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The dynamics of perpendicular transport of photoexcited carriers assisted by phonon scattering is investi-
gated in a novel step-graded, (Al 1/G& g9 1-xAS quantum-well heterostructure by measuring the tempera-
ture dependence of spectrally and temporally resolved photolumines@@ncéVhen builtin potential gradi-
ents are present in the quantum-well heterostructure due to variations in the In mole ftactiothe well,
carriers that are thermally released by the particular well move unidirectionally from shallower to deeper wells.
That is, asymmetric unidirectional motion of photoexcited carriers is possible via phonon-assisted activation
above the barrier band-edge state. We have directly measured this perpendicular motion of photoexcited
carriers by monitoring the transient PL signals from the different wells, which are spectrally separated. A rate
equation analysis rigorously explains the dynamical changes of the PL signal intensities from the quantum
wells as a function of lattice temperature. Our study of PL dynamics proves the asymmetric perpendicular flow
of photoexcited carriers and the capture by the deeper quantum wells, providing firm evidence for the dynami-
cal carrier flow and capture processes in the novel heterostructure.
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[. INTRODUCTION sponding to the QW layers, which dramatically evolve with
increasing lattice temperature. We find that, as temperature
In semiconductor quantum heterostructures, a variety oincreases, some of the PL peaks first increase their relative
interesting perpendicular transport processes have been rigtensities in the intermediate temperature range and then
ported such as Fowler-Nordheim tunnelihgunneling- decrease the signal amplitudes progressively from shorter-
assisted hopping  conductién, sequential resonant wavelength sides. These changes of the PL intensities as a
tunneling®* and Bloch-type transport via extended minibandfunction of temperature reflect the fact that the photoexcited
statesy® which are all based on tunneling phenoména. carriers move unidirectionally from shallower to deeper
When carriers are placed in a heterostructure with builtinQW's via phonon-assisted activation above the barrier band-
potential gradients, however, they can undergo perpendicula@dge state. This unidirectional phonon-assisted transport is
motion or inversely be blocked from motion for enhancingrealized between a shallow and a deep QW, as schematically
stimulated emissiof By designing the more refined hetero- illustrated in Fig. 1. Without the neighboring deeper well, the
structures utilizing modern growth technologyunneling-

assisted interwell transitions and intersubband transitions are C—o>C— D> > e capture
applied for unipolar quantum cascade lafe@nd highly <> escape

sensitive photodetectot$.Therefore, the understanding of ®

cascading flow and/or capture of injected or photoexcited

carriers in such composite quantum-wegl\W) heterostruc- ﬁ

tures is crucial for device applications. However, most of the

previous studies discussing the mechanisms of capture and ——
relaxation processes are concerned with the perpendicular o
transport of photoexcited carriers in monoperiodic systems phonon-assisted
such as semiconductor superlattiéés? Only a few detrapping
report$>'* have been presented for composite heterostruc-
P P P shallow QW deep QW

tures comprising a number of dissimilar quantum wells. In

this paper, perpendicular motion of photoexcited electron g, 1. Concept of unidirectional phonon-assisted motion of
and hole pairs assisted by phonon scattering is investigategyriers towards the lower potential side due to asymmetry of the
in a novel step-graded staircase heterostructure consisting gfiilt-in potential profile. Note that, when the neighboring deeper
five-step strained WfAlq;/Gaygd1-xAs multiple quantum  well exists, the carriers escaping from the shallower well are cap-
wells by time-resolved photoluminescen&d) experiments. tured by that deeper well, resulting in the asymmetric transport
PL spectra of the sample reveal five distinct peaks correalong the growth direction.
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GaAs cap layer (100nm)

In (Al ;;Gay5), ,As
AlGaAs barrier layer (200nm)

— QWS (8um) In: 18% FIG. 2. Layered structure of step-graded stair-
case heterostructure consisting of strained

QW4 (8nm) In: 15%

In,(Alg 1:Gay g9 1-xAS multiple quantum wells
- Al ;,Gay;As X 0.1 .83 1—x
AlGaAs barrier layer (2000m) | o rier Iayer W3 (8nm) In: 12% with similar well widths but five different In mole
) W2 (8nm) In: 8.8% fractions =5.3, 8.8, 12, 15, and 18%, named
GaAs buffer layer (200nm) QW 1, 2, 3, 4, and 5, respectively

