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R. Kersting, R. Schwedler, K. Wolter, K. Leo, and H. Kurz
Institut fair Halbleitertechnik II, Rheinisch-Westfalische Technische Hochschule Aachen, Sommerfeldstrasse 9g,

8'-5100 Aachen, Germany
(Received 3 February 1992)

We investigate the carrier-transfer dynamics in In& Ga As/Inp heterostructures using lumi-
nescence upconversion spectroscopy with 300-fs time resolution. Carrier transport across the InP
barriers to the quantum wells and the final carrier capture into confined states of the quantum wells
are separated in a comparative study of samples of different well and barrier thicknesses. The trans-
port of carriers across the barrier material to the quantum wells is found to be almost instantaneous
for barrier thicknesses up to 30 nm. We obtain capture-time constants of about 800 fs for electrons
and 200 S for holes. The capture times are virtually independent of well width. We develop a
formalism to calculate the carrier transfer time from the barriers to the quantum wells for given well
and barrier thicknesses. An upper limit of modulation frequencies set by this transfer process of the
order of 300 GHz for devices with thin barriers is derived.

I. INTRODUCTION

Ini Ga As/InP heterostructures have recently
gained great interest as a basis material for optoelec-
tronic devices applications. This material system allows
the energetic adjustment of radiative transitions of the
Ini ~Ga~As quantum wells (QW's) to the wavelengths
of minimal absorption (1.55 ym) and zero dispersion
(1.3 pm) of commercial silica optical fibers. Ultrafast
electro-optical and all-optical switching based on non-
linear processes, like gain compression or the intensity
dependent refractive index near the band edge, are pos-
sible. The maximum modulation frequency of devices
is controlled by the picosecond and subpicosecond dy-
namics of nonequilibrium carriers. Many groups have
recently investigated the nonequilibrium carrier thermal-
ization, relaxation and cooling in Ini ~Ga~As (Refs. 1—5)
and InP.s~ Another important process limiting the op-
erational speed of heterostructures is the charge transfer
from the barrier material into the QW's. In a simple
picture, the carrier transfer can be divided in two time-
sequential processes, carrier transport and carrier cap-
ture: In a first step, free carriers are transported from
the InP barriers to the QW's; in a second step, the car-
riers are captured into the QW's by a scattering process
from the unbound three-dimensional to the quasi-two-
dimensional states confined in the QW's. A basic limit to
the maximum modulation speed of a device is the speed
of this transfer process. A detailed knowledge of the dy-
namics of both transport to the wells and capture into
the wells is therefore desirable for the design of ultra-
fast optoelectronic and photonic devices. Time-resolved
optical experiments allow a direct observation of ultra-
fast carrier dynamics in semiconductors with picosecond
and subpicosecond time resolutions. A particular suit-
able technique is luminescence upconversion with fem-

tosecond time resolution, which provides direct informa-
tion on the dynamics of carrier relaxation, capture and
transport.

In Al Gai As/GaAs heterostructures the first mea-
surements of the carrier capture performed by Gobel
and co-workersio demonstrated fast and efficient trans-
fer from the barriers to the wells. Time-resolved lumi-
nescence measurements of Feldmann et al. ii and Polland
et aLiz performed on graded index separate confinement
heterostructures yielded transfer times of less than 20 ps
and a dependence of the efficiency on the confinement
structure. The measurements and calculations of Blom
et aLis for A1~Gai As/GaAs separate confinement het-
erostructures gave ambipolar transfer times of 20 ps for
electrons and holes. Based on a diffusion model, local
capture times of 3 ps were deduced. Ini Ga, As/InP
heterostructures were investigated by Westland et aLi4
with time-resolved luminescence experiments. A compar-
ison with model calculations based on a capture process
combined with a diffusive transport gave capture times
of 4 ps.

More direct measurements of the transfer process were
performed in Ini ~Ga~As/InP QW's by Deveaud et aLis
using luminescence upconversion experiments with sub-
picosecond time resolution. Both QW luminescence and
InP barrier luminescence were observed. Total transfer
times of 2—3 ps were observed and interpreted by difFusive
carrier transport across the barrier material. Quantum
capture times were estimated to be 300 fs for holes and
1 ps for electrons. These conclusions are in contrast to
our earlier results, which show that the difFusive trans-
port across the Inp barriers does not restrict the carrier
transfer for structures with barrier widths up to 30 nm.

