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Abstract 

Motivated by the need to understand the ultrafast optical 

processes related to quantum confinement effects in semiconductor· 

devices, a series of studies have been made about the picosecond 

nonlinear optical phenomena in excitonic absorption combined with 

tunneling and diffusion in various quantum wells, wires, and 

superlattices of ill-V compounds. The main intention is to use the 

fast recovery of the excitonic absorption after its optical bleaching 

for all-optical device applications. 

The present study shows that the recovery time can be reduced 

to picosecond region, which overcomes the serious difficulty of slow 

recovery time (on the order of nanoseconds) of excitonic 

nonlinearity in previous works. This has been achieved by the use 

of variou~ structures with tunneling or rapid recombination channels 

as follows: 

In tunneling bi-quantum well (TBQ) structure consisting of 

narrow and wide GaAs quantum wells, photo-excited electrons in the 

narrow wells escape to the wide wells by non-resonant or resonant 

tunneling. In non-resonant tunneling, the recovery time is reduced 

to I ps by reducing the AIGaAs barrier thickness to 1.7 nm. This is 

by three orders of magnitude shorter than that in conventional 

mUltiple quantum well (MQW). In resonant TBQ, where photo­

excited electrons in the el-level of narrow wells escape toward the 

e2-level of wide wells by resonant tunneling, the reduction of 

absorption recovery time and the increased tail-to-peak ratio in the 

excitonic absorption change are observed. We also report the fast 

recovery in the type-II TBQ structure consisting of a series of GaAs 
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wells, AIGaAs barriers, and AlAs layers. Type-IT TBQs have an 

advantage over type-I TBQs for application because type-II TBQ 

have no significant optical absorption except in the GaAs wells. For 

a AIGaAs barrier thickness of 1.1 nm, the recovery time is found to 

be 8 ps .. 

Another approach to reduce the recovery time is the use of fast 

surface recombination on the side-walls of MQW wires. We made 

MQW wires as small as 130 nm using focused-ion-beam (Fill) 

lithography and electron cyclotron-"resonance (ECR) chlorine­

plasma etching. We show that the strong optical nonlinearity of 

excitons is preserved for 130-nm-wide wires, and that the recovery 

time is as small as 11 ps. 

As an another aspect of rapid decay processes, the first direct 

observation is reported of spin relaxation in GaAs/AIGaAs MQW 

using time-resolved polarization absorption measurement. We 

obtained a fast decay of spin-up carriers and the corresponding fast 

accumulation of spin-down carriers with the time constant of 32 ps 

at room temperature. The relaxation processes show clear 

symmetrical behavior in time dependence, as expected from simple 

rate equations. Finally, we characterize InGaAslInAIAs resonant 

tunneling barrier' (RTB) diodes using electro-optic sampling. The 

switching time from peak to valley is decreased with the reduction of 

the InAIAs barrier thickness. A new equivalent circuit model of 

RTB diodes, which includes the quantum mechanical statelifetime 

phenomenologically, describes the switching behavior fairly well. 
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CHAPTER 1 

Introduction 

Recent progress of semiconductor device is outstanding in two 

respects: improvements in switching speed and the discovery of new 

properties. Present devices have switching speeds in excess of 10 ps 

and new properties such as room temperature excitons in quantum 

wells and negative differential resistance in tunneling barrier 

structures. These new properties are related to quantum confinement 

effects. Previously, the confinement effect was not easily observed in 

semiconductor structures. However, because of nanostructure 

fabrication technology, that effect has become easily observable and 

applicable. Today, an understanding of ultrafast phenomena related to 

quantum effects governing device operation is very important for 

further development. In this thesis, we investigate ultrafast phenomena 

related to quantum wells and superlattices. 

Quantum wells and superlattices were introduced in 1970 by Esaki 

et aLl) They showed the possibility that Bloch oscillation would occur 

in the superlattice under an electric bias. The report stimulated many 

researcher to study the fine layered structures. In the 1970s, Dingle et 

al. studied the optical properties of quantum wells and demonstrated 

that quantum confinements of carriers show new properties.2) The 

development of the epitaxial growth techniques such as molecular beam 

epitaxy (MBE) and metal-organic chemical vapordeposition (MOCVD) 

was indispensable to the fabrication of fine layered structures. In the 

1980s, these structures appeared in applications such as high electron 

mobility transistor (HEMT),3) resonant hot electron transistor 

(RHET),4) and quantum welllasers.5,6,7) 
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Currently, we are interested in two properties for the application 

of such structures. One is the enlarged optical nonlinearity at the 

excitonic absorption peak in quantum wells. The photo-excitation of 

the excitons in semiconductor such as GaAs causes large absorption 

bleaching with a time constant shorter than 1 ps8) (Fig.I-l). This 

allows one light to control another light, which means all-optical 

operation, due to the change in the optical constant of the nonlinear 

optical material. In 1979, Gibbs et al. showed an all-optical bi-stability 

using the GaAs etalon at low temperature.9) In quantum wells, excitons 

exist even at room temperature and show a larger excitonic bleaching 

than semiconductor bulk. The magnitude of the absorption bleaching in 

GaAsI AlAs quantum wells is three times larger than that of bulk GaAs 

for the same pumped carrier density.1 0) In 1985, at room' 

temperature, I-ps all-optical switching was done usmg the 
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Fig. 1-1. Excitonic absorption bleaching in quantum well. 
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GaAs/AIGaAs quantum well etalon. ll) A serious problem of this 

phenomenon, however, is the slow recovery of optical properties such 

as absorption. The typical recovery time of excitonic absorption after 

its bleaching in a GaAs/AIGaAs MQW is 30 ns at 300 K.12) This is 

determined mainly by the radiative recombination of carriers which 

limits the time response of devices using excitonic optical nonlinearity. 

The recovery time can be reduced by surface recombination,13,14) 

proton-bombardment,15) or ac Stark effect.16) The ac Stark effect is 

fast but is known to be inefficient in changing optical properties. The 

other methods have shown no ultrafast recovery on the order of a 

picosecond. 

The other interesting property is a tunneling effect in supedaUices 

such as resonant tunneling barrier (RTB) diodes)7) The RTB consists 

of a quantum well surrounded by two barriers as shown in Fig. 1-2. In 

this structure, a negative differential resistance (NDR) occurs under an 

electric bias. The applications of resonant tunneling use the switching 

over its NDR region to do a new logic operation. There is a new aspect 

about the switching process, since it is not governed by electric factors 

such as RC time constant alone. The new factor is a quantum­

mechanical state-lifetime,4-6) "Cs ( = ti /~EFWHM, where ~EFWHM is 

the full energy width at half maximum of tunneling probability), of 

carriers in the RTB diode's quantum well. The carriers confined in the 

well need a finite time for escape using tunneling. Usually the 

statelifetime is equal or faster than picoseconds. This made the analysis 

of the tunneling phenomena difficult. 

To study these ultrafast phenomena, we used pump-probe 

measurement (Fig.1-3). In this procedure, after the pump pulses excite 
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the samples, the other pulses probe the changes in sample properties. 

Since the time delay between the pump and probe pulses is caused by 

changing optical path length, the measurement's time-resolution is 

mainly determined by optical pulse width independent of laser pulse 

jitter. The typical time resolution of our measurement system is 1-2 ps, 

which is equal to the optical pulse width. 

The thesis focuses on picosecond phenomena related to the 

excitonic absorption bleaching in quantum wells and the tunneling 

phenomena in superlattices. In particular, fast recovery of excitonic 

absorption after its bleaching in quantum wells is our main concern 

for the all-optical device application. This study shows that the 

recovery time can be reduced to the picosecond region, by using 

various structures with tunneling or rapid combination channels. 

In chapter 2, we describe the proposal of the tunneling bi-quantum 

well (TBQ) structure and the verification of the fast recovery of 

excitonic absorption after its bleaching in TBQs. The TBQ consists of 

narrow and wide wells, where the tunneling effect is used to realize fast 

absorption recovery. Chapter 3 concerns the absorption recovery of 

the resonant TBQs and Chapter 4 exami~es type-IT TBQs. Carriers are 

transported in the resonant TBQ by resonant tunneling faster than by 

non-resonant process. The type-IT TBQ consists of GaAs wells, 

AIGaAs barriers, and AlAs layers, which show no significant optical 

absorption below the energy gap of the GaAs wells. Chapter 5 

describes picosecond absorption recovery of the multiple quantum well 

wires fabricated using FIB lithography. Photo-excited carriers in 

MQW wires diffuse toward side walls and recombine on the side wall 

surfaces with pi co seconds lifetimes. Chapter 6 shows direct 
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observation of spin relaxation in MQW. Spin relaxation process at 

room temperature was observed using spin-dependent optical 

nonlinearity. Chapter 7 uses electro-optic sampling to characterize the 

resonant tunneling barrier diode. A new equivalent circuit model 

including quantum effect is proposed. Finally Chapter 8 concludes the 

thesis. 
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CHAPTER 2 
Fast Recovery of Excitonic Absorption Bleaching in 
Tunneling Bi-Quantum-Well Structures 

2.1 Introduction 

The optical nonlinearity of excitons in multiple quantum wells 

(MQWs) is currently attracting wide interest with regard to possible 

applications in optical switching and computing. 1,2) Nonlinear 

absorption and refraction changes occur in these structures with a time 

constant shorter than 1 ps due to the photoexcitation of exciton peak)) 

However, the slow recovery of optical properties such as absorption is 

a serious problem (Fig. 2-1). The typical recovery time of excitonic 

absorption after its bleaching in a GaAsI AIGaAs MQW is 30 ns at 300 

K.4) This is determined mainly by the radiative recombination of 

carriers which limits the time response of devices using excitonic 

optical nonlinearity. The recovery time can be reduced by surface 

recombination,5,6) proton-bombardment,7) or ac Stark effect.8) The 

ac Stark effect is fast but is known to be inefficient in changing optical 

properties. The other methods have shown no ultrafast recovery on the 

order of a picosecond. 

