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We report the direct observation of a bottleneck in electron cooling in wide GaAs quantum wells. Intersub-
band lifetimesr and their dependence on intensity, lattice temperafyr@and well width have been measured
using a ps excite-probe technique in wells with subband separation less than the longitudinal(b@jcal
phonon energy. Above an electron temperature of abgat35 K the lifetime depends of, and is determined
by LO-phonon emission. Below this bottleneck temperature acoustic phonons dominate the plasma cooling. An
energy balance model of these interactions, with no adjustable parameters, gives good agreement with our
results. At electron temperatures below 35 K we determinB00 and 200 ps for samples of subband energy
19.5 and 26.6 meV, respectivej50163-182807)04908-4

[. INTRODUCTION nated by acoustic phonon emission below an electron tem-
perature of 40 K and by optical phonon emission above this
The knowledge of semiconductor quantum-well intersubtemperaturé®!’

band lifetimes and relaxation processes is of fundamental Until recently, most experiments were performed by time-
interest and is crucial for the design of emitters and detectorsesolved, ultrafast interband spectroscopy using excitation of
based on these systeh$here are two regimes of hot elec- electron-hole pairs in undoped sampiedIn such measure-
tron relaxation that can be distinguished in semiconductoments care has to be taken to properly consider the dynamics
heterostructures, depending on whether the electron energf the holes. Other complications arise, because excitation of
is larger or smaller than the longitudinal opti¢eD) phonon  electrons into the second subband is always accompanied by
energy(36.7 meV in GaAs For the former case, many ex- excitation into the first subband at a highervector and
periments aimed at the determination of the intersubbanddditionally the excitation density is not very well known.
lifetime have been performed in the last ten y&€argjiving  These problems can be avoided by using intersubband spec-
a result of the order of 0.3 gRefs. 4—6 in agreement with  troscopy in doped quantum wells. Such experiments have
LO-phonon emission theory. For the latter case a variety obeen performed above the LO-phonon energy with mid-IR
relaxation times between 15 and 1200 ps have beepicosecond laser systefnand by steady-state absorption
reported’~** measured with several different techniques onsaturation measurements with ¢Qasers>* The latter
samples of various well widths, doping profiles, and concenmethod has also been used below the LO phonon energy
trations. These longer lifetimes have also recently been diswith a quasi-cw free-electron lasEr'® Steady-state satura-
cussed in terms of LO-phonon emission at elevated electrotion measurements, however, require a nontrivial analysis
temperatures® where the excited electron temperature wasthat involves very accurate calibration of the laser intensity
not calculated but used as a fitting parameter. In addition iin the sample, along with several other sample parameters
has been shown elsewhere that, for an electrically heateand their dependences, all of which directly influence the
two-dimensional electron gas, energy relaxation is domiextracted lifetime.
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We report the direct observation of a bottleneck in electering, energy loss on a several hundred picosecond time
tron cooling in wide GaAs/A)Ga, -As multiple quantum- scale. The dynamics as an electron is excited and then re-
well structures, using the excite-probe technique with a farfaxed from the second subband to the bottom of the first
infrared free electron las€FEL). The samples are designed subband are a complicated mixture of these processes and
to have the transition energy between the two lowest subean be described in detail using Monte Carlo simulatidns.
bands less than the LO-phonon energy. We have also devahowever, in this work we present a rate equation model that
oped a numerical model, with no adjustable parameterdias the benefit of having no fitting parameters, and that ac-
based on the energy balance of the system, i.e., energy gatounts for the experimental results at delay times after the
through photons and energy loss through optical and acoustfzassage of the pump pulse.
phonons. This allows us to explain quantitatively the life- It is not necessarily the fastest single mechanism that
times and their dependence on laser intensity, well width;'dominates” the relaxation. We note that for a combination
and lattice temperature for both pulsed, time-resolved, andf scattering processes in parallel, the fastest channel will be
CW measurements. dominant. However, if the dominant channel is made up of a
sequence of more than one process, then of these processes it
will be the slowest that determines the experimentally mea-
sured lifetime. The primary pathways that are to be expected

