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Photon drag investigations of current relaxation processes in a two-dimensional electron gas

S. Graf and H. Sigg
Paul Scherrer Institute, Laboratory for Micro- and Nanotechnology, CH-5232 Villigen-PSI, Switzerland

K. Kohler
Fraunhofer Institut fu Angewandte Festkperphysik, Tullastrasse 72, D-79108 Freiburg, Germany

W. Bachtold
Laboratory for Electromagnetic Fields and Microwave Electronics, ETHZ, CH-8092ZuSwitzerland
(Received 21 March 2000

We have investigated the photon drag current that is excited by an infrared laser beam in the plane of the
two-dimensional electron gas of GaAspAlGa, ¢sAs multiple-quantum-well systems. An analysis of the spec-
tral response, measured with the picosecond infrared pulses of the wavelength-tunable free electron laser
source FELIX, is presented for different doping schemes and examined as a function of temperature and
intensity. The influence of the subband-selective scatteringdgaping is explored, which demonstrates that
the photon drag spectral response allows the determination of the momentum relaxation timd ratio,
=r1,/71,, of the electrons in the ground and excited subbands. The relaxation time ratio is found to be
surprisingly constant over a large temperature range. The variation of the ratio with intensity can be attributed
to heating of the electron gas, whose temperature exceeds 1000 K at saturation intensity.

I. INTRODUCTION The intersubband relaxation processes are of fundamental
importance for the now widely used QW infraréu) de-

The photon dragPD) effect is the generation of an elec- vices. Commonly used techniques for their study include the
trical current in a solid by the momentum transfer from ab-measurement of ir absorption, saturation, pulse pump/probe,
sorbed photons. The classical appearance as radiation presid photoconductivity. In general, these all-optical tech-
sure on a surface was described already in 1861 by Maxwelhiques probe energy relaxation times. The PD effect reveals
The first PD generated by optical transitions between subeomplementary information, since it is a photoelectric effect
bands in p-Ge was investigated independently by two and is directly linked to the current or momentum relaxation
groups, Gibsoret al! and Danishevskiet al? times.

With the realization of the intersubband absorption in  The intention of this paper is to present and discuss new
quantum-well(QW) systems, a large increase in sensitivity experimental evidence confirming the reliability of the
was achieved, related to the resonant interaction in an intekjngle-electron-based PD model introduced in Sec. Il and to
subband transition with its intrinsically large absorption co-giscuss the linewidth differences between the spectra ob-
efficient. Moreover, new features of the PD in two- tained in attenuated total reflection and PD experiments. The
dimensional electron gase@DEG'’s) were predicted by resonance position differences have been discussed in Refs.
Luryi* and Grinberg and Luryiand observed experimentally 13 and 15. The samples and the experimental setup used are
by Wieck et al® These features occur as a result of the dif-given in Sec. Ill. We present in Sec. IV the results of our PD
ference in the momentum relaxation rates in the ground an xperiments. In Sec. IVA, it is shown that the PD effect is
excited subbands and have an interesting analogy in thgensitive to the subband-dependent relaxation time. In Sec.
Doppler-effect-induced drift of atoms, the so-called light-|yv B, the measured signal response is related to the amount
induced drift"® of momentum transferred from the photons to the electrons.

The many fascinating aspects of the effect came only intqn Secs. IV C and IVD, we present investigations of the
the reach of experiments with the advent of an easily tunablgypband relaxation rates as a function of temperature and
infrared source. The free-electron laser for infrared experiintensity. We conclude in Sec. V that PD spectroscopy is a

ments(FELIX) of the FOM lInstitute for Plasma Physics in yersatile tool to investigate the dynamics of intersubband
the Netherlands provided the infrared light for the experi-transitions.

ments of Sigget al,’> ! as well as for the measurements
presented here. The findings were not only a motivation for
further experiments but also inspired several theory groups
to contribute and predict new PD phenoméfia* The reso-
lution of peculiar details of the spectral dependence of the The PD effect resulting from an intersubband absorption
PD effect allows us to obtain information on the intersub-in a QW system is a current due to momentum transfer to
band and interband relaxation processes. By comparing alelectrons in the excited subband and empty stéreshe
sorption and PD spectra, the depolarization shift can directlyollowing, denoted as holg¢sn the ground subband. It is
be observed®>® possible to separate the PD current into two components.

