PHYSICAL REVIEW B VOLUME 62, NUMBER 19 15 NOVEMBER 2000-I
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Spin dynamics of photoexcited carriers in GaAs@# _,As quantum wells have been investigated in a
wafer containing twelve different single quantum wells, allowing full investigation of well-width and tempera-
ture dependences with minimal accidental variations due to growth conditions. The behavior at low tempera-
tures is dominated by excitonic effects, confirming results described in detail by others. Between 50 and 90 K
there is a transition from excitonic to free-carrier-dominated behavior; both the temperature and time scale of
the transition are in excellent agreement with a theoretical model for exciton dissociation. Above 90 K we find
two-component spin decays consisting of an unresolved compdfastér than 2 psassociated with exciton
dissociation and hole spin-relaxation and a longer-lived component that yields the electron spin-relaxation
time. In the free-carrier regime, the electron spin-relaxation rate in wide wells follows that for bulk GaAs,
which varies approximately a8°. For narrow wells the rate is approximately independent of temperature and
varies quadratically with confinement energy. This behavior is consistent with dominance of the D’yakonov-
Perel mechanism of electron-spin relaxation and the expected behavior of the electron mobility. The data show
evidence of the influence of electron scattering by interface roughness.

[. INTRODUCTION ined quantum wells of thickness from 3 to 20 nm contained
within a single wafer and have measured the temperature
The understanding and control of spin relaxation of elec-dependence of the spin relaxation in the free-carrier regime.
trons, holes, and excitons in quantum wells are interestinghe results thus cover a significantly wider range than pre-
because of the variety of competing mechanisms and bedous work and should be free of sample-sample variations.
cause of potential applications such as optical switching This is crucial in identifying the dominant spin-relaxation
and polarization control in vertical cavity surface emitting mechanism. In addition we reveal clearly the transition from
lasers(VCSEL's),® where picosecond spin relaxation is de- excitonic low-temperature spin-relaxation- to free-carrier-
sirable, and in spin electronft3and quantum computiny, dominated relaxation at high temperatures. The data for free
where long spin-relaxation times are required. In this papeglectrons demonstrate strong enhancement of spin relaxation
we describe time-resolved pump-probe measurements @y quantum confinement.
spin-relaxation and photocarrier population dynamics in un-
doped GaAs/AlGa _,As quantum wells. Previous experi-
mental work has concentratgd mainly on the Iow—te_mp_erature Il EXPERIMENTAL METHODS
region (T<50K) where excitonic effects are domindnt?
Here we are concerned principally with the transition from The sample was grown by MBE on a semi-insulating
this low-temperature excitonic regime to the high-[100] substrate and consisted of a set of intrinsic
temperature regime where free-electron and hole spin relaxsaAs/Al 2sG& 5AS single quantum wells of thickness vary-
ation is important and with temperature and well-width de-ing from 3 to 30 nm separated by 15-nm barriers with the
pendences in the high-temperature regime. Our results fovider wells nearer the substrate and a 50-nm GaAs capping
the low-temperature regime are consistent with previous inlayer. Between the substrate and the quantum wells there was
vestigations. a 1um GaAs buffer followed by a 20-period, 2.8-nm
Spin relaxation is strongly influenced by momentum scat-GaAs/AlLGa, _,As superlattice. It has been characterized by
tering, which may vary unpredictably between samples. It ixw spectroscopy, being samplen Ref. 15. The photolumi-
therefore useful to look at groups of samples with similarnescence widths are comparable to the Stokes shifts, which
growth characteristics. In previous wdtkve reported trends vary from 5.2 meV in the 4-nm well to 0.02 meV in the
in the electron spin-relaxation rate with confinement energy80-nm well. The interface roughness is folfitb be on a
at room temperaturén a group of samples that were grown length scale less than the exciton Bohr radigs-13 nm.
sequentially in the same molecular beam epitdMBE) ma- The population and spin dynamics were investigated by
chine and assessed the variation displayed by samples frorma@easurements of the intensity and polarization azimuth rota-
variety of other sources. Tackeuchi, Nishikawa, and Whda tion of a 2-ps optical probe pulse after reflection from the
have measured electron-spin-relaxation times at room tensample following stimulation of the sample by a circularly
perature in samples containing single quantum wells whospolarized pump pulse. A schematic of the apparatus is shown
thickness varied across the sample, allowing examination ah Fig. 1. Pump anddelayed probe pulses were of the same
a small range of well widths without complications from wavelength, derived from the same mode-locked tuneable
accidental differences between samples. Here we have examiksapphire laser, giving 2-ps pulses with an 80-MHz repeti-
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FIG. 2. Calculated thermal equilibrium carrier concentration ra-
FIG. 1. Experimental setup. Pump and probe beams produce@P and exciton ionization time in an undoped 10-nm quantum well.
by same mode-locked Ti:sapphire las@ris the mechanical chop- N, andN, are the electron and exciton concentrations and are dis-
: ot i 0 1am—2
per with frequencyf; = 660 Hz, FM is the Faraday modulator with Played for excitation densities of 19101.' and 10*cm 2. Note
frequencyf,=545 Hz; P1—P3 are polarizers; PD1-PD3 apei-n  the logarithmic scale for the ionization time.