The two samples consisted of ten periods of a simpldn our wide vyells are thermali_zation Qf the e!ecf[ron gas by
square quantum well of GaAsiGa,-As, modulation the fasF elastic processes, carrier-carrier and _|on_|zed impurity
doped to 2.¢10"* cm 2 per well with a (depolarization Scattering, followed by either LO-phonon emission by those
shifted®'3 intersubband energy of 19.5 mel¢ampleA,  carriers that now have sufficient energy, or by acoustic pho-
well width 30 nm) and 26.6 meMsampleB, well width 24 ~ non emission. For these pathways the phonon emission is the
nm), respective|y_ In order to provide an electric field com- slowest Step, which thus dominates the observed relaxation.
ponent perpendicular to the layers a metallic gratifigAu, _ We assume that the electron—_electron and ioni_zed impu-
8 um period was deposited on the structure, enabling excitity scattering instantaneously drive the electrons in all sub-
tation of intersubband transitions by normal incidence radiabands into thermal equilibrium, i.e., into a single Fermi dis-
tion. An absorption amounting to a transmission decrease dfibution with one well-defined value of,, and one chem-
about 25% was observed using a Fourier transform spedcal potentialx at all times. The Monte Carlo calculatidis
trometer. The grating also acted as a gate to modulate tH#10w that this is a good approximation for times a few ps

carrier concentration in the wells, greatly enhancing the sergfter the excitation. We show that this model gives excellent
sitivity of the measurement. agreement with the experimentally observed intensity and

FELIX (free-electron laser for infrared experimentte- well width dependences, and enables us to understand the
livers so-called “macropulses” with a length of 5—2( at  temperature dependence of the recombination rates.

a maximum repetition rate of 5 H2.Each macropulse con- I order to calculateT, (and ) as a function of time
sists of a train of “micropulses” with a spacing that can be _durmg and after the excitation pulse, we calculate the change
set at either 1 or 40 ns. In our case the latter setting was useldl the total energy of the electron gais,, from the rate
The sample was mounted on a 2-mm pinhole in a liquid-eduation(keeping the total carrier density fixedEnergy in-
helium cryostat. The pump radiation was directed onto it viaPut comes only from photon absorption and the energy loss
a focusing mirror, which brought the spot size down from 15is due to phonon emission:

mm (half power diametgrto 5 mm. A small part of the

beam, the probe, was diverted with a mylar beam splitter into dE

a movable retroreflector, which acted as a delay line. The dt =hwuWg=Pro=Pa. @)
probe was then directed unfocused onto the sample at an

angle of 15° to the pump. The peak pump and probe irradiThe first term is the net generation rate due to absorption and
ances were corrected for losses due to beam splitters, wiktimulated emission of photonaVy= (N; — N,) ol /fws,,
dows, and grating. The change in transmission of the prob@here N, and N, are the carrier concentrations in the first
as the absorption recovers was measured as a function ghd second subband,is the effective absorption cross sec-
delay with a sensitive liquid-helium-cooled Ge:Ga detectortion (including the radiation coupling efficiengyl is the

In addition the probe beam was monitored with a secongump laser intensity, anblw,, is intersubband transition en-
beam Splitter and detector, so that drift in the laser poweérgy_ We determiner and N2 direct|y from the probe trans-
could be divided out. mission in the absendge., small signaland presence of the
pump, respectively. The second and third terms are the total
energy-loss rategi.e., summing over all initial and final
state$ due to LO and acoustic phonons, respectively.

The recombination processes that compete in the carrier To calculate the LO-phonon energy-loss rate,q
dynamics of these structures dg the electron-electron or =#fw oW, o (Wherefiw g is the LO-phonon energywe in-
Auger collisions, a very fastsub-p$ thermalizing process clude only the dominant polar optical phonon scattering,
that does not contribute to net energy loss of the electron gastarting from the Fiblich electron—LO-phonon coupling.
(b) ionized impurity scattering, an elastic thermalizing pro- We integrate over final states to find the one-electron scat-
cess that may be very fagts), (c) longitudinal optical(LO)  tering rate, and then integrate over the Fermi distribution of
phonon emission, an energy-loss mechanism known to occwarriers to give the total LO-phonon scattering rate
on a subpicosecond time scale; gdilacoustic phonon scat- W, o(Te).X> W, o is a function of the lattice temperatulig

