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Influence of Collective Effects on the Linewidth of Intersubband Resonance
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We have measured the intersubband resonances of afAi8{s quantum well with two occupied
subbands from cryogenic temperatures to well above room temperature. The higher energy mode is
very robust with increasing temperature; the lower energy mode, however, broadens above 200 K. We
explain the results in terms of Landau damping and argue generally that the collective nature of the
intersubband resonance is crucial for an understanding of the scattering mechanisms that determine the
intersubband resonance linewidth. [S0031-9007(98)05471-4]

PACS numbers: 73.20.Dx, 73.20.Mf, 78.66.Fd

Intersubband resonance (ISR) is a fundamental excitdSR width at low temperature in 8$i0, from charged
tion of a low-dimensional semiconductor system. In aion scattering [13] suggest that this approach is likely to
single-particle picture, the resonance corresponds to thee misleading. Generally, it appears to be unclear how the
transition between two quantized states. However, ISRrevalent single-particle picture of electron scattering, par-
is not a single-particle process [1,2]. Instead, ISR is dicularly with phonons [14], must be modified in order to
collective phenomenon better described as a plasmon, gredict the ISR linewidth when collective effects are taken
charge-density excitation. The most obvious consequendato account. Pragmatically, experiments suggest that the
of the collective effects is a shift of the ISR away from low temperature lifetime is limited by elastic, momentum
the energy separating the single-particle states. This shiftonconserving scattering off extrinsic defects such as in-
tends to be only a small proportion of the resonance energyerface roughness [12] or ionized impurities [15]. Further-
as the direct electron-electron interaction (depolarizatiomore, the ISR scattering time seems to have no obvious
field) and the exchange-correlation interaction (exciton efeorrelation with the transport mobility [12], and has a weak
fects) cause blueshifts and redshifts, respectively, and tenndmperature dependence, both for Si [16] and GaAs [17]
to cancel [3,4]. systems. In fact, at room temperature linewidths compa-

Recently, the collective effects have been dramaticallyable to those at low temperature have been reported [17].
revealed by studying systems with a broad single-particle The purpose of this paper is to show how collective ef-
density of states. Nevertheless, for large densities the ISRcts are crucial to an understanding of the ISR linewidth.
is a single, narrow line. For instance, in a system with arhe picture which emerges is that the ISR linewidth is
highly nonparabolic energy dispersion, the single-particleletermined by processes which can couple the zero wave
transition energy is a strong function of wave veckgr vector ¢ = 0) ISR plasmon tg; > 0 single-particle tran-
being smaller at the Fermi wave vector than atk = 0.  sitions. This approach can account, at least qualitatively,
The single-particle spectrum is then broad, yet the ISRor the experimental facts listed above. The ISR linewidth
is a sharp peak [5-7]. The collective effects condensé of particular relevance for ISR-based detectors [18]
all the available oscillator strength into a single mode.and, notably, emitters in the form of the quantum cascade
A similar effect also occurs in weakly coupled quantumlaser [19].
wells which have a broad and complicated single-particle Our experiment utilizes the highly nonparabolic band
spectrum yet a narrow ISR can be observed [8,9]. In thatructure of the narrow gap semiconductor InAs. The
nonlinear regime where ISR is excited with a very intenseeffective mass increases with energy so that the single-
source, optical pumping of carriers induces a redshift aparticle intersubband energies decrease strongly with in-
the collective effects weaken [10]. creasing in-plane momentukn We studied samples from