In addition to the time-resolved studies, a num-
ber of steady-state luminescence experiments have been
performed. Cathodoluminescence studies were per-
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formed by Christen et al. and Bimberg et al. on
Al Gaq As/GaAs multiple quantum wells (MQW's).
Very short (100 and 660 fs for electrons and holes, re-
spectively) carrier transfer times were estimated by com-
parison of the time-integrated luminescence intensities
of the A1~Gaq As barriers and the GaAs QW's. By a
similar comparison of the cw-luminescence intensity ra-
tios of QW's and barriers, Reihlen et al. ~s measured a
transfer time of 5 ps attributed to a fast depletion of the
200-nm barriers by electron diffusion. A resonant be-
havior of the carrier capture for certain well widths was
observed by Ogasawara et al. and Fujiwara et aLzoz~

using cw-photoluminescence excitation experiments in
the Al~Gaq ~As/GaAs material system. However, all
cw measurements suffer from the indirect determination
of the dynamics, which can be incorrect because of the
quantum efficiencies of the QW and barrier luminescence.

Theoretical calculations of capture processes are based
on a scattering process by longitudinal optical-phonon
emission. Strong oscillations of the capture rate
with increasing well width are predicted. The oscil-
lations occur when confined levels move into the QW
continuum with decreasing well width. The theoreti-
cally evaluated capture times range from 1 to 500 ps for
Al, Gaq, As/GaAs heterostructures. An inclusion of the
confined phonon modes within the QW's in the calcu-
lations results in further resonances. 4 Recently, Blom,
Haverkort, and Wolterzs have studied theoretically the
capture in MQW's within a separate confinement struc-
ture. The results indicate that a suitable design of the
structure can enhance the carrier transfer process con-
siderably.

The experimental and theoretical results mentioned
show that the detailed understanding of the transfer pro-
cess in semiconductor heterostructures is still incomplete.
In this work, we present a detailed analysis of the car-
rier transfer process in Inq, Ga, As/InP heterostructures
using femtosecond luminescence upconversion. A large
number of samples with different well and barrier widths
are compared to obtain a complete picture for the trans-
fer dynamics in this material system. The relaxation of
the carriers within the barriers and the wells is studied
by analyzing the hot luminescence spectra as a function
of time. It turns out that the carrier distributions in
wells and barriers have very similar temperatures and
cool rather quickly to temperatures close to the lattice
temperature. The charge transfer is directly observed by
the temporal increase of the QW and the complementary
decrease of the barrier luminescence. The capture speed
and eKciency is virtually constant over a large range
of well widths. No resonances of the transfer time are
observed, in contrast to theoretical studies. For barrier
widths smaller than about 30 nm, the transport across
the barriers does not limit the transfer speed. The ex-
perimental results are well reproduced by simple model
calculations. The capture times obtained from this anal-
ysis are about 800 fs for electrons and 200 fs for holes,
respectively.

The paper is organized as follows: In Sec. II the sam-
ple structures and characterization are described. The

photoluminescence upconversion apparatus is briefly ex-
plained. In Sec. III results about the initial carrier relax-
ation in the InP barriers and the Inq Ga2, As QW's are
presented. Section IV describes a model calculation of
carrier capture and transport. In Sec. V our experimental
results are compared with the model and previous results
in the literature. Finally, we present a simple formalism
to estimate the transfer times for heterostructures with
barrier widths up to 30 nm. The paper is concluded with
a brief summary in Sec. VI.

II. EXPERIMENT

Two sets of lattice matched Inq ~Ga~As/InP multiple-
quantum-well (MQW) samples grown by low pressure
metal-organic vapor-phase epitaxy are compared. The
first set contains 10 periods of 30-nm barriers and QW's
of various width. The Inq, Ga As well widths range
from 0.5 to 6 nm. Using this set, the dependence of
the carrier transfer on well width and excitation density
is investigated. The transport across the barrier mate-
rial is studied with a second set of MQW's with a fixed
well width of 2.5 nm and barrier widths between 10 and
120 nm. All samples are covered by a 60-nm InP cap
layer.

