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Temperature and Intensity Dependence of Intersubband Relaxation Rates from
Photovoltage and Absorption
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We report intersubband-scattering times (T&) in a semiconductor heterostructure with intersubband
spacing below the LO phonon energy. Tl is determined by simultaneous measurements of the
intersubband absorption and the photovoltage induced by far-infrared radiation (FIR) near the
intersubband transition frequency. At the lowest temperature (T = 10 K) and FIR intensity (I =
10 mW/cm2), T, = 1.2 ~ 0.4 ns, several times longer than predicted theoretically. T, decreases
strongly with increasing temperature and FIR intensity, to 20 ps at T = 50 K in the linear regime,
and to 15 ps at T = 10 K and I = 2 kW/cm'.

PACS numbers: 42.65.Ky, 73.20.Dx, 78.55.—m

Intersubband transitions of electrons in quantum wells
can be used to engineer infrared detectors and nonlin-
ear optical devices. The recent development of a mid-
infrared intersubband laser [1] has renewed interest in
the development of an intersubband laser operating in
the far infrared. A critical parameter for such devices
is the nonradiative intersubband relaxation time (T~). In
quantum wells in which the subband spacing is less than
the optical-phonon energy, energy relaxation can proceed
by acoustic phonon scattering, by electron-electron and
electron-impurity scattering, and (at nonzero temperature)
by optical phonon scattering, but the relative importance
of these processes is not understood. Theoretical esti-
mates [2] of intersubband lifetimes in wide quantum wells
in which E] q ~ AALo are of the order of hundreds of
picoseconds. Time-resolved [3—5] and steady-state [6—
8] measurements using a variety of experimental tech-
niques have been performed, yielding values of T] that
vary over several orders of magnitude. Murdin et al. [5]
report Tt = 40 ~ 5 ps in a 270 A square well using time-
resolved measurements of the intersubband absorption;
Craig et al. [7] deduce Tt of order 1 ns using saturated-
absorption measurements; Li et al. [6] report Tt = 1.2 ns
for coupled intersubband Landau transitions in a double-
well structure; and Faist et al. [8] obtain a relaxation time
of T] = 300 ~ 100 ps in a double-well structure using a
steady-state, differential-absorption technique.

In this Letter, we measure T] in a coupled-well structure
with E] 2 ~ AALo by measuring the photovoltage and
the intensity dependent absorp-tion associated with the
intersubband transition. The photovoltage we measure is
due to the transfer of electrons from the ground to the
excited subbands of the well, and is proportional to the

population in the excited state. A similar effect has been
observed previously in step quantum wells [9,10]. The
strength of the combined measurement of photovoltage and
absorption is that the relaxation time can be measured as a
function of both excitation intensity and temperature. Thus
we can study both the low-temperature, linear-response
regime important for devices like detectors and mixers
and the hotter, strongly excited environments likely to be
encountered in lasers. We obtain relaxation times that vary
by several orders of magnitude but correlate with sample
condition, temperature, and pump light intensity.

The heterostructure was grown by molecular beam
epitaxy on a semi-insulating substrate. It consists of
4500 A of a 20 A. superlattice (14 A GaAs, 6 A AlAs);
a doping region (520 A. Alo3Gao7As with 26 Si delta-
doped layers giving a total charge concentration of 1.2 &&

10'~ cm 2); 700 A. of the superlattice; a 73 A GaAs well;
a 25 A. Alo 3Ga„7As barrier, an 85 A GaAs well; a spacer
layer, doping region, and barrier region identical to the
above; and a 50 A GaAs capping layer [11]. The lowest
electron-subband spacing was measured to be E2 —E] =
11 meV using photoluminescence with no applied bias.
Energies of the higher subbands F3 —F] = 110 meV and
F4 —E] = 156 meV were obtained from a self-consistent
model described below. The measurements described
in this work were performed near resonance with hv =
E2 —E]. Under these conditions the heterostructure may
be approximated as a two-subband system. At low
temperatures (T ( 50 K), the zero-bias charge density
measured by Hall effect is N, = 2 X 10" cm, and the
electron in-plane mobility is p, = 1 X 10' cm~/V s.