These experiments show very convincingly that ISR isa heterostructure with two occupied subbands. The het-
indeed a collective phenomenon. It has been argued thatostructure consists of twelve 180 A InAs quantum wells,
in the best samples the resonance is homogeneously broagiach embedded in AISb barriefsdoped 50 A away from
ened [11,12], in which case one can pose the questiorthe interfaces. The wells are separated by 100 A. We
What are the scattering mechanisms which destroy the cabserved a beating in the low-temperature Shubnikov—de
herence of the plasma oscillation? Surprisingly perhaps, Blaas oscillations, allowing us to determine the densities
microscopic theory to answer this question does not seewr the first and second subbandsias= 1.89 X 10'? and
to exist. In fact, the ISR linewidth is usually describedn, = 0.74 X 10'> cm 2. We have calculated the in-plane
with the single-particle scattering rates [11,12], ignoringdispersion of our quantum well using four bakd- p
the collective nature of the resonance. Calculations of théheory [6]. As the confinement effects are very large in
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this system (very high potential barriers), we have neculatez;, = 36.5 andz,; = 39.5 A, implying that for our
glected the static many-electron effects, i.e., the Hartreeample thd —2:2-3 intensities should scale as3:1. This
and exchange-correlation terms. The results are shown is clearly not the case. The explanation is that the collec-
Fig. 1. We adjustthe Fermi energy to reproduce the ex- tive effects couple the two resonances, resulting in a trans-
perimentaln; + n, and then calculate the correspondingfer of oscillator strength from the-2 ISR to the2—-3 ISR.
n; andn,. We findn; (ny) = 1.95 (0.68) X 10> cm™2,  The ISR’s correspond to oscillations of the charge density
in excellent agreement with the magnetotransport. along the growth direction but they cannot oscillate inde-
We excited the ISR’s by shining light onto a beveledpendently owing to the Coulomb coupling. One has then
edge of the sample, as shown in the inset in Fig. 2(a). Wa (1-2)-like mode where the two charge oscillations are
deposited silver on the surface to force the polarizatiorpredominantly out of phase, andz-3)-like mode where
to lie along the growth direction. The resonance wadhe oscillations are predominantly in phase. The in-phase
highly saturated with a complete covering of Ag. In mode couples strongly to the oscillating light field and so
order to minimize this problem, we measured samplesakes oscillator strength from the out-of-phase mode which
with only a 0.2 mm wide stripe of Ag (1000 A thick). couples weakly to the light field. According to this in-
Spectroscopy in the mid infrared was carried out withterpretation, the coupling should become even stronger at
a Fourier transform spectrometer, and we used a samplegher density leading to an even more marked transfer of
with 70 A well width to provide a reference spectrum.  oscillator strength fromi -2 to 2—-3. This is exactly what
The transmission spectrum of the 180 A well width we observe: at a density 6f X 10'2 cm~2, for instance,
sample at low temperature is shown in the bottommosthe2-3 mode takes virtually all the oscillator strength such
curve of Fig. 2(a). There are two resonances: the weakethat we can no longer observe the2 mode.
lower energy ISR id -2 and the stronger, higher energy Shown also in Fig. 2 is the behavior on increasing
ISR is 2-3, labeling the quantum well states as 1, 2, 3,the temperature, from 10 up to 577 K. The two modes
etc. The ISR’s are close to Lorentzians in shape, implyingexhibit completely different temperature dependencies.
that the broadening is predominantly homogeneous. In &he upper mode is remarkably robust with increasing
single-particle picture, the resonance intensities at low temtemperature, broadening only slightly even at very high
perature should scale @s, — n,)z{, for 1-2 andn,z3; for
2-3, wherez;; andzy; are thez-dipole matrix elements.
Figure 1 makes this point clear. All the electrons in the
second subban® (< k < k}) can be excited into the third
subband, but only those electrons in the first subband with
ki < k < kj can contribute td -2, the others at lowek
being blocked by the Pauli exclusion principle. We cal-
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FIG. 1. The in-plane dispersion of the subbands in a 180 AF|G. 2. (a) Experimental transmission spectra of the inter-
InAs/AISb quantum well calculated with four bank - p subband resonances of a 180 A IfA$Sb quantum well.
theory. Static many-electron effects have been neglected. Thehe spectra are offset from 1 for the various temperatures.
low temperature Fermi energif; and corresponding Fermi (b) Calculations of the real part of the dynamic conductivity,
wave vectorsk} and k} are shown as dotted lines. The energy o, at zero wave vector in the self-consistent field approxima-
zero corresponds to the bottom of the InAs well. tion. The curves are offset from O for clarity.
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temperature. Conversely, the lower mode broadens above 0.0006 ————T—T—T— T
200 K, such that it becomes a low-energy tail of the upper
mode at the highest temperatures.

