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Perpendicular mobility of photoexcited electrons in multi-quantum-well~MQW! structures, is modulated by
photon energy. The period equals the energy of optical phonons. This theoretical prediction was verified
experimentally in InPInxGa12xAs MQW’s, proving that in MQW’s the average photocarrier energy is higher
than thermal. In bulk material this effect is absent since the thermalization rate is faster than recombination.
Monte Carlo simulations render an excellent fit to measured data. A model for the dominant unscreened
ionized impurity scattering is presented, upgrading the Conwell-Weskopf theory.@S0163-1829~96!02432-0#

There has been a great deal of interest recently in studying
hot-carrier transport above the energy barriers in multi-
quantum-well~MQW! heterostructures, as well as electron
recapture into quantum wells.1–8 Investigation of the trans-
port properties of photoexcited electrons in MQW structures
is of great importance in understanding the physical pro-
cesses in various advanced electronic devices. In particular,
vertical transport of electrons is crucial in structures such as
quantum-well infrared photodetectors~QWIP’s!, heterostruc-
ture bipolar transistors, semiconductor lasers, and hot-
electron transistors. QWIP’s have the potential of replacing
conventional narrow-gap detectors as sensing elements for
the infrared region. Presently, the performance of state-of-
the-art QWIP’s is inferior to that of conventional systems,
pending further research. While the optical properties of
these devices are quite well understood, the electronic pro-
cesses are less studied. Transport of electrons excited to the
barriers in MQW structures is different from that in bulk
material, due to the presence of the wells. This issue received
little attention so far.

In this paper the mobility of optically excited carriers
traveling perpendicular to the epitaxial layers in QWIP struc-
tures is investigated. The various scattering mechanisms af-
fecting the mobility as a function of excitation energy are
analyzed. One of the most interesting phenomena is that, in
MQW’s, the average energy of the optically excited carriers
can be considerably larger than that of thermally excited car-
riers. This is due to the fact that while in bulk semiconduc-
tors the thermalization time is orders of magnitude shorter
than the lifetime, here the thermalization time is longer than
the electron recapture time. Therefore, thermalization is neg-
ligible, and, unlike the situation in bulk semiconductors, the
electrons maintain the kinetic energy obtained by photoexci-
tation. The dominant scattering mechanism is due to un-
screened ionized impurities in the barrier, for which the mo-
bility increases with increased energy. Thus it is expected
that, as the excitation energy increases, the perpendicular
mobility increases. This holds as long as the kinetic energy

of the carriers above the barriers is smaller than that of
longitudinal-optical~LO! phonons\vLO . Once the kinetic
energy reaches\vLO , an abrupt drop in the mobility should
occur following the emission of a phonon. The process
should repeat itself for multiples of\vLO .

We verified our theoretical prediction experimentally on a
lattice-matched InP/InxGa12xAs MQW grown by metalor-
ganic molecular-beam epitaxy. Ann1 In xGa12xAs contact
layer was grown on the InP substrate, followed by 20 periods
of InP barriers and InxGa12xAs well, concluded by another
In xGa12xAs contact layer. The well is 50 Å wide, with a
donor concentration of 231017 cm23. The barrier is 570 Å
wide, with an unintentional donor concentration of
2–33101131016 cm23. The combined doping in the well
and barrier regions resulted in electron sheet concentration of
2–3 cm22 in the wells. The test device is a QWIP structure,
with a 2003200-mm2 mesa. The light was introduced via a
wedge, to provide radiation with polarization necessary for
intersubband absorption.1

FIG. 1. Vertical mobility of photoexcited electrons in a
InP/InxGa12xAs MQW structure vs their initial energy above the
barrier. The barrier is 160 meV higher thanE1. Circles—
experiment; line—model simulation. Inset: GMR sample arrange-
ment.
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The carrier mobility as a function of excitation energy
was measured using the photo geometrical magnetoresis-
tance ~GMR! method,9,10 at a temperature of 13 K. The
change in longitudinal resistivity in thez direction is mea-
sured as a function of the magnetic fieldB, applied along the
x axis ~see the inset in Fig. 1!. In a conventional Hall mea-
surement, a Hall electric field is developed along the sample
width W, in the y direction, to exactly balance the Lorentz
force on the carriers. A GMR sample is a thin plate with
metallic contacts on the wide faces. The Hall field is short-
ened by the contacts, since the lengthL is much smaller than
W. The Lorentz force is no longer compensated for and
GMR’s is observed, from which the mobility can be deter-
mined. Unlike physical magnetoresistance, in which the re-
duction in the longitudinal current is due to the presence of
more than one type of carrier, here the effect is due to the
geometrical boundary conditions. In optical GMR one mea-
sures the change in photoexcited current,Jph(B), under a
constant applied electric field in thez direction. It was mea-
sured to decrease quadratically with the magnetic field. The
GMR mobility is given by