2.2 Proposal of Tunneling Bi-quantum Well structures 

To reduce recovery time without sacrificing efficiency, we 

proposed a superlattice structure using carrier tunneling, which we call 

a tunneling bi-quantum-well (TBQ).9) The TBQ consists of a series of 

narrow and wide wells as shown in Fig. 2-2. In this structure, we make 

use of the optical nonlinearity at the exciton level in the narrow well. 
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Since the energy level structure in the narrow and wide wells differ, 

photoexcited carriers in the narrow wells can escape toward the wide 

wells by tunneling and relax into their lowest energy level. This 

process recovers the optical constants of the excited narrow well much 

faster than radiative recombination. It is possible to control the 

recovery time by changing tunneling time. 

2.3 Time resolved absorption measurement 

2.3.1 Sample structures 

The TBQ structures we studied consist of 50 periods of narrow 

GaAs quantum wells 4.5 nm thick and wide quantum wells 9.0 nm 

thick. We varied the thickness of AI0.51Ga0.49As barriers, LB, from 

5.1 nm (18 MLs) to 1.7 nm (6 MLs) to study the dependence of 

recovery time on barrier thickness. All structures were grown on a 

semi-insulating (100) GaAs substrate by molecular beam epitaxy. 

After the growth, the substrate was removed by selective etching over a 

part of the sample. 

Figure 2-3 shows the absorption spectra of TBQ structures at 

room temperature. Absorption peaks near 840 nm show the lowest 

electron-heavy-hole and electron-light-hole excitons in the wide wells. 

Absorption peaks near 790 nm show the lowest electron-heavy-hole 

excitons in the narrow wells. Note the reduction of the oscillator 

strength of excitons compared with that of the continuum as the 

barriers become thinner. The reduced excitonic oscillator strength is 

attributed to the reduced confinement of excitons in the wells~ Another 

notable feature is the energy shift of the excitonic absorption peak in 
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the narrow wells. The electron-heavy-hole exciton peaks shift from 

789 nm to 794 nm as the barrier thickness decreases from 5.1 -nm to 

1.7 nm. This energy shift also comes from the reduced confinement of 

excitons. Masselink et al. observed a similar reduction of exciton 

oscillator strengths and the similar red shift of the excitonic absorption 

peaks with the reduced barrier thickness in conventional MQWs.l0) 

2.3.2 Measurement system 

We made time-resolved pump-probe absorption measurements 

(Fig.2-4), which is a kind of samplimg measurements. In the pump 

probe absorption measurement, we use a beamsplitter to divide optical 

pulses to the pump and probe pulses. If the optical path length of the 

pump beam and that of the probe beam are equal, the both pulses arrive 

at the sample just on the same time. By changing the optical path 

length, we generate the time difference between the pump and the 

probe pulses. Since this- measurement is not affected by the optical 

pulse's jitter, the time resolution of the measurements system is 

determined mainly by the width of t~e optical pulses~ As for the 

optical pulse source, we used a tunable mode-locked styryl dye laser 

synchronously pumped by compressed Y AG (yttrium aluminum 

garnet) laser pulses. The optical tun ability of the laser is important for 

the accurate excitation of the excitonic absorption peaks. The dye laser 

generates optical pulses of 1 ps duration at 12 ns intervals between 780 

nm and 830 nm. In these experiments, we used the lock-in 

amplification with an electro-optic modulator of 6 MHz chopping. Dye 

lasers make a larger noise in kHz than in MHz region. The optical 
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delay of 660 ps stroke was moved by a stepping motor. The pump 

beam was focused on a 15-J..lm-diameter spot and its intensity was 0.5 

m W in front of the sample. The density of photoexcited electrons per 

well is calculated to be low (-2 x 1010 cm-2). To see the time 

dependence of the optical response of the system, we measured optical 

absorption. 

2.3.3 Relation between absorption bleaching and carrier 

density 

Absorption bleaching in quantum wells comes from phase-space 

filling and exchange effect.12,13) Both effects are the consequences of 

the Pauli exclusion principle. In the small signal regime,4) the relation 

between the carrier density, N, and the absorption coefficient, a(N), is 

written as 

a(N) = ao 
1 +NI 

INs (2-1) 

where aO is the initial absorption coefficient. The saturation intensity, 

Ns, is about 1 x 1012 cm-2 in the 100-A-thick GaAs quantum wells.4,14) 

Since the carrier density in our experiment is sufficiently low (-2 x 

1010 cm-2), the relation becomes 

(2-2) 

The absorption change, ~a = a(N) - ao, is proportional to the carrier 
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density, N, in the region of small N. 

2.3.4 Verification of fast absorption recovery in Tunneling 

Bi-Quantum well ll) 

Figure 2-5 shows the obselVed time dependence of transmission at 

the lowest heavy-hole exciton peak in the narrow wells. After 

photoexcitation, the conventional MQW with 50 periods of 4.5-nm­

thick GaAs wells and 4.0-nm-thick AIO.51 Ga0.49AS barriers does not 

show a clear absorption recovery in this time region. In contrast, 

TBQs show much faster recovery times of 16 ps for 4.0-nm-thick 

barriers and 6 ps for 2.8-nm-thick barriers. Note that the recovery 

time of the TBQ is remarkably reduced as barriers become thin. 

The absorption change of TBQ with 4.0-nm barriers was about 

50% that of conventional MQW for the same pumping power,9) 

indicating that the efficiency of TBQ is comparable to that of MQW 

under the resonant excitation. This is contrasted with the very low 

efficiency of ac Stark effect. The transmission change of ac Stark 

effect is more than one order of magnitude smaller than that of the 

resonant excitation if we detune more than 36 me V to avoid real 

excitation by longitudinal optical (LO) phonon absorption.8) In Fig. 2-

5, we also notice the slow recovery tail after the fast relaxation. These 

tails have a time constant slower than 1 ns and have a magnitude of 40 

to 50% of the initial absorption change. Since calculated tunneling times 

for holes are about three to six orders of magnitude slower than that of 

electrons, the slow recovery tail can be attributed to the free holes 

remaining in the narrow wells. 
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For 1.7-nm-thick barriers, we observed a much faster relaxation, 

1 ps, as shown in Fig. 2-6. The relative magnitude of the initial 

absorption change compared with the slow recovery tail is smaller than 

that of TBQs with larger barrier thicknesses. This reduced peak 

transmission change occurs because the relaxation time becomes 

comparable to the optical pulse duration of 1 ps. It was confirmed by 

taking a numerical convolution of a decay curve and the optical pulse 

actually measured by an auto-correlator. For the decay curve, we 

assumed I-ps exponential recovery with 60% magnitude (due to 

electrons). and much slower exponential recovery (> 1 ns) with 40% 

magnitude (due to holes). The simulated curve (dashed curve in Fig. 2-

6) agrees well with the experimental result (solid line in Fig. 2-6). To 

observe the initial absorption relaxation of 1 ps without simulation, 

much shorter optical pulses (about 0.1 ps) are needed. Note that the 1-

ps recovery time is three orders of magnitude faster than the few 

nanoseconds recovery of the conventional MQW. This is also the 

fastest tunneling processes ever observed, to our knowledge. 

2.4 Discussion 

The semilogarithmic plot of the experimental recovery time as a 

function of barrier thickness is shown by solid circles in Fig. 2-7. The 

dashed line indicates the calculated lifetime of electrons at the lowest 

quantum level of the narrow well, given that the wide well is infinitely 

wide.9,15) This is, in other words, the state-lifetime of the virtual state 

of resonant tunneling barrier structures. The rough proportionality 

between the observed recovery time and calculated lifetime shows that 
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absorption recovery is governed mainly by tunneling. This result also 

indicates the high controllability of the relaxation time using tunneling. 

We expect that the TBQ with barriers less than 1.7 nm thick will have a 

subpicosecond recovery time. 

In the TBQ, the relaxation of electrons from the lowest energy 

level in the narrow well to that of the wide well is a kind of inter­

subband relaxation, 16)· because these levels, if they are arranged in a 
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periodic sequence, fonn superlattice minibands extending over narrow 

and wide wells. Also, because the energy difference between the lowest 

energy levels in the narrow wells and that in the wide wells is greater 

than 36 me V, relaxation with LO-phonon emission is regarded to be the 

main relaxation process. 16,17) To confinn the dominant scattering 

mechanism, we calculated the tunneling time including LO phonon 

emission. We used the fonnalism given by Price18) to calculate the 

scattering rate of two-dimensional (2D) electron gas by generalizing it 

to treat a superlattice. 

In the calculation,19) we used some simple assumptions: For 

electrons, we used the effective mass of m*(x) = (0.067 + 0.083x)·mO 

for both x = 0 and x = 0.51. The nonparabolic correction was treated 

by k·p perturbation to express the mass reduction of tunneling 

electrons. For LO phonons, we assumed bulk GaAs ph on on modes and 

neglected complexities coming from the superlattice. We also assumed 

the Frolich interaction between an electron and a LO phonon. The 

tunneling time by the LO phonon emission (LOE) or absorption (LOA) 

is expressed as 

1 

'tLOE 

* 2 m e tiooLO = -----=-
2 3 

81t li to 

+00 

f
21t 

X de 
o 

(_1 
Koo 

2 
I I (qv kz) I d 

2 2 qz , 
q-+ qz 

(2-3) 
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(2-5) 

(2-6) 

2 2 2 2 
li k+ ~ k 
--.-+1iroLO+ Eo= • + El 
2m 2m (2-7) 

Here, El (EO) is the energy minimum of superlattice miniband Ml 

(MO) whose electron envelope function is localized in the narrow 

(wide) well; kz and k are perpendicular and parallel (to the interface) 

wave vectors of an electron in the miniband, Ml; and 'lfl,kZ<Z) ['lfO,kz-

qz(z)] is the corresponding envelope function, normalized in 

superlattice period, Ls. Nq = 1 / [ exp (liroLO / kB T ) - 1] is the 

occupation number of LO phonons at temperature T ( = 300K). The 

net tunneling rate is given by averaging Eq.(2-3) or (2-4) over a 

Fermi-Dirac distribution of electrons at 300 K. 

Similarly we calculated the tunneling times for deformation 

potential (DP), 
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and the tunneling times for alloy scattering (AL), 

1 
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21t li ... 

(2-8) 

(2-9) 

Here, cl, P and Cs are the deformation potential, the density and the 

velosity of sound, respectively. Uo is the Nordheim-Brooks' alloy 

potentiaPO) and n the volume of unit cell. 

