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Undressing a Collective Intersubband Excitation in a Quantum Well
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We have experimentally measured the 1-2 intersubband absorption in a single 40 nm wide
modulation-doped AkGay;As/GaAs square quantum well as a function of frequency, intensity, and
charge density. The low-intensity depolarization-shifted absorption occurssfean™! (10 meV or
2.4 THz), nearly 30% higher than the intersubband spacing. At higher intensities, the absorption peak
shifts to lower frequencies. Our data are in good agreement with a theory proposed kapyZatu
which attributes the redshift to a reduction in the depolarization shift as the excited subband becomes
populated.

PACS numbers: 73.20.Mf, 42.65.Vh, 73.20.Dx, 73.50.Fq

The properties of elementary excitations in solids ardts depolarization-shifted value toward the intersubband
renormalized (“dressed”) by interactions with electrons,spacing [6].
phonons, or other particles. An example is the absorption The 40.0 nm wide GaAs square well used in our
of light by a metal; electrons in a metal are nearlymeasurements was grown by molecular beam epitaxy.
free, and the lowest excited state has an energy only¥he potential barriers on each side of the well are 675 nm
infinitesimally greater than the ground state. Howeverpf Aly3;Ga7As. The well is symmetrically modulation-
interactions with other electrons dress the frequency adoped by silicon layers of sheet densltg X 102 cm™2
which light is absorbed, shifting it from zero frequency which are placed 125 nm from each side of the well.
(dc) to the plasma frequency. The relatively large distance between the donors and

A single electron in a semiconductor quantum wellthe well ensured that the charge transferred into the
would have no electron-electron interactions. It wouldwell was insufficient to begin occupying the second
obey the single-particle, linear Schrddinger equation, andubband at low temperatures. The mobility& K was
resonantly absorb light at a frequency equal to the360000 cn?/Vs, as measured by magnetotransport. All
difference between quantized subband energies. Mangxperiments reported here were performed on a sample
electrons are present in real quantum wells. Electron1.01 cm long, 0.7 cm wide, a5 wm thick. An 80 nm
electron interactions cause a static modification to thehick aluminum gate was evaporated onto the front of
shape of the quantum well potential, but also allowthe sample, with a similar layer evaporated on the back
electrons to dynamically screen oscillating fields insideof the substrate. Ohmic contacts on the sample corners
the well. This screening blueshifts the frequency at whictprovide electrical connection to the electrons in the well.
radiation is absorbed from the intersubband spacing tGhe charge density in the well was measunedsitu by
the dressed frequency at which collective oscillations ofapacitance-voltage profiling.
the entire electron gas occur [1]. This dressing of the Far-infrared radiation (FIR) from the UCSB free-
intersubband absorption frequency by electron-electroelectron laser was used to excite the sample. The pulses
interactions is called thdepolarization shift were 2.5 us long, with peak powers of-1 kW. The

Intersubband dynamics have been well understood isample was mounted in a vacuum on the cold finger
narrow quantum wells which have intersubband transiof a continuous-flow cryostat. All measurements were
tions greater than the LO phonon energy of 36 meV [2-performed with the sample ne&d K. FIR was focused
4]. In such wells, the depolarization shift is insignificant onto the edge of the sample, with the electric field parallel
at ordinary charge densities. In wider quantum wellsto the growth direction of the sample. A 3 mm thick
the intersubband separation is smaller, and the depolaplexiglass beam block prevented most of the FIR from
ization shift becomes a larger fraction of the absorptiodeaking around the sample. The thick aluminum layers on
frequency. In this Letter, we report the first steady-statéhe front and back serve to confine the FIR field within the
measurements of the intensity-dependent absorption lineample. The transmitted FIR was measured usig &
shape in a wide quantum well [5]. We find that the in-bolometer. The entire experiment was performed in a dry
tersubband absorption is “undressed” by intense resonanttrogen atmosphere to eliminate absorption of the FIR
excitation, as first predicted by Zay: As intensity is by water vapor. To avoid oscillations in transmittance
increased, the resonant frequency moves to the red frodue to standing waves within the sample, a broad-band
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antireflection coating was evaporated onto the edge of theonlinear intersubband absorption of a strongly driven

sample, as described by McKnigétt al. [7]. square quantum well including the depolarization shift.
The large dots in Figs. 1 and 2 are attenuation coit considers two subbands in the rotating wave approxi-

efficients for our sample, measured at gate biases ohation, and uses the Hartree approximation but ignores