mGMR[S 1BD S J ph~0!

Jph~B!
21D 1/25S 1BD S nd,ph~0!

nd,ph~B!
21D 1/2

>mcond, ~1!

wherend,ph is the drift velocity of the photoexcited carriers.
For most common scattering mechanisms, it is almost iden-
tical to the conductivity mobilitym cond.

The GMR mobility was recorded as a function of IR en-
ergy by using a circular variable interference filter. This en-
ables the determination of the initial kinetic energy of ex-
cited electrons above the barrierEb . Experimental results,
presented in Fig. 1, show a clear mobility modulation with a
period of 43–44 meV, which corresponds to\vLO in InP.
Since absorption decreases at high energies, only two periods
of modulation could be measured.

The actual drop in mobility is not abrupt due to broaden-
ing of the energy of free electrons, caused mainly by three
effects: ~i! the range of energies of electrons in the well,
between the confined levelE1 and the Fermi energy;~ii ! the
kinetic energy due to the applied electric field; and~iii !
variations inE1 caused by fluctuations in the well width.
Detailed analysis of these processes is given elsewhere.11 To
measure a meaningful spectrum, it is essential that the total
broadening is substantially smaller than the excitation energy
above the barrier. Thus the structure was designed with a low
carrier concentration, and low electric fields were employed.
The measurements presented in Fig. 1 were taken at a field of
500 V/cm. Under these conditions the dominant broadening
mechanism is due to the applied electric field. The calculated
broadening isDE'16 meV. The signal was found to be
linear both with electric field and with optical excitation in-
tensity. In an experiment performed at 4000 V/cm the modu-
lation in mobility was indeed absent, due to broadening.

Electrons contribute to the photocurrent only when they
are above the barriers. Since their mobility is energy depen-
dent, energy relaxation is analyzed. Momentum and energy
scattering mechanisms are relevant only if the associated re-
laxation times are not much longer than the effective life-
time. Three time constants characterize the electron transport

above the barriers: energy relaxation timetE ; momentum
relaxation timetm ; and recapture time into the welltc ,
which is equivalent to lifetime in bulk semiconductors. The
expressions for energy and momentum relaxation times due
to deformation potential, piezoelectric and LO phonons are
given in Ref. 12. The recapture time can be derived either
from time-resolved photoluminescence7,8 or from the gain of
photodetectors.6,9 For low electric fields this time is in the
picosecond range in InP/InxGa12xAs QWIP’s.7 Since only
one confined energy level exists in our structure,tc is almost
energy independent, as observed by Blomet al.,8 in contrast
to the situation in which a second shallow level is present.

In bulk III-V, for carriers with energy larger than
\vLO , the relaxation time involving the emission of an LO
phonon is extremely short, about 0.1 ps. In material with
small impurity and electron concentrations, the thermaliza-
tion of excited electrons with energy below\vLO is domi-
nated by acoustic phonon-scattering through deformation-
potential and piezoelectric mechanisms, sotE is of the order
of 100 ps, much shorter than the recombination time. For
hot-electrons in a MQW structure, the transit time between
wells is short ('0.1 ps!, andtc is a few ps. Thus thermali-
zation rates due to deformation-potential and piezoelectric
mechanisms are now negligible, and the dominating energy
relaxation time at low excitation energies istc . Electrons
which are excited with a kinetic energyEb.\vLO perform a
Brownian motion with an energy ofEb2\v LO , following
the rapid release of an optical phonon. IfEb,\vLO the
Brownian motion continues withEb until they are captured
at one of the wells. This holds only at low electric fields, at
which the incremental energy acquired due to the field be-
tween excitation and capture is much less than\vLO .

