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In view of very disparate relaxation times measured in experiments on wide GaAs/Al,Gaj_oAs
quantum wells, we have calculated the electron — LO-phonon intersubband scattering rate with a
thermal distribution of electrons in the quantum well subbands. The intersubband transition can
proceed through LO-phonon emission even at wide well widths through the high energy tail of the
thermal distribution. Owur results show that at low electron temperature the scattering rate has
a very sensitive dependence on electron temperature, resulting in a wide range of lifetimes, from
picosecond to over a nanosecond. This sensitivity of the scattering rate to electron temperature
makes it possible to account for the large variation in decay times that have been measured in
similar wide wells. We find that at room temperature the lifetimes are around 1 ps at all well
widths. Detailed results are given of the dependence of the scattering rate on temperature and

carrier concentration.

I. INTRODUCTION

There is interest in elucidating the nature of electron
relaxation mechanisms in quantum wells both as funda-
mental physical processes, and for technological applica-
tions as an understanding of carrier relaxation is needed
to model optical devices such as infrared lasers and detec-
tors. Many experiments'™® have measured the scattering
rates for intersubband relaxation between the second and
the first subbands in GaAs/Al,Ga;_,As quantum wells,
with measured relaxation times ranging from subpicosec-
ond to over a nanosecond. Suggested mechanisms for the
relaxation are longitudinal-optical- (LO-) phonon inter-
actions, acoustic phonon interactions, or carrier-carrier
scattering.

A distinction has been made between wide wells, where
the intersubband energy separation AF,; is less than
the LO-phonon energy FEro, and narrow wells where
AEs; > Ero. There remains a debate over the reason
for the very different lifetimes measured for the inter-
subband relaxation in similar wide GaAs/Al,Ga;_,As
quantum wells, where both long lifetimes of hundreds
of picoseconds!? and much shorter lifetimes, around
20-40 ps,>* have been measured. It has been suggested
that in these wide wells, where AFE3; < Er0o, the transi-
tion would take place through the emission of an acoustic
phonon giving lifetimes of hundreds of picoseconds,® but
the shorter lifetimes of tens of picoseconds remain unex-
plained by this mechanism.

In this paper, we present the results of calculations
showing the strong influence of electron temperature on
the electron — LO-phonon scattering rate in wide wells.
The relaxation lifetime is shown to vary from 1 ps to well
over 1 ns with a small change in electron temperature.
This dramatic variation in lifetime could account for both
the short lifetimes, 20 — 40 ps, and long lifetimes, hun-
dreds of picoseconds, observed in wide wells, where the
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transition energy is less than the LO-phonon energy. We
also show the influence of lattice temperature and carrier
concentration on the scattering rate. The effects of state
blocking can be seen at high carrier concentration.

The experiments on wide wells include a time-resolved
Raman experiment! on 215 A wells, with an estimated
excitation density of ~ 4.0 x 10'! cm~2. A lifetime be-
tween 325 ps and 570 ps was reported in this experiment.
Saturated absorption measurements? with the Santa Bar-
bara free electron laser on a sample with a wide 400 A
well and doped barriers found a lifetime between 180 ps
to 1.6 ns. Short lifetimes, 20 ps and 35 ps, were re-
ported in an interband excite-probe experiment® with
well widths of 225 A and 240 A. An intersubband excite-
probe experiment? with an infrared free electron laser on
a uniformly doped sample with wide 270 A wells also
measured a lifetime around 40 ps.

It has been suggested®* that the short lifetimes in
wide wells, 20-40 ps, could be explained if there is a
thermal distribution of electrons in the second subband.
Electrons in the high energy tail of the distribution
would have sufficient energy to relax to the first subband
through the emission of an optical phonon rather than
an acoustic phonon so reducing the lifetime. Levenson
et al. calculated® the electron — LO-phonon scattering
rate, using a simple analytical model derived!® in the mo-
mentum conservation approximation (MCA), and they
took into account the higher energy electrons by averag-
ing the scattering rate over a Maxwell-Boltzmann distri-
bution of carriers. Their results, plotted as a function
of well width, show that the abrupt cutoff in the scat-
tering rate when the intersubband energy drops below
the LO-phonon energy is smoothed out by the average
over the thermal distribution. There is a finite electron —
LO-phonon scattering rate even for AFEy; < ELo, since
there is a significant fraction of electrons with enough ki-
netic energy in the second subband to emit LO phonons.
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Their results show the overall trends of the scattering
mechanism, but no details of the carrier concentration
or temperature dependencies of the scattering rate are
given.

