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We report the relaxation dynamics from above-barrier exciton states to the lowest one in

multi-stacked quantum dots (QDs). The photoluminescence decay time increases because of the

excitation of higher exciton states, which is attributed to the wider miniband width of above-barrier

excitons and the localization of the envelope functions in the barrier layers. The existence of the

above barrier minibands makes carrier transport along the growth direction possible and eliminates a

difficulty with close QD stacking. These results demonstrate an effective approach to achieve high

efficiency QD devices. VC 2011 American Institute of Physics. [doi:10.1063/1.3660210]

I. INTRODUCTION

Quantum dots (QDs) on semiconductor substrates are

the most promising platforms to achieve QD lasers,1 ultrafast

optical switches,2,3 and solar cells.4,5 We have already shown

the advantages of stacked QDs grown by using a strain com-

pensation technique6–8 for controlling the optical characteris-

tics and the fabrication of high-density QD ensembles.9–11

In our recent report, the existence of high exciton states

above the barrier height in stacked QDs has been demon-

strated by examining the excitation-energy dependence of

the photoluminescence (PL) intensity; the excitation of these

higher states significantly enhances the PL intensity.12 Thus,

the clarification of the carrier dynamics from these above-

barrier states to the lowest exciton state is considered valua-

ble for realizing high-efficiency QD devices. In this study,

we investigated the PL dynamics from the above-barrier

states to the lowest exciton ones in multi-stacked QDs that

were fabricated using a strain compensation technique. The

excitation of the above-barrier states increases the PL decay

time from the lowest exciton in the thicker spacer layer sam-

ple. A rate-equation analysis shows that this phenomenon

can be explained in terms of the relaxation time from the

higher states to the lowest ones. We discuss the dynamics in

terms of the above-barrier minibands.

II. EXPERIMENT

We used two samples in this study. For each sample, InAs

self-assembled QDs with 30 layers were grown on an

InP(311)B substrate by molecular beam epitaxy by using the

strain compensation technique.10 We deposited 4-ML InAs

QDs on a 150-nm-thick In0.52Al0.48As buffer layer. The sam-

ples have In0.5Ga0.1Al0.4As spacer layers with thicknesses of 20

and 40 nm. The QD density in each sample is 2.5� 1012/cm2.

Hereafter, we denote them as d¼ 20 nm and d¼ 40 nm sam-

ples, respectively. According to our previous report,10 in the

d¼ 20 nm sample, the QDs are interconnected along the

growth direction, which increases the exciton lifetime by

decreasing the oscillator strength. The spacer layer compen-

sates for the stress caused by the lattice mismatch between the

QD and the buffer layers. The PL decay profiles were measured

using a time-correlated single-photon counting method with a

time resolution of 0.8 ns estimated by the width of the meas-

ured laser pulse waveform. The excitation source was a mode-

locked Ti:sapphire pulse laser delivering 110-fs pulses with a

repetition rate of 4 MHz. We used a pulse picker to reduce the

laser repetition rate from 80 to 4 MHz. The excitation photon

energy was 1.550 eV, and the excitation density was kept at

0.22 lJ/cm2. On the other hand, to excite the higher excitonic

state in the d¼ 40 nm sample, we used the second-harmonic

light of an optical parametric oscillator excited by a mode-

locked Ti:sapphire pulse laser with a repetition rate of 80 MHz

and pulse width of 120 fs. To eliminate the high-density excita-

tion effect of 80 MHz excitation, the excitation density was

kept at 2.2 nJ/cm2, which corresponds to the excitation of one

QD by one photon. PL was dispersed using a 27 cm single

monochromator with a resolution of 1.0 nm and was detected

using a time-to-amplitude converter system with a liquid-

nitrogen-cooled InP/InGaAsP photomultiplier. The PL spec-

trum of the spacer layer in each sample was measured by using

the semiconductor laser with the energy of 1.907 eV. The exci-

tation density was 0.05 W/cm2. All measurements were per-

formed at low temperature.

III. RESULTS AND DISCUSSION

The PL intensity in the d¼ 40 nm and d¼ 20 nm sam-

ples is plotted as a function of excitation energy in Fig. 1.12

The PL intensities were normalized by the maximum inten-

sity in each sample. For reference, the PL spectra are shown.

In this measurement, the number of excitation photon was

kept constant. The bandgap energy of the InP substrate is

1.424 eV at 1.6 K.13 The PL spectra of the In0.5Ga0.1Al0.4As

spacer layer in both samples show a peak at 1.435 eV as

depicted by the dotted curves. Therefore, we considered that

the peaks of the excitation-energy dependence of the PL
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intensity originate not from the spacer layers but from

higher-state excitons.