QW1 (8nm) In: 5.3%

detrapped carriers will move in both directions with an equalthe PL intensity is vertically shifted for clear comparison. In
probability and should be recaptured, resulting in the radiathe lowest spectrum measured at 12 K, five distinct PL peaks
tive recombination. However, if a neighboring deeper wellcorresponding to QW 1, 2, 3, 4, and 5 are clearly observed as
exists, the carriers escaping from the well are captured by thgssigned in the figure in agreement with the previous result
deeper well, causing perpendicular unidirectional motiongq analysi¢® We note in Fig. 3 that their relative PL

Our experimental and theoretical studies of the PL dynamiCﬁ1tensity changes in a complex manner. For example, the PL
directly provide evidence of the perpendicular flowing of peak intensity of QW3 is higher than that of the lower-

photoexcited carriers and the capture by the deeper QW's.
The paper is organized as follows. In Sec. I, experimentafN€rgy peak of QW4. At present we do not exactly know the

details of our sample and the measurements are reported. figin of the different relative PL intensities, although we
Sec. lll A, the results of PL spectral characteristics as well aghay point out a possibility of resonant capture processes
the PL dynamics in Sec. Il B are described, and the calcucausing the PL intensity difference between the different QW
lated results of rate-equation analysis are presented and digyers at 12 K°
cussed in Sec. lll C. Finally, conclusions are given in Sec. IV. However, an interesting point that we would like to dis-
cuss here is that their relative PL peak intensity evolves sig-
Il EXPERIMENT nificantly when the lattice temperature is increased up to 90

The novel step-graded ladder heterostructure consisting ¢f- At first glance it appears they change in a complicated
strained 1n(Aly1/Gay g9 1 (AS quantum wells was grown at Way- However, we note that there exists a clear trend of the
530°C on a GaAd00 substrate by molecular beam variations. Th_at is, as the temperature increases, the PL peaks
epitaxy® The schematic layered structure is shown in Fig. 2.decrease their relative intensities progressively from shorter-
In this sample, nominal widths of the five wells are all aboutwavelength sides after increasing the signal amplitude in the
8 nm. But the In mole fractions(x values in the intermediate temperature range. For example, the QW3 PL
In (Al 1/Ga g9 1-xAs well layers are 5.3, 8.8, 12, 15, and peak shows the highest intensity at 50 K and then decreases
18% in QW 1, 2, 3, 4, and 5, respectively, of the heterostrucmonotonically above 60 K. For QW4 the PL intensity is
ture. The sequence of QW 1, 2, 3, 4, and 5 starts from théighest at 70 K and decreases at 90 K.
substrate side. These QW layers, which are electronically Previously we have measured the cw PL spectra as a func-
isolated by 30-nm-thick Al,/Ga& gsAs barriers, are further tion of temperature in order to study detailed changes of the
sandwiched between 200-nm-thick (AlGa, gsAs barriers.  relative PL intensitie$* Plots of the cw PL intensities as a
The growth is terminated by a 100-nm GaAs cap layer. Théunction of temperature for different quantum wells have
growth details of the nominally undoped sample were giverpreviously been shown in Ref. 14 and are not repeated here.
and characterized previousty. The structural parameters The results of a quantitative plot of the wavelength-
(well width) determined were 8.0 nfiQW1), 7.9 nm(QW2),  integrated PL intensities indicate that there are some plateaus
7.7 nm(QW3), 7.5 nm(QW4), and 7.3 nm(QWS). Spec- o even restorations of the PL signal in the temperature range
trally and temporally resolved PL transients were measurethai depends on the QW potential depth. We attribute these
at 12-90 K in a closed-cycle He cryostat using a pulses jntensity variations due to the population changes of pho-

Zigi]tlgggg?;\tzrra{azeromghr 2?'0\5/\/5) ijjlseas s?:egiscgmefg (\j'\ée_alfogenerated carriers in the wells, since there are no reasons to
ge p k Y enhance the radiative recombination rate at higher tempera-

tection systemHamamatsu C 4334-9vith 10-ps resolu- fures. These results mean that the photoexcited carriers di-

tion, after being dispersed by a 32-cm monochromator ™ -
(Jovan-Yubon HR320 We detected PL transients in a time rectlyonally move from s_hallowe(QW 1 and 2 to deep‘?f
window of 10 ns in a photon-counting mode. QWs (QW 3, 4, and_ % via phonon-assisted thermall actlva-_
tion above the barrier band-edge state before being radia-
IIl. RESULTS AND DISCUSSION tively recombined in the wells, as schematically illustrated in
Fig. 4.
The seeming difficulty to observe PL enhancement for
Figure 3 shows time-integrated PL spectra for the fiveQW5 above 80 K is easily explained by activation of the
different QW layers at several temperatures. The baseline dfficient nonradiative recombination processes at higher tem-

A. PL spectra
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FIG. 4. Schematic potential diagram of five-step
In, (Al 1G& g2 1-xAS Mmultiple quantum wells and concept of car-
720 740 760 780 800 rier flow from shallower to deeper wells for different temperatures.