1. MODEL
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photon

count that due to the Doppler effect, the transition energy for
an excitation at any negativediffers from the correspond-
ing transition at positivé by 242k - g/m*, wherem* is the
effective mass of the electrdof. Fig. 1). In other words, the
transition probability for an electron to be absorbed depends
on its wave vector. The resulting resonant PD current is thus
changing its sign when the energy is swept through the in-
tersubband resonan¢kSR). The proper calculation yields a
spectral response that is proportional to the derivative of the
absorption. This means that the spectrum is antisymmetric
with respect to the energyw,, of the single-particle excita-
tion atk=0.

Finally, the resonant and direct contributions lead to the
following frequency dependence of the photon drag efféct:

>
kH da(w) (E)
E 7(71/7'2_1)1 (1)

ipp* 7y a(w)+
FIG. 1. Energy diagram with the nonvertical transitions between

ground and first excited subbands by absorbing ir light with a wave . .

VECIOT Gppogen (FOT clarity, Gpporon has been greatly enlargede- whereéE) t;f) thg mean \k/)alue of the electron energy in the

pending on the difference between the photon energy and the |sRround subband, given by

energyfiw—fiws,, transitions at negative or positive (with re-

spect to the direction of the light propagatiare excited Doppler N

orech. g propag PP (E)y=Ng* fo fe(E) 0apE dE (2a)

The so—calleq direct part of the PD signal is a conseyith the surface electron densile =% feo(E) godE and
quence of the direct momentum transfer from the photon tq, . density of stateg,p=m*/(7%2) of the ground subband
the electron system and is thus proportional to the absorptio 2D '

: WWhere the Fermi-Dirac distribution is
and the photon momentum=hwvn/c, wherec is the speed
of light andn is the refractive index in the active medium, in
our casengaa—3.28. -
To explain the resonant contribution denoted as the reso- fro(E) exd(E—u)/kgT]+ 1"
nant PD current, we have to note that the intersubband tran- . o
sition of an electron leaves a hole in the ground subbandVith Boltzmann’s constarkg . The chemical potentigk is
The wave vectors of the excited electrons and holes are d@btained from
termined by the energy and momentum conservation laws.
As can be seen in the subband energy diagram of Fig. 1, Er=nu+kgT In(1+exd — u/ksT]). (20
negative or positive wave vectoks(with respect to the di- ) )
rection of the light propagatiorare selected, depending on In particular, affT=0 K, we obtain(E)=Eg /2.
the energyi o of the incident photon. Classically, this selec- ~ For illustration, we have calculated with Ed.) the spec-
tive excitation is described as the Doppler effect. The correfral shape of the PD response, with different ratios of the
sponding shift Apggper, is in our intersubband systems less subband relaxation times, /7,, using a Lorentzian type
than 1.2 meV(maximum at the Fermi edges, cf. Fig.and  lineform with the linewidthl’ [full width at half maximum
is therefore of minor importance for the absorption line pro-(FWHM)]. The distinct difference of the spectral line shapes
file, whose width is more than 6 meV at room temperaturedre visible in Fig. 2 forr, /7, equal to 3, 2, 1, 1.5, 0.6, and
(RT). For the PD effect, however, this small shift is very 0.3, where the ratid’/(2(E)) has been set to 0.3, a typical
essential. value in our experiments. At this point we would like to note
Let us consider an intersubband transition occurring at théhat Eq.(1) coincides with that obtained in Refs. 4 and 5 in
wave vectork. The thereby generated currents are proporihe typical experimental situation of a small Doppler shift,
tional to k, the charges, and the corresponding relaxatiori-€-» |2%°k - q/m* |<T".
time, 7, for the holes in the first subband and for the In the above simple model we have neglected the influ-
excited electrons in the second subband. Thus the effectiv@nce of many-body effects such as the resonant screening of
momentum transfer occurs in this case between the lattiche light (alternatively called the depolarization figlavhich
and the electrons, whereas the photon momentum only ddlcreases the resonance energy. A theoretical treatment of
termines the selection df. It should be noted that can be  this problem, employing the self-consistent field method, is
two orders of magnitude larger than the photon wave vectogiven by Zatuny.™ Applying his theory yields a new
q=pl/#%, but also that the magnitude of both currents is Commethod to d|re_ctly observe the depolquzat|on shift. Thls_ls
parable(for r,~7,), while the directions are opposite. realized expenmentally by the comparison of an absorption
Since the absorption lineform is lifetime broadened, allmeasurement with the photon drag line Shjaspm the fol-
possible individual contributions have to be taken into aclowing, we will not distinguish the shiftedHy,) from the
count to obtain the total resonant PD current, i.e., we have tanshifted E;,»=%w,,) intersubband transition energy, as it
sum over allk states. In this sum, one has to take into ac-does not affect the general interpretations given in this paper.