photodetectors. . ) o )
pump-induced change in the reflectivity of the sample. This

. he h hol .. will be referred to as theumsignal and is also dominated by
tion frequency. They were tuned to the heavy-hole excitony,e nhase-space-filling effect of the pump-induced carrier

resonance of the quantum well under investigation. Th%opulation?‘a Compared to separate measurements of the re-

pump beam was circularly polarizédolarizerP1) and me-  fecyivity of the two circularly polarized componeftsf the
chanically chopped at-660 Hz(f,), while the probe was probe, the azimuth rotation gives excellent signal-to-noise

linearly polarized P2). The average powers of pump and 4tig and enables extraction of pure spin relaxation from the
probe beams were, respectively, 500 and/80, and they | 4iig of difference-to-sum signals. The reflection geometry

were focused onto the sample with spot sizes 50 andM0  4\ids degradation of the quantum-well quality associated
at 5° and 2° to normal incidence. The estimated pump exClyith removal of the substrate. A disadvantage is that only
tation density used in most of the measurements presente,ajitative comparisons can be made between the magni-
here was 1¥cm™?/pulse; as described in Sec. IV, the den- g, ges of signals recorded at different temperatuses Sec.
sity dependence of spin-relaxation rates was observed to B¢ 544 Fig. 3 due to the complexity of the wavelength de-
very weak. The degree of circular polarization of the pumppengence of the signals, which is associated with the com-
light was greater than 0.95, which implies a similar initial plexity of the linear reflectivity of multilayer samples.

degree of photocarrier spin polarization for excitation at the

heavy-hole exciton.

After reflection from the sample the probe beam passed to
a siliconp-i-n detector(PD1) via a Faraday modulatdFM) Interpretation of temperature-dependent measurements re-
and a linear polarizerK3) crossed with thd®2 polarizer.  quires knowledge of the ratio of free-carrier pairs to excitons
The Faraday modulator produced*10 ?rad of azimuth in the photoexcited population. Our experiments involve
rotation at 545 Hz {,). The output of detector PD1 was resonant generation of excitons, so any free carriers must be
passed to lock-in amplifier 1, which was referenced at freformed by exciton ionization and can only dominate the ob-
quency f,+f,, thus giving an output proportional to servations at delays greater than the ionization time and at
changes in probe azimuth induced by the pump. This will beéemperatures where thermal equilibrium favors exciton dis-
referred to as thelifferencesignal and arises from different sociation.
optical responses experienced by the left and right circularly We have calculated the thermal equilibrium proportion of
polarized components of the linearly polarized probe. Thdree electrons in the population as a function of excitation
dominant process causing such circular birefringence is thdensity and temperature using the approach given in Ref. 17,
unequal phase-space filling due to imbalance of populatioand the results for a 10-nm GaAs quantum wé&MW) are
of opposite carrier spins induced by the circularly polarizedshown in Fig. 2. Free electrorfand holeg dominate at low
pump?® The difference signal contains information on spin excitation densities and high temperatures. At the excitation
relaxation as well as on population dynamics. densities used in our experimentd10'°cm~Z/pulse),

To obtain a measure of the total carrier density, indepenfree carriers will be dominant at equilibrium down to about
dent of differences of population of the spin states, detectord0 K. In fact, since the calculation neglects screening, which
PD2 and PD3 sensed the intensity of the reflected and inciwill tend to reduce the number of possible exciton states at
dent probe beams, respectively. Their two signals werdigh densities, it probably underestimates the equilibrium
matched and subtracted in lock-in amplifier 2, referenced t@roportion of free carriers for a particular temperature and
the chopping frequency,, giving output sensitive to the excitation density.

