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Photon drag investigations of current relaxation processes in a two-dimensional electron gas
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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 GaAs/Al0.35Ga0.65As 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 scattering by ad doping is explored, which demonstrates that
the photon drag spectral response allows the determination of the momentum relaxation time ratio,R
5t1 /t2, 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.
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I. INTRODUCTION

The photon drag~PD! effect is the generation of an elec
trical current in a solid by the momentum transfer from a
sorbed photons. The classical appearance as radiation
sure on a surface was described already in 1861 by Maxw
The first PD generated by optical transitions between s
bands in p-Ge was investigated independently by tw
groups, Gibsonet al.1 and Danishevskiiet al.2

With the realization of the intersubband absorption
quantum-well~QW! systems,3 a large increase in sensitivit
was achieved, related to the resonant interaction in an in
subband transition with its intrinsically large absorption c
efficient. Moreover, new features of the PD in tw
dimensional electron gases~2DEG’s! were predicted by
Luryi4 and Grinberg and Luryi5 and observed experimentall
by Wieck et al.6 These features occur as a result of the d
ference in the momentum relaxation rates in the ground
excited subbands and have an interesting analogy in
Doppler-effect-induced drift of atoms, the so-called ligh
induced drift.7,8

The many fascinating aspects of the effect came only
the reach of experiments with the advent of an easily tuna
infrared source. The free-electron laser for infrared exp
ments~FELIX! of the FOM Institute for Plasma Physics
the Netherlands provided the infrared light for the expe
ments of Sigget al.,9–11 as well as for the measuremen
presented here. The findings were not only a motivation
further experiments but also inspired several theory gro
to contribute and predict new PD phenomena.12–14The reso-
lution of peculiar details of the spectral dependence of
PD effect allows us to obtain information on the intersu
band and interband relaxation processes. By comparing
sorption and PD spectra, the depolarization shift can dire
be observed.15,16
PRB 620163-1829/2000/62~15!/10301~9!/$15.00
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The intersubband relaxation processes are of fundame
importance for the now widely used QW infrared~ir! de-
vices. Commonly used techniques for their study include
measurement of ir absorption, saturation, pulse pump/pro
and photoconductivity. In general, these all-optical tec
niques probe energy relaxation times. The PD effect reve
complementary information, since it is a photoelectric effe
and is directly linked to the current or momentum relaxati
times.

The intention of this paper is to present and discuss n
experimental evidence confirming the reliability of th
single-electron-based PD model introduced in Sec. II and
discuss the linewidth differences between the spectra
tained in attenuated total reflection and PD experiments.
resonance position differences have been discussed in R
13 and 15. The samples and the experimental setup use
given in Sec. III. We present in Sec. IV the results of our P
experiments. In Sec. IV A, it is shown that the PD effect
sensitive to the subband-dependent relaxation time. In S
IV B, the measured signal response is related to the amo
of momentum transferred from the photons to the electro
In Secs. IV C and IV D, we present investigations of t
subband relaxation rates as a function of temperature
intensity. We conclude in Sec. V that PD spectroscopy i
versatile tool to investigate the dynamics of intersubba
transitions.

II. MODEL

The PD effect resulting from an intersubband absorpt
in a QW system is a current due to momentum transfe
electrons in the excited subband and empty states~in the
following, denoted as holes! in the ground subband. It is
possible to separate the PD current into two components
10 301 ©2000 The American Physical Society
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10 302 PRB 62S. GRAF, H. SIGG, K. KO¨ HLER, AND W. BÄCHTOLD
The so-called direct part of the PD signal is a con
quence of the direct momentum transfer from the photon
the electron system and is thus proportional to the absorp
and the photon momentump5hnn/c, wherec is the speed
of light andn is the refractive index in the active medium,
our casenGaAs53.28.