(2b)
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FIG. 4. Schematic structure of the device with the multiple
quantum-well mesa formed as a microstrip. The in-coupling of the
incidentp-polarized light to the active 2DEG layer is via the attenu-
ated total reflectiotATR) scheme at the critical angle.=56°, of

Photon Drag Response (arb. units)

—--R=0.6

_________ R=03 the interface between the Ge prism and the GaA$Aal ,As
A S O B T mesa. The generated PD current is coupled via a microstrip line into
02 -0.1 0 01 02 the 50 () coaxial cable.
Energy (Ao/® . . . "
gy (ha/o,) rived from an effective medium approd€hat the critical

FIG. 2. Calculated PD spectrum for different relaxation time angle of incidencep.=arcsin(icaas/Nce) , can be written as

ratiosR=r7,/7,=3, 2, 1, 1.5, 0.6, and 0.3. The ratit/(2(E)) [cf.
Eqg. (1) in the tex] has been set to 0.3. Not that fR=1, the PD Ng€2f 1
coincides with the absorption line form, which is symmetric about AMQW(‘”'%)ZJ-_GXP{ - NQWQCﬁ
the resonance frequeney;,. CVegaaoM

1
X . (3
IIl. SAMPLES AND EXPERIMENTAL SETUP ([(Eqpfro) 2T 2+ 1}]

The samples were grown by molecular-beam epitaxy and o 2 . )
consist of a 30-period modulation-doped multiple-QW sys-Wheref1,=2m*%"“E 1,7}, is the oscillator strength associ-
tem made of 82-A GaAs wells and 260-A AlGa ¢As  ated with 12 transitions,r=2#4/T" is the dephasing time,
barriers, with 0.8% 10'2 cm 2 and 0.9% 10'2 cm 2 elec- Now is the number of QW’se is the charge of the electron,
trons per well for samples A and B respectively. The thirdand &caas=Ngaas: FOr the geometry factor, we obtaiy,
sample C, with as doping in the center of the well, is a =4sé/§ApGe/[cos(<pc)|sQle], which is close to the value
40-period QW system made of 84-A GaAs wells andused in the traveling-wave equation given by Zalyznd
146-A Aly2:Ga g5AS barriers, having an electron density of Nalewajko®® The validity of Eq.(3) was confirmed by ex-
1.15x10* cm 2 per well. The top and bottom layers adja- periments on a 10 QW structure with the same well and
cent to the multiple-QWMQW) structures were designed to barrier dimensions as in sample A and with an electron den-
properly compensate for the surface charge and the baclity of 0.76<10" cm™ 2 per well. The absorptance with a
ground doping in the buffer layer and the substrate, resped=WHM of 7 meV had a maximum of 0.9, which agrees very
tively. Figure 3 shows diagrams of the energy levels, wavevell with the estimation. This experiment also illustrates that
functions, and doping sites of the different samples. the prism coupling used in the ATR scheme is highly effi-