At 13 K, the free-electron concentration in the barrier, due
either to doping or photoexcitation, is very low, below 108

cm23. Thus electron-electron scattering within the barrier is
negligible. In the well, both electron-electron and electron-
plasmon scattering are negligible in our structure, for two
reasons. First, the concentration of electrons is low. Second,
the large collision damping associated with the low mobility
of electrons within the well (;1000 cm2/V s!. A detailed
calculation by the random-phase approximation method
shows an energy relaxation time of more than 10 ps due to
these processes.

The momentum is affected by LO scattering only if the
carrier kinetic energy is larger than\vLO . At low fields, the
dominant momentum scattering process is due to ionized im-
purities in the barrier. These donors are not screened by elec-
trons in that region, because of the low electron concentra-
tion. On the other hand, the ionized donors in the well are
screened, and therefore their effect on the momentum is less
significant.

The conventional analysis of momentum relaxation due to
unscreened ionized impurities is based on the model of Con-
well and Weisskopf~CW!.13 This model uses the Born ap-
proximation, which is valid for high energies only. It also
assumes a minimal deflection angle which is derived from
classical mechanics~Rutherford theory!. The latter assump-
tion is needed in order to overcome the divergence of scat-
tering rates. Monte Carlo~MC! simulations with this model,
with the nominal donor concentration, predict mobility val-
ues which are 3–4 times higher than experimental results,

54 5697MOBILITY MODULATION IN VERTICAL TRANSPORT . . .



indicating a scattering rate lower than expected. An adequate
mobility could be obtained by increasing doping concentra-
tions to unreasonable levels. A more suitable model for low-
energy carriers is required. In our work the model of CW is
modified by replacing the minimal deflection angle by a
maximum range of the unscreened potential~the maximum
impact parameter of CW!. This allows integrating the rate
over all scattering angles, including the small ones, which
are not included in CW. The range is taken as half the aver-
age distance between scatterers,b5ND

21/3/2, whereND is the
donor concentration. A comparison is performed between the
momentum relaxation time calculated using three models:
CW, our model by the quantum-mechanics phase shift
~QMPS! technique,14 and ours by the Born approximation.

Using the QMPS, the scattering cross section was derived
for the first 60 orders in the phase shift. The momentum
scattering cross section is given by15

sm~k!5
4p

k2 (l50

`

~ l11!sin2~d l2d l11!, ~2!

wherek is the wave vector. The phase shift of thel order,
d l , is computed numerically by solving the Schro¨dinger
equation. The momentum relaxation time is given by15

tm(phase shift)5(NDnsm)
21, wheren is the electron velocity.

In the Born approximation, transition rates due to scatter-
ing from a single scatterer are given by

S~k,k8!5
2p

\ S q2

V«s«0
D 2S 12cos~Dkb!

Dk2 D 2d~E2E8!,

~3!

where«s«0 is the static dielectric constant,V is the volume,
Dk is uk2k8u52k sin(a/2), anda is the scattering angle.
The resulting momentum relaxation time is

tm~Born!~k!5H ND

2p S q2

«s«0
D 2m*\3 kE

21

1 H 12cosF2k sinS a

2 DbG J 2
F2k sinS a

2 D G4 ~12cosa!d~cosa!J 21

. ~4!

The integrand is finite fora→0 and the integral converges.
Figure 2 shows the calculated momentum relaxation time

for the three models. For low energies, below\vLO , the
relaxation time derived from the QMPS for our model is
shorter by a factor of 2–3 from that of CW, while at larger
energies the two models converge, as expected. In the inter-
mediate range, above 15 meV, our Born approximation is
almost identical to the QMPS results. In the relevant energy
range, above a few meV,tm increases with energy. Its aver-
age value in the low-energy range is an order of magnitude
smaller than the recapture time~2 ps!, which justifies the
assumption of Brownian motion. Since the present model
does not impose the Rutherford restriction over the minimum

scattering angle, it should provide improved results in low
concentration bulk material, for quantum effects of low-
energy particles.