A Schottky gate was evaporated on the surface of the
structure, and Ohmic contacts were made to the double
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well. A negative voltage between the gate and Ohmic
contacts imposes a dc electric field across the structure
and depletes it of charge. Measurements of capacitance
versus gate voltage [C(Vg)] determine that the well is fully
depleted at —1.6 V bias (E = 15 kV/cm). Aluminum
was also evaporated on the substrate side of the wafer,
so that the sample formed a parallel-plate waveguide. In
these experiments, far-infrared polarized (FIR) radiation
is coupled into the cleaved edge of the wafer with E
parallel to the growth direction.

FIR linear-absorption and resonant harmonic-
generation measurements on this structure have been
reported elsewhere [11,12]. The absorption spectrum
between 5 and 200 cm ' consists of a single line
whose position can be tuned between 14.5 and 10 meV
with gate bias. At —0.8 V bias the peak position is
hen~ z

= 12.8 meV (103 cm ') and the line shape is ap-
proximately Lorentzian with a full width at half maximum
of 0.82 meV. There is a difference between the energy
of the absorption resonance and the bare subband spacing
(we calculate Boo~ 2

= 10.25 meV at —0.8 V bias) due to
the depolarization shift [13].

Our photovoltage experiments employ the UCSB Free-
Electron Laser (FEL) as a far-infrared pump. The laser
produces 5 p, s pulses of 103 cm ' radiation at a 1.5 Hz
repetition rate. The FIR uniformly illuminates the edge
of our sample, which is mounted in a variable-temperature
cryostat. The photovoltage is observed as a laser-induced
voltage between the gate and the quantum well, and
arises because the expectation value of the position of
an electron in an excited state and the ground state are
different. Radiation transmitted through the sample is
focused onto a 4.2 K Ge bolometer, so that intersubband
absorption and light-induced polarization can be measured
simultaneously. We investigate resonant effects by tuning
the intersubband absorption resonance through the laser
frequency with gate bias.

The time structure of the photovoltage and the FIR
laser pulse are the same within the 300 kHz bandwidth
of our preamplifier. Figure 1(a) shows the amplitude of
the photovoltage and the FIR transmission as a function
of gate bias, measured at T = 10 K, and a laser intensity
of 0.32 W/cm2. A resonance in the photovoltage occurs
when the intersubband-absorption frequency is tuned
through the laser frequency at Vz = —0.8 V, indicating
that the photovoltage is associated with the intersubband
transition.

Figure 2(a) shows the temperature dependence of the
sensitivity of the photovoltage (the photovoltage at res-
onance divided by laser intensity) and the intersubband
absorption coefficient measured at resonance. These mea-
surements were made at low intensities, where the sen-
sitivity is independent of the laser intensity. While the
absorption coefficient decreases by a factor of 2.3 be-
tween 10 and 70 K, the photovoltage sensitivity decreases
by a factor of 10 between 10 and 160 K. At tempera-
tures T ~ 50 K, the line shapes of the absorption and

Cd)
c5

0
O
O

30

— 0.6

120

-30 100
2

-60

-1.6 -1.2 -0.8 -0.4
Gate Bias (V)

80

FIG. 1. (a) Photovoltage and transmission in our asymmetric
coupled-well sample in the linear regime (T = 10 K, I =
0.32 W/cm~). Gate bias is used to tune the intersubband
absorption resonance through the FIR laser frequency (hv =
103 cm '). Solid lines are calculated from theory (see text).
(b) Calculated resonance frequency and dipole matrix elements
for our structure as a function of gate bias, obtained from our
self-consistent model.

photovoltage are nearly constant. At higher temperatures,
the absorption line shape varies weakly with temperature.
On the other hand, the photovoltage line shape changes
significantly at T ~ 50 K, becoming strongly asymmetric
and changing sign near V = —0.8 V.