The calculated tunneling time is summarized in Fig. 2-8 as a 

function of barrier thickness, LB. All the tunneling times vary 

exponentially with LB and the line slopes don't depend on the scattering 

mechanisms. The dependence of the tunneling time on the barrier 

thickness comes from the overlap integral of the wavefunctions of the 

electron states for the narrow and wide wells. The difference of the 

scattering mechanism affects only the magnitude of the tunneling time, 

which results in a parallel shift in the semilogarithmic plot. Note that 

the LO phonon emission is by far the fastest process and shows a 

relatively good agreements with the experiment. We can almost neglect 

other scattering mechanisms. The tunneling of the present TBQ is 

mainly governed by the LO-phonon emission. 
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Fig. 2-8. Calculated tunneling times for various scattering 
mechanisms. All tunneling times vary exponentially with LB. 

Experimental recovery times are also shown. 

2.5 Summary 

In conclusion, fast recovery from the excitonic absorption 

bleaching in TBQ structures was proposed and demonstrated. The TBQ 

has a new feature that conventional superlattices will never have, that 

is, the control of relaxation time using tunneling. With the reduction of 

tunneling barrier thickness down to 1.7 nm, the recovery time is 

reduced to as short as 1 ps. This is by three orders of magnitude 

shorter than the recovery time Ca few nanoseconds) of conventional 
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MQWs. We calculated the tunneling times for various scattering 

mechanisms and showed that the LO phonon emission process is the 

fastest one. The calculated tunneling time with LO phonon emission 

showes a semi-quantitative agreement with experiment. The I-ps 

recovery is the fastest tunneling process ever observed, to our 

knowledge. We believe that this result indicates the high potential of 

the TBQ as a breakthrough in the problem of the slow-carrier 

recombination in semiconductors. 
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CHAPTER 3 
Time Evolution of Excitonic Absorption Bleaching in 
Resonant Tunneling Bi-Quantum-Well Structures 

, 3.1 Introduction 

In chapter 2, we reported a I-ps absorption recovery in 

GaAs/AIGaAs TBQ structures by reducing the barrier thickness to 1.7 

nm.1-3) This showed that electrons can escape from the narrow wells 

in the picosecond region even in nonresonant tunneling. In resonant 

TBQ structures, in which the ground electron level in the narrow 'well 

has the same energy as the second level in the wide well as shown in 

Fig. 3-1, faster absorption recovery is expected. Resonant tunneling of 

electrons was studied using photoluminescence measurements at low 

temperature,4-8) and the reduction of the tunneling time at resonance 

was reported. In the application of the TBQ to optical devices, 

information regarding optical nonlinearities such· as excitonic 

absorption bleaching at room temperature is important. In this 

chapter, we describe the study about the time evolution of excitonic 

absorption bleaching in resonant TBQ structure at room temperature.9) 

In resonant TBQ structure, we have observed the reduction of the 

absorption recovery time and the increase of the tail-to-peak ratio of 

the absorption change. To clarify the origin of the enhanced tail-to­

peak ratio, we have also studied the change in the e2-hh2 excitonic 

absorption of conventional MQW. 
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Fig. 3-1. Schematic energy level diagram of resonant 
TBQ structures. The ground electron level in the narrow 
well, elnarrow, has the same energy as the second level in 
the wide well, e2wide. 

3.2 Experiment and Discussion 
3.2.1 Sample structures and Absorption spectra 

The TBQ structures we studied consist of 50 periods of narrow 

GaAs quantum wells, each 4.5 nm thick, and AIO.51 Ga0.49AS barriers, 

each 4.0 nm thick. We varied the thickness, Lw, of wide quantum 

wells from 9.0 nm (32 MLs) to 13.0 nm (46 MLs) to realize the 

resonant tunneling condition (Fig. 3-1). All structures were grown on 

a semi-insulating (lOO) GaAs substrate by molecular beam epitaxy. 

After the growth, the substrate was removed by selective etching over a 
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part of the sample. 

Figure 3-2 shows the absorption spectra of TBQ structures at 

room temperature. Absorption peaks around 850 nm show the lowest 

electron-heavy-hole excitons in the wide wells. Absorption peaks near 

790 nm show the lowest electron-heavy-hole excitons, e1-hh1, in the 

narrow wells. The second electron-heavy-hole exciton peak, e2-hh2, in 

the wide wells shifts from 806 run to 767 run with the reduction in the 

wide well thickness from 13.0 to 9.0 nm. For 10.7-run-thick wide 

wells, these two exciton pe~ks coincide. Considering the energy 

broadening of the electron levels due to the well-thickness fluctuation 

of 1 monolayer, the coincidence of these exciton peaks means that the 

ground electron level in the narrow well, e1narrow, and the second 

electron level in the wide wells, e2wide, are almost resonant. 

3.2.2 Time resolved Absorption measurement 

We used a conventional time-resolved pump-probe absorption 

method, which uses lock-in amplification. Optical pump and probe 

pulses of I-ps duration were produced at 12 ns intervals using a tunable 

mode-locked styryl-dye laser synchronously pumped by compressed 

Y AG laser pulses. The optical delay of 660 ps stroke was moved by a 

stepping motor. The pump beam intensity was 0.2 to 0.5 m W at the 

sample surface and focused on a 15-Jlm-diameter spot. The density of 

photoexcited electrons per well was calculated to be low (about 1 to 2 x 

1010 cm-2 ). 

Figure 3-3 shows the observed time dependence of transmission at 

the lowest heavy-hole exciton peak, e1-hh1, in the narrow wells. The 
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Fig. 3-2. Absorption spectra for TBQ structures at room 
temperature. Absorption peaks near 790 nm (shown by arrows) 
show the lowest electron-heavy-hole excitons, e1-hh1, in the 
narrow wells. The second electron-heavy-hole exciton peak, 
e2-hh2, in the wide wells (shown by open arrows) shifts from 806 
nm to 767 nm with the reduction in the wide well thickness from 
13.0 to 9.0 nm. For 10.7-nm-thick wide wells, these two exciton 
peaks coincide. 
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Fig. 3-3. Time resolved transmission change of the lowest 
heavy-hole exciton peak, el-hhl, in narrow wells. The time 
evolution of resonant TBQ structures consist of a fast recovery 
in the picosecond region due to electron tunneling and a long 
recovery tail having a time constant longer than one 
nanosecond. 
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Fig. 3-4. Recovery time and tail-to-peak ratio of TBQ 
structures. Resonant TBQ structures with IO.7-nm-wide wells 
showed a faster recovery of 8 ps and a significant enhancement 
of the tail-to-peak ratio. 

time evolution of TBQ structures consists of a fast recovery in the 

picosecond region due to electron tunneling and a long recovery tail 

having a time constant longer than one nanosecond. The fast recovery 

component of the nonresonant TBQ structure is 17 ps for the 9.0-nm­

thick wide wells and 19 ps for the 11.9-nm-thick barriers. However, 

the resonant TBQ structures with 10.7-nm-wide wells show a faster 

recovery of 8 ps. The observed reduction of the recovery time for 
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resonant condition is consistent with photoluminescence studies5-8) on 

the resonant tunneling of electrons. 

As for the long recovery tail, we observe a significant 

enhancement of the tail-to-peak ratio in the resonant condition, as 

shown in Fig. 3-4. The long recovery tail of nonresonant TBQ 

structures is attributed to the holes left in the narrow wells. The 

resonant TBQ structure has a tail-to-peak ratio of 67%. This contrasts 

with the result of nonresonant TBQ structures, in which the tails have 

ratios of 39 to 46% of the initial absorption change. 

3.2.3 Comparison with e2-hh2 excitonic absorption change in 
MQW 

For resonant TBQ structures, note that we measure, not only the 

el-hhl excitonic absorption bleaching of the narrow wells, but also that 

of the e2-hh2 exciton peaks of the wide wells. To isolate the 

contribution of the e2-hh2 exciton absorption of wide wells, we also 

measured the time-resolved absorption change of e2-hh2 excitons of 

MQW having the same well thickness as the resonant wide wells. The 

MQW have 55 periods of alternating 4.0-nm-thick AIo.51Ga0.49As 

barriers and lO.7-nm-thick GaAs wells (Fig.3-5). The el-hhl 

excitonic absorption of the MQW has a peak at the 85l-nm wavelength, 

and the peak of the e2-hh2 excitonic absorption is at 795-nm. Figure 

3-6 shows the time evolution of e2-hh2 excitonic absorption bleaching 

of the MQW. This figure shows a steplike response without any 

obvious peak. In this MQW, since the energy difference between the 

el and the e2 levels is greater than the longitudinal optical (LO) 

phonon energy of 36 meV, an ultrafast intersubband relaxation from 
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Fig. 3-6. Time resolved transmission of e2-hh2 transition 
change ofMQW. 
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the e2 to the e I level is possible through LO-phonon emission. The 

fact that no peak is observed during our experiments means that the 

intersubband relaxation time with LO-phonon emission is faster than 

our time resolution of I ps. Tatham et al. lO) reported that the 

intersubband relaxation time of electrons with LO-phonon emission is 

consistently faster than I ps. As for the holes, since the energy 

difference between the hI and h2 levels is smaller than kT of 26 me V, 

a certain number of photo-excited holes are thermally remaining in the 

hh2 levels. The step like response is regarded to be due to these holes. 

