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Local recombination mechanisms in type-II GaAs/AlAs superlattices: The role
of temperature-dependent transport processes

D. Lüerßen, A. Oehler, R. Bleher, and H. Kalt
Institut für Angewandte Physik, Universita¨t Karlsruhe, D-76128 Karlsruhe, Germany

~Received 22 September 1998; revised manuscript received 9 December 1998!

We study type-II GaAs/AlAs short-period superlattices by spatially resolved photoluminescence spectros-
copy (m-PL!. We observe two groups of spectrally narrow luminescence lines. The origin of one group is
localized type-II states while the other group is related to deeply localized type-I states. The latter result from
a local crossover of the band alignment from type-II to type-I induced by a variation of the well width of 2
bilayers. The use of nonresonant excitation and the variation of the lattice temperature give a direct access to
the transport processes preceding the recombination. We can distinguish between two cases. Among the
localized type-II states, phonon-assisted relaxation of the excitons is identified by a redshift of the envelope of
the m-PL lines. For the deeply localized type-I states, the luminescence intensity increases exponentially with
rising temperature. We model this behavior by electron tunneling into the luminescing states.
@S0163-1829~99!03123-9#
nc

e

-

n

A
e
n

m
y

tly
f t
s
o
i

f 1
u
-
c
to
p
ey
h

ito

ts
,
d
on

he

zed
pec-
-
hey

to
e of
tly
one,
tial
tion
n as-
find
ss-
ion
the

e

he

ns
d
n-

We

es
op-
ails
ples
in-
is
e
ical
I. INTRODUCTION

The spectra of spatially integrated photoluminesce
~PL! of type-II GaAs/AlAs short-period superlattices~SPS!
are well understood~see, e.g., Refs. 1–3 and referenc
therein!. The underlying radiative processes are due toG-X
mixing ~pseudodirect recombination! for the zero-phonon re
combination. For the phonon replica, the photon and one
more phonons are emitted simultaneously. The phono
necessary to pick up the zone-boundaryk vector of the initial
excitonic state during the recombination. For SPS with Al
thicknesses comparable to those used in our study, ther
two phonon sidebands. One is due to emission of AlAs tra
verse optical~TO! and longitudinal acoustic~LA ! phonons
that can be observed separately in samples with very s
inhomogeneous broadening.2,3 The other one is caused b
emission of AlAs longitudinal optical~LO! phonons.

Spatially resolved PL on a length scale of 1mm (m-PL!
reveals local optical properties that can differ significan
from the above-described averaged ones. The area o
detected spot is typically decreased by four or more order
magnitude with respect to the spatially integrated meth
Averaging over spatial inhomogenities of the sample
thereby significantly reduced. But even within the area o
mm2, one finds a large number of radiative states contrib
ing to them-PL signal. To gain access to individual recom
bination centers, spectral resolution is added to the te
nique. Since different local environments give rise
different transition energies, local properties of the sam
even below the diffraction limit can be distinguished. Th
show up inm-PL as spectrally narrow lines with a linewidt
determined only by the homogenous broadening.m-PL has
been applied during the past years to study, e.g., exc
localization in width fluctuations of quantum wells,4,5 which
have been addressed as ‘‘naturally formed quantum do
Even single natural quantum dots can be investigated6–9

where biexcitons,6 magnetic properties of excitons an
biexcitons,7 and homogenous linewidths and the phon
PRB 590163-1829/99/59~24!/15862~6!/$15.00
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bottleneck8 have been some of the topics of interest. T
latter methods use typically resonant excitation.

In order to study relaxation processes among the locali
states, we investigate the temperature dependence of s
trally resolvedm-PL under off-resonant excitation. The in
vestigated type-II GaAs/AlAs SPS are chosen such that t
are close to the crossover layer thickness combination
type-I band alignment. From the temperature dependenc
the m-PL, we are able to distinguish between two distinc
different sets of localized states in these samples. For
we observe type-II excitons that are localized at poten
fluctuations due to interface roughness. Energy relaxa
between these localized states is possible due to phono
sisted excitonic transport. On the other hand, we also
deeply localized type-I states. They stem from a local cro
over of the band alignment. These efficient recombinat
centers are populated via phonon-assisted tunneling of
electron. They are isolated in the sense that furtherexcitonic
transport is not possible during the radiative lifetime.

The paper is organized as follows: we first give som
details about the samples and the measurement setup~Sec.
II !. In Sec. III, we describe the observations of t
temperature-dependentm-PL, which will allow us to sepa-
rate the spectrally narrow PL lines into two groups. Sectio
IV and V clarify the origin of these groups as localize
type-II and isolated type-I states. In Sec. V we further ide
tify an electron-transfer mechanism into the type-I states.
summarize the most important results in Sec. VI.