Details of the growth process have already been
published elsewhere. zs'27 The alloy composition of the
Ino 47Gao $3As as well as the growth of the InP are de-
termined by x-ray difFraction and cw-photoluminescence
measurements. Low-temperature exciton luminescence
line widths of 2 meV for the Inq Ga~As and 0.63 meV
for the InP demonstrate the high quality of the layers.
The luminescence spectra of the heterostructures reveal
exciton EHq transitions split in several discrete peaks.
By comparison of the luminescence position for a set of
well widths, these lines allow a reproducible identification
of the Inq, Ga~As layer thickness in steps of monolayers
(ML). The fiuctuations of the well width are found to
be less than 0.5 ML on a scale smaller than the exciton
area and approximately 1 ML over the luminescence spot
SiZe 26)27)2g)30

All time-resolved data presented here were obtained by
photolumineseence upconversion experiments. Our setup
(Fig. 1) differs only in minor details from the schemes de-
scribed in Refs. 31—33. Two beams of a colliding-pulse
mode-locked ring dye lasers ss (CPM) with a central
wavelength of about 630 nm and a pulse duration of 80 fs
are used. The pulse energy and the repetition rate are
300 p3 and 90 MHz, respectively, corresponding to an av-
erage power of 25 mW per beam. Using one beam for the
excitation, carrier densities between 10~a and 10~a cm s

can be generated in the samples. The emitted lumines-
cence is focused onto a P-barium borate (BBO) crystal.
Sum-frequency light is generated when luminescence and
reference pulse have temporal overlap within the nonlin-
ear crystal. The sum-frequency light is dispersed by a
monochromator and detected by a single-photon count-
ing system. The temporal evolution of the luminescence
signal is mapped by delaying the reference pulse with
respect to the pulse exciting the sample.
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FIG. 1. Luminescence upconversion setup.
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The group-velocity dispersion (GVD) of the lens sys-
tem focusing the luminescence onto the BBO induces
time shifts of up to 3 ps for different luminescence ener-

gies. Calculations of the lens dispersion as well as mea
surements at different luminescence energies show that
these delays are reproducible. We correct the GVD of
the lens system with the computer control of the experi-
mental apparatus with an accuracy better than 100 fs.

Apart from the pulse duration of the CPM pulse
the time resolution of the setup is limited by different
GVD between the infrared luminescence and the refer-
ence pulse within the nonlinear crystal. We chose BBQ
because detailed calculations show that 2.5 times higher
quantum efficiencies can be achieved with BBO than with
lithium iodate under comparable conditions of GVD. In
our measurements, we use a 1-mm-thick crystal which
is fully used and a 5-mm-thick crystal with an efFective
length of 2.5 mm. The resulting temporal resolutions of
our setup are 170 fs for the 1-mm crystal and about 300 fs
for the 5-mm crystal over the whole energy range. Signal
dynamics over 4 orders of magnitude are attainable. The
accessible energy range extends from 0.7 to 1.8 eV with
an energy resolution of 35 meV limited by the spectral
width of the CPM laser pulses. The spectral response of
the setup is carefully calibrated with a tungsten lamp.
All measurements are performed at room temperature.

III. RESULTS

A. Carrier thermalization in the coupled barrier-well
system

Excitation of the heterostructures with 1.97-eV laser
pulses creates hot carriers in both barriers and wells.
Time-resolved luminescence spectra allow an analysis
of the thermalization of this system. As an example,
Fig. 2 shows time-resolved spectra of an Ini ~Ga~As
MQW consisting of QW's with 2.5-nm width and bar-
riers of 30-nm width at a rather high excitation den-
sity (n,„,= 6 x 10iz cm 2). This density is the two-
dimensional carrier density generated within a layer con-
sisting of one QW and one barrier. Consequently, this
density would be accumulated in one QW after a trans-
fer process of 100Fo efficiency. This way, we define all
carrier densities in this paper. The luminescence of the
Ini ~Ga~As QW's is attributed to the peak at 1.05 eV
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FIG. 2. Time-resolved luminescence spectra. The spectra
of the 2.5/30 nm Ini Ga As MQW measured at diff'erent

time delays after excitation are displayed by symbols. The
peaks at 1.05 and 1.4 eV correspond to hot luminescence of
the QW's and barriers. For comparison, a spectrum of bulk
InP 300 fs after excitation is also shown (solid line).

and the luminescence of the InP barrier material to the
peak at 1.4 eV. The broad line shapes refiect the hot-
carrier distributions.