We give here detailed results of a more complete cal-
culation (without the MCA) making explicit the depen-
dence of the scattering rate on electron and lattice tem-
peratures, carrier concentration, and well width. We find
that the scattering rate is particularly sensitive to elec-
tron temperature below 100 K at wide well widths, and
also in narrower well widths at high carrier densities. At
room temperature it is seen that the lifetimes are around
1 ps at all well widths, making clear that LO-phonon
emission can occur even when AF,; < Ero, if there are
electrons high in the second subband with enough energy
to emit a LO phonon.

We mention here that in narrow wells, where AF,; >
F10, the relaxation lifetime, due to electron — LO-
phonon scattering is expected to be subpicosecond. This
subpicosecond lifetime has been measured in several
experiments.”8

II. THEORY

In a quantum well with parabolic, conduction sub-
bands, the scattering rate W of an electron in a subband
to another state in the same subband (intrasubband scat-
tering) or to a different subband (intersubband scatter-
ing) can be derived from Fermi’s golden rule:

W= S (ARG PE - B, (1)
f

where f (¢) labels the final (initial) state. If the electron
makes the transition through the absorption or emission

of an LO phonon, the interaction Hamiltonian H is given
by

A= Z [cz(q)e""“""l;}:l + H.c], (2)

where a(q) is the strength of the electron — LO-phonon

(Frohlich) interaction and

hwLoe? 3
3)

a(q) =1 [W

q is the phonon wave vector, ISL (Eq) is the phonon cre-
ation (annihilation) operator, Awro = ELo is the LO-
phonon energy, V is the crystal volume, and ¢, 1 =
€zl — €71, €co, €, are the high-frequency and static ab-
solute permittivities. Evaluating Eq. (1), with the sum
converted to an integral over final states, and assuming
bulk phonons and an infinite square well gives the scat-
tering ratel!

Wo 1 1
nn! = +-x
W, 2 [n(wLO) 23

* lG(klskz:q/z)ldez
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» (4)

where n(wro) is the phonon occupation number given by
the Bose-Einstein distribution and is fixed by the lattice
temperature Tattice- ¢- is the z component of the phonon
wave vector and k, (k) is the z component of the elec-
tron wave vector in its initial (final) state. The z direc-
tion is taken parallel to the growth direction. E; is the
first subband edge energy and E) is the in-plane kinetic
energy of the electron in its initial state measured from
the subband edge of that state. hw* = Epo ¥ (En— En'),
where E,,, E, are subband edge energies of the initial
and final states of the electron. Energies are scaled to
the LO-phonon energy and wave vectors are scaled to
the z component of the electron wave vector in the first
subband, k; = 7 /L, where L is the well width. The up-
per (lower) sign is for emission (absorption) of a phonon.
The overlap integral

L
G(k,,kz,q;.) = —i—/ e*sink. zsink,zdz, (5)
0

and the scale of the rate is set by the prefactor,

e2 2m“'wLo %
= — ——— 6
Wo 41reph( h ) ’ ©)

where m* is the effective mass of the electron. For GaAs,
Wy = 8.5 x 102 571, with m* = 0.067m,, fiwpo = 36.7
meV, and €, = 656y (€x0 = 10.9¢9, and €, = 13.1€p).
The scale of the lifetime is given by 7 = WLO ~ 0.1 ps.
We are primarily interested in scattering from the sec-
ond subband to the first, so setting E,, = E, = 4F;,
E,. = E, = (km)?/(2m*L%Epo), k. = k2 = 2, and
kl, = k1 = 1 (scaled energies and wave vectors) in Eq.
(4) and integrating Eq. (4) numerically gives the scat-
tering rate, W3;, from subband 2 to 1.

