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Mobility modulation in vertical transport of hot electrons in multiquantum-well structures
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Perpendicular mobility of photoexcited electrons in multi-quantum-@&0W) structures, is modulated by
photon energy. The period equals the energy of optical phonons. This theoretical prediction was verified
experimentally in InPIpGa, _,As 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 tH&8963-182606)02432-0

There has been a great deal of interest recently in studyingf the carriers above the barriers is smaller than that of
hot-carrier transport above the energy barriers in multidongitudinal-optical(LO) phononsf.w . Once the kinetic
quantum-well(MQW) heterostructures, as well as electronenergy reachew o, an abrupt drop in the mobility should
recapture into quantum wells® Investigation of the trans- occur following the emission of a phonon. The process

port properties of photoexcited electrons in MQW structuresshould repeat itself for multiples dfw o . .
is of great importance in understanding the physical pro- We verified our theoretical prediction experimentally on a

cesses in various advanced electronic devices. In particulalla,‘tt'(.:e'matCheOI InP/ IfGalTXAS MQ+W grown by metalor-
anic molecular-beam epitaxy. Am" In,Ga;_,As contact

vertical transport of electrons is crucial in,structures such a yer was grown on the InP substrate, followed by 20 periods
quantum-well infrared photodetectd@WIP’s), heterostruc-  o¢'np harriers and IpGay As well, concluded by another
ture bipolar transistors, §em|conductor Ia;ers, and hOtI'nxGal,XAs contact layer. The well is 50 A wide, with a
electron transistors. QWIP’s have the potential of replacingyonor concentration of 2 1017 cm~2. The barrier is 570 A
conventional narrow-gap detectors as sensing elements fQfiqe  with an unintentional donor concentration of
the infrared region. Presently, the performance of state-ofp_3x10'x 10 ¢cm~3. The combined doping in the well
the-art QWIP's is inferior to that of conventional systems, and barrier regions resulted in electron sheet concentration of
pending further research. While the optical properties of2_3 cm~2 in the wells. The test device is a QWIP structure,
these devices are quite well understood, the electronic prayith a 200< 200-um? mesa. The light was introduced via a
cesses are less studied. Transport of electrons excited to thgdge, to provide radiation with polarization necessary for
barriers in MQW structures is different from that in bulk intersubband absorptidn.
material, due to the presence of the wells. This issue received
little attention so far. 8000
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 hag ~
the electron recapture time. Therefore, thermalization is neg- 05 55 =) 75 100 125
ligible, and, unlike the situation in bulk semiconductors, the Excitation energy above barrier (meV)
electrons maintain the kinetic energy obtained by photoexci-
tation. The dominant scattering mechanism is due to un- FIG. 1. Vertical mobility of photoexcited electrons in a
screened ionized impurities in the barrier, for which the MO-InP/In,Ga; _,As MQW structure vs their initial energy above the
bility increases with increased energy. Thus it is expectedarrier. The barrier is 160 meV higher thalB;. Circles—
that, as the excitation energy increases, the perpendiculakperiment; line—model simulation. Inset: GMR sample arrange-
mobility increases. This holds as long as the kinetic energynent.
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The carrier mobility as a function of excitation energy above the barriers: energy relaxation time; momentum
was measured using the photo geometrical magnetoresigelaxation timer,,; and recapture time into the wet,
tance (GMR) method?'® at a temperature of 13 K. The which is equivalent to lifetime in bulk semiconductors. The
change in longitudinal resistivity in the direction is mea-  expressions for energy and momentum relaxation times due
sured as a function of the magnetic fi@ddapplied along the to deformation potential, piezoelectric and LO phonons are
x axis (see the inset in Fig.)1In a conventional Hall mea- given in Ref. 12. The recapture time can be derived either
surement, a Hall electric field is developed along the samplé-om time-resolved photo|uminesceﬁé@r from the gain of
width W, in they direction, to exactly balance the Lorentz photodetector§® For low electric fields this time is in the
force on the carriers. A GMR sample is a thin plate with picosecond range in InP/Ga;_,As QWIP’s’ Since only
metallic contacts on the wide faces. The Hall field is short-one confined energy level exists in our structuteis almost
ened by the contacts, since the lengtls much smaller than  energy independent, as observed by Blenal.? in contrast
W. The Lorentz force is no longer compensated for ando the situation in which a second shallow level is present.
GMR’s is observed, from which the mobility can be deter- In bulk 1lI-V, for carriers with energy larger than
mined. Unlike physical magnetoresistance, in which the re,w, o, the relaxation time involving the emission of an LO
duction in the longitudinal current is due to the presence ophonon is extremely short, about 0.1 ps. In material with
more than one type of carrier, here the effect is due to themall impurity and electron concentrations, the thermaliza-
geometrical boundary conditions. In optical GMR one meation of excited electrons with energy below, o is domi-
sures the change in photoexcited curreh4(B), under a nated by acoustic phonon-scattering through deformation-
constant applied electric field in thedirection. It was mea- potential and piezoelectric mechanisms,rsds of the order
sured to decrease quadratically with the magnetic field. Thef 100 ps, much shorter than the recombination time. For