WAVELENGTH (nm)

o . cate that unidirectional phonon-assisted transport of photoex-
FIG. 3. Time-integrated PL spectra for lattice temperatures begited carriers is actually occurring in this novel stepped QW
tween 12 and 90 K. heterostructure.

peratures, since a higher thermal activation energy is re- B. PL dynamics

quired for the deepest potential well. Here we stress the im- Measurements of the PL dvnamics directly provide evi
portant concept, asymmetric thermionic emission, to y yp

. - ence of the perpendicular flowing of photoexcited carriers
elucidate these temperature-dependent variations of the Fﬂl‘nd the capture by the deeper QW. Figuré) 5shows

§|gnal. That s, the carriers populated in the wells are Sel.ec\ivavelength—integrated PL transients at several temperatures
tively activated and released from the shallower wells W|thaS a function of time after the laser excitation pulge (

increasing temperature. Once they are captured by the deeper, ns) for the emission band of QW2 as well as those for

well at a certain temperature, which depends on the Wel{he emission bands of QW3 and QW4 in Fig&)sand 5c),

depth, they cannot go back to the shallower well. This Wi"respectively. At 12 K the PL time behavior of QW3 shows

lead to the unidirectional transport of the carriers towards thene typical two-component exponential decdydast and

lower potential side by the builtin field. This is because asjow, with an initial fast decay and a time constant of 0.46 ns

higher thermal activation energy is required to escape frongue to the free heavy-hole excitons, which follows a slower

that particular deeper well at the given temperature, prohibdecay of 2.9 ns attributable to the localized excitons, caused

iting the carriers moving back to the shallower well. by the confinement potential fluctuations. Increasing the tem-
In order to justify the claimed carrier transport mecha-perature from 12 to 40 K, on the other hand, the two-

nism, we have made an analysis of thermal activation ener-

gies for the five quantum wells, as summarized in Table |. TABLE I. Thermal activation energy and depth of potential well

For this purpose, we estimate the potential depth foffor electron-hole pairs. The values in parentheseskidr and T

electron-hole pairs in each well from a difference in energyindicate th<=T upper and lower bound from the estimation. The ratios

between the barrier band gap and the corresponding PL pedke normalized for QW2.

energy,AEfif (= E?— Epl). Atempirz?]ture at Wr?ich th(ﬁ carri- Well  Potential depth

ers can efficiently escape out of the particular well is esti- . :

mated(from Fig. %/of Relfa. 14 and also Ilzrom PL time behav- number AE (meV) Rafio keT (meV) Ratio T(K)

iors, as discussed lajeto determine the thermal activation Qw1 38 0.49 (1.7 <0.49 (<20
energy kgT). Ratios of these parameters AE; listed in QW2 78 1.0 35 1.0 35
Table | coincide with those of the thermal activation energy Qw3 114 1.5 4.8 1.4 55
at least for QW2, QW3, and QW4. This fact supports our Qw4 148 1.9 6.9 2.0 80
argument for the mechanism of the phonon-assisted perpenqQws 183 23 (=7.9 =25 (=90

dicular carrier transport. These experimental findings indi
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diative recombination rate of free excitons in G¥Mvhile
y T T T the decrease of the PL intensity with temperature is ascribed
to the thermal activation of nonradiative recombination cen-
ters. However, we stress here that a significant increase of
the PL rise accompanying the drastic PL intensity enhance-
ment is clearly observed for QW3 when the temperature is
increased to 50 K in Fig.(6), for example. This recovery of
the PL intensity and the appearance of PL rise are unique in
this type of stepped QW sample and provide firm evidence
for the carrier flow and capture processes assisted by phonon
scattering.