Ill. CARRIER CONCENTRATIONS
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the reflection-measurement technique allows only a qualita-
tive comparison of the magnitudes of signals between data
taken at different temperaturdsee Sec. )l Qualitatively
similar data were obtained from the wells of different thick-
ness in this sample, and we have found similar behavior in a
variety of other samples grown independeriflyn addition,

in the present sample we have investigated the dependence
on estimated pump excitation density betweei a6d 3

% 10*%cm~? at temperatures of 5, 55, 100, and 300 K and do
not find significant variations. In previously reported experi-
ments at room temperature we have demonstrated that

.Nww oy
vii @ vig® eeesceseseesescseseasy electron-spin relaxation is unaffected by a background pho-
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At low temperaturdg5.5 K) the sum and difference signals
can be interpreted in terms of heavy-hole—exciton population
dynamics in the low-density, noninteracting regififeThe
sum shows a rapid fall from its initial peak over the fitrs20
o ps followed by a longer decay, lasting several hundred pico-
40 0 10 20 0 40 secords. This is similar to results of low-temperature lumi-

delay (ps) nescence experimerftshe fast initial decay may be due to
_ _ _ thermalization of excitons to nonradiative largetates out-

FIG. 3. Normalized plots ofa) sum and(b) difference signals  gjge the absorption linewidth and to exciton recombinétion
from the 10-nm quantum well at a variety of temperatureS:5 K; 54 there may also be a contribution from exciton-exciton
ii, 40 K; i, 55 K;iv, 70 K; v, 85 K;vi, 130 K;vii, 200 K. For oy change interactiol: The longer decay is assigned to re-
temperatures greater tha & a nonzero background has been ., ination of the thermalized exciton population, which
subtracted from the sum signalg) shows the ratio of the differ- slows down once most excitons have moved out E)f radia-
ence and sum signals at 5.5 K. The solid curve is a single eXponer%i-vely coupled states. At 5.5 K the initial rise of the sum
tial fit to the decay. signal corresponds to the buildup of carrier population dur-

. . .. . . ing the finite duration of the pump pulse, which is then fol-

Figure 2 also shows the calculated exciton ionization timgged by a decay on a time scale that is long compared to the
as a function of temperature, again using the approach giveRse width. The difference signal shows a markedly faster
in Ref. 17. lonization is assumed to proceed predominantly,yerq|l decay as a result of spin relaxation as well as decay
via exciton—LO-phonon interaction. At room temperature thesf the population. The ratio of the difference and sum signals
calculated ionization time is-400 fs, close to measured val- [Fig. 3(c)] yields a spin-relaxation time 020 ps, consistent
ues for similar quantum well?sa, it is about 10 ps at 100 K \yith the spin relaxation due to the exciton exchange
and increases very rapidly with falling temperature, reachingnecnhanisni:® The more rapid rise of the difference signal
100 ps at about S0 K. , compared with the sum results from convolution of the pulse

The conclusion is that in our experiment below about 90shape with the more rapid decay. At 40 K, the decays are
K the carrier populgtlons W!|| not b_e in thermal equilibrium qualitatively similar to those at 5.5 K; a two-component re-
during spin relaxation, which typically takes 10-100 ps.gponse s still visible in the sum signal but with faster initial
Above this temperature, ionization is fast enough for the bedecay and the difference shows a more nearly single expo-
havior to be dominated by free electrons and holes. Below SQential decay. Again the rapid rising edges of the signals at
K, ionization is so slow that it can be neglected, and the sping K relative to the sum at 5.5 K is associated with finite
relaxation, for resonant generation, will be purely eXC|ton|c.pu|Se width. We have not reinvestigated the exciton-
Between 50 and 90 K we expect a transition region Whergjominated regimei.e., T<40K) in detail for this sample,
thermal equilibrium, in which free carriers predominate, iSp the results are at least qualitatively similar to those re-
established on a comparable time scale to spin reIaxanrborted elsewherdl1.16
This transition region will not be significantly dependent on”  a; 55 kK new behavior is observeig. 3): the sum signal
the quantum-well width and will be characterized by apgy has a very long-lived component, and a background
buildup of effects associated with free carriers on the tlme(wzo% of the total signalappears at negative deldgup-
scale of the ionization timéFig. 2). (Neglect of acoustic ressed in Fig. B which corresponds to carrier recombina-
phonons may result in an overestimate of the ionization timgjon time comparable to the interpulse spacing of the 12Ser.
at low temperatures, but this will not significantly change thelmmediately following the pump pulse the sum signal shows
conclusions. a weak maximum that is followed by a gradual increase with