To clarify the characteristics of these higher exciton

states, we measured the PL decay profiles. Figure 2(a) shows

the excitation-energy dependence of the PL decay profile in

the d¼ 40 nm sample. All the profiles were recorded at the

PL peak energy. The PL decay time excited at 1.90 eV

increases rapidly. In Fig. 2(b), the PL decay time evaluated

by fitting with a single exponential function form was plotted

as a function of excitation energy. Although the PL decay

time is almost constant at approximately 0.7 ns at excitation

energies below 1.8 eV, the PL decay time at excitation

energy of at 1.90 eV increases up to 1.25 ns.

To explain the increase in the PL decay time, we consid-

ered the high density effect of excitons due to the use of a

high-repetition-rate pulse laser. Figure 3 shows the excitation

density dependence of the PL decay time in the d¼ 40 nm

sample. The excitation energy was 1.55 eV, and the detection

energy was the PL peak energy. The PL decay time hardly

depends on the excitation density in our measurement region.

Moreover, as mentioned above, a QD was excited by one

photon in the measurement of excitation at 1.90 eV. There-

fore, the excitation density, i.e., the carrier accumulation,

does not affect the PL decay time.

Next, we considered the effect of carrier transfer from

smaller QD to larger one. In the case of the thicker spacer

sample, the QD separation along the growth direction is

larger than that in the in-plane direction. To clarify the effect

of carrier transfer in the in-plane direction, we examined the

detection-energy dependence of the PL decay profiles at ex-

citation energies of 1.90 and 1.55 eV. Figure 4 plots the PL

decay time as a function of the detection energy. Clearly, the

FIG. 1. (Color online) Excitation-energy dependence of the PL intensity in

the d¼ 40 and d¼ 20 nm samples (Ref. 12). The dotted curves indicate the

PL spectra of the spacer layer.

FIG. 2. (a) Excitation-energy dependence of the PL decay profiles in the

d¼ 40 nm sample. Detection energy is the PL peak energy of the sample.

Excitation energy at 1.90 eV corresponds to the excitation of higher states.

(b) PL decay time plotted as a function of excitation energy.

FIG. 3. Excitation-density dependence of the PL decay time in the d¼ 40

nm sample.

FIG. 4. Detection-energy dependence of the PL decay time. Closed and

open circles indicate the results for excitation at 1.90 and 1.55 eV,

respectively.
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PL decay times at both excitation energies hardly depend on

the detection energy. The result obtained at the excitation

energy of 1.55 eV is consistent with our previous result, in

which the PL decay time at a low temperature of 3.4 K is

almost constant.10 Surprisingly, the PL decay time at the ex-

citation energy of 1.90 eV is also independent of the detec-

tion energy. Therefore, the change in the PL decay time in

Fig. 2 does not originate in the carrier transfer between QDs.

Since the exciton accumulation effect and carrier transfer

were denied, the lengthening of the PL decay time does not

originate from the interaction between the lowest excitons in

the QDs, and that can be attributed to relaxation from a higher

exciton state. Thus, we performed an analysis based on the

rate equations. The rate equations are defined as follows:

dn2ðtÞ
dt
¼ �c2n2ðtÞ; (1)

dn1ðtÞ
dt
¼ �c1n1ðtÞ þ c2n2ðtÞ; (2)

where n1(t) and n2(t) are the populations in the exciton and

higher exciton states, respectively, and c1 and c2 are the re-

spective relaxation rates for those states. Moreover, C1 and

C2 are the populations generated by the pulse. The analytical

solution of these equations for n1(t) is

n1ðtÞ ¼
C2c2

c1 � c2

expð�c2tÞ þ C1expð�c1tÞ: (3)

In a numerical simulation using this equation, we used

c1¼ 1/0.8/ns, and C1, C2, and c2 were used as parameters.

Figure 5(a) shows the results for various C2 values under

c2> c1. In all the results in Fig. 5, the PL rise due to intra-

band relaxation was neglected, which does not affect the

decay time from the n1 state. All profiles were normalized by

the maximum intensity. Open circles demonstrate the

numerically reproduced experimental result with c1. For all

values of C2, the profiles decay by c1. Therefore, c2 should

be smaller than c1. Figure 5(b) shows the results for various

C2 values under c2< c1. When C1>C2, the profile decays by

c1. On the other hand, when C2>C1, the profiles decay by

c2, which agrees with the experimental results. C2>C1 cor-

responds to resonant excitation at the higher exciton state.

Figure 5(c) demonstrates the results for various c2 at

C2¼C1. In this case, the profiles show a double exponential

form. From these results, we concluded that c2¼ 1/1.3/ns;

the relaxation time from the higher exciton state to the exci-

ton state is approximately 1.3 ns.