The Fermi energy lies between the first two subbands, andient, since for the same absorptance, one would need at least
therefore also at RT, a single intersubband absorption & consecutive passes through the 10 QW layers in the com-
~120 meV is observed. To provide the optical coupling tomonly used 45° waveguide geometfy.
the ISR, we took advantage of the attenuated total reflection The signal detection scheme, shown in Fig. 4, relies on
(ATR) geometry by using a Ge prism pressed onto the QWhe integration of the active QW layer into a microstrip,
samples. The frequency dependence of the absorptaeee forming a microwave transmission lifé%?* As described
fined as the absorbed fraction of the incident engrgg-  above, the incoupling of the light is accomplished using a Ge
prism placed on top of the sensitive af@alhe microstrip
arrangement with total reflection incoupling provides some
4/\ \ ﬂ E important experimental advantages. First, at the critical total

E, E reflection angle, the electric field @Fpolarized light is ex-
LN E

/\ ’ actly perpendicular to the quantum layers, providing optimal

E

_

F _/ N T coupling to the ISR. Second, due to the illumination through
\/\ El El . . .
the surface, the far-infrared field strength is constant along
224 g4A the propagation direction of the light, which avoi@slec-
Al 3568, osAS Al 1Gay As Al Ga (As Al ,Ga As tron) temperature gradient-induced currents. Third, measure-
Gahs GaAs ments of the signal transients are possible over a bandwidth

FIG. 3. Diagram of the energy levels, showing wave functionsthat exceeds 30 GHz. This is essential for the high-frequency
and doping sites ofa) the modulation-doped samples A and B and (HF) measurements, when working with pulsed ir sources,

(b) the 5-doped sample C. The energy spacing between the subbar@s, for example, the free electron laser FELIX used here.
|1) and subband?2) is ~120 meV. FELIX produce$® a train of micropulses at 1-ns intervals
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FIG. 5. Photon drag spectrum at RT of the modulation-doped FIG. 6. Photon drag spectrum at RT of sample &dpping at
GaAs/ALGa, _,As MQW sample A, measured at a micropulse in- the center of the GaAs QWneasured at a micropulse intensity of
tensity of 2.5 MW/crmi. For a better signal to noise ratio, an inte- 3.6 MW/cnf. The fit of the spectral line shaeolid line) using a
gration is made over the entire macropulse of FELIX (u6). A Lorentzian absorption in Eql) yields a relaxation time ratio of
Lorentzian absorption is used in the f#olid line) using Eq.(1). 0.6. A ratio below 1 indicates that the ground state is more affected
The spectral line shape yields a relaxation time ratio of 1.6. by the 6 doping than is the first excited. Note the characteristic

difference in the line form in comparison with Fig. 5.

during a macropulse of several microseconds. The besr¥1 re detail below. However. at low intensitv. the width for
signal-to-noise performance is obtained by electrical Iow-thg ?nogu?atioi-odo. eg QeWeié ?Ou?ld o ?ersna)\/i,n aefactor 0?2
pass filtering of the pulsed PD signal atl MHz, the time P

larger thanl" 57g. In part this is due to the time structure of

scale of the macropulse. FELIX (4.8 ps correspond to a spectral width of 0.4 meV
and in part to optical saturation at the absorption peak, which
IV. EXPERIMENTAL RESULTS AND DISCUSSION emphasizes the tails. The remaining difference betviggn

andI"51R is attributed to the influence of the collective na-
ture of the IS excitations on the linewidth and linefoffrf>

An apparent characteristic of the PD effect is that itin a system with nonparabolic subband structure, the PD line
probes the ratioR=7,/7, of the relaxation times in the shape is broadened, since it is sensitive to the independent
ground and excited subbands. Eq.(1)], and therefore spe- electron transitiond” s1r, on account of the collective prop-
cial attention was devoted to systems where this ratio isrties of the ISR, remains small.
changed. In Fig. 5, the spectral response of the PD effect in In sample C, & doping is placed in the center of the well.
the modulation-doped MQW sample A with an internal in- The decrease in mobility from the RT (2100 @ s) to the
tensity of 2.5 MW/cr is presented. The spectral depen-77 K (1500 cnd/V's) value indicates that scattering by ion-
dence of the PD signal allows the separation of the resonaiized impurities is the dominating mechanism. Since the elec-
and direct PD component and thus the determination of th&ron wave function of the ground state has its maximum at
relaxation time ratio. Assuming a Lorentzian line form for the well center, and is therefore more affected by drdop-