At 50 K, we note that when the PL intensity of QW3 is
significantly increased, a faster PL dedayenching of the
(b) neighboring shallow QW2 is observed in Figiah which
verifies the carrier escape from QW2 and the trapping into
QWa3. When the temperature is further increased to 70 K, the
PL decay of QW3 becomes even faster with a time constant
of 1.1 ns as seen in Fig(ly, revealing the transfer of carri-
ers to the deeper neighboring QW4 where the transient PL
intensity is enhancefbsee Fig. &c)]. At 90 K, the PL inten-
sity for QW3 is very quickly quenched by complete transfer-
ring to the deeper QW4. For the time behaviors of QW2 and
QW4 shown in Figs. & and Hc), respectively, basically
similar characteristics are seen of the PL intensity increasing
with the increased rise times and of the PL reductions ac-
B i L : companying the rapid decays, except for variances in tem-
0 2 4 6 8 perature. These results of PL transients clearly and directly

TIME (ns) demonstrate the dynamical carrier flow and capture pro-
cesses between the different QW layers. We note that the
carrier motion is always directed from the shallower to the
deeper well with the higher In mole fraction due to the built-
in potential gradients.

In order to analyze the PL time behaviors, we have first
made three-component exponential fitting to the PL tran-
sients with one rise time reflecting the carrier flow and two
decay time constants, fast and slow for the free and localized
excitons, respectively. The results of the representative fitting
at 12 and 50 K are illustrated in Figs(a and Gb), respec-
tively, by solid curves for the five or four wellQW1, QW2,
QW3, QW4, and QW5btogether with the experimental PL
data, assuming the instrumental time response function. A

TIME (ns) good fitting is obtained for all the wells. The fitting time
constants thus determined are plotted in Figa) @nd 1b),
FIG. 5. Semilogarithmic plots of PL intensity for emission for the fast decay and the rise times, as a function of tem-

bands of(a) the QW2,(b) QW3, and(c) QW4 as a function of time perature. When the temperature is slightly increased to 30 K,

at six or seven temperatures. Note that at 50 K the PL transient df'€ decay times generally increase as a result of reduced
QW3 in (b) shows a significant increase of the rise time and thethermal population at the exciton states where the radiative

intensity, while the PL decay at 70 K is faster, determined by the€@Combination is possible ne#~0." These increases of
escape time of carriers to QW4. Also note at 50 Kanthat the PL  the PL decay times are, however, interrupted with further
decay of QW2 is shortened by the carrier escape towards QW3. THacreases of the temperatufr example, at 70 K for the
laser excitation pulse is locatedtat 0 in the ordinate of this figure. case of QW3 That is, the PL lifetime then is basically de-
termined by the carrier escape tinthermal detrapping
component PL decays merge into a single exponential tim&herefore, in the case of QW3 at 70 K, the photoexcited
behavior with a longer time constant of 3.0 ns at 40 K forcarriers are very efficiently transferred into the neighboring
QW3 because of the thermal delocalization within the inho-deeper QW4 by phonon scattering. The observed enhance-
mogeneously broadened exciton band. In addition, thenent of the PL rise time at 70 K for QW4 in Fig(l¥ is
slower decays at higher temperatures accompany the PL ironsistently explained by the carrier flow into the QW4 layer
tensity decrease. The increase of the PL decay time can edsem QW3. Similar enhancement of the rise time at 50 K for
ily be understood in terms of the temperature-dependent ra@W3 in Fig. 1b) coincides with a drastic decrease of the

@  [o

PL INTENSITY (arb. units)

PL INTENSITY (arb. units)

©

PL INTENSITY (arb. units)
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FIG. 7. (a) Decay and(b) rise times deduced from the three-
TIME (ns) component exponential fitting of the PL transients for QW2, QW3,
QW4, and QWS5 as a function of temperature.
FIG. 6. Three-componeribone rise and two decaysxponential

fitting (smooth solid curvesof the PL transients together with the dN; N, N; N
experimental data df) 12 K and at(b) 50 K. T r,G(t)— P 1)
decay time of QW2 in Fig. (8). Therefore these results mean
that the photoexcited carriers are moving from Q2N?3) dN, G+ Ni Nz N N 5
to QW3 (QWS4) at 50 K (70 K) along the growth direction as Tt G Ti» TRy TNR T23 @
a result of asymmetric thermionic emssions. Apart from mi-
nor scatterings of the estimated characteristic time constants, dNj N, N3z N3 Nj
overall features of the temperature-dependent PL transients T rsG(H+ Tos Trs TNR  Taa ©)
are thus rigorously explained by successive carrier flowing
from the shallower to the deeper wells with increase of tem- dN, N; N; N, N,
perature. We note once again that this type of phonon- W=r4G(t)+—— _ 4
assisted carrier transport is driven totally by the builtin po- Taa TR4 TNR 745
tential field in the tailored quantum heterostructure. dNs N, Ng Ng