To explain the resonant contribution denoted as the re
nant PD current, we have to note that the intersubband t
sition of an electron leaves a hole in the ground subba
The wave vectors of the excited electrons and holes are
termined by the energy and momentum conservation la
As can be seen in the subband energy diagram of Fig
negative or positive wave vectorsk ~with respect to the di-
rection of the light propagation! are selected, depending o
the energy\v of the incident photon. Classically, this sele
tive excitation is described as the Doppler effect. The co
sponding shift,DDoppler, is in our intersubband systems le
than 1.2 meV~maximum at the Fermi edges, cf. Fig. 1! and
is therefore of minor importance for the absorption line p
file, whose width is more than 6 meV at room temperat
~RT!. For the PD effect, however, this small shift is ve
essential.

Let us consider an intersubband transition occurring at
wave vectork. The thereby generated currents are prop
tional to k, the charges, and the corresponding relaxat
time, t1 for the holes in the first subband andt2 for the
excited electrons in the second subband. Thus the effec
momentum transfer occurs in this case between the la
and the electrons, whereas the photon momentum only
termines the selection ofk. It should be noted thatk can be
two orders of magnitude larger than the photon wave ve
q5p/\, but also that the magnitude of both currents is co
parable~for t1't2), while the directions are opposite.

Since the absorption lineform is lifetime broadened,
possible individual contributions have to be taken into
count to obtain the total resonant PD current, i.e., we hav
sum over allk states. In this sum, one has to take into a

FIG. 1. Energy diagram with the nonvertical transitions betwe
ground and first excited subbands by absorbing ir light with a w
vectorqPhoton ~for clarity, qPhoton has been greatly enlarged!. De-
pending on the difference between the photon energy and the
energy\v2\v12, transitions at negative or positiveki ~with re-
spect to the direction of the light propagation! are excited~Doppler
effect!.
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count that due to the Doppler effect, the transition energy
an excitation at any negativek differs from the correspond
ing transition at positivek by 2\2k•q/m* , wherem* is the
effective mass of the electron~cf. Fig. 1!. In other words, the
transition probability for an electron to be absorbed depe
on its wave vector. The resulting resonant PD current is t
changing its sign when the energy is swept through the
tersubband resonance~ISR!. The proper calculation yields a
spectral response that is proportional to the derivative of
absorption. This means that the spectrum is antisymme
with respect to the energy\v12 of the single-particle excita-
tion at k50.

Finally, the resonant and direct contributions lead to
following frequency dependence of the photon drag effec17

i PD}t2S a~v!1
]a~v!

]v

^E&
\

~t1 /t221! D , ~1!

where ^E& is the mean value of the electron energy in t
ground subband, given by

^E&[Nel
21E

0

`

f FD~E! g2D E dE ~2a!

with the surface electron densityNel[*0
` f FD(E) g2DdE and

the density of statesg2D5m* /(p\2) of the ground subband
where the Fermi-Dirac distribution is

f FD~E!5
1

exp@~E2m!/kBT#11
, ~2b!

with Boltzmann’s constantkB . The chemical potentialm is
obtained from

EF5m1kBT ln~11exp@2m/kBT# !. ~2c!

In particular, atT50 K, we obtain^E&5EF /2.
For illustration, we have calculated with Eq.~1! the spec-

tral shape of the PD response, with different ratios of
subband relaxation timest1 /t2, using a Lorentzian type
lineform with the linewidthG @full width at half maximum
~FWHM!#. The distinct difference of the spectral line shap
are visible in Fig. 2 fort1 /t2 equal to 3, 2, 1, 1.5, 0.6, an
0.3, where the ratioG/(2^E&) has been set to 0.3, a typica
value in our experiments. At this point we would like to no
that Eq.~1! coincides with that obtained in Refs. 4 and 5
the typical experimental situation of a small Doppler sh
i.e., u2\2k•q/m* u!G.