a(w) in Eq. (1), we find the ratidR=1.6. For(E) at RT, we  ing, one expects the ratiB to be drastically reduced com-
obtain 33.8 meV. According to the arguments given by Siggoared to the modulation-doped case discussed above. The
et al,'* the maximum value for the momentum time ratio experiment indeed confirms the predicted influence of the
can be assessed from the current relaxation timg,,  doping upon the ratio, which is found to te=0.6 at RT.
related to the Hall mobility wya=e7hay/m* This ratio manifests itself in a sample characteristic line
[ whan (300 K)=7800 cni/Vs], as a guess forr;, and shape, as can be seen in Fig. 6. The estimated ratio deter-
from the absorption linewidtl syg=12 meV obtained with mined by the mobility and the FT absorption linewidth

a Fourier transform(FT) spectrometer, which is an estima- (I'atr=22.4 meV) would give an upper bound B 1.4.

tion for r,. Since T,=2#4T 7 also includes phase relax-  We also performed experiments with samples having the
ation processege.g., electron-electron scatter)nthat pre- ¢ doping at the position of the wave function maximum of
serve the total electron momentum, the current relaxatiothe first excited subband state. A direct comparison to
time , is always larger thaff,. We thus obtain an upper sample C is found to be difficult, since the doping-induced
limit 744,/ To=2.7 for the ratio. A more comprehensive dis- asymmetry leads to a photosignal that we relate to the
cussion related to the ratio and its estimate will be giverPuild-up of a static polarization. This phenomena may be
below. suppressed in symmetrically non-center-doped QW's.

The linewidth extracted from the PD spectrum in Fig. 5,
using Eq.(1), is rather largel’ pp=24 meV. This is par-
tially due to the high excitation density of 2.5 MW/ém In this section we compare the theoretical PD response
leading to heating of the electron gas, as will be discussed iguantitatively with the experimental values obtained by mea-

A. Photon drag spectra

B. Responsivity
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FIG. 7. PD open loop voltaggdoty over the lengthl
=3.6 mm of the active area of sample B as a function of the g1 g, A typical detector performance in terms of conversion
photon energy. A high-frequency PD measurem@mpeen circles  fficiency, measured with FELIX at 11.2.m, is plotted(dots for
was performed with FELIX to obtain the entire line shape. The omparison with the calculated upper lirtiine). The difference is
intensity of the exciting CQ light within the sample was ainly attributed to transmission line losses. The PD signal output
6.4 Wicnf at 921 cm ™. power has a quadratic dependence on the IR input power, and is

) ) ) limited by saturation at higher intensities.
suring the PD open loop voltage. In this experiment, the CW

ir beam of a CQ laser was modulated at 2 kHz by a choppermental values are separated into a direct and a resonant part
and used as the excitation source. The standard lock-in teclccording to Eq(1), yielding a direct signal of 28uV at
nique was applied to obtain the PD response. By tuning th833 cm ! (the absorption peak positipPAssuming full ab-

CO, laser over the strongest lines of its four bands, wesorption andr,= 0.57,), we obtain the same value by us-
sampled photon frequencies from 920 to 1080 ¢m ing Eqg. (5). This assumption is reasonable because the hole
The direct contribution of the PD response can be derivegxcitations in the PD effect cover a larger energy range

from the excess velocity; = p/m*, to which an electron is (~Eg) than the thermal energy range-kT) relevant for
excited by the absorption of a single photon with momentunthe equilibrium transport. Taking into account that the illu-
p. In the exposed active area, whérandw are the length minated length and the intensity in the active layer used for
and width, respectively, the contribution of one excited electhe estimation are likely to be overestimated and/or that cou-
tron to the current is then simply given ly=—ev/l. The pling losses due to an air gap between the Ge prism and the
steady state current due to all excited electrons is thus  active layer may have occurred, we conclude thafcorre-
sponding tor, in Eq. (1)] is even closer tar ) -

hvn . In the following, we determine the efficiency of the PD
Nw, 4 effect when used as an ultrafast IR detector. In this case the
PD response is to be understood as an ac current in a trans-
mission line with a given impedancg,,. In our caseZ,,
=31 O for =1 MHz. As a consequence, the output
lf)ower has a quadratic dependence on the IR input power.
This implies that the efficiency steadily increases with in-
creasing power, making it favorable to operate this device at
higher intensities. This advantage cannot be taken too far,
since saturation occurs. The relevant parameters affecting
saturation are the electron density in the QW system and the
) intersubband energy relaxation processes.
hﬂlﬁ p (5) A typical detector performance in terms of conversion
ce Ng Than efficiency, measured with FELIX at a wavelength of