II. SAMPLES AND EXPERIMENTAL DETAILS

We investigated a series of four GaAs/AlAs superlattic
grown by molecular beam epitaxy. The labels and the pr
erties of the samples are summarized in Table I. Det
about the growth and the interface properties of the sam
are described in Ref. 10. The AlAs-on-GaAs interface is
termixed while the GaAs-on-AlAs one is abrupt, which
indicated in the upper left of Fig. 3. The quality of th
samples is extremely high: we observed confined opt
15 862 ©1999 The American Physical Society
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phonons up to the 5th order in those samples.10 The long
luminescence decay times at low temperatures of 1.6ms
~sampleA) and 5.5ms ~sampleC) confirm the relatively
small number of nonradiative centers.

SamplesA, B, andC all have a type-II band alignmen
This means that the conduction band minimum is in
AlAs layers at theX point while the valence-band maximum
is in the GaAs slabs at theG point. As a consequence, ele
tron and hole have only a small wave-function overlap, a
the exciton ground state has a nonvanishingk vector. Mainly
the latter feature leads to the large luminescence de
times.11 A combination of PL and PL excitation reveals th
the lowest type-I transition is about 100 meV higher in e
ergy than the type-II bandgap.

There is a distinct difference in the properties of samp
A and B with respect to sampleC. In samplesA and B, a
fluctuation of the GaAs layer thickness by 2 bilayers resu
in a local change of the band alignment to type-I. T
conduction- and valence-band extrema are then both in
GaAs at theG point. This assumption is confirmed by
Kronig-Penney calculation and is supported by the proper
of sampleD. The layer thicknesses of sampleD are such that
its band alignment is of type I. It is suitable for a dire
comparison with the type-I recombination caused by thi
ness fluctuations in sampleA. The band alignment of sampl
C cannot change through a similar thickness fluctuation.

All the spectra shown in this article have been measu
on sampleA. We made similar observations on sampleB.
The reference samplesC and D allow us to identify local
type-I states in them-PL ~see Sec. V!.

One of the advantages ofm-PL over spatially integrated
PL comes from the fact that local environments are stud
Already one sample gives access to a valuable numbe
different ‘‘samples in the sample,’’ i.e., different detectio
spots. The needed statistics for reliable statements can
be obtained easily.

In order to design a setup for spatially resolved spectr
copy, there are two distinct starting points. On the one ha
one can use alocal excitationand a global detection~e.g.,
cathodoluminescence or most optical near-field studies!. The
spatial resolution of the technique is then not given by
diameter of the excitation spot but rather by the diffusi
length of the excitons or carriers. On the other hand, fo
global excitation combined with alocal detectionthe spatial
resolution is independent of diffusion lengths because alw
the same sample volume is probed. The spectral shape
intensity of them-PL however are affected by transport pr

TABLE I. Properties and labels for the samples investigated
this article. For samplesA andB, a variation of the well width by 2
bilayers results in a change of the band alignment from type-I
type-I. This is confirmed by the band alignment of sampleD. For
sampleC, such a crossover is not possible.

Label GaAs/AlAs thicknesses Number of Band alignme
in bilayers~52.83 Å! periods

A 8/8 140 type-II
B 11/10 140 type-II
C 9/14 180 type-II
D 10/5 50 type-I
e
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cesses preceeding the recombination. Using the la
method, we can demonstrate the importance of phon
assisted tunneling processes in the population dynamic
the investigated radiative states.

Our m-PL setup consists of a He flow cryostat with on
one thin ~approximately 1-mm thick! window. The excited
spot on he sample is magnified through a microscope len
a factor of 20 and imaged onto an exchangeable pinhole.
pinhole defines the actual spatial resolution in the detec
with an optimum resolution given by the diffraction limi
The pinhole is imaged onto the entrance slit of a 0.46
focal length single grating spectrometer with a LN2-cooled
charge-coupled device~CCD! attached. The energy resolu
tion is approximately 100meV.

One has to keep in mind that the cryostat window has
be regarded as a ‘‘cover glass.’’ To obtain a sharp image
the sample, the microscope lens must be able to correc
beam aberrations by the window. Our lens can be adjuste
window thicknesses between 0 and 1.5 mm. In the meas
ments reported here, we used a pinhole with 60mm diam-
eter. The resulting detection spot size of 3mm in diameter is
about three times the diffraction limit for the regarded wav
lengths. This spot size ensures a good lines-to-backgro
ratio ~Fig. 1! for reasonably short integration times.