Il. EXPERIMENT

lll. THEORY
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FIG. 2. Differential probe transmission for the samplg€19.5
FIG. 1. Differential probe transmission vs optical delayat=5 meV) vs optical delay between excite and probe pulses. Experimen-
K for sampleA at high internal intensityl =6 kW/cn?, pulse width  tal results are shown for three different lattice temperatufes;5
15 ps. Experimental resultésquaresand theory(solid line). Inset: K (circles, 25 K (triangles, and 45 K(squaresat a fixed internal
results for different peak intensities taken with a pulse width 50 pspeak excitation intensity=40 W/cnf and pulse duration of 50 ps.
I =40 Wicnft (circles and 10 W/cn (triangle$ also atT =5 K. Also shown are the calculated resultelid lines.
The low intensity curves have been shifted for clarity.

the initial fast decay by LO-phonon emission disappears.
via the LO-phonon occupation number, and of the LO-Figure 1 (insed shows the effect of reducing the intensity
phonon energy. It is also a function of the subband separamtil only a small perturbation of the electron temperature is
tion and of the detailed quantum-well structure via a matrixmade, and further reduction in intensity has no effect.
elementG; (=(¢lexp (i9,2)| ), whereq, is the z compo- Equation(1) is solved numerically for the FEL pulse to
nent of the phonon wave vector. We have included in ouljield the time dependence of the population and thus the
calculations two subbands and both intersubband and intraransmission change. The model results for the excite-probe
subband emission and absorption. transmission change versus delay time are shown in Fig. 1.
The net(i.e., including emission and absorptjopiezo- We emphasize that all parameters used in the model have
electric and deformation potential acoustic phonon powebeen independently determined. Since the model is only
losses are proportional ta’{— T, ) for the intrasubband loss valid at times after the passage of the pump pulse, we only
in the degenerate approximatithThe total, P,, is only  plot the theoretical curve in this regime for all cases. After
significant by comparison witthw oW, o at low electron the laser pulse has passed, the evolution of the decay rate is
temperatures where our samples are indeed nearly degeng@t-very good agreement with the measurement, with the LO-
ate. Also whenT, is low there are very few carriers in the phonon cooling rate slowing considerably over time.
second subband, so that the intrasubband cooling dominates In order to quantify more directly the effect of electron
the acoustic phonon scattering contribution to our measuregémperature on the cooling rate, we have performed low-
relaxation rate. intensity excite-probe measurements for sample(18.5
meV) at a variety of lattice temperatures, shown in Fig. 2. At
the lowest temperatur€T, =5 K), we find the relaxation
IV. RESULTS AND DISCUSSION time of 500 +50) ps. There is little change in the decay rate

In a high intensity excite-probe experiment, Fig. 1, thedt TL=25 K. From 45 K upwards, as shown more clearly in
differential transmission was measured for samplat a Fig. 3, we see a rapid increase in the decay rate with increas-
lattice temperature of =5 K. An initial fast decay rate with
a lifetime = around 45 ps was observed, consistent with our
previous measureméfiton a similar sample under similar
conditions(N.B. the lifetime is determined simply from the
slope of the logarithmic graphThe decay slows down rap-
idly until 7~500 ps. This slower decay was not resolved
above noise previoush?. The pulse duration, corresponding
to the resolution limit of the measurement, was measured to I
be 15 ps from the rising edge of the differential transmission. L &
The rapidly changing slope associated with the changdf Jd o o
a consequence of a “bottleneck” in the emission of LO 10 10 100
phonons. After the electron gas is heated by the excite pulse, Lattice temperature (K)

a rapid cooling by LO phonons takes place. However, as the

number of carriers above the LO-phonon energy drops the FiG. 3. Measured decay rateircles taken from the slope of
emission disappears, and the cooling is stopped. This occute experimental differential transmission ddfeom Fig. 2, to-

at an electron temperature aroung=35 K, and all further  gether with otherT, curves not shown plotted as a function of
cooling takes place by slow acoustic phonon emission. Wherattice temperature. The size of the symbols represents the estimated
the intensity, and therefore the electron heating, is reduce@yror. The dotted line is a guide to the eye.
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) FIG. 6. Calculated inverse carrier lifetingieft axis) and excited
FIG. 4. Theoretical electron temperature dependence of the ensieciron temperaturéright axi9 vs laser intensity for cwi.e.,

ergy loss rates via L@solid line) and acoustic phononglashed  gieady staeexcitation. Sample parameters used are from Ref. 13.
line). The crossover indicates the bottleneck electron temperature.