GMR mobility is given by hot-electrons in a MQW structure, the transit time between
11/3.0) 2 g 0) 1/2 wells is short 0.1 p9, and 7 is a few ps. Thus thermali- -

MGMRE<—)( phtY) ) :(_)(WL_1> zation rates due to deformation-potential and piezoelectric

B/ Jpn(B) B/ \ vg,pH(B) mechanisms are now negligible, and the dominating energy

_ relaxation time at low excitation energies is. Electrons
— Hecond: @ which are excited with a kinetic enerd,>% w o perform a

wherevg ,p is the drift velocity of the photoexcited carriers. Brownian motion with an energy d&,—fw o, following
For most common scattering mechanisms, it is almost identhe rapid release of an optical phonon.Bf<#w o the
tical to the conductivity mobilityw ¢ong- Brownian motion continues witk, until they are captured

The GMR mobility was recorded as a function of IR en- at one of the wells. This holds only at low electric fields, at
ergy by using a circular variable interference filter. This en-which the incremental energy acquired due to the field be-
ables the determination of the initial kinetic energy of ex-tween excitation and capture is much less than g .
cited electrons above the barrieg,. Experimental results, At 13 K, the free-electron concentration in the barrier, due
presented in Fig. 1, show a clear mobility modulation with aeither to doping or photoexcitation, is very low, below?10
period of 43—44 meV, which correspondsfia o in InP.  cm™3. Thus electron-electron scattering within the barrier is
Since absorption decreases at high energies, only two period®gligible. In the well, both electron-electron and electron-
of modulation could be measured. plasmon scattering are negligible in our structure, for two

The actual drop in mobility is not abrupt due to broaden-reasons. First, the concentration of electrons is low. Second,
ing of the energy of free electrons, caused mainly by thre¢he large collision damping associated with the low mobility
effects: (i) the range of energies of electrons in the well, of electrons within the well £ 1000 cnf/V s). A detailed
between the confined level, and the Fermi energy(ii) the  calculation by the random-phase approximation method
kinetic energy due to the applied electric field; afiil) shows an energy relaxation time of more than 10 ps due to
variations inE; caused by fluctuations in the well width. these processes.
Detailed analysis of these processes is given elsewhdie. The momentum is affected by LO scattering only if the
measure a meaningful spectrum, it is essential that the totalarrier kinetic energy is larger thanw, 5. At low fields, the
broadening is substantially smaller than the excitation energgominant momentum scattering process is due to ionized im-
above the barrier. Thus the structure was designed with a loyurities in the barrier. These donors are not screened by elec-
carrier concentration, and low electric fields were employedtrons in that region, because of the low electron concentra-
The measurements presented in Fig. 1 were taken at a field 6bn. On the other hand, the ionized donors in the well are
500 V/cm. Under these conditions the dominant broadeningcreened, and therefore their effect on the momentum is less
mechanism is due to the applied electric field. The calculatedignificant.
broadening isAE~16 meV. The signal was found to be  The conventional analysis of momentum relaxation due to
linear both with electric field and with optical excitation in- unscreened ionized impurities is based on the model of Con-
tensity. In an experiment performed at 4000 V/cm the moduwell and WeisskopfCW).1® This model uses the Born ap-
lation in mobility was indeed absent, due to broadening. proximation, which is valid for high energies only. It also

Electrons contribute to the photocurrent only when theyassumes a minimal deflection angle which is derived from
are above the barriers. Since their mobility is energy depenelassical mechanicéRutherford theory The latter assump-
dent, energy relaxation is analyzed. Momentum and energijon is needed in order to overcome the divergence of scat-
scattering mechanisms are relevant only if the associated réering rates. Monte Carl@MC) simulations with this model,
laxation times are not much longer than the effective life-with the nominal donor concentration, predict mobility val-
time. Three time constants characterize the electron transpares which are 3—4 times higher than experimental results,
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indicating a scattering rate lower than expected. An adequate 47"

mobility could be obtained by increasing doping concentra- on(k)= FE (I+1)sirP(8,— 6,+1), 2
tions to unreasonable levels. A more suitable model for low- 1=0

energy carriers is required. In our work the model of CW isynarek is the wave vector. The phase shift of therder,
modified by replacing the minimal deflection angle by a5 is computed numerically by solving the ScHiger
maximum range of the unscreened potentiae maximum  gqation. The momentum relaxation time is giventby
impact parameter of CW This allows integrating the rate (phase shiﬁ):(NDVO'm)ila wherew is the electron velocity.