In these measurements, we used off-resonant excita
with an unfocused red HeNe laser. The excitation intens
was a few W cm22. The laser beam struck the sample und
oblique incidence to reduce stray light of, e.g., the la
plasma lines. We carefully checked that none of the lin
shown in Figs. 1 and 2 are due to such artifacts.

III. TEMPERATURE DEPENDENT µ-PL

We performed temperature-dependentm-PL measure-
ments in the low-temperature range from below 10 to 40
Typical results between 10 and 30 K are shown in Fig. 1. I
important to note that these spectra are recorded at exa
the same spot on the sample. The excellent reproductio
the series of narrow lines at energies around 1.795 eV g

n

o

FIG. 1. m-PL spectra of sampleA at the same detection spot fo
different temperatures. All spectra are normalized with respec
the maximum of the 10 K spectrum to reveal the temperature e
lution of the luminescence intensity.
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evidence for the good spatial stability of the measurem
setup.

At 10 K and below, the spectrum is almost identical
spatially integrated measurements, i.e., we observe a sm
line shape. It is composed of the zero-phonon line and
two phonon replica~Fig. 1!. The specifics of the spatial reso
lution can be seen as soon as the temperature is ra
slightly ~Fig. 1, 20...30 K!: as a new feature, spectrally na
row lines emerge from the spectrum. Their spectral width
\G<100 meV is given by the spectral resolution of th
spectrometer. For this experiment, the spectral resolutio
sufficient to separate the narrow PL lines. We have de
mined line widths of 30meV for the same lines in combi
nation with a 0.75-m focal length double grating spectro
eter.

We observe that some lines are situated on the low-en
side of the zero-phonon emission. In the spectral range o
AlAs LA/TO phonon replica~around 1.815 eV!, the intensity
of such lines is very low. On the AlAs LO phonon replic

FIG. 3. A local crossover from type-II to type-I can occur due
a deviation from the ideal quantum well geometry. A locally thick
GaAs well combined with a locally thinner AlAs barrier forms
type-I center in which both, holeand electron, can be localized in
the GaAs well. At elevated temperatures, theX-point electron in the
AlAs can tunnel into the type-I center. The loss of energy andk
vector during this transfer is achieved by AlAs LO phonon em
sion.

FIG. 2. The narrow luminescence lines extracted from Fig
after subtraction of the smooth background. The vertical line in
cates the separation of the spectra into two groups. Its position
the spectral range of the AlAs LA/TO phonon replica.
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~around 1.795 eV!, the lines grow absolutely with rising tem
perature and can even become stronger in peak intensity
the zero-phonon emission. This means that the latter li
cannot be due to phonon replica. It is an indication for a n
physical mechanism. In addition, we note that the glo
luminescence intensity drops with rising temperature.

Figure 2 shows the sharp lines extracted from the spe
shown in Fig. 1 by subtracting the remaining smooth ‘‘bac
ground’’ line shape. The background still resembles the s
tially integrated measurements very much. A first look at t
figure suggests to divide the sharp lines into two differe
groups indicated here by the vertical line. Qualitatively, t
spectral weight shifts red for the energetically higher lin
with rising temperature, and their summed intensity dro
This is different for the group of lines in the spectral range
the AlAs LO phonon replica~left of the vertical line!: its
spectral weight does not change significantly, but even m
important is that the individual intensitiesincreasewith ris-
ing temperature.

We will now carefully investigate both groups separate
We will show that the lines on the low-energy side of t
zero-phonon line stem from localized type-II states. Ex
tonic transport between the states is possible and resul
the red shift of the spectral weight. The energetically low
lines originate from localized type-I states. Those typ
states result from a local fluctuation of the quantum w
thickness. Once these states are populated, no further
tonic transport is possible during the exciton lifetime. Fro
the temperature dependence of the lines’ intensity we
deduce the population mechanism to be electron tunnel
First, we discuss the type-II states since they can be expe
in this kind of SPS system.

IV. LOCALIZED TYPE-II STATES

We want to study phonon-assisted relaxation within
localized states on the low-energy side of the zero-pho
line. In spatially integrated PL, this phenomenon manife
itself as a redshift of the PL maximum with rising temper
ture ~see, e.g., Ref. 12!. Compared to the shift of the ban
gap, this redshift is by far larger.

For the lines in Fig. 2, we have to define a quantity th
corresponds to the properties of the PL maximum. We h
chosen here the spectral weightSW(a,b) which is defined
by

SW~a,b!ª

E
a

b

\v I linesd~\v!

E
a

b

I linesd~\v!