What we have found up to this point is the empty-
subband to empty-subband scattering rate for a single
electron. We also need to consider the filling of the
states in the bands by other electrons. Instead of the
single-electron scattering rate, we can find an average
scattering rate for all the electrons in the second sub-
band. The different single-electron scattering rates cor-
responding to different initial in-plane kinetic energies
are weighted with a Fermi distribution and averaged to
give the average scattering rate:

Wzaf = Tc:el;lc
_ [ pef(E,T.)[1 - f(E F Ero,T)|Wa1(E)dE
Tp5f (B, To)dE ’
(7)

where pg is the two-dimensional (2D) density of states
and the Fermi distribution:

f(E’Te) = !

— (8)
1+ exp (—f—f;.re )

E = E; + E) is the initial energy of the electron in the
second subband and E F Epo is its final energy in the
first subband with the upper (lower) sign for emission
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(absorption). The chemical potential u is calculated by
assuming the electrons are distributed over the three low-
est subbands and are in thermal equilibrium with elec-
tron temperature 7.. The parameters needed to calcu-
late W} are the well width, the lattice temperature, the
electron temperature, and the areal carrier concentration
Te-

We note that the electron temperature may differ from
the lattice temperature. When the electrons are first
excited into the quantum well subbands they have a
nonequilibrium distribution, which rapidly thermalizes to
a Fermi distribution with a high 7,.. The thermalization
occurs in tens of femtoseconds through electron-electron
scattering in which no energy is transferred to the lattice
so that the electron temperature remains greater than the
lattice temperature. The electrons then lose energy to
the lattice through intrasubband/intersubband electron
— LO-phonon interactions and settle down to a Fermi dis-
tribution at a lower 7., which may still be higher than the
lattice temperature. We show later that intrasubband
scattering times become very long at low T, thus limit-
ing the cooling of the electron plasma to around 50 K,
despite a lower lattice temperature.

III. RESULTS

In this section, the results of calculations of the average
scattering rate of electrons from the second to the first
subband are presented. The behavior of the scattering
rates and relaxation times (inverse scattering rates) in
different parameter regimes is described and discussed.
Unless otherwise stated, the calculated scattering rates
are for transitions from the second to the first subband
through the emission of an LO phonon. At low lattice
temperatures the phonon occupation number n(w) ~ 0.
The 2 — 1 transition occurs only through the emission
of an LO phonon, since there are no phonons to be ab-
sorbed. At high lattice temperatures, n(w) > 0 and the
transition can take place either through emission or ab-
sorption of phonons. In Figs. 1-3, average scattering
rates are plotted as a function of well width for differ-
ent carrier densities at lattice temperature 15 K with
T. = 15 K, 77 K, and 300 K. The fractional population
of carriers in the first subband is also plotted. At this
low lattice temperature the scattering is due to emission
only.

In Fig. 1, Tastice = T= = 15 K and at a low carrier con-
centration 10!° cm™2, the rate increases with increasing
well width to a maximum at 215 A and then drops off
sharply beyond this point. The well width 215 A marks
the crossover where AFE,; = Epo. At this low electron
temperature there are few electrons high enough in the
second subband with enough energy to emit a phonon.
At higher concentrations, 10! and 10'2 cm ™2, the chem-
ical potential moves above the first subband edge and
the first subband begins to fill. The rate then cuts off at
narrower well widths (< 215 A), when the energy sepa-
ration between the second subband edge and the chem-
ical potential is less than EpLo. At all concentrations,
the lifetimes are subpicosecond at well widths where LO-
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FIG. 1. Plot of W3y (solid lines) and the fractional car-
rier density in the first subband (dotted lines) against well
width for 2D carrier densities 101°, 10*!, and 102 cm™2. The
intersubband transition is due to emission only. The curves
are labeled by the carrier density. The vertical dashed line
marks the well width, where AF21 = Ero. Tattice = 15 K,
T. =15 K.

phonon emission is permitted from the second subband
edge, but rise sharply when LO-phonon emission is not
allowed, either because of energy considerations or state
filling. At these long lifetimes, beyond ~ 1 ns, other de-
cay mechanisms, such as acoustic phonon emission and
carrier-carrier scattering, would also have to be consid-
ered.