The increase of the tail-to-peak ratio in resonant·TBQ structures 

can be understood likewise as the superimposed contributions of the el­

hhI excitonic absorption bleaching in the narrow wells and the e2-hh2 

excitonic absorption bleaching in the wide wells. It is known that the 

absorption bleaching in the continuum levels is small. I I ) In 

nonresonant TBQ structures, only the eI-hhI excitonic absorption 

bleaching of the narrow wells can contribute to the observed absorption 

change. In resonant TBQ structures, the 33% decay in magnitude of 

the peak is due to the tunneling of electrons from the narrow wells to 

the wide wells. Also the 67% tail is regarded as the thermally 

remaining holes in the first excited state of the heavy holes. In the 

application of resonant TBQ structures at room temperature, the result 

showed that the energy difference between the hhI and hh2 levels in 

wide wells must be larger than kT, and should preferably be larger 

than the LO phonon energy of 36 me V to avoid increasing the tail-to­

peak ratio. 
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3.3 Summary 

In conclusion, we reported the time evolution of the excitonic 

absorption peak in resonant tunneling bi-quantum-well structures. we 

studied 4 samples with narrow GaAs quantum wells, each 4.5 nm thick, 

and AIO.51Ga0.49As barriers, each 4.0 nm thick. The thickness of wide 

quantum wells was varied from 9.0 nm (32 MLs) to 13.0 nm (46 MLs) 

to realize the resonant tunneling condition. We observed the reduction 

of the absorption recovery time and the increased tail-to-peak ratio in 

resonant TBQ structures with 10.7 run barriers. Also, by measuring 

the e2-hh2 absorption change in MQW, we concluded that the 

intersubband relaxation time from the e2 level to the e1 level in 

quantum wells is below our time resolution of 1 ps and that the 

increased tail-to-peak ratio in resonant TBQ can be attributed to the 

thermally remaining holes in the first excited subband of heavy holes. 

For the application of resonant TBQ structures at room temperature, 

the present result suggests that the energy difference between the hhl 

and hh2 levels in wide wells must be larger than kT, and should 

preferably be larger than the LO phono~ energy of 36 meV to avoid 

increasing the tail-to-peak ratio. 
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CHAPTER 4 
Time Resolved Studies of Excitonic Absorption Bleaching in 
Type-II GaAs/AIGaAs/AIAs Tunneling Bi-Quantum-Well 

4.1 Introduction 

In chapter 2 and 3, we reported the fast recoveries from the 

excitonic absorption bleaching in resonant and non-resonant TBQ 

structures.1-3) TBQs show fast recoveries as fast as 1 ps with the 

reduction of the barrier thickness down to 1.7 -nm-thick barriers. 

However, disadvantage of those TBQ structures is the optical 

absorption of wide wells. Since the band gap of narrow wells is larger 

than that of the wide wells, the excitation of e1-hh1 excitons in the 

narrow wells results in the coexcitation of the wide wells (Fig. 4-1). 

Narrow well Barrier Wide well 
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JU 

/ 
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I 

~ L 
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Absorption 

e1-hh1 in 
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Fig. 4-1. Schematic band diagram and absorption spectrum of TBQ. 
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This additional optical absorption severely limits the applicability of 

TBQ for optical devices such as MQW etalon.4,5) MQW etalon uses a 

change in refractive index near the excitonic absorption peak for 

optically bistable operation. To use the change in refractive index 

efficiently, we must tune the wavelength in the lower energy side of the 

excitonic absorption peak where the absorption is relatively small and 

the index change, ~n, is relatively large6) (Fig. 4-2). 
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Fig. 4-2. Schematic absorption spectrum and change in the 
refractive index by excitonic absorption saturation in MQW. In 
the lower energy side of the exciton peak (shaded region), 
absorption is small but the index change is relatively large. The 
dashed line shows the excitonic absorption bleaching. 
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Fig. 4-3. Energy band diagram of type-II TBQ structure. The 
Type-IT TBQ structure consists of GaAs wells, AlGaAs barriers 
and AlAs layers. The photoexcited electrons in GaAs wells 
escape through AlGaAs barriers by tunneling toward X states in 
AlAs layers. 

One way to eliminate the optical absorption of the wide wells is to 

use a material which has a wider energy gap than that of the GaAs 

narrow wells. We studied the type-II tunneling bi-quantum wells7) 

consisting of a series of GaAs wells, AlGaAs barriers and AlAs layers 

as shown in FigA-3. Since the lowest direct transition energy in the 
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AlAs layers is larger than that of the GaAs wells, no significant optical 

absorption occurs in the AlAs layers during the excitation of the GaAs 

wells. If the lowest electron state in the GaAs well is higher in energy 

than the X state in the AlAs layer, the photo-excited electrons in the 

-GaAs well escape by tunneling through AIGaAs barrier toward the X 

state in the AlAs layer. In GaAs/AIAs type-I! MQWs, the lowest 

electron state in the GaAs well becomes higher than the X state in the 

AlAs layer when the GaAs well thickness is equal to or smaller than 12 

monolayers.8,9) Some reports have already been made on the time 

resolved measurements of electron transfer in type-I! GaAsI AlAs or 

GaAIAs/AIAs MQWs.1 0-13) However, the controllability of the 

absorption recovery time of the type-I! MQWs is restricted. In our 

structure, the absorption recovery time is controlled directly by the 

AIGaAs barrier thickness. 

4.2 Experiment 

4.2.1 Sample structures 

The type-I! TBQ structures we studied consist of 50 periods of 

GaAs quantum wells 2.8-nm-thick, AlAs wells 7.1-nm-thick and 

Ala.51 Ga0.49As barriers. We varied the thickness of AIO.51 Ga0.49As 

barriers, LB , from 4.0 nm (14 MLs) to 1.1 nm (4 MLs). All structures 

were grown on a semi-insulating (100) GaAs substrate by molecular 

beam epitaxy. After the growth, the substrate was removed by 

selective etching over a part of the sample. 

Figure 4-4 shows the absorption spectra of the type-I! TBQs at 

300 K. The clear e1-hhl excitonic absorption peak is observed around 
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745 nm at room temperature. The el-hhl absorption peak shifts from 

747 nm to 740 nm as the barrier thickness decreases from 4.0 nm to 

1.1 nm. This contrasts with the red shift in type-I TBQ with the 

reduced barrier thickness reported in chapter 2.2) In type-I TBQs, the 

red shift comes from the reduced confinement of excitons. However, 

in type-II TBQs, the reduction of the AlGaAs barrier thickness results 

in the increased energy of quantum levels due to the approach of the 

AlAs potential barriers toward the GaAs wells. Saeta et al. observed 

the el-hhl excitonic absorption peak at 700 nm at room temperature 

for type-II GaAs 3.1-nm-thick/AlAs 7.l-nm-thick MQWs, which can 

be regarded as type-II TBQ at LB=O.lO) This energy is about 100 meV 

larger than that of the el-hhl absorption peak of the present type-II 

TBQs. 

The photoluminescence spectrum at 4.2 K is shown in Fig. 4-5 

under the pumping of CW Kr ion laser at 530.9 nm. We confirm the 

direct el-hhl emission in GaAs wells at 704 nm. The indirect type-II 

emissions between the X-states in AlAs and the lowest heavy hole level 

in the GaAs wells are observed around 730 nm. The energy splitting 

between r - rand x-r emission indicates that the lowest level of 

electrons in the GaAs wells is more than 40 me V higher than the X 

state of the AlAs wells. 

4.2.2 Time resolved absorption measurement 

We measured the time dependence of excitonic absorption 

bleaching of the el-hhl excitonic transition. We used ordinary time­

resolved pump-probe absorption measurement .and lock-in 

amplification. A tunable mode-locked styryl dye laser synchronously 
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pumped by compressed Y AG laser pulses was used to generate optical 

pump and probe pulses of 1 ps duration at 12 ns intervals. The optical 

delay of 660 ps stroke was moved by a stepping motor. The pump 

beam intensity was 0.3-0.8 m W in front of the sample and focused on a 

15-Jlm-diameter spot. The density of photoexcited electrons per well 

was calculated to be low (about 1 to 3 x 1010 cm-2). 

Figure 4-6 shows the observed transmission-time dependence at 

the lowest heavy-hole exciton peak in narrow wells. For the fast 

component of the initial decay, type-II TBQs show a recovery time on 

the order of picoseconds. The recovery time is reduced to 8 ps for 

barrier thickness of 1.1 nm (4 MLs). There are also slow recovery 

tails after the fast relaxations. Such tails have a time constant slower 

than 1 ns and a magnitude of about 50% of the initial absorption change 

like the type-I TBQ.l,2) Since only electrons can escape from the 

wells, we attribute the slow recovery tail- to the holes remaining in the 

GaAs wells. 

The abrupt drop of the signal before time 0 in the upper part of 

Fig.4-6 was obtained by cutting the pumping light. This fact indicates 

that the carrier accumulation is large enough for absorption bleaching 

to be present even after about 12 ns from the previous photo-excitation. 

In type-II MQW systems, it is known that the carrier lifetime through 

the indirect recombination between the X conduction band in AlAs and 

the r valence band in GaAs needs several microseconds.8,14) In our 

structure, this process is expected to be even slower because of the 

existence of AIGaAs tunneling barrier. The carrier accumulation 

evidenced in Fig.4-6 is consistent with a long carrier lifetime. 
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4.3 Discussion 

The semilogarithmic plot of the experimental recovery time as a 

function of barrier thickness, LB, is shown by the solid circles in FigA-

7. The dashed line in FigA-7 indicates the slope (and not the 

magnitude) of the calculated tunneling time through AIGaAs barriers 

from the GaAs wells of the 2.8 nm thickness, which is obtained from 

the statelifetimes of the virtual states of resonant tunneling barrier 

structures)) The result for GaAs 2.8 nm-thick/AIAs 6.7 nm-thick 

type-II MQW by Feldmann et al. is also shown (x in FigA-7).II) 

Although the calculated slope does not include the effect of the blue 

shift of the exciton peak which leads to the increased tunneling 

probability for the thinner barriers, the calculated slope roughly agrees 

with the experimental data. The clear dependence of the recovery time 

on the barrier thickness proves the controllability of the recovery time 

in a wide range through barrier thickness. 