The luminescence spectra taken 300 fs after excitation
indicate that most of the carriers are generated within
the barriers. This can be expected because the barrier
widths exceed the width of the QW's by more than 1
order of magnitude, while the absorption coefficients in
both layers are similar. Carriers excited with 1.97-eV
laser pulses in the InP barriers have excess energies of
570 meV for electrons and 50 meV for holes In the. case
of the 2.5-nm Ini Ga~As QW with an EHi transition
of 920 meV, the excess energies are 970 and 80 meV,
respectively. The offsets between bound states and InP
band edges are about 100 and 320 meV for electrons and
heavy holes, respectively. Therefore, heavy holes gener-
ated within the Ini ~Ga, As QW's are confined, while
the optically excited electrons are unbound. ss

Max~ellian tails of both the QW and barrier lumines-
cence are observed at time delays of 0 and 300 fs after ex-
citation. This gives experimental proof that the thermal-
ization of electrons and holes with high excess energies in
Ini ~Ga~As QW's occurs on a time scale much shorter
than 300 fs. Similar ultrashort internal thermalization
is observed in bulk III-V compounds by Zhou et al.
and, more recently, by Elsasser et al. s7 Due to this ultra-
fast thermalization, effective carrier temperatures can be
evaluated at all time delays from the Maxwellian tails of
the luminescence spectra. The effective carrier tempera-
tures at 0-ps time delay of QW's and barriers (Table I)
show that thermal equilibrium between QW's and barri-
ers is established during the experimental time resolution
of less than 300 fs. Already at delay t = 0 ps, the tem-
perature difFerence between QW's and barriers is within
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Time (ps)

0
0.3
3
10

Tqg (K)
2400
2300
800
700

Tb~~ (K)

2300
2200
600
500

Tbulb InP (K)

1500
1100
500

TABLE I. Temporal evolution of effective carrier temper-
atures in an 2.5/30 nm Ini Ga~As/InP MQW and intrinsic
bulk InP at an excitation density of 6 x 10 cm per well
comparable to 2 x 10 cm in bulk.
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However, the temperatures observed in this MQW sys-
tem are higher than in bulk InP under identical excita-
tion conditions. Figure 2 contains for comparison an ad-
ditional spectrum of bulk InP at 300 fs time delay. It
is clearly visible that the barrier InP temperatures are
higher than the bulk InP temperatures. Data given in
Table I show that these temperature differences persists
at all delay times. Possible explanations are discussed in
Sec. V.

The hot QW luminescence obtained at high excitation
densities of 6 x 10is cm s exhibits a broad spectrum ex-
tending from 0.9 eV up to the InP band edge. The max-
imum of the QW luminescence is measured at 1.05 eV,
while the EHi transition is observed at 0.92 eV in cw-
photoluminescence experiments at low excitation densi-
ties and room temperature. This shift indicates that the
bandfilling due to the very high carrier densities in the
QW shifts the Fermi energies of electrons and holes and
overcompensates band-gap renormalization efFects.

B. Comparison of barrier decay and QW rise times

The transfer of carriers from the InP barriers to the
Ini Ga, As QW's is directly evident from the tem-
poral evolution of the spectra. The barrier lumines-
cence decays within picoseconds accompanied by a dras-
tic rise of the QW luminescence, in agreement with ear-
lier publications. is ss ss This indicates an ultrafast and
highly efficient carrier transfer from the barriers to the
QW's. The rise of the InP barrier band-edge lumi-

nescence is dominated by the carrier relaxation within
the barriers and the decay by the carrier loss into
the QW's. Rise and decay dynamics of a 2.5/30 nm
Ini Ga As/InP MQW are depicted in Fig. 3. The EHi
QW luminescence has a rise time of 4 ps from 10% to
90%. This rise time is within error identical for all struc-
tures with 30-nm barriers and well widths between 0.5
and 6 nm (see Fig. 4).

The QW luminescence rise is only partially caused by
the carrier accumulation from the InP barriers. It also
depends on the carrier relaxation within the QW's. We
vary the excitation density over the range of 1.5 x 10
to 6.0 x 10~ cm . Already at excitation densities of
1.5 x 10 cm the quasi-Fermi-energies are close to the
band edge due to the accumulation of carriers. Once the
quasi-Fermi-energy has moved across the band edge, fur-
ther capture ills the higher energy states. Therefore, the
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FIG. 3. Temporal evolution of the InP barrier band gap
and the Ini Ga, As EHi luminescence of a 2.5/30 nm MQW.
Both transients are typical for all investigated structures with
30-nm barrier width.
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FIG. 4. Rise times (10-90%) of the EHq QW lumines-

cence. The symbols depict different excitation densities of
6.0 x 10 (sq ares), 7.5 x 10 (diamonds), and 1.5 x 10
cm (asterisks).

luminescence of carriers close to the band edge does not
reflect the total number of carriers in the well. Measure-
ments of the temporal evolution up to 200 meV above
the EHi transition show the same rise time and confirm
this bandfilling efFect {Fig. 5). Another efFect which can
delay the rise of the band-edge luminescence of the wells
is the cooling of the carrier distribution leading to a slow
rise.