In the above simple model we have neglected the in
ence of many-body effects such as the resonant screenin
the light ~alternatively called the depolarization field!, which
increases the resonance energy. A theoretical treatmen
this problem, employing the self-consistent field method
given by Załuz˙ny.13 Applying his theory yields a new
method to directly observe the depolarization shift. This
realized experimentally by the comparison of an absorpt
measurement with the photon drag line shape.15 In the fol-
lowing, we will not distinguish the shifted (Ẽ12) from the
unshifted (E12[\v12) intersubband transition energy, as
does not affect the general interpretations given in this pa
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III. SAMPLES AND EXPERIMENTAL SETUP

The samples were grown by molecular-beam epitaxy
consist of a 30-period modulation-doped multiple-QW s
tem made of 82-Å GaAs wells and 260-Å Al0.35Ga0.65As
barriers, with 0.8731012 cm22 and 0.9331012 cm22 elec-
trons per well for samples A and B respectively. The th
sample C, with ad doping in the center of the well, is
40-period QW system made of 84-Å GaAs wells a
146-Å Al0.35Ga0.65As barriers, having an electron density
1.1531012 cm22 per well. The top and bottom layers adj
cent to the multiple-QW~MQW! structures were designed t
properly compensate for the surface charge and the b
ground doping in the buffer layer and the substrate, resp
tively. Figure 3 shows diagrams of the energy levels, wa
functions, and doping sites of the different samples.

The Fermi energy lies between the first two subbands,
therefore also at RT, a single intersubband absorption
;120 meV is observed. To provide the optical coupling
the ISR, we took advantage of the attenuated total reflec
~ATR! geometry by using a Ge prism pressed onto the Q
samples. The frequency dependence of the absorptance~de-
fined as the absorbed fraction of the incident energy!, de-

FIG. 2. Calculated PD spectrum for different relaxation tim
ratiosR5t1 /t253, 2, 1, 1.5, 0.6, and 0.3. The ratioG/(2^E&) @cf.
Eq. ~1! in the text# has been set to 0.3. Not that forR51, the PD
coincides with the absorption line form, which is symmetric abo
the resonance frequencyv12.

FIG. 3. Diagram of the energy levels, showing wave functio
and doping sites of~a! the modulation-doped samples A and B a
~b! thed-doped sample C. The energy spacing between the sub
u1& and subbandu2& is ;120 meV.
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rived from an effective medium approach18 at the critical
angle of incidence,wc5arcsin(nGaAs/nGe), can be written as

AMQW~v,wc!.12expH 2NQWgc

Nele
2f 12\

cA«GaAs«0m* G

3
1

$@~E122\v!2/G#211%
J , ~3!

where f 1252m* \22E12z12
2 is the oscillator strength assoc

ated with 1→2 transitions,t52\/G is the dephasing time
NQW is the number of QW’s,e is the charge of the electron
and «GaAs5nGaAs

2 . For the geometry factor, we obtaingc

54«GaAs
3/2 nGe/@cos(wc)u«QWu2#, which is close to the value

used in the traveling-wave equation given by Załuz˙ny and
Nalewajko.19 The validity of Eq.~3! was confirmed by ex-
periments on a 10 QW structure with the same well a
barrier dimensions as in sample A and with an electron d
sity of 0.7631012 cm22 per well. The absorptance with
FWHM of 7 meV had a maximum of 0.9, which agrees ve
well with the estimation. This experiment also illustrates th
the prism coupling used in the ATR scheme is highly e
cient, since for the same absorptance, one would need at
9 consecutive passes through the 10 QW layers in the c
monly used 45° waveguide geometry.20

The signal detection scheme, shown in Fig. 4, relies
the integration of the active QW layer into a microstri
forming a microwave transmission line.9,10,21 As described
above, the incoupling of the light is accomplished using a
prism placed on top of the sensitive area.22 The microstrip
arrangement with total reflection incoupling provides so
important experimental advantages. First, at the critical to
reflection angle, the electric field ofp-polarized light is ex-
actly perpendicular to the quantum layers, providing optim
coupling to the ISR. Second, due to the illumination throu
the surface, the far-infrared field strength is constant alo
the propagation direction of the light, which avoids~elec-
tron! temperature gradient-induced currents. Third, meas
ments of the signal transients are possible over a bandw
that exceeds 30 GHz. This is essential for the high-freque
~HF! measurements, when working with pulsed ir sourc
as, for example, the free electron laser FELIX used he
FELIX produces23 a train of micropulses at 1-ns interva