Figure 3(a) shows the sensitivity (photovoltage/inten-
sity) and the intersubband absorption at resonance as a
function of pump intensity at T = 10 K. Both the sensi-
tivity and the absorption coefficient are constant at low in-
tensities. The sensitivity decreases by 50% at an intensity
I = 1 W/cm2, while the absorption coefficient decreases
by 50% only at I = 200 W/cm2.

To describe our results, we calculated the energies
and envelope functions of electrons at the subband min-
ima in our double well by self-consistently solving the
Schrodinger and Poisson equations within the effective-
mass approximation. Temperature effects were included

by allowing thermal population of higher subbands.
We model the absorption and photovoltage in our well

using perturbation theory. The linear absorption cross
section o.(cu) of an electron in a two-subband quantum
well is given (in CGS units) by

47r ~e'I z),2 ~'
Ct CO (1)

c~e R[(cu —cu), )' + T, ']T2

Here, z;, is the dipole-matrix operator between states
i and j, co&2 is the depolarization-shifted intersubband-
absorption resonance frequency, and T2 is the dephasing
time. In our coupling geometry, the intensity-dependent
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FIG. 2. (a) S,„(photovoltage divided by laser intensity) and
intersubband absorption coefficient versus inverse temperature,
measured at low pump intensities. The solid line is the cal-
culated absorption coefficient. We do not fully understand the
photovoltage response at T ) 50 K (~), although the trend of
the data agrees with our model. (b) The intersubband-scattering
rate calculated from these data is strongly temperature depen-
dent. The solid line is a fit to the data (see text). Inset is a
sketch of the conduction band of our device. Transitions occur
between El and F2.

absorption coefficient is

o. (I) = (An, 2)
—1 +2, (2)
a Ado

where An~ z is the difference between the equilibrium
populations of the first and second subbands, I is the
intensity of the pump beam, T& is the intersubband
relaxation time, and a is the thickness of the sample
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FIG. 3. (a)S~„(photovoltage divided by intensity) and inter-
subband absorption coefficient versus pump intensity measured
at T = 10 K. (b) The intersubband-scattering rate calculated
from this data depends strongly on intensity.
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(500 p, m). The optically induced polarization P in our
well under steady excitation is given by

Io T] Io T]P = —e(z„—z, , )(Sn', ,) 1+ 2 (3)
6 clap Ado

We calculated subband energies, dipole matrix elements,
and the depolarization shift at each gate bias from our
simulation. The calculated and measured [Fourier trans-
form infrared (FTIR) absorption] absorption frequencies
agree. We obtained the dephasing time versus gate bias
from the linewidth of the intersubband absorption (mea-
sured with FTIR). With these data, our model allows
us to calculate the FIR transmission and photovoltage
b, V = 47rP/e of our sample at low intensity (Fig. 1, solid
lines). The calculated values of cuI2, zt2, and z~~

—
zqq as

a function of gate bias are given in Fig. 1(b). At reso-
nance (gate voltage Vg = —0.8 V), the calculated dipole
matrix elements are z~2 = 49 A. and z22 —

z~~ = 41.7 A.,
the carrier concentration is N, = 1.8 && 10" cm, and
the Fermi level is 4.2 meV above the first subband. At
Vg: 1 3 V the levels in the coupled wel 1 go through an
anticrossing, and gi] —

q2~ changes sign. This anticross-
ing is observed experimentally as a change in the sign of
the photovoltage near V = —1.3 V.

Fitting the magnitude of the photovoltage to experiment
yields an intersubband lifetime TI = 1.2 ~ 0.4 ns. This
lifetime is longer than the lifetime of the T~ = 215 ps
we calculate using our self-consistent wave functions in
Ferreira and Bastard's deformation-potential model [2]
for the acoustic-phonon intersubband-scattering rate. This
model does not include the modification of the acoustic
phonon dispersion due to the well, and does not treat the
collective-excitation nature of the intersubband excitation.
We suggest that the discrepancy between theory and
experiment arises from oversimplifications in the model.
Band-filling effects should not play an important role
as the Fermi level is 6 meV below the second subband,
leaving the most important final states unoccupied.