The understanding of this cooling process might be
further complicated due to the occupation of several sub-
bands, particularly in the hole system. This complication
is for observing the transfer dynamics rather than the
complementary decay of the barrier luminescence. In the
following discussion we therefore concentrate our investi-
gation on the barrier luminescence decay.
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cm s, even the 0.5-nm well samples show this universal
decay time of about 4 ps. The well width dependence of
the decay times observed at the higher excitation den-
sities obviously results from bandfilling of the QW's. A

constant decay time of g ps for all structures with SO-nm

barrier toidth is obtained if the density is lots enough that
bandfilling is negligible.

As mentioned above, several heavy-hole and electronic
states are confined within the QW's for the well width
range investigated. We do not observe the predicted os-
cillations in the capture time when further states are con-
fined in the wells. A similar result was observed by De-
veaud et al. ~s

FIG. 5. Temporal evolution of the QW luminescence of a
2.5/30 nm MQW measured at different luminescence energies
The cross correlation trace demonstrates the time resolution. D. Dependence of the carrier transfer on the barrier

width

C. Dependence of the carrier transfer on the well
width

We study the dependence of the InP luminescence de-
cay on well width at various excitation densities. At ex-
citation densities of 8 x 10~s cm s and well widths of
less than 1.5 nm, bandfilling of the QW states blocks
the majority of the photoexcited carriers from capture
into the QW's. Instead, a diffusion of the free carriers
from the surface into the bulk InP substrate occurs. De-
cay time constants due to this vertical ambipolar plasma
expansion are about 100 ps for both bulk InP and InP
NIQW's. 4o At excitation densities of 7.5 x 10~~ cm s,
most of the carriers are captured into the QW's. The
decay of the InP barrier signal is more than 1 order of
magnitude faster than in the case of high excitation. The
decay times of structures with 30-nm barrier width are
displayed in Fig. 6 as a function of well width L, . The
decay times for samples with I, ) 2 nm converge at

To complete this study we have studied a series of
samples with different barrier thicknesses. Rise times
of the QW luminescence on samples with 2.5-nm well
width increase with barrier width (Fig. 7). The comple-
mentary decay of InP barrier luminescence transients is
slowed down to 5.2 ps as also shown in Fig. 7. A sub-
linear dependence on the barrier width is observed for
both the QW luminescence rise and the barrier lumines-
cence decay. Carrier diffusion across the barriers leads to
transport times which scale with the square of the bar-
rier width. An estimate of the transport time across half
a 30-nm structure based on the ambipolar diffusion con-
stant given in Ref. 19 yields 300 fs. We conclude that
the transfer is not dominated by diffusive transport and
that the 4-ps decay of the barrier luminescence results
from carrier capture. In the next section, we perform a
detailed analysis based on model calculations.
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IV. MODEL CALCULATION

Quantitative information about the carrier capture and
about the carrier transport across the barrier material
can be obtained by modeling the temporal evolution
of the QW or barrier luminescence. Previous model
calculations~ 4 are related to the temporal evolution
of the QW luminescence. Quantum capture times be-
tween 100 fs and 3 ps for GaAs/Al Gay, As structures
and 4 ps for Inq Ga, As/InP (Ref. 14) are reported. As
shown previously, the decay of barrier luminescence re-
flects the carrier transfer to the QW's more directly than
the rise of the QW luminescence. We therefore focus
mainly on model calculations for the InP barrier lumi-
nescence.

In our model we assume that the capture transitions
from close to the InP band edge into a confined state
of the QW dominate the transfer process. This is rea-
sonable, because capture by phonon emission or carrier-
carrier scattering is much more efficient for carriers close
to the band edge. Transitions far from the InP band edge
into the QW's are neglected. For the carrier dynamics
within the InP and the Inq ~Ga~As QW's we consider
only carrier relaxation processes which are relevant for
the temporal evolution within the first picoseconds. Car-
rier recombination in Inl, Ga~As QW's (Refs. 42 and

43) and InP barriers44 can be neglected at this time scale.
The same argument is valid for vertical and lateral car-
rier transport4s induced by plasma expansion, since the
time constants are in the range of 100 ps to several ns.
With these simplifications, we can reduce the calculation
to a spatially one-dimensional model vertical to the lay-

ers and consider only the carrier transport induced by
carrier capture into the QW's.

