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Recombination dynamics of spatially separated electron-hole plasmas
in GaAgAlAs mixed type-I/type-ll quantum well structures
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We have studied the recombination dynamics of a series of mixed type-l/type-ll GaAs/AlAs quantum well
structures. While monitoring the recombination involving the wide quantum wells, we observed long-lived
transients whose time scales increase exponentially with the barrier thickness of the quantum well structures.
We identify heavy hole tunneling as the dominant process which determines the time scale of the long-lived
photoluminescence transients. By studying the barrier thickness dependence and the excitation power depen-
dence of the long-lived transients we have also shown that the electric field associated with the spatially
separated electron/hole plasma leads to significant modifications of the relative hole subband energies and
hence the hole tunneling rate.
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[. INTRODUCTION tunneling time. The heavy hole tunneling times were esti-
mated from the recovery time of the exciton bleaching fol-
By an appropriate design of the thickness and chemicdowing pulsed excitation. The times quoted in this work
composition of the layers of quantum well structures, it iscould only be regarded as estimates because the nature of the
possible to create a range of novel two-dimensional structesponse of the exciton bleaching as a function of carrier
tures that exhibit specific optoelectronic properties. This islensity was not known. In this paper we report on the obser-

particularly the case for the GaAs/AlAs materials systemvation’ following pulsed excitation, of long-lived recombina-

where, by the choice of appropriate layer thickness, it is postion from the wide quantum well, which we ascribe to the
equential process of holes tunneling from the narrow quan-

sible to create a so-called type-ll band alignment. Such . : X
system is creatédvhen the thickness of the GaAs layer is um well followed by recomblnatlon_ with electrons n the .
Hllde guantum well. These observations are used to investi-

It(ra]ses ér;?sﬁ?eﬁia%%\jzatthgen:?nvivmezt i?\otnr]?geAdl :sl,e?;\oul stfge Igate the dynamics of hole tunneling as a function of carrier
: density in samples with a range of barrier widths.

lowest energy confined electron state of the whole structure
lies in_the_AIAs layer and the |0W§St energy confined hole Il. EXPERIMENTAL DETAILS

state lies in the GaAs layer. A refinement of such a band . )
alignment is achieved in a so-called mixed type-litype-ll _The samples were grown by molecular beam epitaxy in a
structuré where a GaAs/AlAs multiple quantum well struc- Varian Gen Il machine at a substrate temperature of 630 °C

ture is fabricated in which alternate layers of GaAs have Fast Electron
thicknesses greater than and less than 35ék Fig. 1 The Scattering

main consequence of this type of structure is that electron/ \

hole pairs that are optically excited in the thin GaAs layer

become spatially separated, as the electrons can scatter on \ L] \

ps time scal@via the AIAs X states to the thicker GaAs layer Excitation T

(see Fig. 1 The spatial separation of the electrons and holes FP°t? X |m..I
and hence long lifetinffemeans that the density of carriers

can be very large+{ 10 cm™2) for optical excitation den-
sities of only a few mW cm?. Initially this type of structure

. 2 . GaAs AlAs GaAs AlAs

was used to generate large carrier densities at ultralow opti-
cal power excitation for the studf of nonlinear optical
properties of the wide quantum wells. Such structures have
also been used to study a wide range of physical phenomen:
including the behavior of charged excitoh$, interlayer )
exciton? electron/exciton scatterin,indirect electron-hole \
gas transitions! and the modulation of THz radiation by an Slow Hole
optically excited electron gds. Tunnelling

In the original reports* on the mixed type-l/type-Il struc- FIG. 1. Schematic diagram of the conduction and valence band

ture it was inferred from the dependence of the density of thedges showing the lowest confinkdnd" electron states and hole
electron gas on the barrier thickness that the lifetime of the&tates. The dominant excitation mechanism and the limiting electron
spatially separated carriers was determined by the heavy holhd hole relaxation mechanisms are indicated by arrows.
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1.0+ , , increased, a low energy shoulder emerges at 1.6073 eV,

0.5 3X10 Wem which is identified as recombination involving negatively
— charged exciton3jndicating a significant free electron den-
=00

groor T Y Ty J sity. The feature at 1.6011 eV is identified as exciton recom-
5 1590 1.600 1.610 1.620 AT . A

£ bination in regions where the quantum well is thicker than
S0 the average, which may be within a quantum well or in quan-
'%0.5- 23107 Wem tum wells with different thickness; this assignment is based
2 00 on absorption spectroscopyot shown. As the excitation

s s 1600 610 1.620 power density is increased, the individual peaks can no
g 1o longer be resolved and the spectrum broadens reflecting the
277 2y, 2 large electron density that exists in the wide quantum well.
2 1.8x 10° Wem N .