The open circles show the absorption recovery time observed for 

the type-I TBQs which consists of the narrow GaAs wells of 4.5 nm­

thick and the wide GaAs wells of the 9.0 nm-thick.2) Note that the 

dependence of the recovery times for type-II TBQs is similar to that 

for the type-I TBQs. In chapter 2, we showed that the calculated 

tunneling times of the type-I TBQs fo~ various scattering mechanisms 

are linearly dependent on the barrier thickness on a semilogarithmic 

plot, with nearly the same slope in the dashed line in FigA-7.15) The 

calculated slopes of the tunneling times are independent of the 

scattering mechanisms such as LO-phonon emission (absorption), 

deformation potential, and alloy scattering. The dependence of the 
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Fig. 4-7. The dependence of the recovery time on barrier 
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(not the magnitude) of the calculated tunneling time through 
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Also shown is the datum from Feldmann et al. (Ref.!!, X) on 
the type-II MQW. 

tunneling time on the barrier thickness comes from the overlap integral 

of the wavefunctions of electron states for both the narrow wells (the 

GaAs wells) and the wide wells (the AlAs layers) for type-I (type-II) 

TBQs. The difference in the scattering mechanism affects only the 
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magnitude of the tunneling time, which results in a parallel translation 

of the semilogarithmic plot. Therefore, the similarity in the type-I and 

type-IT TBQ tendencies indicates that the absorption recovery in type-IT 

TBQs is also governed by a tunneling process. In type-ITBQs, the 

LO-phonon emission is the dominant scattering mechanism which 

assists the non-resonant tunneling. As for the type-IT TBQs, we have 

not yet identified the dominant scattering mechanism. The non­

resonant intervalley phonon scatterings from the r to the X electron 

states and the interface scatterings due to the interface mixing potential 

or due to the potential fluctuations 11, 13) are possible candidates. 

4.4 Summary 

We reported the time evolution of excitonic absorption bleaching 

in type-IT TBQs. Type-IT TBQs consist of a series of GaAs wells, 

AIGaAs barriers and AlAs layers. Since the lowest direct transition 

energy in the AlAs layers is larger than that of the GaAs wells, no 

significant optical absorption occurs in the AlAs layers during the 

excitation of the GaAs wells. We observed the energy shift of the e1-

hh1 absorption peak from 747 nm to 740 nm as the barrier thickness 

decreases from 4.0 nm to 1.1 nm. This contrasts with the red shift in 

type-I TBQ with the reduced barrier thickness. In type-IT TBQs, the 

reduction of the AIGaAs barrier thickness results in the increased 

energy of quantum levels due to the approach of the AlAs potential 

barriers toward the GaAs wells. We showed that the recovery time of 

the excitonic absorption bleaching of the GaAs wells is reduced to 8 ps 

for the AIGaAs barrier thickness of 1.1 nm. The dependence of the 
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recovery time on the barrier thickness for type-IT TBQs is similar to 

that for the type-I TBQs. The similarity indicates that the absorption 

recovery in type-II TBQs is also governed by a tunneling process. 

Type-II TBQs show picoseconds absorption recovery with no 

significant optical absorption except for by GaAs wells. 
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CHAPTERS 
Picosecond Excitonic Absorption Recovery of lOO-nm 
GaAs/AIGaAs Narrow Multiple-Quantum-Well Wires 

5.1 Introduction 

Until here, we have described the approaches to shorten the 

absorption recovery time in quantum wells using tunneling effect. In 

this chapter, we report another approach to reduce carrier lifetime 

without the sacrifice of the optical efficiency. That is to use surface 

recombination on the sidewalls of wire structures (Fig. 5-1). In the 

wire structure, photo-excited carriers diffuse toward the side walls, and 

recombine on the side wall surfaces. Surface recombination on the 

sidewalls was shown to be practical in reducing the nonlinear response 

time by lewell et al. in their Fabry-Perot micro resonators. I) They 

reduced the recovery time of bulk GaAs etalon down to 150 ps using 

1.5-Jlm-square micro structures. Mayer et al.2) have observed a 

reduced carrier lifetime of 20 ps at 40 K for their 400-nm 

GaAs/AIGaAs wires using photoluminescence measurements. The 

present problem of those wire structures is that damages are liable to 

invade the net region of wire during the fabrication process. Those 

damages can not only shorten the carrier lifetime but also deteriorate 

the excitonic optical nonlinearity. We did the time-resolved absorption 

measurement of narrow multiple-quantum-well (MQW) wires in order 

to investigate their excitonic optical nonlinearity. We show that the 

strong optical nonlinearity of excitons is preserved, even in wires on 

the order of 100 nm width, and having a fast recovery time in the 

picosecond region) 
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Fig. 5-2. Sample structure of MQW wires. 
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5.2 Experiment 

5.2.1 Sample structures and Fabrication process 

Samples used for this study were prepared using molecular-be am­

epitaxy growth on semi-insulating (lOO) GaAs substrates. As shown in 

Fig. 5-2, each structure consist of 40 periods of 4.5-nm GaAs and 4.0-

nm AIO.51 Ga0.49As MQW s, a 700-nm-thick AIO.51 Ga0.49As buffer 

layer, and 10 pairs of 66.5-nm AlAs and 57.8-nm AIO.25GaO.75As 

layers (quarter-wave semiconductor Bragg-reflector stack4)). We 

measured the light reflected by the buried Bragg reflector to obtain the 

transmission ratio of the MQW wires. This method prevent removing 

the GaAs substrate to measure the transmitted light directly. The 

lateral· dimension of the MQW wires, W, varies from 130 nm to 970 

nm. The separation between each wire is fixed at about 200 nm. 

The nanostructures were fabricated using both focused-ion-beam 

(FIB) lithography and reactive-ion-beam (RIB) etching by electron­

cyclotron resonance (ECR) chlorine-plasma as shown in Fig. 5:-3.5) 

We used the trilevel resist structure, consisting of a 200 nm partially­

£.hloromethylated-poly.~.tyrene (CMS) negative electron beam resist, a 

80 nm AI, and a 800 nm Si02. Si02 film works as the ion stopper for 

FIB exposure. At first, the Be++-FIB (l60keV) was scanned to expose 

line-arrays of 400 J..lm squares (Fig.5-3-a). Next, the resist patterns 

were transferred into the intermediate Al film by reactive ion etching 

(RIE) in a BCI3+ 5%CC14 plasma (Fig.5-3-b). The Al mask patterns 

were then transferred into the thick bottom Si02 layer by the second 

RIE with CHF3 plasma (Fig.5-3-c). The wire structure fabrication of a 
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Fig. 5-3. Fabrication process of MQW wires using Fm lithography. 
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GaAs/ AIGaAs MQW was carried out by the subsequent reactive ion 

beam etching (RIBE) using electron cyclotron resonance (ECR) 

chlorine-plasma (Fig.5-3-d). At last, the remained Si02 pattern was 

selectively removed by chemical etching (Fig.5-3-e). 

5.2.2 Absorption spectra of MQW wires 

Figure 5-4 shows the absorption spectra of MQW wires obtained 

by measuring the light reflected by the buried Bragg reflector. 6) These 

spectra consist of three components: the true absorption due to MQW 

wires, the reflection spectrum of the buried Bragg reflector as shown 

in the lower part in Fig. 5-4 and the optical interference between the 

top layer of the MQW and the buried Bragg reflector. The peak 

around 795 nm indicates the lowest electron-heavy-hole excitonic 

absorption. Also, the small peak around 780 nm for 130-urn and 180-

nm wires shows the electron-light-hole excitonic absorption. The large 

peak at 784 urn of MQW is due to optical interference. In the MQW 

spectrum, the excitonic absorption peak at 795 nm lies on the shoulder 

of this large interference peak. The problem in fabricating wire 

structure is that the damage may invade the wire's net region during 

fabrication and degrade the excitonic properties of the material. These 

spectra show that the excitonic absorption peaks are preserved even for 

wires as thin as 130 nm wide without critical reduction as compared 

with unprocessed MQW. This indicates that damage which degrades 

the exciton fonnation is not in the net area of our samples. 
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Fig. 5-4. Absorption spectra of MQW wires and the reflection spectrum of the 
buried Bragg reflector. Absorption spectra were obtained by measuring the 
light reflected by the buried Bragg reflector. These spectra consist of three 
components: the true absorption due to MQW wires, the reflection spectrum of 
the buried Bragg reflector and the optical interference between the top surface 
of the sample and the buried Bragg reflector. The peaks around 795 nm 
indicate the lowest electron-heavy-hole excitonic absorption peaks. Also, the 
small peaks around 780 nm for 130-nm and 180-nm wires show the 
electron-light-hole excitonic absorption peaks. 
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5.2.3 Time resolved absorption measurement 

We measured the time dependent absorption of the lowest electron 

heavy-hole exciton transition, e1-hh1, of MQW wires. We used 

conventional time-resolved pump-probe absorption measurement which 

uses lock-in amplification as shown in Fig. 5-5. Optical pump and 

probe pulses of 1-2 ps duration at 12 ns intervals were obtained from a 

tunable mode-locked styryl dye laser (A-794 nm) synchronously 

pumped by compressed Y AG laser pulses. The optical delay was 

moved by a stepping motor. The pump beam intensity was 0.2 to 0.5 

m W in front of the sample and was focused on a 15-Jlm-diameter spot. 

All measurements were done at room temperature. 

1.0 ps 

A----~_..t Dye laser 

Time 
delay 

Photo 
diode 

Probe 

Pump 

Pulse 
compressor 

YAG laser 

Lock-in 
amplifier 

Fig. 5-5. Time resolved absorption measurement system. 
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Figure 5-6 shows the observed time-dependent transmission at the 

lowest heavy-hole exciton transition in MQW wires. After 

photoexcitation, the unprocessed MQW does not show a clear 

absorption recovery in this time region indicating a lifetime of 

nanoseconds. However, the recovery time of MQW wires IS 

remarkably reduced to 11 ps for 130-nm-wide wires. Note also that 

they show a complete recovery. This means that MQW wires can be 

applied to picosecond optical devices operating at a high repetition rate. 

Figure 5-7 shows the initial absorption' change, normalized by wire 

areas, after the photoexcitation of MQW wires. The striking feature is 

that these absorption change, even for wires as small as 130 nm in 
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Fig. 5-7. The magnitude of the initial absorption change, 
normalized by the wire area, after the photoexcitation of MQW 
wires. The absorption change of MQW is normalized to 1. 
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width, are almost the same as those of conventional MQWs. These 

results indicate that the damages which deteriorate the excitonic optical 

nonlinearity are not in the net area of our samples. 