The 1-2 ISR is up shifted from the background single-
particle energies by the depolarization field. At low
temperature one can deduce from the band structure of
Fig. 1 that the energy of the-2 ISR lies above thd -2
single-particle energies yet below tBe3 single-particle
energies. On increasing the temperature, electrons are
thermally excited up the bands. This means that the
2-3 single-particle transitions now spread to higher
and hence to lower energy. Similarly, tHe-2 single-
particle spectrum also becomes broader. The net effect
is that thel -2 collective mode becomes degenerate with 0.0001

an increasingly large background single-particle density 10K K
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an effect (Landau damping) known from metal physics to

be very effective at scattering plasmons [20]. Energy (meV)

In order to quantify this argument, we have performedr|G. 3. The calculated real part of the dynamic conductivity,
calculations in the self-consistent field approximation. Weo ., without collective effects at three different temperatures.
have extended the formalism of Ando [2] to incorporateThe curves correspond to the density of single-particle tran-
elevated temperatures, a nonparabolic band structure, aﬂgﬁgs with ¢ = 0 which form the single-particle background

. . - " ity of states for the calculations in Fig. 2(b). The two
multiply _OCCUp'ed su'bba}nds. At th? carrier densities hereyotted lines show the calculated energies of th& and2-3
the dominant collective interaction is the direct one, so Wesollective modes at low temperature.
have neglected the exciton term. As single-particle states
we take the results of the band structure calculation shown
in Fig. 1. The severest assumption of the model is thah temperature-independent width largely because there is
each single-particle state has a broadeniigwhich is  no increase in the background density of states at this
state and temperature independent. We calculate the reahergy (Fig. 3), in contrast to the behavior at the2
part of the out-of-plane dynamic conductivitg(o..(E)),  energy. However, the calculations do not include cou-
at ¢ = 0 which is linearly related to the absorption; pling to phonons. We argue that the weak temperature
- (o (E)) can be compared with the transmission datadependence cannot be accounted for with a single-particle

Figure 2(b) shows the results of the calculations withdescription of electron-phonon coupling. At low tem-
I' = 11 meV chosen to reproduce the experimental, lowperature, the lifetime of an electron in the second subband
temperature2—-3 width. At 10 K it can be seen that is limited to about 1 pS [11,14] by LO phonon emission.
the calculation reproduces the relative intensities of th&his would give a contribution to the ISR linewidth of
1-2 and 2-3 modes. The energy of th2-3 mode a few meV, which is not incompatible with the experi-
is accurately modeled, but the-2 energy is overesti- mental results. However, on increasing the temperature,
mated by~10 meV, possibly owing to the omission of the LO-phonon emission rate should increase as np,
exchange-correlation effects. On increasing the temperavheren,;, is the LO-phonon occupation. This should at
ture thel -2 resonance broadens, exactly as in the experileast double the linewidth in the measured temperature
ment. The Landau damping argument is supported byange. Furthermore, absorption of LO phonons should
Fig. 3. Plotted isfi(o,;(E)) without collective effects; also contribute to the linewidth (at600 K, np o ~ 1)
the dotted lines mark the energies of the low temperaleading to a much stronger temperature dependence than
ture 1-2 and2-3 collective modes. At thé-2 energy, seen experimentally. It would appear then that phonon
the background single-particle density of states increasescattering is unimportant. The reason for the weak ISR-
drastically with increasing temperature, enhancing the dephonon coupling is that the ISR is collective. A phonon
cay of the plasmon into single-particle transitions. Thehas to scatter the ISR plasmon along its dispersion re-
calculations show that the coupling to tRe-3 single- lation, severely restricting the number of phonons which
particle transitions, not to thé-2 single-particle transi- can participate.
tions, damps thé-2 collective mode. We find then that thé -2 mode is Landau damped by

It is particularly striking in Fig. 2(a) that th2—3 mode  thermally excited single-particle transitions, and that the
has a linewidth which is very weakly temperature de-2-3 mode is neither damped in this way nor scattered
pendent. At 577 K the linewidth is only-1.7 times by phonons. The ISR width is a strong function of well
larger than at 10 K. The calculations of Fig. 2(b) givewidth (not shown here). These results imply that2k8
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150 T T nonparabolicity have caused considerable concern. The
1 present results, however, show that a sharp ISR can be
Lplasmon " e 1 expected in the conditions which typically prevail in an

i 1 ISR-based photodetector or laser.

- single-particle transitions To conclude, we have shown how the linewidth of ISR
100 - ] in semiconductor quantum wells is strongly influenced by

[ 1 the collective nature of ISR. A single-particle picture of
the scattering mechanisms cannot account for our experi-
mental results. We hope that this work will stimulate
work on a detailed microscopic theory of ISR.
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FIG. 4. The energy-wave vector dispersion for the intersub-
band and intrasubband plasmons and for the single-particle tran-
sitions for a 150 A InAgAISb quantum well with one occupied
subband and carrier densitp'> cm™2. The dotted lines show
the parts of the dispersions where Landau damping occurs.
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