' 054 The reasons why the values of excitation power density are
Z 0.0 quoted and not the equivalent excited carrier densities will be
3 1s S 600 ie10 1.620 discussed in detail later. These spectra are typical of the re-
e

10~ sults from all four samples, the only difference being the

90

3% 10° Wom® form of the spectra is different for a specific excitation power
0.5 density, which reflects the dependence of the electron density
0.0 in the wide quantum well on the barrier thickness.

1.590 1,(;00 1.610 1.620 The basic idea behind this work is that if the decay of the
104 photoluminescence from the wide quantum well is monitored
| a5 x10% W om® following pulsed excitation then not only will we observe the
0.5+ fast (~ns) recombination of carriers excited directly in the
0.0 rrrrrr—rer e I : wide quantum well but also we should see a much slower
1.590 1.600 1.610 1.620 transient. This slow decay should arise from the sequential
Energy (eV)) process of hole tunnelling and carrier cooling and subsequent

FIG. 2. Low temperatureT=8 K) photoluminescence spectra recombination with electrons that have scattered rapidly
from the sample with 80-A barriers as a function of the averagefr(_)m th_e narrow q_uantum well. The time constant associated
excitation power density. with this sequential process will be governed by the hole
tunnelling rate which is expected to be much less than the
rates associated with scattering and recombination. In Fig. 3

. 4
using As. The samples were grown an” substrates and e show decay curves taken at different detection energies

consisted of nominallya) 6800 A of GaAs,(b) a 6000-A- ;- 1cs the spectrum of the sample with 80-A barripteo-
thick layer of Ab ¢Ga.4As, (c) a multiple quantum well con- o1 minescence spectra shown in Fig. Zhe sample was

sisting of 20 periods of 25- and 68-A GaAs double quantummg, cireq by pulses of 40@secs duration. In Fig. 3 slow de-
wells separated by AlAs barriers of width 72, 80, 90, and 109.5y¢ can"clearly be seen after the fast decay of the directly
A in the different samples(d) a 6000-A-thick layer of

A thi . excited electron hole pairs; the dashed line in the separate
AloeGayAs, and (e) a 1000-A-thick GaAs capping layer. gecay curves indicates the turn-off time of the excitation
The thicknesses of the GaAs and AlAs

, : layers  werejight “The measured decay of the initial fast transient is lim-
measuretiby x-ray diffraction. ited by the system response. These results illustrate one of
For the optical experiments the samples were mounted Ofhe main complications in performing photoluminescence
the cold finger of_a liquid He continuous flow cryostat. For e decay measurements in this type of sample. If the decay
the cw photoluminescence spectroscopy the samples Wegg the photoluminescence is measured at a particular detec-
excited by chopped light from a He/Ne laser and the emisijgn energy, then the form of the decay will not only involve
sion analyzed and detected by a 1-m grating spectromet¢fe change in carrier density as a function of time but also
followed by a GaAs photomultiplier and lock-in amplifier. iy inevitably involve the change in the spectrum, because
The photoluminescence time decay measurements were pefz seen in Fig. 2 the spectrum is a strong function of the
formed by modulating the He/Ne laser with an acousto-optiG.arrier density. Thus, this method cannot be easily used to
modulator and processing the photoluminescence signal withqitor the change in electron density in the wide quantum
a digital oscilloscope. well as a function of time.
To overcome this problem, the decay of the photolumi-
IIl. RESULTS AND DISCUSSION nescence was measured while §amp|ing all the light emitted
by the samples. Control experiments were performed that
In Fig. 2 we show a series of photoluminescence spectrahowed there was no significant contribution to the signal
recorded at a temperaturé ® K as afunction of excitation  from recombination involving electrons and holes in the nar-
power density from the sample with 80-A barriers. At the row quantum well, electrons in thé states in the AlAs bar-
lowest excitation power density the spectrum is dominatediers and holes in the narrow quantum well and electrons and
by a feature at 1.6104 eV, which is ascribed to exciton emisholes in the bulk GaAs. Thus, we are able to monitor the
sion involving the lowest confined electron and hole states o€hange in carrier density in the wide quantum well as a func-
the wide quantum well. As the excitation power density istion of time. In Fig. 4 we show the results of the all-light
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FIG. 3. Photoluminescence transients recorde@-a8 K from
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decay time measurements for all four samples where the in-
tensity of the excitation pulse was varied as indicated in the
figure caption. All the decay curves were normalized such
that the maximum intensity at the end of the excitation pulse
was set equal to 1, and then offset for clarity.