5.3 Discussion 

The experimental recovery time is plotted logarithmically as a 

function of the wire width in Fig. 5-8. The reduction of the recovery 

time dependent on the wire width indicates that most of the 

recombination is not achieved through damages in the net area of 

wires. Assuming that the lateral diffusion of photoexcited carriers and 

subsequent recombination at the sidewalls to be the main absorption 

recovery mechanism, we solve the diffusion equation: 7 ,8) 

( + D an -_ s t _+ W) - ax - n I a x -- 2 I 

(5-1) 

where n is the carrier concentration, D the diffusion coefficient, 'to the 

intrinsic lifetime of the carrier, S the surface recombination rate. The 

solid line in Fig. 5-8 indicates the calculated result when we use surface 

velocity (S) of 5 x 105 cm/s and diffusion coefficient of 20 cm2/s. The 

surface velocity is consistent with the room temperature recombination 

velocity at the free GaAs-surface (-106 cm/s).9, 10) In the condition 

that diffusion controls the absorption recovery, the recovery time is 

expected to be proportional to square of the wire width because of the 
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Fig. 5-8. The dependence of recovery time on wire 
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time for diffusion coefficient of 20 cm2 /s and surface 
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random walk process of diffusion. However if surface recombination 

controls the absorption recovery, the recovery time is proportional to 

the wire width.?) The almost linear dependence of our experimental 

data shows that the slow surface velocity controls the absorption 

recovery in our wire structures. 

The clear dependence of the recovery time on the wire width 

suggests that the recovery time could be tuned in practical applications. 

From the extrapolation of experimental data, we expect a I-ps­

recovery for quantum-well wires having a width less than 20 nm. 
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5.4 Summary 

We studied the excitonic absorption bleaching of GaAs/AIGaAs 

MQW wires by the time-dependent absorption measurement. In MQW 

wires, photoexcited carriers diffuse toward the sidewall surfaces and 

recombine there faster than the recombination lifetime in bulk. We 

made MQW wires as small as 130 nm using FIB lithography and 

electron cyclotron-resonance chlorine-plasma etching. We showed 

that the strong optical nonlinearity of excitons is preserved, even in 

wires on the order of 100 nm, and that the recovery time is reduced to 

11 ps for 130-nm-width wires showing a complete recovery. The clear 

dependence of the recovery time on the wire .width suggests that the 

recovery time could be tuned in practical applications. We believe that 

these results indicate the high potential of the narrow MQW wires for 

~igh speed optical device applications. By reducing the present MQW 

wire width to 20 nrn, there is a possibility to produce quantum wires 

with a 1 ps recovery at room temperature. 
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CHAPTER 6 
Direct observation of picosecond spin relaxation of excitons 
in GaAsl AIGaAs quantum wells using spin-dependent optical 
nonlinearity 

6.1 Introduction 

Spin relaxation is of interest from the viewpoints of fundamental 

physics as well as possible applications of "spin dependent optical 

nonlinearity". Spin relaxation of carriers in semiconductors has been 

studied by measuring the steady-state luminescence l ) and the time­

resolved luminescence2) with circular polarization. Both 

measurements, however, have limitations. In steady-state luminescence 

measurements, several assumptions have to be made to derive the spin 

relaxation time) The resolution of time-resolved luminescence has 

been on the order of 10 ps) Also, in both measurements, it has been 

difficult to obtain the spin relaxation time at 300 K, the most practical 

temperature, due to the low luminescence efficiency. Therefore, the 

understanding of the spin relaxation kinetics at high temperatures or in 

the high-speed region has remained vague. In this chapter, we report 

the first direct observation of the spin relaxation kinetics of excitons in 

multiple quantum wells (MQWs) at room temperature with a time 

resolution of 1 ps, using time-resolved polarization absorption 

measurements.4) 

6.2 Rate equations of spin relaxation 

Spin-aligned carriers are created5) when electrons are excited by 

circularly polarized light as shown in Fig. 6-1. By matching the 

excitation laser wavelength to the electron-heavy hole transition energy, 

67 



m· = -1/2 
J 

-3/2 

-1/2 

a + Light absorpt}pn 
, 

(L1 m. = +1) 
J 

+1/2 Electron 

+3/2 Heavy hole 

+ 1/2 Light hole 

Fig. 6-1. Absorption transitions for GaAs quantum wells 
with circular polarized light. The transitions involving heavy 
(mj = 3/2) and light (mj = 1/2) holes have relative strengths of 3 
and 1. The quantization axis is normal to the QW interfaces. 
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Fig. 6-2. Schematic diagram of spin relaxation process. 
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we can excite the fully spin-polarized electrons from the heavy hole 

level in quantum wells. In the absence of magnetic field, the fully 

spin-polarized electrons relax with a spin relaxation time, 'ts, to an 

equilibrium with 50%-up and 50%-down spins (Fig. 6-2). 

The population change of spin-polarized carriers resulting from a 

o-excitaion pulse is described by the following rate equations:2) 

dN+ N+ N+ N. -- - ----+-
dt "Cr "Cs "Cs (6-1) 

dN. N. N+ N. = --+---
dt "Cr "Cs "Cs (6-2) 

'tr is the recombination time and 'ts is the spin relaxation time. The 

solutions are 

No . 2t t 
= 2 (l + e 't s) e 't r , 

No . 2t t 
N. = -(l-e 'ts)e 't r • 

2 

(6-3) 

(6-4) 

Here, NO is the initial population of spin-up carriers. For 'tr » 'ts, 

the population of spin-up carriers exponentially decays after the 

excitation with a time constant of 'ts/2 toward an equabrium value of 

N 0/2 (Fig. 6-3). Also, the population of spin-down carriers 

exponentially rises with a time constant of'ts/2. The sum of Eqs.(6-1) 

and (6-2) describes the decay of the total excited carrier population: 

69 



NO 
N 

N+= _0 (1 + exp(-2t l'ts)) 
2 

c 
0 
~ ro 
::l 
c.. NO/2 0 
c.. 
'-
(]) 
.~ 

'-ro 
No 0 N - = "2 (1 - exp(-2t l't~) 

0 

o 
Time 

Fig. 6-3. Calculated population changes of carriers by spin relaxation 
after 8-excitation for 't r» 't s. 
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Fig. 6-4. Absorption spectrum of a GaAsI AIGaAs MQW. The 
arrow shows the excitonic absorption peak studied. 
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(6-5) 

This time transient can be observed independently using a linearly 

polarized light. 

6.3 Experiment 

The sample we investigated consists of 120 periods of alternating 

4.5-nm-thick GaAs quantum wells and 4.0-nm-thick AIO.51 Ga0.49As 

barriers. This structure was grown on a semi-insulating (lOO) GaAs 

substrate by molecular beam epitaxy. After the growth, the substrate 

was removed by selective etching over a part of the sample. Figure 6-4 

shows the absOIption spectrum of the MQW. The arrow shows the 

studied e1-hh1 exciton peak. 

We used spin-dependent optical nonlinearity for the observation of 

spin relaxation process as shown in Fig. 6-5. After right circularly 

polarized photoexcitation, O'+pump, the populations of carriers, N+ (N_), 

with up (down) spin along the direction of light propagation, are 

probed by right (left) circularly polarized probe pulse, O'+probe (0'­

probe). In the small signal regime, the absorption change is 

proportional to the carrier population. Therefore, the absorption 

change for (O'+pump, O'+probe) shows the population change of up-spin 

carriers pumped by the right-circular light. Also, the absorption 

change for (O'+pump, O'_probe) shows the population change of down-spin 

carriers. The orthogonal linear polarization case corresponds to the 

spin-independent carrier relaxation described by Eq. (6-5). 
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Fig. 6-6. Experimental setup of time-resolved polarization 
absorption measurements: B.S., beamsplitter; P, polarizer; 'A/4, 
quarter-wave plate; P.D., photo diode. 

Fig. 6-6 shows the pump-probe absorption measurement system. 

Time resolution in this system is determined only by the duration of the 

optical pulses. We used 1 ps optical pump and probe pulses at 12 ns 

intervals. These were produced by a tunable mode-locked styryl dye 

laser synchronously pumped by compressed neodium Y AG laser pulses. 

The wavelengths of the pump and probe pulses were tuned to the lowest 

electron-heavy hole excitonic absorption peak at 787 nm marked by the 

arrow in Fig. 6-4. The linearly polarized outputs of the laser pass 

through a quarter-wave plate with an optic axis orientation that can be 

rotated to produce either left or right circularly polarized light. The 

pump beam is chopped by an electro-optic modulator at 6 MHz to avoid 

dye laser noise in low-frequency region. For all the measurements, the 
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pump beam intensity was 0.3 mW in front of the sample, and the probe 

beam intensity was fixed to about one-tenth the pump beam intensity. 

They were focused on a spot 15 J.lm in diameter on the sample. The 

probe signal was synchronously detected by a lock-in amplifier. 

The observed time dependence of transmission at the heavy hole 

exciton peak is shown in Fig. 6-7. We observed a clear exponential 

decay for circular polarization (a+pump , a+probe), and a clear 

exponential rise for anti-circular polarization (a+pump, a_probe). The 

initial absorption change for the same circularly polarized case is about 

twice that for the linear perpendicular case, and decays toward a 

steady-state level half its initial value. The absorption change for the 

anticircularly polarized case rises from 0 and levels off at the same 

steady-state level. The magnitude of the absorption change after about 

30 ps is almost the same in all cases. The observed absorption change 

indicates the decay in the population of up-spin carriers pumped by the 

right-circular light and the accumulation of down-spin carriers 

described by Eqs. (6-3) and (6-4). It should be noted that this is the 

first direct observation of the transient behavior of spin relaxation 

from the moment of excitation with a sufficiently high time resolution 

(1 ps). It is especially interesting that the symmetrical behavior of up­

spin carrier decay and down-spin carrier accumulation is clearly 

observed. In linear polarization, however, we did not observe any 

exponential decay within the full optical delay stroke of 120 ps. Since 

this case corresponds to the spin-independent carrier relaxation 

described by Eq. (6-5), this means that the lifetime, 'tr , of carriers in 

our sample is much longer than the spin relaxation time, 'ts. 
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Fig. 6-7. Time evolution of the transmISSIOn of the excitonic 
absorption peak. "0' +Pump, 0'+ Probe" indicates right circularly 
polarized excitation and right circularly polarized probe. "O'+Pump, 

O'_Probe" indicates the right circularly polarized excitation and left 
circularly polarized probe. "Linear perpendicular" indicates the 
linear polarized excitation and linear polarized probe perpendicular 
to the excitation polarization. 

