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Abstract

In this work, we have studied the inter- and intra-subband scattering of hot electrons in quantum wells using the hot electron–

neutral acceptor luminescence technique. We have observed direct evidence of the emission of confined optical phonons by hot

electrons excited slightly above the n ¼ 2 subband in GaAs/Al0.37Ga0.63As quantum wells. Scattering rates of photoexcited

electrons via inter- and intra-subband LO phonon emission were calculated based on the dielectric continuum model. We found

that, for wide wells with the Al composition of our experiments, both the calculated and experimental results suggest that the

scattering of the electrons is dominated by the confined LO phonon mode. In the calculations, scatterings among higher

subbands are also dominated by the same type of phonon at well width of 10 nm.
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1. Introduction

The critical role of phonons in semiconductor nanoscale

devices is of great interest because of its important

implications for many optoelectronic devices such as

quantum well lasers, detectors and modulators. Polar optical

phonon emission is believed to be the most efficient

relaxation processes both in bulk [1] and quantum well

structures [2–4]. Tatham and Ryan [5] have demonstrated

that the inter-subband relaxation in narrow quantum wells is

dominated by the interface phonon emissions. The inter-

subband relaxation mechanism of photoexcited carriers in

quantum wells at room temperature has also been studied

using the infrared bleaching technique [6]. Using femtose-

cond resonant luminescence, Hartig et al. [7] reported the

inter-subbband scattering rate of electrons in wide GaAs

quantum wells at very low excitation densities.

Many calculations have been made in order to compare

with those experimental results. For example, Goodnick and

Lary [8] have made an ensemble Monte Carlo simulation of

coupled electrons and holes in single and multiple quantum

well systems. An energy-loss calculations involving slab

phonon modes was reported in Ref. [9], which gives

reasonable agreement with the experimental inter-subband

relaxation rate. Ridley [10] has pointed out that electron–

phonon scattering within a subband is affected principally

by the interface mode with odd displacement symmetry,

with a rate which increases with diminishing well width.

More recently, Lee et al. [11] have studied the dynamics of

intra-subband relaxation of hot electrons in GaAs/AlGaAs

quantum wells with different structure parameters using

dielectric continuum model (DCM). Their calculations were

compared with the experimental results reported by Sun

et al. [12,13]. It was found that the interface phonons play an

essential role in the intra-subband relaxation process in the

narrow quantum well structures.

In this study we report the direct observations of inter-

and intra-subband relaxation through the emission of
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confined optical phonons in wide QWs using the hot

electron–neutral acceptor luminescence technique. This

technique has avoided the complications due to the presence

of holes in the valence bands. We use this technique to

determine the emitted optical phonon energy and mode. We

also compared our measurements with numerical results

based on DCM.

2. Experiments

Our samples were grown by molecular-beam epitaxy on

(001) semi-insulating GaAs wafer and consist of forty wells

with individual thickness of 10 nm. The center 5 nm were

doped with Be to the density of about 1018 cm23. The wells

are embedded in 40 nm thick of Al0.37Ga0.63As layers. For

the given structures, there were three confined subbands in

the wells. The calculated energy separation between the n ¼

1ðe1Þ; n ¼ 2ðe2Þ; and n ¼ 3ðe3Þ states in the conduction

band are about 105 and 145 meV at the temperature of 4 K,

respectively. The sample was kept at liquid helium

temperature to ensure that all the acceptors were neutral-

ized. The hot electrons were excited above the e2 subband of

the QWs with excess kinetic energy less than the LO phonon

energy using an argon ion laser pumped dye (with Pyridine

dye) laser. The excited carrier densities were less than

1 £ 109 cm22. The injected carrier densities were kept low

so that the phonon emissions were the dominant relaxation

processes for excited electrons. The electrons initially

created on the n ¼ 2 subbands can thermalized through

the inter-subband scattering via LO phonon emissions.

However, some of the electrons will reach the bottom of the

e2 subband due to the carrier–carrier scattering or by

emission of acoustic phonons. The electrons which have

arrived at the bottom of e2 subband can either be scattered to

e1 subband by the LO phonons or they can directly

recombine with holes on the neutral acceptors and emit

photons. For those electrons scattered to the e1 subband,

they will continue to lose their energy by emitting LO

phonons until their excess kinetic energy was below the LO

phonon energy. During the relaxation processes, the

electrons will recombine with the holes on the neutral

acceptors [14] and emit photons. At the final stage, the hot

electrons emit acoustic phonons to equilibrate with the

lattice. The schematics of the possible transitions and the

calculated confined subband energies are given in Fig. 1.

The luminescence from the QWs was collected and time-

integrated with a combination of a triplemate spectrometer

and a liquid nitrogen cooled CCD detector. Therefore, we

can sample the electron distributions on the conduction

bands without the complications from the valence bands.

In Fig. 2 we show the major luminescence peaks at low

temperature when the sample was excited with an argon ion

laser operated at 514.5 nm. The bandgap energies of the

wells and barriers at 10 K are at about 1.54 and 1.94 eV,

respectively. The weaker luminescence peak below the band

edge of the wells is due to the recombination of electrons at

the ground state with holes on the acceptors.

The hot electron–neutral acceptor luminescence spec-

trum of the 10 nm QW sample obtained with the tunable dye

laser as the excitation source is given in Fig. 3. The dye laser

was operated at appropriate photon energies in order to give

excess kinetic energies to electrons which is less than an LO

Fig. 1. Schematics of the possible transitions of photoexcited

electrons in QWs and the calculated subband energies. The

calculated values are plotted with respect to the conduction band

minimum in bulk GaAs.