In Fig. 2 with Tlattice = 15 K and T, = 77 K, elec-
trons at all concentrations from 10° — 102 cm~2 begin
to occupy the higher subbands. There is now a larger
rate for emission even when AF,; < Er0, because there
are electrons with enough energy in the second subband
to emit an LO phonon. The lifetimes in narrow wells
(AE2; > FEro) are still subpicosecond, but lifetimes in
wider wells have dropped to tens of picoseconds, ~ 10 —
70 ps. In Fig. 3 with Tlattice = 15 K and T, = 300 K,
there is a substantial fraction of electrons in the higher
subbands at almost all well widths. The rate curves be-
come broader and flatter with all maxima at 215 A. The
rate at wider well widths beyond 215 A is now compara-
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FIG. 2. As in Fig. 1, except T. = 77 K.
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FIG. 3. As in Fig. 1, except T. = 300 K.

ble to the rate at narrower well widths below 215 A. The
lifetimes at all well widths are now around 1 ps. This im-
plies that whether or not AF3; >< FEj,0 the rate at 300 K
is roughly the same over a wide range of well widths. This
result is somewhat surprising, but is brought about be-
cause kT ~ E1o. At 300 K band filling is not very
important, unlike at 15 K.

In Fig. 4, the scattering rate was calculated with
both the lattice temperature and electron temperature
at 300 K. At this higher lattice temperature, the shape
of the rate curves for transitions, due to LO-phonon emis-
sion, is the same as those at low Tjaitice, With the same
T.. The rates are slightly larger due to the phonon oc-
cupation factor n(w) + 1, where n(w) > 0 at high Tlattice-
The main difference at a higher lattice temperature is
that there is a contribution to the scattering rate from
the absorption of an LO phonon, which occurs at an al-
most constant rate at all well widths and concentrations.
The scattering, due to absorption, dominates the scatter-
ing rate when the emission scattering tends to zero and
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FIG. 4. As in Fig. 1, except Tlattice = 300 K, Te = 300 K,
and the scattering includes both absorption and emission.
The fractional carrier densities are not shown as they are
identical to the ones in Fig. 3.

limits the lifetimes to around 1 ps or less at room temper-
ature. The scattering rate curves shown in Fig. 4 include
both absorption and emission. The shape of the rate
curves is similar to those in Fig. 3 at Tlattice = 15 K, with
comparable scattering rates above and below 215 A. The
scattering rates are slightly faster than those in Fig. 3
with subpicosecond lifetimes at all well widths.

In Fig. 5, the lifetime is plotted as a function of
electron temperature at carrier concentrations 10'° and
10'2 cm~2 and, for each carrier concentration, at well
widths 200 A (AE; slightly greater than Fro), 250 A
(AE3, slightly less than Ero), and 400 A (a wide well).
The lattice temperature is fixed at 15 K. Looking first at
the dependence of lifetime on carrier concentration for a
given well width, we see that lifetimes at high concentra-
tions (e.g., 10'2 cm™2) are longer than lifetimes at low
concentrations (e.g., 10'° cm™2). The increased lifetime
at high carrier concentration demonstrates the effect of
state blocking when fewer electrons in the second sub-
band are able to make the 2 — 1 transition, because the
final states in the first subband are filled. Looking next
at the dependence of lifetime on well width at a fixed car-
rier concentration, we find a similar trend: the lifetime is
shorter for narrow wells and increases as the well width
increases. The longer lifetimes in wider wells occur be-
cause, again, fewer electrons in the second subband can
scatter from 2 — 1, but the obstacle is now due to energy
considerations rather than state blocking. In the wider
wells AE2; < Epo and the electrons at the bottom of
the second subband have insufficient energy to make the
transition. In both cases, high concentrations or wide
wells, electrons near and at the edge of the second sub-
band are unable to scatter into the first subband and the
2 — 1 transition must proceed through the higher energy
electrons in the second subband. This reduces the aver-
age scattering rate, increasing the lifetime, because fewer
electrons participate in the scattering, but the average is
taken over all the electrons in the second subband. In ad-
dition, the single-electron scattering rate given by Eq. (4)
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FIG. 5. Plot of 72} against T. at carrier densities 10'° cm™?

(thin lines) and 10 cm™? (thick lines), and for each carrier
density at well widths 200 A (continuous line), 250 A (dashed
line), and 400 A (long dashed line). Tiattice = 15 K.
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decreases when the initial in-plane kinetic energy of the
electron increases so that the maximum single-electron
scattering rate occurs from the edge of the second sub-
band. If the electrons at the second subband edge are
unable to participate in the transition, as is the case at
high concentrations and wide well widths, the absence of
their higher scattering rates would be a further cause of
the slowing down of the average scattering rate in this
parameter region.