. . . T
over all scattering angles, including the small ones, which i, the"Born approximation, transition rates due to scatter-
are not included in CW. The range is taken as half the aver.

X _13 . ing from a single scatterer are given by
age distance between scatterérs, Ny ~“/2, whereNp is the
donor concentration. A comparison is performed between the g \%(1—cogAkb)\?
momentum relaxation time calculated using three models: S(k,k')=—— 2 So(E-E'),
" . h QSSSO Ak

CW, our model by the quantum-mechanics phase shift ?)
(QMPS technique'® and ours by the Born approximation.

Using the QMPS, the scattering cross section was derivedhereeg is the static dielectric constar®, is the volume,
for the first 60 orders in the phase shift. The momentumAk is |k—k’|=2ksin(@/2), and « is the scattering angle.
scattering cross section is given*by The resulting momentum relaxation time is

o 2 -1
Np [ o2 \2m* (1 [1—005{2ksm(§)b ]
7'm(Born)(k): o 8_80 ka71 PARL (1—cosx)d(cos) . (4)
s 2ksin(§)

The integrand is finite fow— 0 and the integral converges. scattering angle, it should provide improved results in low
Figure 2 shows the calculated momentum relaxation timeoncentration bulk material, for quantum effects of low-

for the three models. For low energies, beldw, , the  €nergy particles.

relaxation time derived from the QMPS for our model is  The mobility as a function of excitation energy was de-

shorter by a factor of 2—3 from that of CW, while at larger rived from a thr_ee-d|men3|o_nal l\_/lonte Carlo S|mulat_|0n of

energies the two models converge, as expected. In the intef?® GMR experiment, as given in Eql). The following

mediate range, above 15 meV, our Born approximation iéa\ssumptionsdweredm%?(za) -(gh? reLg;\ptﬁre time isd2 PS, ar:jd
almost identical to the QMPS results. In the relevant energ' energy independefit(b) Only phonons and lonize

. . mpurity scattering were included. Piezoelectric, deformation
range, above a few me\f,, increases with energy. Its aver- purity 9

: ; ; otential, and electron-electron scattering were neglected due
age value in the low-energy range is an order of magnitud

. o heir long relaxation times(c) All carriers in the well
smaller than the recapture tim{@ ps, which justifies the ﬁ their long relaxation times(c) carriers in the wells

; B . . Si h d ave zero momentum in they plane.(d) The initial mo-
assumption of Brownian motion. Since the present modepanim of the particle before the first scattering event is

does not impose the Rutherford restriction over the minimuniiher in the+ z or — z direction. with a probability of 50%.

(e) When an electron is recaptured, another carrier is gener-
ated, with energ¥, , so that the overall charge is conserved.
(f) The effect of the magnetic field was included using the

—— CW approximation equation of motion following each scattering evéhtg) The
10710} | 57 ° Fhase shitfochnique of our model e effect of the contacts is negligibléh) The sample is infinite
-——— Born approximation of our model o

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
~10° cm/s. For a thermal velocity of 2-310" 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
FIG. 2. Calculated momentum relaxation time as predicted by

N
thr_ee mod(_els: F:onwell and Welss_kopf; our model using th_e phase- vy(B)= 2 szi(B)/N, (5)
shift technique; and our model using the Born approximation. i=l
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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 factorgyr. TO estimate this factor, the
energy of the particle,E;, is derived from MC simulations,
and introduced inr,(E;) to rendet®

N N 37172
rGMR:N[E T?n(Ei)/ (2 Tm(Ei)) } .

i=1 i=1

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 ofx318'°
cm™3. The agreement between the experimental results and
this simulation is very good.

The assumptions of zero momentum in #g plane and
a single excited energl, [assumptiongc) and (e) abovd
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

FIG. 3. Histograms describing the steady-state energy distribuin Fig. 1 is due to the electric field. The good agreement with
tion of electrons, excited with three different initial kinetic energiesthe experiment indicates the validity of these assumptions.

above the barrier(a) E,=10 meV. (b) E,=30 meV.(c) E,=60

Figure 3 shows the histograms of particles as a function of

meV. The only source of broadening in this Monte Carlo simulationtheir kinetic energy at steady state, produced by the MC

is due to the electric field. Important: for such an electron distribu-
tion it is impossible to define a quasi-Fermi energy or hot-electronmc field only

temperature.

wherev,; is the velocity of the particle in thez direction,
while N is the number of particles in the simulationgyr

was derived by inserting/y, calculated with and without
magnetic field, into Eq(1). The variance invg was found to

calculations. The broadening in the figure is due to the elec-
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 diw . The mobility
spectrum fits the theoretical prediction based on unscreened

be 10% for a single simulation. An average of 1000 simuladonized impurity scattering, for which a model was devel-
tions was taken to improve the variance to better than 1%pped.
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