The relevant carrier dynamics included in the model
are energy relaxation to the InP band edges after optical
excitation, transport in direction vertical to the layers,
and the capture transition into the QW's. Our simple
model assumes that these processes are sequential. A
more comprehensive model should treat the transfer pro-
cess in an unified picture.

The excess energies of electrons and holes generated
within the barriers by 1.97-eV photons are 0.57 and
0.05 eV, respectively. The energy loss is modeled by
an exponential cooling process with a cooling rate of
1/~„,l. The cooling rates of the excited carriers to the
band edges are well known from previous measurements
on bulk InP. s The cooling times are about 1 ps for elec-
trons and depend slightly on excitation density; the time
constants for holes are assumed to be about 200 fs.
The spatial distribution of the carrier density is constant,
since the absorption length in InP (160 nm) exceeds the
width of the QW period.

The carrier capture induces a density gradient of free
carriers in the region of the QW's, which in turn gives
rise to carrier diffusion from the barriers to the QW's.
Ambipolar transport due to Coulomb attraction between
electrons and holes is a realistic approximation. The am-

bipolar diffusion constants are derived from the mobilities
published in the literature.

The final part of our model is the capture process.
Possible scattering processes are carrier-carrier scatter-
ing (CCS) and phonon emission. However, a compact
theoretical description of scattering processes from un-

bound states to confined states is difficult, if a spatially
inhomogeneous distribution of the carriers in the barrier
is included. We therefore employ a simple model where
the capture probability is proportional to the overlap of
the carrier density in the barriers and the well. As a
first approximation, we assume that the capture proba-
bility in real space is proportional to the square of the
final wave function of the confined carrier @(z). The
QW wave function is calculated numerically taking into
account the penetration into the barriers. The rate is

given by a phenomenological fit parameter, the capture
time ~«„.

With these approximations, we can describe the den-
sity of unbound carriers n(z, t) at the InP band edge by
two similar rate equations for electrons and holes,

Bn(z, t)
Bt

Ns / t 5 n(z, t)
exp

+cool ( &cool j 7'cap

B~n(z, t)
+Damb — 2OZ2

On the right-hand side of this equation, the relaxation
of the initial carrier density No is described by the cool-
ing time 7.„,l. In the second term the carrier capture is
described by the phenomenological capture time rca„and
the spatial distribution proportional to the square of the
wave function of a bound carrier. The carrier transport
is calculated with the ambipolar diffusion constant D, b

using Fick's second law.
The equation is numerically solved for electrons and

holes by a finite differences method in the smallest spatial
element of symmetry consisting of a half barrier and a
half QW. The final wave functions are approximated by
Gauss functions. It should be noted that the width of the
wave functions for both electrons and holes depends only
slightly on the QW width. Numerical calculations have
shown that this dependence can be neglected for QW's
between 0.5 and 6 nm width.

Our model includes only two free parameters: the cap-
ture times of electrons and holes. They were evaluated

by fits of the measured data (see Fig. 8) to be 800+100 fs

for electrons and 200 +50 fs for holes. Good agreement is

achieved between all measured data of the InP lumines-

cence and the calculation using these parameters. Fig-
ure 5 depicts the numerical results for structures with
2.5-nm QW width and barriers between 10 and 120 nm.
The fit of the 2.5/30 nm structure is also representa-
tive for all structures with 30-nm barrier width and QW
width between 0.5 and 6 nm, since the experimental data
do not differ. One explanation for the differences between

the measured and calculated curves for the sample with

120 nm width is the spatially inhomogeneous excitation
density over the calculated range.

Calculations with different diffusion constants (5—50
em~/s) were performed to test whether the diffusive

transport is restricting the carrier transfer to the QW's.
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FIG. 8. Measured and calculated transients of the Inp
barrier luminescence of MQW's with 2.5 nm well width and
various barrier widths Lb.