The temperature and intensity dependence of the in-
tersubband relaxation time was not considered in any
previous experiment for E~2 ( 60,Lo. Indeed, except
measurements by Faist et al. , all have extracted T] from
nearly saturated systems. However, the lifetime can be ex-
tracted directly from the ratio of the photovoltage [Eq. (3)]
to the absorption coefficient [Eq. (2)],

P (I) /I cu
T] 1~(1) e(z22 zl l)a

Thus, simuitaneous measurements of the photovoltage and
the intersubband absorption can determine Tq over a wide
range of conditions, including low intensities within the
linear regime.

Thermal occupation of the excited state largely con-
trols the temperature dependence of the intersubband
absorption [solid line, Fig. 2(a)]. Figure 2(b) plots the
energy relaxation rate I/T~ versus 1/T for T ~ 50 K,
where the measured photovoltage line shape is in good
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agreement with our modeling [see Fig. 1(a)]. The quan-
tities P and n were taken from data in Fig. 2(a). The
matrix element zq2

—z]i was computed from our self-
consistent model. As temperature increases from 10 to
50 K and the second subband becomes partially occu-
pied, zz2 —z» at —0.8 V increases only from 42 to 45 A.
In contrast, the relaxation rate increases from 8 X 10~

to 1.6 X 10" sec '. We fitted I/T~ by the sum of two
exponential functions in 1/T, yielding activation ener-
gies of F~ = 24 ~ 3 meV and E~ = 2.9 + 0.3 meV. The
higher activation energy probably represents the ther-
mal barrier to relaxation by optical-phonon emission as
Eg + Ez —E~ = ItIILo. Rosencher et al. observed [10]
a similar, thermally activated decrease in the photovoltage
signal in quantum wells, and their measurement supports
our interpretation. We have no model for the weak tem-
perature dependence of T~ below 30 K (Ez).

For T ) 50 K, the measured photovoltage line shape is
in poor agreement with our modeling. We speculate that
thermionic emission and photothermal excitation between
the well and doping regions, processes not included in
our model, contribute to the photovoltage and distort the
line shape. Even in this regime, however, the nearly
exponential dependence of the photovoltage sensitivity on
inverse temperature suggests that intersubband absorption
and optical-phonon emission dominate other processes.

The intersubband lifetime also depends strongly on
intensity [Fig. 3(b)]. In the linear regime we measure
T~ = 1.2 ns, while in the strongly saturated regime (I =
2 kW/cm2) we find T~ = 15 ps. Craig et al. [7] also
deduce a decrease of T] in a 400 A quantum well at
intensities of 1 —10 W/cm2. We suggest two mechanisms
for the reduction in lifetime at high intensities. First, the
electron-electron intersubband-scattering rate is predicted
to depend strongly on the population in the second
subband. If this mechanism controls the relaxation,
lifetime will decrease as the excited state is populated
through absorption. Second, the excitation by the pump
should heat the electron gas, in a way which is difficult to
quantify. In view of the strong temperature dependence of
the scattering rate, a reduction in the intersubband lifetime
at high pump intensities is expected due to heating.

Finally, we note that the photovoltage saturates at high
intensities, as the fraction of the population in the second
subband asymptotically approaches ~. In the high inten-
sity limit, we can obtain zzz —z] & directly from the photo-
voltage [b, V = N,*(zz2 —z&~)/2], yielding an experimen-
tal value for z22 —z~] of 47 A. This value is in excellent
agreement with our simulations of an undriven quantum
well at temperatures sufficient to equally populate the first
and second subbands.

In summary, we have observed a photovoltage and
far-infrared absorption in our coupled quantum well due
to intersubband transitions. From these measurements
we can extract an intersubband lifetime of 1.2 ~ 0.4 ns
at T = 10 K and low excitation intensity, substantially

longer than predicted using the formalism of Ferreira
and Bastard. This appears promising for devices which
can operate at low excitation and temperature, such as
FIR detectors or mixers. Our results suggest that the
nonradiative lifetime in a strongly excited system, such as
an intersubband laser, will be much shorter, as the lifetime
decreases rapidly at temperatures T ~ 30 K, and at high
excitation intensities.
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