Clearly, the form of the decay curves varies with excita-
tion power density and from sample to sample at the same
excitation power density. To clarify the overall behavior we
start by noting that for all four samples at the lowest excita-
tion power density the decays have the same general nonex-
ponential form. As stated previously we attribute these long-
lived transients to the holes tunneling from the narrow
quantum well to the wide quantum well. As these decay
curves are nonexponential we characterize them by the time
(7e) for the photoluminescence intensity to fall from its
maximum value at the beginning of the long decay to a value
of 1/e of the maximum value. The values fog are listed in
Table | and, as can be seen, they increase rapidly as a func-
tion of the barrier thickness. It should be stressed that the
values ofr, have little physical significance other than lend-
ing support to the assignment of the process controlling the
slow transient as being the hole-tunneling rate. Nevertheless,
this argument is supported by the data presented in Fig. 5,
where the values of, are shown on a log/linear plot as a
function of the barrier thickness and a reasonable exponen-
tial dependence is observed. In the simplest picture, one
would expect that the decays at the lowest excitation power
density would be governed by a single time constant, i.e.,

the sample with the 80-A barriers at various detection energie§Irlgle ex_ponentlals. We suggest that the observed non-
across the spectrum for an average excitation power density of §xPonential character of the slow decay curves at low exci-

X107t Wem™2.

FIG. 4. Photoluminescence transients of all the light from all four samples with the indicated barrier thickness at different excitation

tation densities is due to interface roughness. As the hetero-

(‘)‘ 80 Angstroms
(U]
k- > :
H 5
@,
2 ) 1]
2 ©!
E} 2 i
£ i1
: : )
- . | !ulmlmlhl‘
400 500 800 700 a00
b 3
s o N
g
K (©) g
g
. [C)) g
K] [C] 2 1
2 : £ ;
1 : ]
800 1000 1200 o0 oo
Time (microseconds)

power densities. For the curves label@l, (b), (c), (d) and (e) the excitation power densities were 1.4, 230!, 1.3x10°2, 1.2
X 1073, and 6x 10" * W cm™2, respectively.
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TABLE I. For all four samples are listed values af, the area 1000 -
under the decay curve, the estimated value of the carrier demsity ]
and the relative shift in energy of the hole subbaAds all in the
low excitation region.
Barrier thickness 72 A g ——t
Power density Te Integrated area  n AE g 100 4
(Wem™?) (microsecs (a.u) (cm™?  (meV) ‘g ]

1.4 2
1.3x10°? 11 3 16° 1.2 =
1.3x10°2 11 3 16 0.1
1.2x10°3 13 3 16 0.01

6x10°* 13 3 5x10°  0.005 T
) ) 60 65 70 75 80 8 90 95 100 105 110 115 120
Barrier thickness 80 A Barrier thickness (A)

14 FIG. 5. A plot of 7, vs barrier thickness for all four samples, an
1.3x10°! uncertainty in the barrier thickness &f one monolayer is assumed.
1.3x10°2 38 11 7x10° 0.8
1.2x10°3 36 12 <168 0.08 characteristics on both excitation power density and barrier

6x104 34 12 3x10°  0.004 thickness, suggests that the controlling factor is the equilib-
. . rium carrier density achieved during the pump pulse. As
Barrier thickness 90 A pointed out pl’eViO)l/JS’SVll the spatiall%/ separl)rate% pelectron

1.4 hole plasmas can lead to a significant space charge field. This
1.3x10°! electric field can lead to significant changes in the alignment
1.3x10°2 of the hole subbands in the narrow and wide quantum wells.
1.2x 103 172 60 5<1F° 0.8 Results for the calculated disperstdrof the valence sub-
6x 104 176 62 3 10° 0.4 bands for the two quantum wells are shown in Fig. 6 in the

absence of any space charge field. The most important sub-
Barrier thickness 109 A
0.00 . T .