Turning now to the dependence of lifetime on electron
temperature, we find that the behavior of the lifetime
divides into two regions. As the electron temperature in-
creases above 200 K towards high values (e.g., 500 K), all
the lifetimes, regardless of carrier concentration and well
width, tend to ~ 1 ps or less. Conversely, in the region
below ~ 100 K, there is a more divergent behavior with
the lifetime showing more sensitivity to well width and
carrier concentration. The lifetime varies strongly with
electron temperature below 100 K and ranges from over
a nanosecond below ~ 50 K to picoseconds at higher T,
near 100 K. As T, increases beyond 100 K, the lifetime
levels off and decreases more gradually. The strong vari-
ation in lifetime seen below T, = 100 K occurs mainly
in wider wells (> 215 A), but at high carrier concentra-
tions (10'2 cm™2) this strong variation, with very long
lifetimes at low 7., appears also in narrow wells (200 A)
demonstrating the effect of final state blocking. This is
the same effect seen in Fig. 1 where the scattering rate
cuts off at narrower well widths at high carrier concen-
trations. Thus, we see that the strong dependence of
lifetime on electron temperature occurs at low T, in the
parameter region, narrow wells with high carrier density
and wide wells, where LO-phonon emission cannot take
place from the second subband edge, but can proceed
through higher energy electrons in the second subband.
Conversely, in narrow wells at low carrier concentrations
(e.g., 200 A, 101 cm~2) where LO-phonon emission can
occur from the edge of the second subband the lifetime is
subpicosecond at all T, even below 100 K, and remains
almost constant, increasing very gradually with increas-
ing electron temperature.

IV. DISCUSSION

We now discuss in detail the application of our calcu-
lation to published experimental results. The main aim
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is to show that in certain parameter regimes scattering
rates, due to the LO-phonon interaction, have a far wider
range than previously thought (i.e., relaxation times not
limited to subpicosecond), and that the scattering rates
have a marked sensitivity to electron temperature making
it possible to account, with a single mechanism, for very
disparate lifetimes measured in experiments. Including a
thermal distribution of electrons has introduced a flexibil-
ity in the range of achievable lifetimes that was previously
absent in the single-electron — LO-phonon scattering rate.

There is a practical difficulty in that some experimen-
tal parameters needed for the calculation are difficult to
measure and are, therefore, unknown or have great un-
certainty. In particular, the electron temperature, which
is crucial to the calculation, is seldom estimated and its
value is rarely reported in the experimental literature.
The 2D carrier density in experiments with photoexcited
carriers is another parameter which is difficult to esti-
mate accurately. We, therefore, stress that the fits we
give to experimental results are only to demonstrate the
extensive range of lifetimes realizable through the LO-
phonon interaction. They cannot be taken as definitive
fits without precise estimates of the experimental param-
eters.

To model the experimental lifetimes, the lattice tem-
peratures and carrier densities reported in the experi-
ments were used in the calculations. The well widths
used were so-called effective well widths, i.e., the widths
of infinite wells giving the same intersubband separation
AF,; as measured in the experiment. Table I shows the
lifetimes measured in the wide well experiments, as well
as our calculated lifetimes. The intersubband separa-
tion AF5; in these wells was less than Ep o = 36.7 meV.
The parameters reported in the experiments are also dis-
played in the table. In general, the same parameters
were used in the calculations. If a different parameter
was used, the number is enclosed in brackets beside the
experimental parameter. The well widths in brackets are
the effective well widths. If an experimental parameter
is missing, it was not reported in the cited reference.

The first two experiments in the table measured long
lifetimes (> 100 ps). The first experiment,' carried out
by Oberli et al., had a photoexcited carrier density dis-
tributed over the first two subbands. The lifetime mea-
sured in the experiment was 325 + 25 ps for the decay of
electrons from the second subband. A range of lifetimes,
325 to 570 ps, is quoted because Oberli et al. interpreted

TABLE 1. Table of experimental and calculated lifetimes for 2 — 1 intersubband transitions in
wide GaAs/Al,Ga;_.As wells. Experimental parameters are also displayed. Numbers in brackets
are parameters used in the calculation. If there is no bracketed number the experimental parameter

was used.

If an experimental parameter is missing, it was not reported in the cited reference.