Here, we discuss the origin of the higher exciton states

from these results. The possibility of a biexciton is immedi-

ately eliminated by the relaxation time. In multiple quantum

wells, above-barrier excitons have been reported.14–20 These

excitons have two significant features: (i) broadening of the

miniband width and (ii) localization of the wave functions in

barrier layers. It is well-known that the miniband width

depends on the subband order.21 The wider miniband means

the stronger coupling between the envelope functions in

QDs; the coupling distance of the envelope functions

between related QDs increases. Therefore, the further expan-

sion of the envelope functions of electrons and holes along

the growth direction is possible. In QD systems, hole local-

ization is stronger than electron localization because of the

greater mass.22 Therefore, electron relaxation to a lower state

under the above-barrier excitation condition becomes longer

than that under the below-barrier condition. Moreover, the

localization of the envelope functions of the above-barrier-

minibands in the barrier layers in strained-quantum wells is

one factor that increases the relaxation time to the lower

states.16,17,20 These two factors increase the PL decay time

excited at the higher state.

Unfortunately, to our knowledge, there is no reference to

explain the theoretical reason of the increase in the PL decay

time due to the increase in the intraband relaxation time.

Thus, we speculate the increase in the intraband relaxation

time on the basis of the potential profiles. Assuming the strain

distribution calculated by Grundmann in and around a pyrami-

dal InAs QD,23 there exist lateral potentials for electrons and

holes in the vicinity of a dot. The potential increases close to

the dot and gives rise to a barrier for the capture of carriers in

the spacer layers. The spatially modulated potential profiles

lead to the indirect intraband transitions from the spacer layers

to QDs. This situation is similar to the interband transition in

the nipi structures. In the nipi structures, Dohler’s model

describes the indirect transition time as sind¼ sdexp(DE/kT),

where sd is the direct transition time in bulk crystals, DE is the

energy difference between the direct transition and indirect

transition, k is the Boltzmann factor, and T is the tempera-

ture.24 As the band offset ratio between the QD exciton states

and the above exciton states, we assumed the offset ratio as

0.7. The energy difference between the QD exciton and

the above barrier exciton is 1.1 eV so that the indirect intra-

band relaxation time is enhanced by a factor of 13 (3) for

electron (hole) at 3.4 K. Although this assumption is insuffi-

cient to describe the correct physical model, the tendency of

the increase in the intraband relaxation time can explain

qualitatively.

FIG. 5. (Color online) Numerical simulation of the PL decay profiles

described by Eq. (3). (a) For various C2 under c1< c2, (b) for various C2

under c1> c2, and (c) for various c2 under C1¼C2. Open circles represent

the numerically reproduced experimental results.
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Finally, we discuss the relation between the lifetime of

the lowest exciton and the dynamics of the above-barrier

excitons. As we have reported, the decrease in d induces the

elongation of the electron envelope functions along the

growth direction, which leads to the lowering of the oscilla-

tor strength.10 Namely, the exciton lifetime in the d¼ 20 nm

sample is longer than that in the d¼ 40 nm sample because

of the interconnection effects. Figure 6 shows the excitation-

energy dependence of the PL decay time in the d¼ 20 nm

sample. Although the excitation energies are less than

1.90 eV which is the excitation energy in the d¼ 40 nm sam-

ple the excitation energies over 1.631 eV are enough to

excite the higher states in the d¼ 20 nm as shown in Fig. 1.

The PL decay time is almost constant. In the d¼ 20 nm sam-

ple, the exciton lifetime is increased by the elongation of the

electron envelope function, which is comparable to the relax-

ation time from the higher states to the exciton states. Thus,

the PL decay time is independent of the excitation energy.

IV. CONCLUSION

We have investigated the effects of the excitation of

higher exciton states on the PL decay time of excitons in

stacked QDs fabricated using a strain compensation tech-

nique. We found that the PL decay time excited at the higher

exciton state significantly increases in the d¼ 40 nm sample.

To clarify the origin of this phenomenon, we examined the

excitation-power dependence and the detection-energy de-

pendence of the PL decay time. These measurements clearly

eliminated the effect of carrier accumulation and carrier

transfer between QDs as the origin of the lengthening of the

PL decay time. Moreover, the analysis based on the rate

equations shows that the relaxation time from the higher

exciton states to the lowest exciton state is much longer than

the exciton lifetime, which explains the increase in the PL

decay time. The two features of the above-barrier minibands

are important factors in explaining our results: (i) broadening

of the miniband width and (ii) localization of the wave func-

tions in barrier layers. In contrast, in the d¼ 20 nm sample,

the PL decay time excited at higher exciton states hardly

shows lengthening because of long exciton lifetime due to

the interconnection effects. These may facilitate the develop-

ment of functional devices by using QDs. In particular, the

existence of the above-barrier minibands makes it possible to

transport carriers along the growth direction and eliminates a

difficulty with close QD stacking.
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