. o _ pected increase of decay rate as the subband transition en-
ing temperature up to the resolution lintdetermined to be ergy approaches the optical phonon eneligy, the lifetime

~50 ps in this case This constitutes a direct measurementis 500 ps for sample A and 200 ps for sample B

of the electrontemperature of 3510 K. Since the acoustic Within our model we can also explore the cw limit, and
phonon cooling depends only weakly @i, the lifetime is  observe the effects of the LO-phonon bottleneck. By putting
virtually unchanged for all lattice temperatures less than thghe rate equatiorfl) into the steady state we can find the
bottleneck electron temperature. For higher lattice temperaelectron temperature and therefore algeas functions of cw
tures there are always sufficient electrons above the LOfgser intensity. Similarly, from the rate equation for the ex-

phonon energy to allow fast electron cooling. cited carrier concentration in a two-level model:
At 45 K (and abovgthe measured LO emission lifetime
is longer than that given by the mod@#ig. 2). This can be dN, N,
understood in terms of hot phonon effects, which reduce W:\Ng_Tu ()

cooling rates by enhancing the reabsorption of LO phofions,
and are not included in our model. Figure 4 shows the cal-

culated phonon cooling rates as a function of electron tem- ~ 15 ol T T T
perature forT =5 K, clearly indicating that the crossover mg [

from acoustic to LO-phonon-dominated cooling occurs at = 10:' ;
T.=35 K, which agrees well with the lattice temperature at § 5 3 ]
which we observe the bottleneck. ~ [

As a further check we have determined the dependence of AR @ | L L L
relaxation rate on well width. Differential probe transmission wE ¢ T T ]
versus delay measurements are shown in Fig. 5, for sample _ [

B, and compared to the decay curve for sample A under the E [
same experimental conditions. A smaller measured lifetime = 5
of 200 ps is obtained for the higher energy sample B. Excel- N [
lent agreement is obtained with the theory showing the ex- Y A
10F
1F $E |
[ : :E, i
5%
0

' 10 15 20 25
Wide well width (nm)

FIG. 7. Calculated recombination rate for LO-phonon emission
for ASQW'’s obtained by moving the barrier position between the
quantum wells from a symmetric to a strongly asymmetric struc-

Optical Delay (ps) ture. A central barrier width of 2 unit cells is assuméa). Recom-
bination rate, 1{ 5,1 at 77 K, versus wide well width(b) the opti-

FIG. 5. Differential probe transmission versus optical delay atcal transition dipole moment vs wide well width, as(®; (c) the
T_.=5 K for sampleA [19.5 meV (circleg] and sampleB [26.6  narrow well width was adjusted for each wide well width in order to
meV (trianglesg]. Theoretical results are also showsolid and  maintain a fixed intersubband energy separatioB.=20 meV as
dashed lines, respectively shown.
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we find the apparent lifetime is given by V. SUMMARY AND CONCLUSION

In summary, with a pump-probe technique we have di-

rectly measured the electron dynamics in wide GaAs quan-

:%:(Nl_NZ) ol &) tum wells with the subband separation less than the LO-
N, N, hwyy phonon energy. With the aid of a simple energy balance
model of optical absorption and optic and acoustic phonon
cooling, we have calculated the electron temperature and ex-