Well widths in brackets are effective well widths, i.e., the widths of infinite wells with the same
intersubband separation as reported in the experiment.

Ref. L (A) ne(cm™2) Taice (K) T. (K) AF3, (meV) Texp (PS) Teale (PS)
1 215 (251) 4 x 10 5 30 — 40 (30-33) 26.8 325 — 570 629-293
2 400 (394) 8 x 10%° 10 (44) 10.9 180 ps — 1.6 ns 557
3 225 (290) 7 x 10 15 (78) 20 20 £ 2 20.6

240 (290) 7 x 10! 15 (70) 20 3542 35.4
4 270 (307) 1.5 x 10 (10) (53) 18 40+5 39.8
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the decay as including radiative recombination in addi-
tion to intersubband scattering. They deduced that in-
cluding this additional process could increase the lifetime,
due to intersubband scattering, to 570 + 70 ps. This was
the only experiment where an estimate of the electron
temperature (30 — 40 K) was given. We found that using
a temperature range between 30 — 33 K gave lifetimes
varying between ~ 630 — 290 ps. (The lifetime decreases
as temperature increases.) When the temperature is in-
creased to 40 K, the calculated lifetime falls sharply to
79 ps. Since the carrier density was photoexcited and
the estimate of its value uncertain, we also explored the
effect of varying the carrier concentration. With the elec-
tron temperature fixed at 31 K, the carrier density was
varied between 3.8 x 10!! and 4.2 x 10*! cm—2. We found
the calculated lifetimes to vary between ~ 380 — 600 ps,
showing that the carrier concentration also has a strong
influence on the lifetime. Thus, with parameters close to
those reported in the experiment, we were able to obtain
lifetimes in the same range as the measured lifetimes.

The second experiment? in the table was on a modu-
lation-doped sample with a very wide 400 A well. This
experiment involved saturation spectroscopy measure-
ments, which is an indirect way of finding the scattering
rate unlike the direct measurement made in excite-probe
experiments. Because of a factor of 3 uncertainty in the
intensity the lifetime was estimated to be 600 ps within
the same factor leading to the large lifetime range seen
in the table. As in all the remaining entries in the ta-
ble, no estimate was given of the electron temperature.
Using a value of 44 K, for the electron temperature in
the calculation, gives a lifetime of 557 ps close to the
estimated lifetime in the experiment. We return to this
choice of electron temperature later. In both experiments
discussed thus far, the long lifetimes measured were at-
tributed to acoustic phonon emission, because the inter-
subband separation AFE,; was less than the LO-phonon
energy Fro. The results we present here show that LO-
phonon emission can occur even when AF,; < Epo, if
there is a thermal distribution of electrons in the sec-
ond subband, and this process gives lifetimes of similar
magnitudes to acoustic phonon emission and thus also
needs to be considered when calculating relaxation times
in wide wells.

The remaining experiments in the table measured
short lifetimes in the tens of picoseconds. The exper-
iment® by Levenson et al. carried out on two samples
with different well widths were quoted to have the same
intersubband separation ~ 20 meV, so the same effective
well width was used in the calculation for both samples.
Using electron temperatures between 70 and 80 K gave
calculated lifetimes similar to the measured lifetimes. We
stress again that since the experimental electron temper-
ature is unknown, these numbers are given only to show
that lifetimes close to the experimental result can be ob-
tained using a plausible electron temperature and are not
meant to be true fits. As in the experiment by Oberli et
al., the carriers in the wells were photoexcited, leading
to an uncertainty in the carrier density. If a lower car-
rier density is used in the calculation, similar lifetimes
can be obtained with lower electron temperatures. The

last experiment? in the table was carried out on a uni-
formly doped sample. Using an electron temperature of
53 K gives a calculated lifetime of 39.8 ps close to the ex-
perimental result. Decreasing the temperature to 45 K
gives a lifetime of 94 ps, again showing the sensitivity of
lifetime to electron temperature. Since the wells in this
sample were doped, there could also be impurity scatter-
ing, which would also cause a reduced lifetime.

We have shown in this discussion on wide wells that
the sensitive dependence of lifetime on electron tempera-
ture at low electron temperature and the extensive range
of possible lifetimes obtained in the calculation (Fig. 5)
makes it possible to attribute both the short (~ 20 — 40
ps) and long (hundreds of picoseconds) measured life-
times in wide wells to electron-LO-phonon scattering.