Fig. 2. Major luminescence peaks of the QW sample excited by an

argon ion laser operated at 514.5 nm. The peak at 1.52 eV

corresponds to the recombination of electrons at ground state with

holes on neutral acceptors.
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phonon energy. The principles of this technique were

explained in details in Ref. [14]. The peak labeled

‘unrelaxed peak’ in the spectrum corresponds to recombina-

tion of electrons, from the state at which they were initially

created, with a neutral acceptor. The peak (1) represents

electrons that have been scattered to the bottom of e2

subband and recombined with holes on the neutral

acceptors. The peak labeled (2) was separated by one LO

phonon energy with peak (1), which arise from those

electrons that were scattered to the e1 subband from the

bottom of e2 subband via inter-subband scattering with LO

phonons and then recombined with holes on neutral

acceptors. The peak labeled (3) was also separated by one

LO phonon energy with peak (2), which was due to those

electrons on e1 subband that have relaxed via successive LO

phonon emission before recombining with neutral

acceptors.

However, we did not resolve the phonon peak associated

with the electrons that were scattered to the n ¼ 1 subband

via the LO phonon emission directly from the states at

which they were initially created. We speculate that the

missing peak in the spectrum is actually masked by the

phonon peaks (1) and (2). This is due to the weaker

oscillation strength for electrons away from the zone center,

where the wavefunctions of the acceptors are also smaller.

In order to determine the energy separation between

luminescence peaks more accurately, we first subtract the

background and the energy spectra of the remaining peaks

are then fitted by Gaussian distributions. The energy spacing

between peaks (1), (2) and (3) is about 38 meV which is

very close to confined phonon energy in GaAs/AlGaAs

QWs. Therefore, our experimental results suggest that the

confined phonon mode does played a dominant role in the

electron–LO phonon interaction in wide QWs.

3. Calculations and discussion

In order to compare with our experimental results, we

have calculated the electron–LO phonon inter-subband

scattering rate as a function of well width in quantum wells

using the DCM [15–18]. In the DCM, there are totally six

types of optical-phonon modes in a dielectric slab. However,

due to selection rules for the intra- and inter-subband

scattering, only the confined LO mode, the half-space LO

mode, and the symmetric interface modes were taken into

consideration in our calculations. Electron–optical phonon

interaction Hamiltonians for all modes in a dielectric slab

are taken from the work of Ando and Mori [17]. The

quantum well structure that we used in our calculation has

an Al0.37Ga0.63As barrier with width of 40 nm. The inter-

subband electron–optical phonon scattering rates between

different subbands were calculated using the Fermi’s golden

rule. The scattering rates are obtained by integrating over all

possible states using the two-dimensional density of state

function with states restricted by energy and momentum

conservations. The details of our calculation method are

given in Ref. [11].

In Fig. 4 we have plotted the electron–LO phonon

scattering rates of different phonon modes in a GaAs/

Al0.37Ga0.63As quantum well as a function of well width.

Note that there will be more than two confined states in the

wells with the well width approaching 10 nm. Scattering

between e2 and e1 subband is affected principally by the

interface and confined phonon mode with odd potential

symmetry. It is seen that, in narrow quantum well structures,

the inter-subband scattering rates of the confined mode and

anti-symmetric þ mode are comparable. This indicates that

the interface phonon mode does play a very important role

in phonon-assisted inter-subband transitions for narrow

quantum wells. The calculated scattering rates of the

both confined mode and anti-symmetric þ mode, with

Fig. 3. Hot electron–neutral acceptor luminescence of the QWs

excited by a Pyridine dye laser. The much stronger bandedge

luminescence from the wells was intentionally blocked by a

bandpass filter in the spectrometer.

Fig. 4. Calculated electron–LO phonon inter-subband scattering

rates as a function of well width.
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decreasing tendency for smaller well width, correspond to

LO phonon-assisted inter-subband scattering, which

requires larger wave vectors with increasing subband

splitting. However, with increasing well width, the confined

phonon mode has become the dominant mode that assists

the inter-subband transition.

In our measurements, the average energy of the phonon

that is emitted during the e2 to e1 subband transition is given

by the energy separation between the luminescence peak (1)

and (2), which is about 38 meV. This energy is very close to

the energy of confined LO phonon in QWs, which is

37 meV. The interface phonon energy for the given Al

composition in our experiments should be larger than

41 meV according to the measurements in Ref. [11,12].

Therefore, the dominant type of phonon mode emitted

during the inter-subband scattering was identified to be the

confined phonon. The measured results are in good

agreement with the calculations at the well width that we

have investigated.

The energy spacing between peaks (2) and (3) is also

38 meV. These two peaks are associated with the intra-band

relaxation of hot electrons on the e1 subband. In contrast to

the earlier experimental results in narrow QW structures

[12,13], the intra-subband scattering is now dominated by

the confined phonon as well. This conclusion is also

consistent with the calculated intra-subband scattering

rates reported in Ref. [11], where the scattering rate of the

confined phonon is larger than the interface phonon at well

width larger than 10 nm.

4. Conclusion

We have studied the inter- and intra-subband scattering

of electrons in GaAs/Al0.37Ga0.63As quantum well struc-

tures using the hot electron–neutral acceptor luminescence

technique. The inter- and intra-subband transitions are both

dominated by the confined LO phonons at the well width

that we have investigated. Calculated results on the

dependence of the scattering rates on well width also

support our measurements.
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