11.2 um, is shown in Fig. 8. The 4-pWHM) ir pulses

In Fig. 7 we plot the experimentally observed PD openilluminate the 0.8-mm-wide active microstrip mesa over a

loop voltage(full circles) of sample B as a function of the |engthL of 1 mm. The actual output power during the 4 ps is
photon energy. A high-frequency PD measuremg@pen obtained from the measurement by assuming conservation of
circles was performed with FELIX to obtain the entire line total energy of the electrical pulse in the transmission line.
shape. The intensity of the exciting GOlight was The broadening of the pulse, due to limitations in bandwidth,
6.4 W/cnt within the sample at the photon energy of is thus compensated.
921 cnit. The illumination was homogeneous over the ac-  An estimation of the PD output power is derived by con-
tive area with lengti=3.6 mm. To compare the experi- sidering distributed PD current sources in the HF transmis-
mental response with the theoretical estimation, the experision line. The HF attenuation in the line is given hy,

iS:ieN|pr=—erpm*C

where 7, is the momentum relaxation time ard is the
number of excitations per unit time and area. The open loo
voltage U, of the direct PD is built up over the illuminated
length with the resistand®@=1/(eNgjpyaW). The Hall mo-
bility pyan=erhan/M* [pa (300 K)=7200 cni/Vs for
sample B is related to the current relaxation timg,, . We
thus obtain

Uo=Ris=—
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FIG. 9. Current relaxation timey,; (dots obtained by the Hall FIG. 10. Momentum relaxation time ratl®=r,/7,, extracted

mobility as a function of temperature. The momentum relaxationfrom the PD spectra for various temperatures. The mtiemains

time 7, (open squargss obtained by assuming ~ 745 and with  approximately constant over the entire temperature range.

help of the measured rati® (cf. Fig. 10. The lines are guides to ] .

the eye. At high temperature§ 70 K) LO-phonon scattering Subband the momentum decay will be influenced by LO-

dominates and determines the temperature dependence_ phonon emiSSiOI’l, Wh|Ch Sh0u|d therefore be IeSS sensitive to
phonon occupation and thus temperature. On the other hand,

=R'/(2Z,)=(1.6 mm)"* for sample B. The electrical pulse since the electron-electron interaction leads to an equilibrium

propagation is defined by the equivalent circuit model and b)getween subbands on a subpicosecond time $Eilmay be

applying Kirchhoff's lawst® To obtain the peak signal from rgued that there is not much difference in the temperature-

. L . B dependent probability of a carrier being initially in the sec-
the entire distributed detector, we simply time integrate th_eOnd or the first subband. The constant r&iavould then be

distributed signals over the detector length, including diss"determined by subband specific scattering occurring on a

pation effects. The result for the peak signal under the CON3yhpicosecond time scale. Such a process should, according
dition of velocit_y m_atchiné1 betwee_n electrical _and optical {5 our results, have the same temperature dependence for
pulse propagation is the same as in Eg).but with a pref- i subbands. More experiments are needed to clarify this
actor of 1/(eL). The optical absorption is 75% at jsgye, e.g., on thé-doped sample C, where we would expect
893 Cm_l, and the direct and resonant PD contributions aregg temperature dependent ram due to the stronger influ-
equally strong. The predicted upper lintgolid line in Fig.  ence in the ground subband of the Coulombic impurity scat-
8), obtained by assuming again that~ 7, , is approxi- tering.

mately a factor of 7 above the measured PD output power. In this context we would like to point out a recent publi-
Part of the difference between the calculated and the experéation of Faleev and Stockm&hwho also addresses the

mental results are due to transmission line losses. topic of temperature-dependent PD ratios. Systems with
E,<hw o were considered theoretically where the spectral
C. Temperature dependence shape is governed mainly by the resonant part. New qualita-