t

s

nd

FIG. 4. Schematic structure of the device with the multip
quantum-well mesa formed as a microstrip. The in-coupling of
incidentp-polarized light to the active 2DEG layer is via the atten
ated total reflection~ATR! scheme at the critical angle,wc556°, of
the interface between the Ge prism and the GaAs/AlxGa12xAs
mesa. The generated PD current is coupled via a microstrip line
the 50 V coaxial cable.
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10 304 PRB 62S. GRAF, H. SIGG, K. KO¨ HLER, AND W. BÄCHTOLD
during a macropulse of several microseconds. The b
signal-to-noise performance is obtained by electrical lo
pass filtering of the pulsed PD signal at;1 MHz, the time
scale of the macropulse.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Photon drag spectra

An apparent characteristic of the PD effect is that
probes the ratioR5t1 /t2 of the relaxation times in the
ground and excited subbands@cf. Eq. ~1!#, and therefore spe
cial attention was devoted to systems where this ratio
changed. In Fig. 5, the spectral response of the PD effec
the modulation-doped MQW sample A with an internal i
tensity of 2.5 MW/cm2 is presented. The spectral depe
dence of the PD signal allows the separation of the reso
and direct PD component and thus the determination of
relaxation time ratio. Assuming a Lorentzian line form f
a(v) in Eq. ~1!, we find the ratioR51.6. For^E& at RT, we
obtain 33.8 meV. According to the arguments given by S
et al.,11 the maximum value for the momentum time rat
can be assessed from the current relaxation timetHall ,
related to the Hall mobility mHall5etHall /m*
@mHall(300 K)57800 cm2/V s#, as a guess fort1, and
from the absorption linewidthGATR.12 meV obtained with
a Fourier transform~FT! spectrometer, which is an estima
tion for t2. SinceT252\GATR

21 also includes phase relax
ation processes~e.g., electron-electron scattering! that pre-
serve the total electron momentum, the current relaxa
time t2 is always larger thanT2. We thus obtain an uppe
limit tHall /T2.2.7 for the ratio. A more comprehensive di
cussion related to the ratio and its estimate will be giv
below.

The linewidth extracted from the PD spectrum in Fig.
using Eq.~1!, is rather large:GPD.24 meV. This is par-
tially due to the high excitation density of 2.5 MW/cm2,
leading to heating of the electron gas, as will be discusse

FIG. 5. Photon drag spectrum at RT of the modulation-dop
GaAs/AlxGa12xAs MQW sample A, measured at a micropulse i
tensity of 2.5 MW/cm2. For a better signal to noise ratio, an int
gration is made over the entire macropulse of FELIX (5.6ms). A
Lorentzian absorption is used in the fit~solid line! using Eq.~1!.
The spectral line shape yields a relaxation time ratio of 1.6.
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more detail below. However, at low intensity, the width f
the modulation-doped QW is found to remain a factor o
larger thanGATR. In part this is due to the time structure o
FELIX ~4.8 ps correspond to a spectral width of 0.4 me!
and in part to optical saturation at the absorption peak, wh
emphasizes the tails. The remaining difference betweenGPD
and GATR is attributed to the influence of the collective n
ture of the IS excitations on the linewidth and lineform.24,25

In a system with nonparabolic subband structure, the PD
shape is broadened, since it is sensitive to the indepen
electron transitions.GATR, on account of the collective prop
erties of the ISR, remains small.

In sample C, ad doping is placed in the center of the we
The decrease in mobility from the RT (2100 cm2/V s) to the
77 K (1500 cm2/V s) value indicates that scattering by ion
ized impurities is the dominating mechanism. Since the e
tron wave function of the ground state has its maximum
the well center, and is therefore more affected by thed dop-
ing, one expects the ratioR to be drastically reduced com
pared to the modulation-doped case discussed above.
experiment indeed confirms the predicted influence of
doping upon the ratio, which is found to beR50.6 at RT.
This ratio manifests itself in a sample characteristic li
shape, as can be seen in Fig. 6. The estimated ratio d
mined by the mobility and the FT absorption linewid
(GATR.22.4 meV) would give an upper bound ofR<1.4.