—0.5 V (sheet densityV, = 5.7 X 10'%/cn?) and0 V  exchange and correlation. The time evolution of the den-

(Ny, = 1.1 X 10''e/cn?), respectively. The attenuation sity matrix p is given by [6]

coefficient is defined aa = —In[T'(Vs)/T(=2.0 V)]/L, ap . /

whereL is the length of the sample ar&(V) is the in- o (1/in)[Hy + H'(1).p] — Rp, (1)

tensity transmitted at a gate voltagg. (At —2.0 V gate o )

bias, the well was completely depleted of electrons, prowhere the unperturbed Hamiltoniaft{y describes the

viding an optical reference.) The top curves show theelectrons and their static |n.teract|on%[’(t)_ is the per-

absorption at low intensity, where it is independent of in-turbing Hamiltonian, andr is the relaxation operator.

tensity. The three lower curves show the absorption lind Ne perturbation Hamiltonian is the sum of the energy of

shape for intensities comparable to the saturation intensit?€ electrons in the field, plus the correction to the static

[8]. As the intensity increases, the peak shifts to lowerfiartree energy due to fche'charjges in the electron distribu-

frequencies and becomes strongly asymmetric. The statifon caused by the oscillating field,

tical uncertainty shown does not take into account system- 3 /() = eD(t)z

atic errors in the transmission of the sample. The shift to . 2

lower frequency and distortion of the line shape are more - (47Te2/e)f dz’f dz"An(Z" 1), (2)

pronounced for Fig. 2 than for Fig. 1, as would be ex- - -

pected from the reduction of a larger depolarization shiftwhere D(¢) is the external oscillating electric field,

due to a larger charge density. An(z,t) is the change in the electron distribution due to
The experimental results were modeled using a theorthe oscillating field, ande is the background dielectric

by Zahzny [6]. This theory calculates the steady-stateconstant of the semiconductor.
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FIG. 1. FIR absorption vs frequency at various intensitiesFIG. 2. FIR absorption vs frequency at various intensities
for Vg = —0.5V, with N, =57 X 10'°cm™2. The large for Vg =0V, with N, = 1.1 X 10'' cm™2. The large dots
dots are experimental data, and the curves are calculatete experimental data, and the solid curves are calculated
from a theory by Zatmny. For 1 W/cn?, 7, =760 ps from a theory by Zatmny. For 1 W/cn?, 7, = 530 ps
and I, = 2.5 W/cm?. For 10 W/cn?, 7, =230ps and and I, = 6.5 W/cn?. For 10 W/cn?, 7, = 240 ps and

Ia = 83 W/cn?. For 30 W/en?, 7, = 130 ps andly,, = I, = 14.5 W/cm?. For 100 W/cn?, 7, = 70 ps and/y,, =

15 W/cn?. 50 W/cn?.
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Zalwzny's theory includes in a nonperturbative mannerlations forVg = —0.5 V yield z;; = 7.6 nm, 8% greater
the corrections to the Hartree potential caused by the rahan the experimentally obtained value. Surprisingly, the
distribution of electrons in the applied oscillating field. simulations forV; = 0.0 V yield a z; = 8.4 nm which
These redistributions are responsible for dynamic screens 56% greater than the experimentally deduced value.
ing and the depolarization shift. Zahy's theory is able We attribute this discrepancy to interactions of the densely
to correctly calculate the absorption of the collective in-populated quantum well with the waveguide modes in the
tersubband excitation even when the second subband sample [11]. We presently have no detailed understand-
heavily populated by FIR excitation. (Changes to theing of this effect, and it is not included in our simulations.
static self-consistent potential due to the redistribution of The solid curves in Figs. 1 and 2 were computed using
charge in real space are not included, but should not be ahe theory of Zatany [6] with the parameters from Table |
important effect in our sample.) and the experimentally measured intensities as inputs. In