, ~1!

whereI means the intensity of the indexed quantity, i.e.,I lines
is the intensity of the sharp lines.SW(1.805 eV,̀ ) shifts
red by 5 meV between 20 and 30 K, which is clearly mo
than the expected shift of the band gap.13 This behavior re-
flects that at higher temperatures excitons transfer more
ciently to localized states that are lower in energy.

The nature of the localized states in this energy range
be deduced from the temperature evolution of the PL int
sity. It was already noted that both, the global luminesce
intensity and the integrated intensity of the lines regard

-

1
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here, drop with rising temperature. It is thus reasonable
compare the two temperature dependencies. The impo
quantity is the fraction

Fupperª

E
1.805eV

`

I linesd~\v!

E
0

`

I backgroundd~\v!

, ~2!

which is found to be almost constant. This result sugge
that the origin for both, the ‘‘background’’ of the smoot
zero-phonon line/phonon replica and the energetically hig
lines, is the same. The narrow lines stem from localiz
type-II states.

The fact that the lines under investigation occur predo
nantly on the low-energy side of the zero-phonon band ra
one question: why do these lines only occur on the lo
energy side of the emission band and not, e.g., also on
high-energy side? We can compare our result to observat
in type-I GaAs/AlAs single quantum wells4 and theoretical
considerations14 in the same system. In those cases, a
most of the lines occur on the low energy tail of the lum
nescence spectrum. The high-energy side and the maxim
are more or less smooth. The underlying reason accordin
Ref. 14 is that at the luminescence maximum, there is a la
number of states with rather small matrix elements. This
sults in a smooth line shape. At energies on the low-ene
side of the PL band, the number of states is smaller. T
exhibit large matrix elements, though. Together, this res
in relatively intense separable lines. Thus, our result co
pares well with previous observations in the same mate
system, but here with a different band alignment.

To summarize this section, the narrow lines on the lo
energy tail of the zero-phonon line stem from localiz
type-II excitons. Within these localized states, phono
assisted relaxation of localized excitons is observed.

V. ISOLATED TYPE-I STATES

Before one can try to understand the temperature de
dence of the lines around 1.795 eV, one needs to know
origin of those lines. We already pointed out that althou
these lines are energetically in the spectral range of a pho
replica, they cannot be due to phonon-assisted recomb
tion. We will first describe a model for deeply localize
states which explains the origin of the narrow PL lines. Th
we will discuss a transport model for the filling mechanis
of these states, which can reproduce the temperature ev
tion of the intensity of the lines.

In Fig. 3 ~upper left!, a schematic cross section of a qua
tum well is shown. A variation of the GaAs well width als
affects the thickness of the AlAs layer, but here in the op
site direction. This behavior is also reflected in the change
the quantization energies~Fig. 3, lower left!. Here, a change
in layer thickness of 1 bilayer does not affect the band ali
ment. But if the GaAs layer becomes thicker by 2 bilaye
the electronic state in the GaAs has a lower energy than
global conduction-band minimum in an ideal structure.
local crossover from type-II to type-I band alignment h
taken place.

This proposed scenario is supported by a compariso
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the four samples. The respective layer thicknesses of sam
A andD fit almost perfectly to the situation described abov
SampleA has got a type-II band alignment, but a local cros
over as the one sketched in Fig. 3 is possible. The transi
energy in sampleD, which definitely has a type-I band align
ment, compares well with the spectral position of the narr
lines in sampleA. In addition to this experimental evidenc
we carried out Kronig-Penney calculations. These calcu
tions predict that a local band alignment crossover is poss
for samplesA and B. This explains why we have simila
observations for samplesA and B. On the other hand, this
kind of crossover is not possible for sampleC. Indeed, we do
not observe the group of intense narrow lines for sampleC in
the m-PL experiment. This fact is also an indication that t
discussed lines in sampleA and B are not due to impurity
related transitions.15

When a fluctuation induced crossover from type-II
type-I takes place, the local conduction-band minimum is
the GaAs layer. The result is an additional lateral confin
ment of the electron. At the same spatial position, there
local maximum in the GaAs valence band. Consequently,
find a deeply localized center for an exciton with quasi-ze
dimensional character.

The presence of such local type-I centers can explain
there are no sharp features on the zero-phonon emissio
order of magnitude higher in intensity. The type-I states
filled by an electron transfer across the interface under em
sion of one AlAs LO phonon. The subsequent radiative
cay is direct, and the electron and hole wave functions h
a large spatial overlap. The optical matrix element is the
fore larger by orders of magnitude compared to the one
the indirect type-II transitions.11 Consistently, these shar
lines have a rather high intensity compared to the type
luminescence~Fig. 1!. As a second feature, this model e
plains why we only observe so few lines: all the releva
states are deep in the tail of the type-I density of states~ap-
proximately 150 meV below the type-I band edge!.