We also performed experiments with samples having
d doping at the position of the wave function maximum
the first excited subband state. A direct comparison
sample C is found to be difficult, since the doping-induc
asymmetry leads to a photosignal that we relate to
build-up of a static polarization. This phenomena may
suppressed in symmetrically non-center-doped QW’s.

B. Responsivity

In this section we compare the theoretical PD respo
quantitatively with the experimental values obtained by m

d FIG. 6. Photon drag spectrum at RT of sample C (d doping at
the center of the GaAs QW! measured at a micropulse intensity
3.6 MW/cm2. The fit of the spectral line shape~solid line! using a
Lorentzian absorption in Eq.~1! yields a relaxation time ratio of
0.6. A ratio below 1 indicates that the ground state is more affec
by the d doping than is the first excited. Note the characteris
difference in the line form in comparison with Fig. 5.
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suring the PD open loop voltage. In this experiment, the C
ir beam of a CO2 laser was modulated at 2 kHz by a chopp
and used as the excitation source. The standard lock-in t
nique was applied to obtain the PD response. By tuning
CO2 laser over the strongest lines of its four bands,
sampled photon frequencies from 920 to 1080 cm21.

The direct contribution of the PD response can be deri
from the excess velocity,v5p/m* , to which an electron is
excited by the absorption of a single photon with moment
p. In the exposed active area, wherel and w are the length
and width, respectively, the contribution of one excited el
tron to the current is then simply given byi e52ev/ l . The
steady state current due to all excited electrons is thus

i s5 i eṄlwtp52etp

hnn

m* c
Ṅw, ~4!

where tp is the momentum relaxation time andṄ is the
number of excitations per unit time and area. The open l
voltageUo of the direct PD is built up over the illuminate
length with the resistanceR5 l /(eNelmHallw). The Hall mo-
bility mHall5etHall /m* @mHall(300 K)57200 cm2/V s for
sample B# is related to the current relaxation timetHall . We
thus obtain

Uo5Ris52
hnn

ce
l

Ṅ

Nel

tp

tHall
. ~5!

In Fig. 7 we plot the experimentally observed PD op
loop voltage~full circles! of sample B as a function of th
photon energy. A high-frequency PD measurement~open
circles! was performed with FELIX to obtain the entire lin
shape. The intensity of the exciting CO2 light was
6.4 W/cm2 within the sample at the photon energy
921 cm21. The illumination was homogeneous over the a
tive area with lengthl 53.6 mm. To compare the exper
mental response with the theoretical estimation, the exp

FIG. 7. PD open loop voltage~dots! over the length l
53.6 mm of the active area of sample B as a function of
photon energy. A high-frequency PD measurement~open circles!
was performed with FELIX to obtain the entire line shape. T
intensity of the exciting CO2 light within the sample was
6.4 W/cm2 at 921 cm21.
r
h-
e

e

d

-

p

-

ri-

mental values are separated into a direct and a resonant
according to Eq.~1!, yielding a direct signal of 28mV at
933 cm21 ~the absorption peak position!. Assuming full ab-
sorption andtp50.5tHall , we obtain the same value by us
ing Eq. ~5!. This assumption is reasonable because the h
excitations in the PD effect cover a larger energy rang
(;EF) than the thermal energy range (;kT) relevant for
the equilibrium transport. Taking into account that the ill
minated length and the intensity in the active layer used
the estimation are likely to be overestimated and/or that c
pling losses due to an air gap between the Ge prism and
active layer may have occurred, we conclude thattp @corre-
sponding tot2 in Eq. ~1!# is even closer totHall .

In the following, we determine the efficiency of the P
effect when used as an ultrafast IR detector. In this case
PD response is to be understood as an ac current in a tr
mission line with a given impedanceZw . In our caseZw
531 V for v>1 MHz. As a consequence, the outp
power has a quadratic dependence on the IR input pow
This implies that the efficiency steadily increases with
creasing power, making it favorable to operate this device
higher intensities. This advantage cannot be taken too
since saturation occurs. The relevant parameters affec
saturation are the electron density in the QW system and
intersubband energy relaxation processes.