75 



To better understand the spin relaxation kinetics, we subtracted the 

result of the anticircular polarization from the result of the linear 

polarization, as shown in Fig. 6-8. The clear initial peaks in curve (a) 

and in the same circularly polarization result (cr+pump, cr+probe) curve 

in Fig. 6-8 can be attributed to the coherent artifact6) that is generated 

due to pump beam diffraction by the optical transient grating in the 

sample. The reduction of the peak in curve (b) compared to curve (a) 

is consistent with the fact that the coherent artifact becomes relatively 

small for anti circular polarization and linear perpendicular 

polarization.7,8) Except for these peaks, Fig. 6-8 clearly shows the 

exponential decays of the spin relaxation. 

The shape of the decay was calculated from the rate equations (6-

1) and (6-2) with the addition of an excitation term corresponding to a 

gaussian laser pulse of 1.0 ps at full width of half _maximum. Since the 

lifetime is much longer than the spin relaxation time, we neglected the 

term for lifetime ('tr). The dashed curves in Fig. 6-8 show fits of 

single exponential decay of 15 and 16 ps for curves (ar-and (b) 

respectively. From curve (b) which has the little effect of coherent 

artifact, we deduced the relaxation time, 'ts/2, of 16 ps. 

6.4 Discussion 

Fundamentally, the mechanism of spin relaxation in MQWs is not 

yet clear. It is known that in a GaAs crystal no hole polarization is 

observed,9) indicating that the holes have a spin-flip rate too high to be 

observed. Therefore, we could attribute the observed spin relaxation to 

the electron spin. The D'yakonov-Perel (DP) mechansimlO,ll) is 
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Fig. 6-8. (a) The data obtained (from Fig. 6-7) by subtraction of 
"Linear perpendicular" from "0' +pump 0' + probe "(solid line) and 
the fitted curve (dashed line) with spin-relaxation time 'ts of 30 
ps. (b) The data obtained by subtraction of "O'+pump,O'_probe " from 
"linear perpendicular" (solid line) and the fitted curve (dashed 
line) with spin-relaxation time 'ts of 32 ps. 
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believed to determine the spin relaxation kinetics of electrons at high 

temperatures.12,13) The DP mechanism is due to a precession of the 

electron spin in a pseudmagnetic field caused by a spin-orbital splitting 

of the conduction band in III-V compounds. Clark et al. I2,13) reported 

an electron spin relaxation time, dominated by the DP mechanism, of 

about 10 ps at 300 K for the AIO.18GaO.82As crystal using steady-state 

experiments. Also, Miller et al. l4) reported using steady-state 

experiments that the DP process is relevant to spin relaxation in a 

GaAs/AlO.28GaO.72As MQW between 70 and 150 K. Although the DP 

mechanism usually works for free electrons in the conduction band, this 

mechanism of free electrons would work to relax the electron spin in 

excitons through the fast thermalization (0.2-0.3 psI5,16) of electrons 

in free or excitonic states. Therefore, it seems natural to believe that 

we observed the electron spin relaxation by the DP mechanism in a 

MQW at room temperature. However, more experimental and 

theoretical studies are needed to unravel the spin relaxation mechanism 

inMQWs. 

Since excitons in MQW s show a clear optical nonlinearity even at 

room temperature, there have been many optical device applications17-

18) using normal excitonic optical nonlinearity. From this practical 

point of view, the observed rapid relaxation time 'ts/2 of 16 ps, which 

is two orders of magnitude shorter than the recombination lifetime and 

the large spin-dependent transmission change whose magnitude doubles 

that of a normally excited transmission change, as shown in Fig. 6-7, 

are quite attractive. We believe that spin-dependent optical nonlinearity 

characterized by a fast relaxation and by a large transmission change 

will open doors to new optical device applications. 
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6.5 Summary 

We have directly observed the time transient of spin relaxation in 

GaAs/AIGaAs MQW using time-resolved polarization absorption 

measurement for the first time. The measurement uses a pump probe 

time resolve technique with a time resolution of 1 ps. We obtained a 

. fast decay of spin-up carriers and a fast accumulation of spin-down 

carriers with a spin relaxation time of 32 ps at room temperature. The 

observed decay and accumulation process show a clear symmetrical 

time transient expected from simple rate equations. We have thus 

demonstrated the usefulness of this technique in extracting information 

on spin relaxation kinetics in semiconductors, and also shown the high 

potentiality of spin-dependent optical nonlinearity. 
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CHAPTER 7 
Picosecond Characterization of InGaAs/InAIAs Resonant 
Tunneling Barrier Diode by Electro-Optic Sampling 

7.1 Introduction 

Recently researchers have been greatly interested in resonant 

tunneling 1,2) and its applications) The applications of resonant 

tunneling, represented by resonant tunneling barrier (RTB) diode, use 

the switching over its negative differential resistance (NDR) region to 

do a new logic operation. There is a new aspect about the switching 

process between the peak and the valley in the I-V characteristic curve, 

since it is not governed by electric factors such as RC time constant 

alo~e. The new factor is a quantum-mechanical state-lifetime,4-6) 'ts ( 

= li /dEFWHM, where dEFWHM is the full energy width at half 

maximum of tunneling probability), of carriers in the RTB diode's 

quantum well. The carriers confined in the well need a finite time for 

escape using tunneling. Usually the statelifetime is equal or faster than 

picoseconds and the switching time is also in picoseconds region. This 

makes the observation of the switching process difficult. Mourou et 

al. 7,8) were the first to use electro-optic sampling (EOS)9) for the 

measurement of the RTB diode's switching. EOS has a very high time 

resolution of about 1 ps. They reported the observation of the 1.9 ps­

switching for a GaAs/ AlAs RTB diode. 

In this chapter, we study the switching of InGaAs/InAIAs RTB 

diodes using electro-optic sampling.1 0,ll) InGaAs/InAIAs RTB 

diodes 12, 13) have a high peak-to-valley ratio over 5 at room 

temperature. This is better than that of the conventional GaAs/AIGaAs 

R TB diodes between 2 and 3. We made three kinds of InGaAs/InAIAs 
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RTB diodes with different barrier thickness. The RTB samples were 

designed to have sufficiently longer switching times than the EOS time­

resolution to ensure experimental accuracy. We propose a new 

equivalent circuit model of the R TB diode including quantum 

mechanical effect and compare it with the experimental switching 

behavior. 

7.2 Experiment 
7.2.1 Sample structures of RTB diodes. 

Three symmetrical RTB structures were studied. These structures 

have an identical 4.4 nrn InGaAs quantum well and 5.3 nm, 5.6 nm, and 

5.9 nm InAIAs barriers. These RTB regions were sandwiched between 

two Si-doped n-InGaAs (electrode) layers (900 nm, Nd=l x 1017 cm-3) 

with thin undoped InGaAs spacer layers 0.5 nm) as shown in Fig. 7-1. 

Au 

Si-doped 
n-lnGaAs 

InP substrate 

1900 nm 
1.5 nm 

.-_.......-----IT 5.3 - 5.9 nm 

14.4 nm 

-=:>:. Energy 

Fig. 7-1. Sample structure of the RTB diodes. 
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The diodes were isolated by mesa etching (7 x 7 Jlm2). We calculated 

state-lifetime, 're (= n /~EFWHM), in an unbiased condition, using 

potential barrier height of 0.53 e V .14,15) Its value for the these 

structure is 7, 10, 16 ps, for the increasing order of the barrier 

thickness. Figure 7-2 shows the I-V characteristics of the RTB diode 

having a 5.9 nm InAIAs barrier layer. The I-V curve shows a large 

peak to valley ratio of 8 at room temperature. We measured the 

switching behavior from the peak to the valley using electro-optic 

sampling. 

1.5 

-« 
E 1.0 ---..-c 
Q) 
'-
'-
::J 
() 0.5 

o 

, , 

0.5 

Voltage (V) 

300 K 

1.0 

Fig. 7-2. I-V characteristics of the RTB diode with 5.9 nm 
InAIAs barrier layer. The thin dashed lines show the load 
lines. The upper load line intersects with the intrinsic I-V 
curve at point 2 in the valley condition. The thick dashed lines 
show the approximated resistance in the piece-wise-linear 
model. 
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7.2.2 Electro-optic sampling of RTB diodes 

Electro-optic sampling is a kind of pump-probe measurement (Fig. 

7-3). We divide the optical pulses into the pump pulses to excite the 

photoconductive switch and probe pulses to detect the electric signal. 

By changing the optical path length, we generate the time difference 

between the pump and the probe pulses. The EOS head we used 

consists of a GaAs photoconductive switch and the InGaAs/lnAIAs RTB 

diode formed on a semi-insulating (100) InP substrate. 50 J.l.ffi coplanar 

transmission lines between the GaAs photoconductive switch and RTB 

diode are wire bonded. A LiTa03 crystal coated with a highly 

reflective dielectric mirror is pasted on the coplanar lines near the 

diode to detect the electrical response. Fig.7-4 shows the geometry of 

the detection part of the sampling head. The electric field of the 

transmission line changes the birefringence of LiTa03 crystal due to 

Pockels effect. The transmitted light intensity through Pockels cell 

inserted into two orthogonal polarizers is given by16) 

• 2 Tt V 
1= losm (-) 

2Vre (7-1) 

where V is the applied voltage and V 1t is the half-wave voltage (about 

5kV in LiTa03). In order to maintain the almost linear relationship 

between the applied voltage and the transmitted light intensity, the 

modulator must be biased near V1t/2 (Fig.7-5). This condition is 

realized optically by the insert of a quarter wave plate between two 

orthogonal polarizer as shown in Fig.7-3. Near the bias point, we can 

rewrite eq.(7-l) as 
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Fig. 7-3. Electro-optic sampling system. 
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Fig. 7-5. Transmitted light intensity versus the applied voltage. 
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(7-2) 

Since the voltage change, .6. V, is smaller than 120 m V, the intensity 

change, .6.1, is almost proportional to .6. V. 

