of

€., the mean QW thickness on a length scale larger tRan
The low- and high-energy PL lines include the strongly and
weakly localized excitons, respectively. In this sense, the two

| 3/1 ,%Sg/Spcexp(— E,/KT), different splittings of PL spectrdfine structure<0.1-0.2

meV, ML splitting <1-10 meV reflect two components of
the interface roughness, which differ in their lateral length

where Sp/ S, reflects the ratio of the density of states of thescale. Therefore it should be possible to extract detailed in-

corresponding QW regiong, is the thermal activation en- formation about the real interface structure, when exciton

ergy, ank is Boltzmann’s constant. The slope of the straight|ocalization at interface defects is effective. An additional

lines in Figs. 4a) and 4b) corresponds to values &, of 4.4 consequence of this kind of exciton localization is the strong

and 5.2 meV, respectively. This is consistent with the faCtsuppression of the PLE signal within the low-energy part of

that these activation energies should be smaller %0\, .  the PL spectrum, which is therefore not necessarily a mea-

Extrapolating these straight lines to infinite Sg/S, is esti-  sure for the absorption strength or an indication for impurity-

mated to be about 1 for QW2 and 10 for QW3. In this esti-re|ated PL of QWs.

mate we have neglected the proportionality factor, because

the absorption strengths of regioAsandB are expected to

be nearly the same. Hence in FigbjLlthe PLE signal at the ACKNOWLEDGMENTS

position of « should be as large as that at the positiorBpf

but it is actually onlys; of the expected value. In the case of We would like to thank J. Menniger, R. Zimmermann,

QW3[Fig. 1(c)] the PLE signal is almost zero at the position and F. Grge for helpful discussions. Part of this work was

of a, where we could expect aboy} of the PLE signal performed within the framework of the Sfb 296 of the Deut-

measured fops. sche Forschungsgemeinschatt.



2738 JAHN, KWOK, RAMSTEINER, HEY, GRAHN, AND RUNGE 54

*On leave at Research Center for Quantum Effect Electronics, ToCh. Maierhofer, S. Munnix, D. Bimberg, R. K. Bauer, D. E.
kyo Institute of Technology, 2-12-1 O-okayama, Meguro-ku, Mars, and J. N. Miller, Appl. Phys. Let&5, 50 (1989.

Tokyo 152, Japan. 19K, Fujiwara, R. Cingolani, and K. Ploog, J. PhyBErance IV 3,
1c. A. Warwick, W. Y. Jan, A. Ourmazd, and T. D. Harris, Appl. C5-307(1993.

Phys. Lett.56, 2666(1990. 20R. F. Kopf, E. F. Schubert, T. D. Harris, R. S. Becker, and G. H.
2D. Gammon, B. V. Shanabrook, and D. S. Katzer, Phys. Rev. Gilmer, J. Appl. Phys74, 6139(1993.

Lett. 67, 1547(1991). 2IR. F. Kopf, E. F. Schubert, T. D. Harris, and R. S. Becker, Appl.
3Colin A. Warwick and Rose F. Kopf, Appl. Phys. Le0, 386 Phys. Lett.58, 631(199)).

(1992. 22p, C. Reynolds, K. R. Evans, C. E. Stutz, and P. W. Yu, Appl.
4. Menniger, H. Kostial, U. Jahn, R. Hey, and H. T. Grahn, Appl.  Phys. Lett.60, 962(1992.

Phys. Lett.66, 2349(1995. 2p. C. Reynolds, K. K. Bajaj, C. W. Litton, J. Singh, P. W. Yu, P.
5D. Gammon, B. V. Shanabrook, and D. S. Katzer, Appl. Phys. Pearah, J. Klem, and H. MorkpBhys. Rev. B33, 5931(1986.

Lett. 57, 2710(1990. 24D. Gammon, E. S. Snow, and D. S. Katzer, Appl. Phys. LG#t.
M. A. Herman, D. Bimberg, and J. Christen, J. Appl. Ph¥8. 2391(1995.

R1(1991). 25As has been observed for another QW sefiest shown in this
“E. Runge, J. Menniger, U. Jahn, R. Hey, and H. T. Grahn, Phys. work), the spectral shift of the PL line relative to the PLE line

Rev. B52, 12 207(1995. varies also when growth parameters other than the misorienta-

8S. K. Sinha, E. B. Sirota, S. Garoff, and H. B. Stanley, Phys. Rev. tion angle, e.g., the substrate temperature, are changed. For all
B 38, 2297(1988; B. Jenichen, S. A. Stepanov, B. Brar, and H.  investigated samples the PLE signal is strongly suppressed in

Kroemer, J. Appl. Phys79, 120(1996. that spectral region where the micro-PL spectrum shows a pro-

93. Christen and D. Bimberg, Phys. Rev4B, 7213(1990. nounced fine structure.

10a, Ourmazd, D. W. Taylor, J. Cunningham, and C. W. Tu, Phys.zalf the broad background in the micro-PL is attributed to small
Rev. Lett.62, 933(1989. unresolved lines, an even higher estimate results.

11X, Liu, S. Nilsson, L. Samuelson, W. Seifert, and P. L. Sonza,?’G. Bastard, C. Delalande, M. H. Meynadier, P. M. Frijlink, and
Phys. Rev. B47, 2203(1993. M. Voos, Phys. Rev. B9, 7042(1984).

12 Runge, A. Schagen, F. Henneberger, and R. Zimmermann, 28See, e.g., F. Gge and R. Zimmermann, Superlatt. Microstruct.
Phys. Status Solidi B88 547 (1995. 17, 439(1995, and references therein.

BR. Zimmermann and E. Runge, J. LumB0&61, 320(1994). 2R. Zimmermann, Phys. Status SolidilB3 129 (1992.

K. Brunner, G. Abstreiter, G. Hon, G. Trakle, and G. We-  *°R. Klann, H. T. Grahn, and K. Fujiwara, Phys. Rev5R 10 232
imann, Appl. Phys. Lett64, 3320(1994). (1995.

SH. F. Hess, E. Betzig, T. D. Harris, L. N. Pfeiffer, and K. W. %M. Gurioli, A. Vinattieri, J. Martinez-Pastor, and Marcello
West, Scienc®64, 1740(1994). Colocci, Phys. Rev. B0, 11 817(1994.

®Masaaki Tanaka and Hiroyuki Sakaki, J. Appl. Phgd, 4503  32F. Yang, M. Wilkinson, E. J. Austin, and K. P. O’'Donnell, Phys.
(1988. Rev. Lett.70, 323(1993.

17E. S. Koteles, B. S. Elman, C. Jagannath, and Y. J. Chen, AppF3M. Kohl, D. Heitmann, S. Tarucha, K. Leo, and K. Ploog, Phys.
Phys. Lett.49, 1465(1986. Rev. B39, 7736(1989.