A typical detector performance in terms of conversi
efficiency, measured with FELIX at a wavelength
11.2 mm, is shown in Fig. 8. The 4-ps~FWHM! ir pulses
illuminate the 0.8-mm-wide active microstrip mesa over
lengthL of 1 mm. The actual output power during the 4 ps
obtained from the measurement by assuming conservatio
total energy of the electrical pulse in the transmission li
The broadening of the pulse, due to limitations in bandwid
is thus compensated.

An estimation of the PD output power is derived by co
sidering distributed PD current sources in the HF transm
sion line. The HF attenuation in the line is given byael

e FIG. 8. A typical detector performance in terms of conversi
efficiency, measured with FELIX at 11.2mm, is plotted~dots! for
comparison with the calculated upper limit~line!. The difference is
mainly attributed to transmission line losses. The PD signal ou
power has a quadratic dependence on the IR input power, an
limited by saturation at higher intensities.



e
b

th
s
o
l

t
ar

e
e

em
im
io
le
m
o
n
e

r
at
ro
.

-
r

m
s,
d
-
d

sit
on

O-
e to
and,
ium

ure-
c-

n a
rding
e for
this
ct

at-

li-
e
ith

tral
lita-
PD

h a

se

ing
the
n,
n
s

ing

nd
ach
n

be

t
.
es.
LO

io

10 306 PRB 62S. GRAF, H. SIGG, K. KO¨ HLER, AND W. BÄCHTOLD
5R8/(2Zw)5(1.6 mm)21 for sample B. The electrical puls
propagation is defined by the equivalent circuit model and
applying Kirchhoff’s laws.10 To obtain the peak signal from
the entire distributed detector, we simply time integrate
distributed signals over the detector length, including dis
pation effects. The result for the peak signal under the c
dition of velocity matching21 between electrical and optica
pulse propagation is the same as in Eq.~5! but with a pref-
actor of 1/(aelL). The optical absorption is 75% a
893 cm21, and the direct and resonant PD contributions
equally strong. The predicted upper limit~solid line in Fig.
8!, obtained by assuming again thatt2;tHall , is approxi-
mately a factor of 7 above the measured PD output pow
Part of the difference between the calculated and the exp
mental results are due to transmission line losses.

C. Temperature dependence

In Fig. 9, the current relaxation timetHall of sample B
obtained by the Hall measurements is plotted versus t
perature. As argued above, the equilibrium transport t
tHall at RT is a good estimate for the momentum relaxat
time t1 of holes in the ground subband, although the ho
are distributed over all possible wave vectors. We assu
that t1;tHall also applies at lower temperatures. The m
mentum relaxation timet2 in the second subband is the
obtained with the help of the experimental relaxation tim
ratios,R5t1 /t2, extracted from the PD spectra at the co
responding temperatures. We find for sample B that the r
R remains almost constant over the temperature range f
80 K up to RT, with a value of;1.35, as can be seen in Fig
10.

The general trend oftHall can be understood by consid
ering the dominant scattering mechanisms. At low tempe
tures, interface roughness limits the mobility. At high te
peratures (T.70 K), the LO-phonon scattering dominate
and the principal temperature dependence is determine
the phonon occupation number.26 A proper theoretical treat
ment of the LO-phonon-limited mobility would be obtaine
from a solution of the appropriate Boltzmann equation.27

At first sight, it is surprising that the ratioR stays almost
constant over the examined range. In comparison to the
ation in the ground subband, we expect that in the sec

FIG. 9. Current relaxation timetHall ~dots! obtained by the Hall
mobility as a function of temperature. The momentum relaxat
time t2 ~open squares! is obtained by assumingt1;tHall and with
help of the measured ratioR ~cf. Fig. 10!. The lines are guides to
the eye. At high temperatures (T.70 K) LO-phonon scattering
dominates and determines the temperature dependence.
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subband the momentum decay will be influenced by L
phonon emission, which should therefore be less sensitiv
phonon occupation and thus temperature. On the other h
since the electron-electron interaction leads to an equilibr
between subbands on a subpicosecond time scale,28 it may be
argued that there is not much difference in the temperat
dependent probability of a carrier being initially in the se
ond or the first subband. The constant ratioR would then be
determined by subband specific scattering occurring o
subpicosecond time scale. Such a process should, acco
to our results, have the same temperature dependenc
both subbands. More experiments are needed to clarify
issue, e.g., on thed-doped sample C, where we would expe
a temperature dependent ratioR, due to the stronger influ-
ence in the ground subband of the Coulombic impurity sc
tering.