No significant differences were observed for the calcu-
lated dynamics at an InP barrier width of 30 nm. This
result indicates that the carrier transport from the bar-
riers to the QW's is a quasi-instantaneous process for
samples with 30-nm barriers or less, in agreement with
experiment and the estimated transport time. Adding
drift transport to the model would therefore not lead to
significant acceleration of the transport. Consequently,
transfer times of several picoseconds as shown in Fig. 4
are caused only by the large ratio of the barrier width to
the width of the final wave functions. The fast depletion
of free carriers by capture in the small spatial region of
the QW's is instantaneously compensated by transport
from the barriers. Since the width of the barriers exceeds
that of the QW's, this depletion reduces the number of
carriers within the barriers slowly and picosecond decay
times are observed.

The difFerences in the phenomenological capture times
for electrons and holes do not lead to a significant dif-
ference in the overall trapping rate: The smaller capture
time of holes is compensated by the larger spatial ex-
tent of the electron wave function. Therefore electrons
and holes are captured with similar overall rates into the
QW's.

V. DISCUSSION

In this section, we summarize our results and com-
pare them with the literature. We found that the carri-
ers thermalize to Fermi-Dirac distributions within time
resolution (300 fs). Nearly identical carrier temperatures
in the Ini ~Ca As QW's and the InP barriers are estab-
lished on the same time scale. Both observations depict
the strong interactions between carriers in both materi-
als and the resulting ultrafast energy exchange. How-
ever, much higher carrier temperatures are observed in
the barrier InP compared to bulk InP. This can result
from difFerent processes: First, the carrier distribution

within the InP barriers can be heated by the interaction
with hot carriers in the QW's. Energy transfer processes
by CCS between carriers of QW's and barriers and by
LO phonon emission within the QW's and subsequent
absorption within the barriers are possible. 4r s2 Second,
a heating of the carrier distribution may also result from
a preferential capture of carriers which are energetically
close to the InP band edges. This can be expected be-
cause carrier capture processes by phonon emission as
well as by carrier-carrier interactions are more effective
near the band edges. Thus the carrier distribution in
the InP barriers is heated by the transfer of carriers with
low kinetic energy into the QW's. This heating process
is similar to recombination heating in bulk materials. A
third effect is the difference in carrier statistics between
barriers and wells: In the barriers the average energy of
the carriers is z~kT, in the QW's kT. Carrier transfer
from barriers to wells will therefore lead to an increased
carrier temperature.

A carrier transfer in real space is only possible if the
Fermi energies or the temperatures between both regions
differ. The nearly identical carrier temperatures from the
moment of excitation in QW's and barriers show that the
transfer is only controlled by the difFerence of the quasi-
Fermi-energies. Accordingly, the carrier transfer must
have started when thermal equilibrium is reached after
300 fs. The accumulation of carriers within the QW's
stops, when the Fermi energies of QW's and barriers be-
come equal.

Before comparing our data with data published in the
literature, we have to discuss the dependence of the cap-
ture and transport process on the lattice temperature.
The transfer process is completed within several picosec-
onds after excitation. Within this time regime, a thermal
equilibrium between carriers and lattice cannot be estab-
lished, whether the sample is cooled or held at room
temperature. This indicates that the lattice temper-
atures should be rather unimportant for the trapping
rates. The temporal evolutions of both QW and bar-
rier luminescence obtained by Deveaud et al. is at 70 and
150 K indeed agree with ours measured at room temper-
ature. Reihlen et aLis also did not observe a dependence
of the capture efficiency on the sample temperature in
cw-photoluminescence experiments.

The investigation of the temporal evolutions of both
barrier and QW luminescence do not show a dependence
of the transfer rate on well width. This disagrees with
theoretical studies which predict extrema of the capture
rate, when a further electronic state is confined within the
QW's enlarging the well width. We have performed de-
tailed calculations of the confined states using the trans-
fer matrix method as published by Juillaguet et at.
The band nonparabolicity of the conduction band has
been taken into account in the framework of the Kane
model. 54 The detailed interface structure of the samples
has been included. ss The calculations for the investigated
well width show that several heavy-hole states and up to
two electron states are confined within the QW's. For a
QW width of 6 nm the second electron state is confined.
We measure the same transfer rates at al1 well widths,
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regardless of the location of confined levels for electrons
or holes in the QW's.