C. Rate-equation analysis dt GO+ T45 TR TNR ®

Our experimental finding of the PL dynamics can be bet-For the calculations, we take into account the radiatixg)(
ter understood by simulating the PL transients based on and nonradiative €yg) recombination times and the transfer
rate-equation analysis. For this purpose, we have made ntime 7;; from theith well to the neighboringth well at the
merical calculations of the five-component rate equation fotower potential side. It is worth noting here that we only
the exciton or electron-hole pair occupation numbgr(i need to use a single nonradiative lifetima§) due to the
=1, 2, 3, 4, and bin QW1, QW2, QW3, QW4, and QW5, common A} ;G gsAs barriers at a fixed lattice tempera-
respectively. Assuming ratios of the carrier generationrate ture, while the five radiative recombination timesz() that
in QWi by direct laser excitatiofthe generation function is are approximately linearly dependent on temperatuase
defined as5(t)], these five rate equations are given by assumed. We treat these characteristic time constants as ad-
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40, 50, 70, and 90 K. Both the PL intensity and time behav-
iors are all well reproduced in Fig(®, assuming an almost
linear temperature dependencemaf and reducedy; val-
ues with temperature.

An important issue from this simulation is, as shown by
dotted(at 50 K) and dashedat 40 K) curves in Fig. &), that
the two types of the carrier supply process for the transient
PL can be decomposed by direct laser excitation and by
phonon-assisted transfer. At 40 K, the PL transient contribu-
tion by laser excitation is much stronger, while the other
component with a slow rise due to the transfer from QW2
shows only a minor contribution. Therefore, the former con-
tribution almost determines the total PL transient, shown by
a thick dashed curve. However, it is clear that at 50 K, most
TIME (29) of the PL transient signal, especially after 0.5 ns, comes from
the carrier transfer from the neighboring wéQW2). This
Qw3 efficient phonon-assisted carrier transport from the neighbor-
r ing shallower well is responsible for the enhanced PL tran-
sient at 50 K with the appearance of the rise time. On the
other hand, we note that the decomposed PL transient due to
the direct laser excitation at 50 K is always lower than that at
40 K because of the decreased nonradiative lifetijahe-
creased internal quantum efficiencylhese results of the
decomposed PL transients show that the enhanced, nonexpo-
# 0K total nential PL time behavior of QW'¢for example, at 50 K for
A R 40 K, decomposed the case of QWBis explained by the additional carrier sup-
—— 50 K, total ply by the neighboring wellQW?2) in terms of the direc-
""" 50 K, decomposed tional transport of carriers assisted by phonon scattering.

: ¢ s IV. CONCLUSIONS

@)

PL INTENSITY (arb. units)

G

PL INTENSITY (arb. units)

2

TIME (ns)

FIG. 8. Simulated PL transientsmooth solid curvestogether The temperature dependencen of tranS|e_nt photolumines-
with the experimental data for QW3 i) at 12, 20, 30, 40, 50, 70, C€NCe properties has k_)een investigated by tlm_e-resolved_ p_ho—
and 90 K. In(b), the experimental PL transients and the simulategtoluminescence eXperlments and a rate-equation ana}ly.s|s ina
results(by smooth solid and dashed curyese plotted for QW3. novel step-graded staircase heterostructure consisting of
Here the simulated PL transients are also decomposed into the twirained IR(Alg 1/Ga g3 1 - xAs multiple quantum wells with
components, by dotted curves at 50 K and by dashed curves at #milar widths but five differenk values. It is found that the
K, corresponding to the carrier generation by laser excitafivth PL dynamics of the different quantum wells drastically
fast ris¢ and the phonon-assisted transfer from the neighboringgvolve with the lattice temperature. The results of transient
shallower well(with slow rise. PL variations with temperature indicate that the photoexcited
carriers directionally move from the shallower to the deeper

justable parameters, which are all temperature dependerffu@ntum wells by phonon-assisted transfer via activation to
For calculational simplicity, we assume that the carrier transth€ barrier band-edge state. These findings suggest that a

fer beyond the nearest-neighbor wells can be neglected. W&SIgN of stepped heterostructures with builtin potential gra-
also assume that the carrier generation by laser excitation gients can be used to tailor directional motion of carriers in
each well is fast enough, neglecting the initial energy relaxduantum heterostructures.

ation processes from the barrier state. Using the transient
population N;(t) numerically calculated, the PL transient, ACKNOWLEDGMENTS
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