In this context we would like to point out a recent pub
cation of Faleev and Stockman,29 who also addresses th
topic of temperature-dependent PD ratios. Systems w
E12,\vLO were considered theoretically where the spec
shape is governed mainly by the resonant part. New qua
tive features were predicted, such as the reversal of the
current with changing temperature in tailored samples wit
properly chosen doping profile across the well.

D. Intensity dependence

In the experiments performed with FELIX, we use pul
energies sometimes exceeding 1mJ/cm2, deposited within
typically 2 to 4 ps. At such high intensities we expect heat
of the electron gas. When the electrons are excited to
higher subband they have a nonequilibrium distributio
which rapidly thermalizes to a Fermi distribution with a
electron temperatureTe . The thermalization occurs in ten
of femtoseconds through electron-electron scattering,30 in
which almost no energy is transferred to the lattice. Dur
the time span of our experiment (; picoseconds!, however,
the electrons lose energy to the lattice through intra- a
intersubband electron–LO-phonon interactions and re
thermal equilibrium with a part of the available phono
modes. In narrow wells, whereE12.ELO , the relaxation
lifetime due to electron–LO-phonon scattering is found to
of the order of 0.3 ps,31–34 which is in good agreement with
theoretical estimates.35–37 Since the group velocity of LO
phonons is very small~less than 10 m/s!, the phonons canno
drift away from the excitation volume during their lifetime
Instead, the LO phonons will decay into other lattice mod
The dominant process in this case is the decay of

n
FIG. 10. Momentum relaxation time ratioR5t1 /t2, extracted

from the PD spectra for various temperatures. The ratioR remains
approximately constant over the entire temperature range.
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phonons into two longitudinal acoustic phonons. The li
time of LO phonons at RT is typically38 4 ps for GaAs at 300
K. During these 4 ps, the energy of the absorbed photon
thus mainly stored in the relevant LO phonons of the Ga
QW’s; the energy stored in the electron gas is very sma

For an estimation ofTe in our experiment, we begin with
the specific heatcv'0.4 J K21cm23 of LO phonons derived
by the dispersionless Einstein model for bulk GaAs mod
In the plane, only modes with wave vectors up to;2kF
'4.73106 cm21 can interact, corresponding to a small pa
of only ;8.4% of the Brillouin zone boundary, which make
;0.7% of the total Brillouin zone. In the experiment pr
sented in Fig. 5, the energy of 12mJ/cm2 impinges on a
slab consisting of 30 QW’s of 82 Å, leading to an estimat
increase ofTe by '170 K, after reaching an equilibrium
with the coupled LO-phonon modes.39

In Fig. 11 we have plotted the ratioR of the momentum
relaxation times as a function of ir intensity, obtained from
PD spectra series at RT, applying Eq.~1! with a constant
mean energŷE&290 K. The relation betweent1 andt2 stays
approximately constant up to 10mJ/cm2, and then the ratio
begins to increase.

At high intensities, heating of the electron system occu
The fast electron-electron interaction drives both subba
rapidly towards a single quasiequilibrium distribution with
common electron temperatureTe , after the pulse is over.

Let us have a closer look at the situation at high inten
ties. If we postulate that the ratio stays constant at all int
sities, then̂ E(T)& must vary instead. In this case, the var
tion can be described by an increase of temperature relate
the energy pumped into the system. We determine this t
perature for the case depicted in Fig. 11: At the satura
intensity40 I s560 mJ/cm2 we find R51.65 with ^E&290 K
534.5 meV, which has to be substituted by the appropr
energy to obtainR51.3. The mean energy is then accordi
to the second term in Eq.~1! given by

^E~Te!&5
0.65

0.3
^E&290 K575 meV. ~6!