Model calculations of the carrier dynamics within
the QW's are much more involved than calculations of
bulk material. Several calculations modeling the ex-
perimental data of the QW luminescence have yielded
the broad spectrum of capture times published for
Ini Ga As/InP and GaAs/Al, Gai, As. io is i44i Cal-
culations of the barrier luminescence as performed in this
paper circumvent the problem of intra-QW relaxation.
However, we should point out that our model is still
based on some crude approximations. In particular, the
assumption of a capture rate proportional to the spatial
density of the final wave function has to be improved.
Nevertheless, quantitative fits of all barrier luminescence
data as well as qualitative fits of the QW luminescence
data are possible with the same capture times of 800 fs
for electrons and 200 fs for holes.

It is striking that the evaluated capture times are gen-
erally smaller than those predicted by the theoretical
works based on phonon emission. ~2 24 One reason for the
discrepancy could be the additional contribution of other
scattering processes, in particular CCS. Such many-body
effects have been discussed in detail in Ref. 56. The mea-
surements of Ref. 56 were done at very high densities
(10is cm s). A study of the dependence of the capture
time on density with our method is limited by the detec-
tion sensitivity of the upconversion setup. In the density
range studied (1.5 x 10ii to 6.0 x 10i2 cm ~), no signifi-
cant dependence was observed.

The dependence of the QW luminescence rise time on
the barrier width is obvious from the results of our model
calculations: The fast capture in the region of the QW's
depletes the barriers. In the case of large barriers, this
depletion needs more time than for smaller barriers. In
contrast to Ref. 15, we do not find a significant retarda-
tion by diffusion for barrier widths up to 30 nm. One
would expect that for 120-nm barriers, carrier difFusion

(4.5 ps for the half barrier width of 60 nm) has to be
taken into account. However, we find a sublinear depen-
dence of the transfer time on the barrier width (Fig. 7),
indicating that diffusion is still unimportant. The ex-
tremely large QW luminescence rise times of hundreds of
picoseconds as published in Refs. 10, 14, and 57 can be
explained by difFusion across cap layers with a thickness
of up to several micrometers or by the energy relaxation
of the excitons to k = 0.

If the barrier width does not exceed 30 nm, the diffu-

sive term of the rate equation [Eq. (1)I can be neglected.
Consequently, the carrier loss of the barriers can be di-
rectly described by the spatial integral of the local cap-
ture rate given by 4' (z)/v«„. We then obtain for the
transfer rate

Electron and hole transfer times of about 5 ps are de-
duced. Ambipolar transfer can be expected due to the
strong Coulomb forces between electrons and holes. Sim-
ilar transfer times were obtained by a preliminary model
as published in our previous work. is Equation (2) is a
simple formalism to calculate the carrier transfer time
for structures with barrier widths up to 30 nm and well
widths between 0.5 and 6 nm. In general, ultrafast de-
vices can be obtained independent of well width if the
barrier width does not exceed 30 nm. As depicted in
Fig. 4, the QW luminescence rise of 2.5 ps allows modu-
lation frequencies on the order of 300 GHz.

VI. CONCLUSION

The carrier transport and capture properties in

Ini, Ga As/InP MQW's are investigated by upconver-
sion luminescence experiments with femtosecond time
resolution. Carrier transport through the InP barrier
layers and carrier capture into the QW's are separated.
The dynamics of the QW luminescence is influenced by
carrier relaxation and bandfilling processes, which might
obscure the dynamics due to carrier capture. The charge
transfer is more directly observed by the InP barrier lu-

minescence decay. A detailed investigation of the barrier
luminescence decay yields decay times of 4 ps for all well
widths investigated at a fixed barrier width of 30 nm. No
oscillations or a dependence of the transfer time on well
width as predicted by theoretical studies are observed.

Measurements on MQW samples with barrier widths
between 10 and 120 nrn and a comparison to model calcu-
lations yield detailed information about carrier transport
and capture processes. The capture times obtained are
about 800 fs for electrons and 200 fs for holes. The trans-
port of carriers through the InP barrier material occurs
quasi-instantaneously by ambipolar diffusion in samples
with moderate barrier widths. Therefore, graded gap
structures of only several nm thickness are not expected
to accelerate the transport to the QW's, Our measure-
ments performed at lattice temperatures and excitation
densities similar to those to be used in future devices
demonstrate the ultrafast carrier dynamics within MQW
structures. The carrier transfer to the QWs' is completed
within 3 ps in structures with barrier widths of 10 nm or
less. Consequently, the charge transfer is not expected to
limit the modulation frequency of devices below 300 GHz.
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