The input parameters of the theory (see Table ) are tha region of predicted optical bistability (see below), we
dressed intersubband spacif@,;, the bare intersubband calculated the solution which corresponded to the system
spacingfiw,;, the matrix element,; = (x»lz|x1) where starting in an unexcited state [12]. The reduction in
| x.) are the self-consistent wave functions that solve théntensity of the beam due to the strong absorption and
time-independent Schrddinger equation in the Hartree ageng path length inside the sample was included in the
proximation, the energy and momentum relaxation ratesalculations. For each of the lower three curves, the
I'y and I'; (assumed by Zakny to be independent of sole fitting parameter was the energy relaxation fgte=
the intensity), and the FIR intensity. The theory by #4/7;. The intensity-dependent line shape is reasonably
Zatuzny predicts a Lorentzian line shape for the absorpwell reproduced by the calculated curves.
tion at low intensities. We used the parameters from a Qualitatively, the absorption results may be understood
Lorentzian fit of the low-intensity results to obtain the as follows: Theory predicts the depolarization shift to
dressed intersubband absorption frequedgy and the simply be a function oV, — N,, the difference in popu-
elastic relaxation raté’,. We have assumed a homoge- lations of the subbands [12]. Increasing the FIR intensity
neously broadened line. The bare intersubband spacimgauses the population in the excited subband to increase.
(hw,1) was computed in the local density approximationThis reduces the depolarization shift, which causes the
for density functional theory following the procedure de-absorption peak to shift to lower frequencies. If the
veloped by Ando, Fowler, and Stern [1]. A well width frequency of intense FIR excitation is below the low-
of 40.2 nm gave the best agreement with experimentallyntensity absorption frequency, then the absorption will
measured absorption frequencies and is within an atomishift down into the laser line, increasing the absorption.
monolayer of the design width of 40.0 nm. These simulaBut if the excitation frequency is above the low-intensity
tions included exchange-correlation effects [9], as well asesonance, the absorption of the excited system will shift
a dc electric field (tilt) across the well. Neither of thesedown, away from the laser line, reducing the absorption.
effects are included in the dynamic theory by Zaiy.  This dynamical redistribution of absorption in frequency
Because of uncertainties in the actual well width, chargeccounts for the unusual asymmetric line shape.
density, and dc electric field at the well, estimate& o, Optical bistability is another prediction of the theory.
are accurate within roughly:3 cm™!. At high intensities, the solid curves in Figs. 1 and 2

The matrix element,; can be obtained directly from exhibit a sharp drop in absorption on the low-frequency
experiment and from our static self-consistent simulationsside of the absorption peak. In this parameter region,
The zp; values in Table | were derived from the experi- the absorption can switch suddenly between two stable
mentally measured absorption@at= @, using the rela- solutions. For the two solutions, the excited subband
tion (in CGS units)a = 477we2z%1NS/c\/EaﬁF2, where  population is high (low) and the absorption frequency is
e is the electronic charge, is the speed of lighte = 13 (is not) significantly redshifted from its equilibrium value.
is the dc dielectric constany; is the electronic sheet den- The experimental data in Figs. 1 and 2 do not exhibit
sity, anda is the thickness of the wafer [10]. The simu- the sharp edges predicted by theory. We are currently

investigating this discrepancy, which may be caused by an
increase in the linewidth of the absorption during strong
TABLE I. Parameters used to fit the data using the theory byeXcitation (see below).
Zatuzny: from experiment from simulations® The energy relaxation times used for the calculated
curves in Figs. 1 and 2 decrease from 760 to 130 ps and