FIG. 11. Momentum relaxation time ratioR5t1 /t2, extracted
from the PD spectra for various intensities at RT. A constant m
energy,̂ E(T5290 K)&534.5 meV, over the entire range is use
The line is a guide to the eye.
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This mean energy is reached atTe5780 K, obtained from
solving Eqs.~2a!–~2c! iteratively.

An estimation of the electron gas heating was alrea
given in Sec. IV A. Following the same arguments, one o
tains atI s an increase of the temperature by;810 K, im-
plying Te'1100 K. A value close to this is found by Wes
and Roberts,41 who determine for an IST resonant
10.6 mm an electron temperatureTe51235 K, attained per
definition at the saturation intensity. The discrepancy
tween these much higher temperatures compared to the
K from Eq. ~6! suggests that the ratio in fact decreases w
increasing intensity, implying that the difference betweent1
andt2 becomes smaller.

In Fig. 12, we show the inverse PD (GPD
21) and optical

(GATR
21 ) linewidth as a function of intensity for the measur

ment series of Fig. 11. Apparent is the difference of t
relaxation times, which is due to the fact that the PD effec
related to the single-particle excitations and the ISR is a c
lective effect. Unexpected is the onset of the broadening
ready at low intensities far below saturation. Likewise u
foreseen is the ATR resonance position shift at lo
intensities shown in Ref. 15. At high intensities close a
above saturation the difference between the PD and A
lifetimes increases. WhileGPD

21 continues its trend toward
shorter times,GATR

21 seems to level off. The heating of th
system in this regime leads to an electron distribution
panding towards higherk in the ground subband and thu
results in a broadening of the PD due to nonparabolic
This effect does not affectGATR

21 .25

V. SUMMARY

To summarize, we have used the particular features of
spectroscopy to investigate current relaxation processes
2DEG. The momentum relaxation time ratioR5t1 /t2 of the
carriers in the occupied and the first unoccupied subband
determined from the spectral dependence of the photon
current. A spectral line-shape comparison is made betw
the modulation-doped and thed-doped samples. WhileR is
found to be between 1.3 and 1.6 for the modulation-dop
case, which indicates that the momentum relaxation time
the excited subband is shorter than in the ground subb

n

FIG. 12. Lifetimes obtained from the experimental PD linewid
GPD

21 ~dots!, together with the lifetimeGATR
21 from ATR measure-

ments with FELIX~open squares!. The lines are guides to the eye
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we meet the reversed situation in thed-doped sample (R
'0.6), due to the strong overlap of the scattering cen
with the ground subband wave function.

The quantitative comparison of the experimental and t
oretical PD response in modulation-doped QW’s confir
that t2<t1&tHall . In addition to the CW sensitivity mea
surement with a CO2 laser, a HF detector performance
given, where transmission line losses and the saturation
stitute the main limitations.

The persistently constant ratio ofR'1.3 over the inves-
tigated temperature range is explained by the fast therm
zation of the electron gas among both subbands due
electron-electron interaction, which proceeds much fa
than the optical-phonon-induced intersubband relaxat
The difference between the momentum relaxation time
thus determined by subband specific processes, which
place on a subpicosecond time scale but have no temper
dependence.

The increase of the ratio from 1.3 to 1.65 when the int
sity is raised to 60mJ/cm2 ~saturation intensity! could be
explained by a corresponding increase in the electron t
peratureTe to 780 K under the assumption that the ratioR
stays constant. Since 780 K is considerably less than
t.

.
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estimate of 1100 K that is derived from the energy balan
between the deposited laser power and the stored energ
the electron and the LO-phonon systems, we conclude
the difference betweent1 and t2 decreases with increasin
intensity.

We have commented on the difference betweenGATR
21 and

GPD
21 . The main deviation is attributed to collective effec

affecting the underlying experiments differently. The broa
ening ofGPD at high intensities is explained by an occup
tion of higherk states and the related energy dispersion d
to nonparabolicity.
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