The temperature dependence of the narrow lines in
energy range exhibits a completely different behavior co
pared to the one discussed in Sec. IV. First, their inten
rises exponentially compared to the background

Flowerª

E
0

1.805eV

I linesd~\v!

E
0

`

I backgroundd~\v!

}expS T

T0
D ~3!

over two orders of magnitude~Fig. 4! in the temperature
range under investigation.16 The value ofT0 varies only
slightly for different detection spots. Second, the lines can
traced individually over the temperature range. They sh
very slightly by some 500meV, which is due to the usua
shift of the band gap with temperature.13,17

The exponential rise of the intensity with temperature
qualitatively different from an activation law. For an activ
tion law, the intensity would rise proportional to exp(T0 /T).
But, a behavior depending on exp(T/T0) is deduced from
our data. Such a temperature law has already b
reported for nonradiative recombination in amorpho
semiconductors.18,19 The fraction of the radiative and nonra
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diative recombination rates (pr andpnr , respectively! exhib-
its the same temperature dependence:pnr /pr}exp(T/T0).

Streetet al.18 explain this law with the following model
they assume that a nonradiative process is due to tunne
of one of the carriers, e.g., the electron, away from the sit
radiative recombination to a trap. The second assumption
spatially varying band gap, i.e., an electron in a conducti
band minimum sees traps at different distances with differ
potential barriers. Their calculation then starts from the t
neling transition probability p5nph exp(22aR2W/kT)
wherea is the localization parameter andW the height of the
tunneling barrier. Assuming that the minima are parabo
the tunneling length is given byR5R022gAW. Here, g
defines the shape of the parabola andR0 is the distance of the
minima. Under the assumption of a constanta, they find
after a small calculation that the rate for the most proba
transition follows

p5nph exp~22aR0!exp~4a2g2k T![p0 expS T

T0
D . ~4!

We notice thatT0 is more or less a geometrical quantity th
combines the curvature of the potential and the localiza
parameter.

The microscopic situation in our case is similar to the o
described above. The type-I states play the role of the tr
and the spatially varying band gap is here due to well wi
fluctuations ~see Fig. 3!. The main difference is that th
type-I states are centers ofradiative recombination: there is
already a hole localized in the local valence-band maxim
after the initial relaxation processes. After the tunneling p

FIG. 4. The fractionFupper for the spectra in Fig. 1. The solid
line is an exponential fit withT0 as a fit parameter.
ec
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cess of the electron~Fig. 3! occurs the efficient radiative
recombination which manifests itself in the intense spectra
narrow lines.

The real-space andk-space transfer in addition to the en
ergy loss of the electron is mediated by phonon emiss
We see in the spectra that only AlAs LO phonons contrib
to this process and that the AlAs TO and LA phonons p
no or only a minor role. This is in contrast to the phon
replica in the recombination where these contributions
hibit approximately equal transition probabilities. But th
mechanisms are different: in the case of the phonon rep
of the type-II excitonic recombination, no real-space cha
transfer is required. The wave functions have enough ove
for a nonvanishing matrix element.11 Emission of all
phonons capable of conserving thek vector is possible and
sufficient. This is different for the real filling of the type-
states since a real-space charge transfer is needed. An
tric field perpendicular to the interface is needed, and
only phonon providing such a field is the LO phonon.

We finally compare the energy relaxation between
type-I and the the type-II states, respectively. In Sec. IV,
had concluded by the redshift of the spectral weig
SW(1.805eV,`) that phonon-assisted relaxation betwe
the localized type-II states takes place. For the case of lo
ized type-I states, we have no evidence for a similar beh
ior. The spectral weightSW(0,1.805eV) just reflects the
redshift of the individual lines. In connection with the perfe
exponential rise of the intensity, we conclude that an exci
in a localized type-I states shows no further transport wit
its lifetime. The latter states are thus considered to be
lated.

VI. CONCLUDING REMARKS

We have demonstrated that we observe two differ
kinds of spectrally narrow lines inm-PL spectroscopy of
GaAs/AlAs type-II short-period superlattices. One kind
related to localized type-II excitons, which show an incre
ing relaxation into tail states upon raising the lattice tempe
ture. Due to a local band-alignment crossover from type-II
type-I, also deeply localized type-I states are formed. Th
type-I states are filled via tunneling of the electrons acr
the interface. The holes are already localized in that reg
after the initial fast relaxation. The resulting excitons a
‘‘trapped’’ in the type-I states until they recombine radi
tively.
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