Vo = Z05V Vo =00V 530 to 70 ps for the low- and high-density data over the

@y /27" 79.9 cm™! 81.3 cm™! range of intensities studied here. The geometric factors
wn /27" 72.6 cm! 60.6 cm™! which lead to a factor of 3 uncertainty in the intensity (and
l{a 1770§r:f? 1573;?;2“ hence the overall magnitude of the energy relaxation time
de tzilt* 031 V/um ~0.10 V/um 71) are separately fixed for the data of Figs. 1 and 2, and

do not affect relative relaxation rates. The decrease of
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71 with increasing intensity may occur because, at higheP. F. H.) and the UC Regents under an INCOR grant in the
intensities, the electron gas is hotter, and there will be morarea of Nonlinear Science (B. G.).
electrons with sufficient energy to emit LO phonons. Note
that the theory by Zakny includes only a constant energy
relaxation time, which we have varied as a function of
intensity to account for the effects of LO phonon emission
by hot electrons. Our energy relaxation times, including [1] T. Ando, A. B. Fowler, and F. Stern, Rev. Mod. Ph,
the maximum factor of 3 we estimate from systematic 437 (1982).
errors, are similar to recently reported times [13—-16]. We [2] J.F. Ryan, and M. C. Tatham, IHot Carriers in Semicon-
have estimated the relaxation time due to acoustic phonon ductor Nanostructures: Physics and Applicatipreslited
emission [17] to be roughly 750 ps for this structure, by J. Shah (Academic Press, Boston, 1992), p. 345.
consistent with our low-intensity results [18]. [3] P. Boucaucet al., Opt. Lett.16, 199 (1991).

Although agreement between the theory by Zajy [4] A. Seilmeieret al., Phys. Rev. Lett59, 1345 (1987).
and our experimental results is reasonably good, a mord>l The pulse lengths ob.5 s are much longer than any
consistent and complete theory is desirable. Such a theory '€laxation time in the system. A preliminary report of

. L . this work is contained in K. Craigt al. [Semicond. Sci.

Wou_Ic_i account for the variation of; with intensity. In Technol.9, 627 (1994)].
gddltlon, the_ theory would mclu_de the effects of changes [6] M. Zaluzny, Phys. Rev. Bi7, 3995 (1993).
in the linewidth of the absorption. If strong excitation [7] s w. McKnightet al., Infrared Phys27, 327 (1987).
heats the electrons above the LO phonon energy, then thgg] The experimental intensities in the raw data were not
fast LO phonon dephasing of the electrons will cause the  identical at each frequency. The data points in Figs. 1
linewidth of the absorption to broaden. This broadening  and 2 were interpolated from the raw data in order to
will change the nonlinear absorption of the system and  display each point at exactly the same intensity.
complicate the interpretation of the relaxation times and [9] The approximation to the exchange-correlation potential is
saturation intensities obtained from the experiments [19]. _ that proposed by Vosko, Wilk, and Nusair [20].
Finally, the theory would also incorporate the effects ofl10] J.N. Heymaret al, Phys. Rev. Lett72, 2183 (1994).
exchange correlation and dc tilt, which were necessary th-4 M- Zatuzny, Solid State Commur@7, 809 (1996).

. - . 12] M. Zatuzny, J. Appl. Phys74, 4716 (1993).
fit the experimentally measureth;, but are not included [13] J. Faistet al., Appl. Phys. Lett64, 872 (1994).

in Zatwzny's theory. , _ [14] W. J. Li et al., Semicond. Sci. Techno®, 630 (1994).
We have shown experimentally that, as the |ntersub[15] B.N. Murdin et al., Semicond. Sci. Technold, 1554

band resonance is strongly excited with resonant FIR, the ~ (1994).

absorption frequency decreases. We attribute this shift tp6] J. N. Heymaret al., Phys. Rev. Lett74, 2682 (1995).

a modification in the dynamic screening caused by th¢l7] R. Ferreira and G. Bastard, Phys. Rev4® 1074 (1989).

change in population of the subbands. This novel mechf18] However, it is possible thatr, increases further at

anism for nonlinearity is quite strong in wide quantum intensities lower tha W/cn?,

We”S, prov|d|ng a new arena for the study Of |nteract|ng[19] Note that the uncertainties for the relaxation times quoted

electrons far from equilibrium, as well as the possibility =~ @Pove do not include intensity-dependent line broaden-

of engineering novel quasioptical devices. ing. The broadening would only be important at high
We gratefully acknowledge discussions with S. J. Allen, intensities, where our calculations based on the Ziatu

. . . . theory would overestimate the relaxation time, perhaps
K. Unterrainer, M. Zatany, and C.L. Felix. This work by as much as a factor of 2 or 3. Thus may de-
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