1.4
1.3x10°?
1.3x10°2 _\
1.2x10°3 422 133 x10° 5
6x10°* 438 123 1.%x10° 25 N

interfaces of the quantum wells are not atomically smooth,
there are local fluctuations in the thickness of the AlAs bar- g
riers. Thus the holes will tunnel through barriers of different g
thickness, leading to a wide range of tunneling rates within 8 I
the excitation area. -
As the excitation power density is increased the form of 0.15
the decay curves diverges from that exhibited in the subset of
curves labelede) in Fig. 4. As an example, if we examine
the data for the sample with 90-A barriers we see fhatve
(b)] the decay initially exhibits a portion with a relatively 020 L i
small gradient before decaying at a similar rate to that in
curve (e). Furthermore, at the highest excitation power den-
sity [curve (8)], the decay exhibits an initial fast transient
before the flatter portion of the decay curve is reached. All 025 . ,

the samples show a similar behavior with increasing excita-
tion power density, although it should be noted ttetthe
onset of the flat region of the decay occurs at lower excita-

-0.04

(110)

-0.02

0.00
Wavevector (A™)

0.02

0.04

(100)

tion power densities as the barrier thickness increases, and FIG. 6. Valence subbands for the 25- and 68-A GaAs/AlAs

(b) the fast transients observed at the high excitation poweguantum wells indicated by the dashed and solid lines, respectively.
densities become significant only in the samples with barrielThe labeling of the states is made without any consideration to their
thicknesses of 90 and 109 A. The dependence of these twieavy or light hole character.
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bands for the purposes of this discussion are the lowest lying-4 wide well subband, but instead intersects with the third
n=1 subband in the 25-A quantum well and the third andwide well subband at higk values leading to a reduction in
fourth highest bands in the 68-A quantum well. The domi-the hole tunnelling rate and the shallow portion region of the
nant effect of a space charge field will be to raise the lowestlecay.
energy 25-A hole subband relative to the subbands in the The preceding discussion assumes that the decays we
wide quantum well. Thus, as any space charge field is inmeasure are purely radiative, i.e., that there are no nonradi-
creased the intersection of the=1 subband in the 25-A ative recombination paths. As these systems exhibit such
guantum well with then= 3 hole subband of the wide quan- long-lived carriers they could be particularly susceptible to
tum well will shift to increasingly large values df, for  nonradiative recombination. To investigate this possibility
which the thermal factor is smaller, leading to a reduction inwe consider the integrated area under the decay curves for
the tunnelling current. Eventually the=1 hole subband of the low excitation power densities. Based on the argument
the 25-A quantum well will come into resonance with the that the values of-, are a measure of the decay of the spa-
n=4 hole subband of the 68-A quantum well. Qualitatively tially separated electron/hole pairs, the magnitude of the in-
this overall behavior agrees with the experimental observategrated areas under the decay curves should scale with the
tions, in which for the samples with the 90 and 109-A bar-values ofr, for the different samples if the decays are purely
riers at the highest excitation power densities we see an iniadiative. The values for the integrated areas are shown in
tial fast transient followed by a relatively flat portion of the Table I, and indeed, at the low excitation densities the inte-
decay curve. These effects are seen in these two samplesdnated areas do scale with,. Thus, we believe that the
particular because the overall tunnelling rates are low, leadeffects of nonradiative recombination are negligible even
ing to the high carrier densities and hence the large spacever these long time scales.
charge fields necessary.

It is difficult to put these arguments on a quantitative ba- IV. SUMMARY
sis, as we cannot use any single decay rate to calculate the
equilibrium carrier densities. Nevertheless a rough estimat?OI
of the carrier densitieén) and hence the relative shifAg)
in the hole subband energies can be obtained for the lo
excitation power densities by using the observed values q . i
Te. The values for the estimated carrier densities at the lo e bf”‘”'ef dep.endence of the form and time spalg of the
excitation power densities are shown in Table I. For the de_ong-llved transients we have shown that the dominating fac-

cay curves from which the values of were extracted, the 21 (0 SURICE oS BERE 10T T8 RV AHStE
relative shift of the hole subbands is no more than a fe q - np

meV. Wransient is strongly influenced by the relative alignment of
: the hole subbands in the quantum wells which itself is

If these time constants were appropriate for the excitation

power densities used for the decay curves that show the inlsitrongly influenced by the time dependent space charge field

tial fast transient and the flat decay the carrier densitiegaused by the spatially separated electron hole plasma.
would be sufficient to produce changes in the alignment of
the hole subbands 6£100 meV. This would lead to the

=1 hole subband of the 25-A quantum well being in or close We would like to thank E. O. Guel and F. Ahlers of the

to resonance with tha=4 hole subband of the wide quan- Physikalisch-Technische Bundesanstalt for useful discus-
tum well leading to an enhancement of the hole tunnellingsions. In addition, one of u.D) would like to thank the
rate. As the carrier density collapses tire 1 hole subband Physikalisch-Technische Bundesanstalt for the award of the

of the 25-A quantum well no longer intersects with the position of a guest scientist during the course of this work.

In summary, we have observed complex long-lived pho-
uminescence transients involving recombination from
V@Iectrons and holes in the wide quantum well of a variety of
ixed type-l/type-ll quantum well structures. By studying
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