We now look briefly at experiments performed on nar-
row wells. In these wells, where AFE;; > ELo, the sug-
gested mechanism for the intersubband transition is the
electron-LO-phonon interaction. In an experiment with
a 146 A well (effective well width 182 A) Tatham et al.
observed” a decay time of ~ 1 ps. Our calculation of the
lifetime gave a value of 0.32 ps, due only to the 2 — 1
transition through the emission of an LO phonon. But
uniquely in this experiment the first four subbands are
excited and the lifetime in the second subband could be
increased by the relaxation of electrons from the higher
subbands into the second subband. When the scattering
of electrons from the third and fourth subbands is in-
cluded in our calculation, the calculated lifetime increases
to 0.9 ps close to the value observed in the experiment.

Longer lifetimes around 10 ps have also been observed
in narrow wells. This is more than an order of mag-
nitude greater than lifetimes expected from LO-phonon
emission. An experiment® by Levenson et al. on a nar-
row 120 A well (effective well width 161 A) found a life-
time of 8 + 2 ps. Using the reported carrier density of
7%10! ¢cm~2 and an electron temperature of 30 K gives a
calculated lifetime of 0.5 ps. However, the carrier density
was photoexcited making its value indefinite. If the car-
rier density is increased to 1.1x 1012 cm ™2, the calculated
lifetime increases to ~ 7 ps. This variability in calcu-
lated lifetimes again demonstrates the need for more ac-
curate and reliable estimates of the electron temperature
and carrier concentration in experiments. Further ex-
periments with narrow wells and doped barriers®® found
lifetimes between 10 — 15 ps. Using the reported experi-
mental parameters in our calculation, we always find sub-
picosecond lifetimes. Since the experiment by Seilmeier
et al. was carried out at 300 K, we have explored the ef-
fect of absorption of phonons. In calculating the lifetime
the transitions from 2 — 1 and 1 — 2, due to absorption
of an LO-phonon, and the transition from 1 — 2, due to
emission of an LO phonon, were also included:

— =W (2 1) -W(2 1)+ W2 (1 2)
721
+W2¥ (1 — 2),

where 75, is the 2 — 1 intersubband relaxation time and
the subscript e (a) stands for emission (absorption). The
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last three terms on the right-hand side were found to
be negligible compared to the first term so that even
at high temperature the population change in the sec-
ond subband due to electron — LO-phonon interactions
is dominated by the scattering from 2 — 1, due to emis-
sion of an LO phonon. As discussed in Refs. 12 and 13,
the increased lifetimes in these narrow wells could be ex-
plained by another process: the transfer of electrons into
the barrier because of the potential minimum created in
the barrier by the ionized donors and the delayed decay
back into the first subband in the well. This additional
complication is beyond the scope of our calculation.

Finally, we discuss the value of the electron tempera-
ture. Oberli et al. have mentioned! that a hot electron
plasma in thermal equilibrium will rapidly cool down via
the emission of LO phonons in intrasubband transitions,
resulting in a final electron temperature between 30 and
60 K that is still somewhat above the lattice tempera-
ture. To calculate the single-electron intrasubband scat-
tering rate Wiy (Wa2) in the first (second) subband, we
set En = Lip = E]_ (Ez) and kz = k,z = k]_ (kz) =1 (2) in
Eq. (4). Using these rates in Eq. (7) (with the energy F
adjusted accordingly), we find the average intrasubband
scattering rates, and hence the intrasubband relaxation
times 71y and 755. In Fig. 6, we plot 777 and 755 against
T. for a 200 A well width and carrier density 10! cm™2.
The intersubband relaxation time 737 at the same well
width and carrier density is also shown for comparison.

Comparing 7§ and 755 in Fig. 6, we see that the curves
are almost identical with the intrasubband emission in
the first subband being slightly faster than that in the
second subband. We also find (not shown here) that the
intrasubband emission in both subbands is almost insen-
sitive to carrier concentration and well width, the rate de-
creasing slightly only at high carrier concentrations (e.g.,
10'2 cm~2) and at wider well widths.