We used 150 fs optical pulses generated by a colliding pulse mode­

locked dye laser. During the switching measurements, the DC bias is 

kept below the NDR region. Electric pulses produced at the 

photoconductive switch by the optical pump pulse travel along the 

transmission line and switch the RTB diode. The response of the RTB 

diode is detected by probe pulses using Pockels effect. The optical 

delay of 130 ps stroke is moved by a stepping motor. The lock-in 

amplification was used with an electro-optic modulator of 6 MHz 

chopping. The time resolution of our measurement system was 1.1 ps. 

Figure 7-6 shows the applied electric signal and the switching 

signals of the RTB diode. The peak voltage of the applied signal was, 

120 meV, 80 meV, and 40 meV for the 5.3 nm, 5.6 llffi, and 5.9 llffi 

barrier RTB diodes, respectively. Current drops (90 to 10%) with fall 

times of 12 ps, 28 ps, and 35 ps were observed for the 5.3 nm, 5.6 nm, 

5.9-nm barrier RTB diodes, respectively. Note that the switching time 

decreases with the barrier thickness. 

7.3 Discussion 

We analyze the switching behavior using a new equivalent circuit 

model of the RTB diode. In RTB diode, the escape time of the 

electrons from the well is governed not only by the electric RC time 
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Fig. 7-6. Electro-optic signals of the applied electric 
signals and the response signals of the RTB diode. 
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_~ Peak 

~ Valley 

Fig.7-7. Schematic band diagram under the abrupt bias change. 

constant but also by the state-lifetime. For example, after the step-like 

switching of the electric bias from the peak to the valley voltage, 

electrons remains in the well during the quantum mechanical state­

lifetime (Fig.7 -7). Therefore we assume that the tunneling current­

relaxes exponentially with the state-lifetime when the applied bias 

suddenly changes to the valley condition. To meet this requirement, we 

propose a new model shown in Fig.7-8(b). This model uses a pseud­

capacitance, Cl, in series with a resistance, R, as the voltage expression 

of the nonlinear resistance (NLR) for the tunneling current, It; and uses 

voltage V Cl of pseudo-capacitance Cl divided by R as the tunneling 

current expression. In this model, the tunneling current, It. is written 

as 

(7-3) 

and the internal voltage, VRTB, of the RTB diode except the series 

90 



(a) r------l 
NLR 

15Q 
C 80fF 

(b) 

R C' 

Voltage expression of NLR 

Current expression of NLR 

(c) 

Vvalley t­
O> 
Cl co -o 
> 

Vpeak ~ 

_ Ipeak 
c 
0> 
~ 
~ 

:::J 
o 

Ivalley 

Fig. 7-8. Ca) Equivalent circuit of the measurement. 

. . • 
.. " 

Step bias 

" " 

.............. 
..... 

" " v. " c' 

Time 

I exp( -t / RC' ) 
I 
I 
I 
I 
I 
I 
~-------------

Time 

Cb) New equivalent circuit model of the NLR in the RTB diode. 
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resistance is 

dVe, 
VR1B = Ve,+RC' --. 

dt 

, 
, 

(7-4) 

When a step bias is applied to the RTB diode in the peak condition, the 

tunneling current falls with time constant RC' as shown in Fig.7-8(c). 

By setting RC' equal to the state-lifetime, we can describe the effect of 

quantum mechanical carriers in the R TB diode. In the limit of C'=O, 

this model reproduces the Esaki diode model which consists of a 

capacitance, C, in parallel with a resistance, R. 

The circuit equation of the measurement shown in Fig.7-8(a) is 

.(7-5) 

in terms of the tunneling current, Ih and the internal voltage, VRTB, 

given by eqs.(7-3) and (7-4). The smoothed curve of the actually 

applied signal shown in Fig.7-6 was used as E(t). The characteristic 

impedance, Zl, of the coplanar transmission lines and the characteristic 

impedance, Z2, of the transmission lines under the LiTa03 were 

designed to be 50 and 25 0, respectively. As for the parameters of the 

RTB diode, the capacitance, C, was estimated to be 80fF in 

consideration of the charge distribution around the RTB, and the series 

resistance, Rs = 15 0, was obtained from the I-V curves of the control 

diode which had the same structure as the RTB diode except that RTB 

section was replaced by an n-InGaAs layer. The I-V characteristics of 

the R TB diode was approximated by the piecewise-
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Fig. 7-9. Simulated switching curve using equivalent circuit 

model. The dotted line shows the best-fit curve of RC'= 'te/2. 

The dashed line shows the best-fit curve of RC'=O. 

linear model as shown in Fig.7-2. For the value of R in the NDR 

region, where we cannot rely on the measured I-V curve in Fig. 7-2 

because of circuit oscillation, we used a fitting parameter. The 

resistance, R, was varied around the slope of a line connecting the 

points 1 and 2. Above the valley voltage, the current was approximated 

as constant. As another fitting parameter, we also varied the RC' time 

constant between 'te, 'te/2, and 0, where 'te is the calculated state-

lifetime. In the transient response simulation, we numerically solved 

circuit eqs. (7-3)-(7-5) by iteration. 

For RC'=O, we could not describe the experimental signal better 

than for RC'='te and 'te/2 as shown in Table I and shown in Fig. 7-9. 

The deviation (residual sum of squares) of the simulated best fitting 

curve of RC'=O from the experimental data became 1.3 and 2 times the 
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value for the new model, for the 5.6 and 5.9 nm barrier diodes, 

respectively. This indicates the validity of new equivalent circuit 

model including the quantum mechanical effect. E. R. Brown et aLl?) 

proposed the similar equivalent circuit model of the R TB diode 

including quantum effect independently of us. Their model has a 

different circuit expression as ours, but it has the same physical 

character and the same transient behavior as ours. They also obtained 

good agreement between the new model and the electric high frequency 

oscillation measurement. 

Table I. The electrical characteristics of the RTB diodes in the peak condition 

and the residual sum of squares of curve fitting. 

LB Ip Vp Residual sum of squares, L (~~j )2 

(run) (mA) (mV) RC'=Q 'td2 'tc 

5.3 3.5 597 1 0.96 0.89 

5.6 2.9 543 1 0.74 0.76 

5.9 1.5 444 1 0.47 0.45 

~~j is the residual between the simulated best fitting curve and the experimental data. 
The residual sum of squares is normalized by the RC'=O case. 

7.4 Summary 

We performed dynamic characterization of the InGaAslInAlAs 

RTB diode. Picoseconds switching from the peak to the valley was 

observed using electro-optic sampling with high time resolution. It was 

. confirmed that the actual switching time is reduced with the reduction 
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of the barrier thickness. We proposed a new equivalent circuit model 

of the RTB diode including quantum-mechanical state-lifetime 

phenomenologically. The simulated switching behavior of the RTB 

diode using the new equivalent circuit model showed the better 

agreement with the experimental results than old model. This result 

shows that the inclusion of the quantum effect is indispensable for the 

circuit description of RTB diode. To realize faster switching, we must 

reduce both of the statelifetime and the RC time constant. 
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CHAPTER 8 

Conclusions 

We have 'investigated picosecond phenomena related to excitonic 

absorption bleaching in quantum wells and tunneling phenomena in 

superlattices. In particular, fast recovery of excitonic absorption after 

its bleaching in quantum wells is our main concern for all-optical 

device applications. 

In chapter 2, fast recovery from the excitonic absorption bleaching 

in TBQ structures was proposed and demonstrated. The TBQ has a 

new feature that conventional superlattices will never have, that is, the 

control of absorption recovery time using tunneling. With the 

reduction of tunneling barrier thickness down to 1.7 nm, the recovery 

time is reduced to as short as 1 ps. This is by three orders of 

magnitude shorter than the recovery time of conventional MQWs, and 

that the' fastest tunneling process ever observed, to our knowledge. We 

calculated the tunneling times for various scattering mechanisms and 

showed that the LO phonon emission process is the fastest one. 

In chapter 3, we reported the time evolution of the excitonic 

absorption peak in resonant tunneling bi-quantum-well structures. In 

the resonant TBQ structure, el-level in narrow well and e2-level in 

wide well are in resonant tunneling condition. We observed the 

reduction of absorption recovery time and the increased tail-to-peak 

ratio in resonant TBQ structures. By comparing with the e2-hh2 

absorption change in MQW, we concluded that the increased tail-to­

peak ratio in resonant TBQ can be attributed to the thermally 

remaining holes in the first excited subband of heavy holes. 
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In chapter 4, we proposed the type-II tunneling bi-quantum well 

(TBQ) structure which consists of a series of GaAs wells, AIGaAs 

barriers and AlAs layers. The type-II TBQ has no significant optical 

absorption except in the GaAs wells. The recovery time of the 

excitonic absorption bleaching of GaAs wells is reduced to 8 ps for the 

AIGaAs barrier thickness of 1.1 nm. Although the recovery time is 

slower than that of Type-I TBQs, the dependence of the recovery time 

on the barrier thickness is similar to that for the type-I TBQs. 

In chapter 5, we studied the excitonic absorption bleaching in 

GaAs/AIGaAs MQW wires by the time-dependent absorption 

measurement. In MQW wires, photoexcited carriers diffuse toward the 

sidewall surfaces and recombine on the sidewall surface faster than the 

recombination lifetime in bulk. We made MQW wires as small as 130 

nm using FIB lithography and electron cyclotron-resonance chlorine­

plasma etching. We have shown that the strong optical nonlinearity of 

excitons is preserved, even in wires on the order of 100 llffi, and that 

the recovery time is reduced to 11 ps for 130-nm-width wires showing 

complete recoveries. 

In chapter 6, we observed directly the transient behavior of spin 

relaxation in GaAs/AIGaAs MQW using time-resolved polarization 

absorption measurement for the first time. We obtained a fast decay of 

spin-up carriers and a fast accumulation of spin-down carriers with a 

spin relaxation time of 32 ps at room temperature. The observed decay 

and accumulation processes show a clear symmetrical behavior in their 

time dependences, as expected from simple rate equations. 

In chapter 7, we performed characterization of InGaAslInAIAs 

RTB diode using electro-optic sampling. The switching time from peak 
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to valley is decreased with the reduction of the barrier thickness. We 

proposed a new equivalent circuit model of RTB diodes including 

quantum-mechanical· state-lifetime phenomenologically. The simulated 

switching behavior of RTB diodes using a new equivalent circuit model 

shows a better agreement with the experimental results than by Esaki 

diode model. 
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