The mobility as a function of excitation energy was de-
rived from a three-dimensional Monte Carlo simulation of
the GMR experiment, as given in Eq.~1!. The following
assumptions were made:~a! The recapture time is 2 ps, and
is energy independent.8 ~b! Only LO phonons and ionized
impurity scattering were included. Piezoelectric, deformation
potential, and electron-electron scattering were neglected due
to their long relaxation times.~c! All carriers in the wells
have zero momentum in thex-y plane.~d! The initial mo-
mentum of the particle before the first scattering event is
either in the1z or 2z direction, with a probability of 50%.
~e! When an electron is recaptured, another carrier is gener-
ated, with energyEb , so that the overall charge is conserved.
~f! The effect of the magnetic field was included using the
equation of motion following each scattering event.16 ~g! The
effect of the contacts is negligible.~h! The sample is infinite
in thexy plane, a necessary condition for GMR experiments.

For MC simulations we used our model for the ionized
impurity scattering, while the scattering due to LO phonons
was derived using Ref. 17. To ensure reliable results, 10 000
particles were taken for the simulations, for a duration of 50
ps, a time long enough to reach a steady state. With a field of
500 V/cm, the minimal drift velocity in the simulation is
'106 cm/s. For a thermal velocity of 2–33107 cm/s, one
scattering event does not give a significant perturbation on
the ensemble averaged drift velocity. Hence the use of MC
simulations is justified. The average drift velocity was calcu-
lated using

nd~B!5(
i5 l

N

nz,i~B!/N, ~5!

FIG. 2. Calculated momentum relaxation time as predicted by
three models: Conwell and Weisskopf; our model using the phase-
shift technique; and our model using the Born approximation.
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wherenz,i is the velocity of thei particle in thez direction,
while N is the number of particles in the simulation.mGMR
was derived by insertingnd , calculated with and without
magnetic field, into Eq.~1!. The variance innd was found to
be 10% for a single simulation. An average of 1000 simula-
tions was taken to improve the variance to better than 1%,

enabling the determination of a GMR signal, typically of the
order of 10–20 % for the maximum available field of 0.6 T.
The drift velocity, calculated at fields of 500 and 250 V/cm,
was found to be linear with the field.

The fundamental parameter in device performance is the
conductivity mobility, which differs from the GMR mobility
by the scattering factorrGMR. To estimate this factor, the
energy of thei particle,Ei , is derived from MC simulations,
and introduced intm(Ei) to render18

rGMR5NF(
i51

N

tm
3 ~Ei !Y S (

i51

N

tm~Ei !D 3G1/2.
This factor is found to be between 1 and 1.1, with minimal
effect of the magnetic field.

The line in Fig. 1 shows the results of the simulation for
the GMR mobility as a function of the initial kinetic energy,
for an electric field of 500 V/cm. The doping concentration
was taken as a parameter for fitting the measured data. The
best fit was obtained for a donor concentration of 3.331016

cm23. The agreement between the experimental results and
this simulation is very good.

The assumptions of zero momentum in thex-y plane and
a single excited energyEb @assumptions~c! and ~e! above#
imply neglecting broadening in energy due to fluctuations in
the well width and due to the initial kinetic energy. Thus the
only source of broadening in the MC simulations presented
in Fig. 1 is due to the electric field. The good agreement with
the experiment indicates the validity of these assumptions.
Figure 3 shows the histograms of particles as a function of
their kinetic energy at steady state, produced by the MC
calculations. The broadening in the figure is due to the elec-
tric field only, which suffices to cause a significant broaden-
ing in carriers kinetic energy.

In conclusion, we have demonstrated that the low-field
perpendicular mobility of hot-electrons above the energy
barriers in MQW structures is modulated as a function of
excitation energy, with a period of\vLO . The mobility
spectrum fits the theoretical prediction based on unscreened
ionized impurity scattering, for which a model was devel-
oped.
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FIG. 3. Histograms describing the steady-state energy distribu-
tion of electrons, excited with three different initial kinetic energies
above the barrier.~a! Eb510 meV. ~b! Eb530 meV. ~c! Eb560
meV. The only source of broadening in this Monte Carlo simulation
is due to the electric field. Important: for such an electron distribu-
tion it is impossible to define a quasi-Fermi energy or hot-electron
temperature.
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