By contrast with the pulsed results above, a very strong ine€ited carrier concentration as a function of delay time after
tensity dependence of 4And T, calculated from Eq(3) is  the pulse, and hence determined the relaxation time for dif-
found as is shown in Fig. 6. The turning points in both areferent quantum-well structures. At temperatures below 35 K

due to the change in the dominant relaxation mechanism &€ determiner=500 and 200 ps for samples of subband
the bottleneck temperature, 35 K. The initial fastiperlin- ~ €nergy 19.5 and 26.6 meV, respectively. At short delay times
eal rise in T, with intensity is due to the ease of overcoming @nd high laser intensities we observe a rapidly changing de-
the slow acoustic phonon emission. This has the effeatn cay rate. We he}ve_ demonstrated a bottleneck in rglaxanon by
Eq.(3)] of a fall in 1/, a similar behavior has been observed-O-Phonon emission, and shown that the relaxation rate de-
in transport measurements at very low energy eIectrica'PendS critically on whether the electron temperature is above

excitation’® At electron temperatures above the bottleneck®" be_Iow the bottleneck temperature. The rate equation cal-
temperature the LO phonons become more important, and gulation successfully accounts not only for these results, but

becomes harder to rai$é, by increasing the intensiti\, is also for others in the literature including those using cw ex-
then sublinear il and therefore X'rises again. In order to citation. I.n T_able | we summarize the expenmentall and _cal—
culated lifetimes for the 21 intersubband transitions in

compare actual experimental results with the calculations;
we have used for Fig. 6 the sample parameters and expet‘f‘f'de GaAs/Al_,GaAs for the two samples of the present

mental conditions of Ref. 13. The turning poifat | =10 work, together with that of a previous stuti/We also in-

Wi/cn? and 1/=10° §) is in good absolute agreement with a clude our calculated results for the cw experiments of other

low-intensity knee in these measurements, and our high\gvorkers.lz'13 It is very clear that for an electron temperature
intensity rise also is consistent with the experimental result;

above 35K the lifetime is critically dependent on the electron
Finally, we add that our model predicts that the bottlenec

emperature. In agreement with Lee, Galbraith, and
temperature for a given subband transition energy—an idgeont® we believe this accounts for the wide divergence
therefore also the lifetime at the bottleneck temperature—

of earlier results(Ref. 9: 7,,,=570 ps, 7.,=630 ps with
depends on the matrix eleme@t and the carrier concentra- Te|<:.35 I:(; Ref.h7: Texpt=20 ?}S’Tcalczfé p?‘ WithT¢=78 K). it
tion. SinceG may be altered by engineering the band struc- . inally, we have seen that the LO-phonon emission life-
ture (e.g., in asymmetric coupled quantum wglisithout time depends not only on the electron 'temperature bu'; on
necessarily changing the intersubband energy, this opens yn;r?fetr]c co(lijI(_ad WeB" struc;ure,r?pebnlng up th_e_posks);lbll-
the possibility of lifetime design. If we arbitrarily define a Ity of litetime design. By varying the barrier position be-
figure of merit,[ 7o (T,=77 K)] %, then this should be mini- tween the two we_lls we have shown that significant improve-
mized to find the structures with greatest suitability for laser"eNts over the simple quantum well case are possible, up to
devices. For example, taking a subband separation of 2 factor of three. Clearly the short lifetimes that we have
meV, we find significant improvement for the asymmetric emonstrated at higie will put a restriction upon new

coupled quantum wellACQW) over the simple quantum schemes for intersubband lasing, but one way of overcoming

well. As a typical, but by no means optimized, example Wethis might be additional s_tru.cturing with dots or wires to
show a computa{tion in Fig. 7 of the relaxat'ion rate 3'13 educe the LO-phonon emission. Future work should involve

function of wide well width. For an ACQW system with urther iterations of the optimization procedure and investi-
constant barrier width 1 12' nm. we varied the wide We”gation of other types of structure, with variation in the well

width from 26 down to 7 nm while adjusting the narrow well depths, for example.
width to maintain a constant optical transition energy of
E,,=20 meV. We see that the relaxation rate can be changed
by a factor of about 3. The matrix element for the optical We would like to acknowledge support by FOML) in
transition,z,,, remains approximately constant in this range.providing the necessary beamtime on FELIX, and highly ap-
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TABLE I. Table of experimental and calculated lifetimes for the 2 intersubband transitions in wide
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AEy Ne Tattice Te Texpt Tcalc
Reference (meV) (cm™?) (K) (K) (ps (Ps
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26.6 2.0<10t 15 <25 200:30 200
Murdin et al. (Ref. 10 18 1.5x10% 10 50 405 40
Heymanet al. (Refs. 13 and 14 10.9 8x10'° 10 6 1.6 ns 750

10.9 8x10'° 10 100 10 1
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