Comparing intrasubband and intersubband relaxation
times, we find that the intrasubband curves at all concen-
trations and well widths have a similar shape to the 75y
curve at high concentrations or wide well widths (seen in

Tiattice = 15 K well width = 200 &

M2
ng=10 "cm

0 100 200 300 400 500
Te (K)

FIG. 6. Plot of 77y (solid line), 735 (dotted line), and
757 (dashed line) against T. for a well width of 200 A and
ne = 10 cm™2,

Fig. 5): short subpicosecond lifetimes at high T. and a
dramatic variation of lifetime at low 7., tending to very
long lifetimes (> 1 ns) below 50 K. But for the same
moderate well width and carrier density (Fig. 6), there
is a marked difference between the intersubband and in-
trasubband scattering rates at low T.. 757 at this lower
well width and carrier density is subpicosecond and al-
most constant at all T.. In contrast, the intrasubband
relaxation times are only subpicosecond above ~ 250 K.
Below 250 K, these lifetimes increase greatly becoming
much greater than 73). At this well width and concen-
tration, the intrasubband emission times are longer than
75Y. This is in marked contrast to the single-electron
scattering rates where 757 > 713. The average intrasub-
band scattering rate is reduced compared to the single-
electron intrasubband scattering rate, because only elec-
trons higher up the subband, with E; > Epo, take
part in the scattering. Since there are fewer electrons
with large Ej, and these electrons have a smaller single-
electron scattering rate than those with smaller Ej, but
the average is taken over all the electrons in the subband,
this reduces the overall average intrasubband scattering
rate.

In summary, we see that above T, ~ 150 K, the elec-
trons cool through both intrasubband and intersubband
scattering, which occur on similar time scales. The elec-
trons can lose energy rapidly to the lattice, because of
the rapid scattering rates at high T (with subpicosecond
decay times). But below ~ 100 K, the intrasubband scat-
tering rates decrease enormously with decay times in the
tens to hundreds of picoseconds. The intersubband pro-
cess in wide wells and at high concentrations undergoes
a similar slowing down. Only the intersubband process
for moderate well widths and densities remains fast. The
carriers in the first and second subbands are in thermal
equilibrium and since more electrons are in the first sub-
band, we expect most of the cooling to occur through
intrasubband emission from these carriers. Since the in-
trasubband process slows down so greatly below ~ 100 K
this explains the limiting behavior of T,, where T, drops
rapidly down to around 50 K, but does not decrease fur-
ther, down to the lattice temperature.

V. CONCLUSION

In conclusion, the very strong influence of electron tem-
perature and carrier concentration on the 2 — 1 inter-
subband electron-LO-phonon scattering rate has made it
possible to account for a wide range of observed lifetimes
with a single mechanism: the emission of LO phonons
from a thermal distribution of electrons in the second
subband. Calculations with this mechanism result in
a wide range of decay times for the 2 — 1 intersub-
band transition, with a very sensitive dependence on the
electron temperature and carrier concentration. This
wide variation from subpicosecond to over a nanosec-
ond occurs mainly at wide well widths (> 215 A), where
AFE5; < Epo and at low electron temperatures below
100 K, but at high carrier concentrations increased life-
times are also seen at narrower well widths as states in the
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first subband begin to fill. In view of this very sensitive
dependence of lifetime on electron temperature, the dis-
parate lifetimes observed in similar wide wells in different
experiments is not surprising. We have been able to ac-
count for both short and long lifetimes measured in wide
wells with this mechanism. We also find that at high tem-
peratures (e.g., 300 K) the lifetimes are around 1 ps at all
well widths. This is remarkable when we remember that
the general consensus has been that intersubband tran-
sitions in wide wells cannot occur through LO-phonon
emission. Our results show that LO-phonon emission is
a process that should also be considered in wide wells.
Although other processes may also occur (e.g., acoustic
phonon emission or the suggested band bending in the
experiment by Seilmeier et al.) the far-ranging effect of
the electron — LO-phonon interaction in a wider param-

eter region than previously thought should also be given
due consideration. To further explore the dependence of
lifetime on electron temperature and carrier concentra-
tion, more experimental measurements of the lifetime as
a function of electron temperature, carrier concentration,
and well width are essential. To date most experimen-
tal reports have not given an estimate of the electron
temperature. Although difficult to measure, more pre-
cise estimates of this parameter are needed in order to
correctly interpret the results.
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