) ) ) tive features were predicted, such as the reversal of the PD
In Fig. 9, the current relaxation time,, of sample B cyrrent with changing temperature in tailored samples with a
obtained by the Hall measurements is plotted versus tenproperly chosen doping profile across the well.
perature. As argued above, the equilibrium transport time

Than at RT is a good estimate for the momentum relaxation D. Intensity dependence

time 1 qf holes in the grounq subband, although the holes |, the experiments performed with FELIX, we use pulse
are distributed over all possible wave vectors. We assUMgnergies sometimes exceedingdl/cn?, deposited within
that 71~ 745 a@lso applies at lower temperatures. The Mo-typically 2 to 4 ps. At such high intensities we expect heating
mentum relaxation timer, in the second subband is then of the electron gas. When the electrons are excited to the
obtained with the help of the experimental relaxation timehigher subband they have a nonequilibrium distribution,
ratios,R=7,/7,, extracted from the PD spectra at the cor-which rapidly thermalizes to a Fermi distribution with an
responding temperatures. We find for sample B that the ratielectron temperatur@,. The thermalization occurs in tens
R remains almost constant over the temperature range fromf femtoseconds through electron-electron scatteiinig,
80 K up to RT, with a value of-1.35, as can be seen in Fig. which almost no energy is transferred to the lattice. During
10. the time span of our experiment-( picoseconds however,
The general trend ofy,, can be understood by consid- the electrons lose energy to the lattice through intra- and
ering the dominant scattering mechanisms. At low temperaintersubband electron—LO-phonon interactions and reach
tures, interface roughness limits the mobility. At high tem-thermal equilibrium with a part of the available phonon
peratures T>70 K), the LO-phonon scattering dominates, modes. In narrow wells, wherg&,;,>E, 5, the relaxation
and the principal temperature dependence is determined hifetime due to electron—LO-phonon scattering is found to be
the phonon occupation numb@rA proper theoretical treat- of the order of 0.3 p&~3*which is in good agreement with
ment of the LO-phonon-limited mobility would be obtained theoretical estimate¥~>" Since the group velocity of LO
from a solution of the appropriate Boltzmann equafibn. phonons is very smalless than 10 mjsthe phonons cannot
At first sight, it is surprising that the rati stays almost drift away from the excitation volume during their lifetime.
constant over the examined range. In comparison to the situnstead, the LO phonons will decay into other lattice modes.
ation in the ground subband, we expect that in the secon@the dominant process in this case is the decay of LO
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FIG. 11. Momentum relaxation time ratR=7,/7,, extracted  This mean energy is reached Bi=780 K, obtained from
from the PD spectra for various intensities at RT. A constant mearsolving Eqs.(2a—(2¢) iteratively.
energy(E(T=290 K))=34.5 meV, over the entire range is used.  An estimation of the electron gas heating was already
The line is a guide to the eye. given in Sec. IV A. Following the same arguments, one ob-

phonons into two longitudinal acoustic phonons. The life-{&iNS atls an increase of the temperature 5810 K, im-
time of LO phonons at RT is typicaf§ 4 ps for GaAs at 300 Plying Te~ 11(1)0 K. A value close to this is found by West
K. During these 4 ps, the energy of the absorbed photons @nd Robert§} who determine for an IST resonant at
thus mainly stored in the relevant LO phonons of the GaAsl0.6 um an electron temperatuiig=1235 K, attained per
QW's; the energy stored in the electron gas is very small. definition at the saturation intensity. The discrepancy be-
For an estimation oT , in our experiment, we begin with tween these much higher temperatures compared to the 780
the specific heat,~0.4 JK *cm™2 of LO phonons derived K from Eq. (6) suggests that the ratio in fact decreases with
by the dispersionless Einstein model for bulk GaAs modesincreasing intensity, implying that the difference between
In the plane, only modes with wave vectors upt®k.  andr, becomes smaller.
~4.7x10° cm ! can interact, corresponding to a small part  In Fig. 12, we show the inverse PII'g3) and optical
of only ~8.4% of the Brillouin zone boundary, which makes (' x15) linewidth as a function of intensity for the measure-
~0.7% of the total Brillouin zone. In the experiment pre- ment series of Fig. 11. Apparent is the difference of the
sented in Fig. 5, the energy of 12J/cn? impinges on a relaxation times, which is due to the fact that the PD effect is
slab consisting of 30 QW'’s of 82 A, leading to an estimatedrelated to the single-particle excitations and the ISR is a col-
increase ofT, by ~170 K, after reaching an equilibrium lective effect. Unexpected is the onset of the broadening al-
with the coupled LO-phonon modés. ready at low intensities far below saturation. Likewise un-
In Fig. 11 we have plotted the rati® of the momentum foreseen is the ATR resonance position shift at low
relaxation times as a function of ir intensity, obtained from aintensities shown in Ref. 15. At high intensities close and
PD spectra series at RT, applying Ed) with a constant above saturation the difference between the PD and ATR
mean energyE),qo «. The relation betweem, and 7, stays lifetimes increases. Whil@;é continues its trend towards
approximately constant up to 1@J/cnf, and then the ratio shorter timesI',+; seems to level off. The heating of the
begins to increase. system in this regime leads to an electron distribution ex-
At high intensities, heating of the electron system occurspanding towards highek in the ground subband and thus
The fast electron-electron interaction drives both subbandgesults in a broadening of the PD due to nonparabolicity.
rapidly towards a single quasiequilibrium distribution with a This effect does not affedf;TlR,%
common electron temperatufig, after the pulse is over.
Let us have a closer look at the situation at high intensi-
ties. If we postulate that the ratio stays constant at all inten- V. SUMMARY
sities, then(E(T)) must vary instead. In this case, the varia-
tion can be described by an increase of temperature related to ToO summarize, we have used the particular features of PD
the energy pumped into the system. We determine this tenspectroscopy to investigate current relaxation processes in a
perature for the case depicted in Fig. 11: At the saturatio®DEG. The momentum relaxation time raRe= 7, / 7, of the
intensity’® 1,=60 wJ/cn? we find R=1.65 with (E),qox  carriers in the occupied and the first unoccupied subbands is
=34.5 meV, which has to be substituted by the appropriatéletermined from the spectral dependence of the photon drag
energy to obtairR=1.3. The mean energy is then accordingcurrent. A spectral line-shape comparison is made between

to the second term in Eq1) given by the modulation-doped and thedoped samples. WhilR is
0.65 found to be between 1.3 and 1.6 for the modulation-doped
_ Y00 _ case, which indicates that the momentum relaxation time in
(B(Te))= 0.3 (E)20k=75 meV. ®  the excited subband is shorter than in the ground subband,
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we meet the reversed situation in tldedoped sample R  estimate of 1100 K that is derived from the energy balance
~0.6), due to the strong overlap of the scattering centerbetween the deposited laser power and the stored energy in
with the ground subband wave function. the electron and the LO-phonon systems, we conclude that
The quantitative comparison of the experimental and thethe difference between, and r, decreases with increasing
oretical PD response in modulation-doped QW’s confirmsintensity.
that 7,< 7= 7, . In addition to the CW sensitivity mea- We have commented on the difference bethglﬁlR and
surement with a CQlaser, a HF detector performance is ';1. The main deviation is attributed to collective effects
given, where transmission line losses and the saturation Cor&'ffecting the under|ying experiments differenﬂy_ The broad-
stitute the main limitations. ening of I'pp at high intensities is explained by an occupa-

~ The persistently constant ratio &-~1.3 over the inves-  tion of higherk states and the related energy dispersion due
tigated temperature range is explained by the fast thermalip nonparabolicity.

zation of the electron gas among both subbands due to
electron-electron interaction, which proceeds much faster
than the optical-phonon-induced intersubband relaxation.
The difference between the momentum relaxation times is
thus determined by subband specific processes, which take We would like to thank U. Gennser and M. Zahyzfor
place on a subpicosecond time scale but have no temperatunelpful discussions and B. Patterson for comments on our
dependence. manuscript. We gratefully acknowledge the support by the
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