IV. RESULTS AND DISCUSSION rise time of apql_Jt 22 ps gpproachlng a new, nonzero value.
At 70 K, the initial peak is barely discernible as an abrupt

Figures 3a) and 3b) show normalized sum and differ- rising edge and this is followed by a slower increase with
ence signals from a 10-nm well at various temperatures. These time of about 10 ps. The background has increased to
sum signal indicates the pump-induced change of reflectivity-30% of the total signal. To interpret this behavior we note
and the difference the probe polarization rotation. Note thathat at these temperatures free carriers are expected to bleach
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the absorption(and therefore change the reflectivitap- 0.1 L
proximately twice as effectively as excitoffsThus the ini-

tial peak followed by a gradual rise in the sum signal to a
nonzero level represents the initial generation followed by
ionization of excitons to free carriers, which then have life-
times of many nanosecon&sThe observed rise times are
within a factor of 4 of the ionization times predicted in Sec.
lll (see Fig. 2 which constitutes excellent agreement con-
sidering the very strong predicted temperature dependence of
the ionization time.

Due to the complicated nature of the carrier dynamics
between 50 and 90 K, we cannot unambiguously combine
sum and difference data to extract the spin-relaxation rate.
As we move to higher temperatures the transition to free 0.0001 r
carriers becomes faster than our pulse duration, and we ob- 80 100 150 200 250 300
serve a simple resolution-limited step in thfa sum sign_al. The Temperature (K)
background level on the sum continues to increase with tem-
perature, representing80% of the total signal at 200 K. At FIG. 4. Electron-spin-relaxation rate as a function of tempera-
temperatures above about 85 K the difference response dure in GaAs/AlGa _,As quantum wells of a variety of widths.
vides into an initial spike on the time scale of the pulseThe solid line represents a quadratic dependence of relaxation rate
duration and a long-lived exponentially decaying componenton temperature. The dashed curve is data on electron-spin
We interpret this in terms of exciton dissociation and free-relaxation in bulk GaAs from Maruschadt al. (as reproduced in
carrier spin relaxation. Ref. 29.

Free-hole spin relaxation in bulk GaAs is fdatfew pi-
coseconds even at low temperature, due to tpeorbital ~ Whole temperature range. The rates for the two wider wells
character of the valence bands, which leads to spin-orbit ackre essentially the same above 200 K.
mixture of the heavy- ;== 3) and light-hole (n;= = 3) This behavior is consistent with predictions for the
states. In quantum wells, the heavy-hole—light-hole degenD’Yakonov-Kachorovsi&® and D’Yakonov-Perél (DP)
eracy is lifted, strongly reducing the relaxation ratekat mechanisms for electron-spin relaxation in quantum-well
=0; hole-spin-relaxation times approaching 1 ns have beefind bulk semiconductors. For the electron-momentum relax-
recorded at low temperature in GaAs % In higherk  ation time 7, and quantum confinement energy., they
states there is progressive admixture of heavy- and light-holgredict that the spin-relaxation rate will scalez3* in bulk
bands that leads to a very strong dependence of the spifdaterial and in quantum wells, whebs <kgT (i.e., wide
relaxation rate on kinetic energy and hence temperature; thaells at high temperaturgsand asr,TEZ, in quantum wells,
observed rate is less than 5 ps 1or 50 K.?? It has also been whereE>kgT (i.e., narrow wells at low temperatudes
observed that hole-spin relaxation takes place on a subpico- We do not have data on, in this sample, but over much
second time scale in type-ll multiple quantum wells of the temperature range 90-300 K we expggto be simi-
(MQW'’s) at room temperaturé& We therefore expect that in lar in both bulk and quantum-well material; phonon scatter-
our samples hole-spin relaxation will be faster than our exing is likely to be the dominant source of scattering, with
perimental resolutioi~2 p9 at temperature$>90K. Con-  lesser contributions from impurities, barrier allyand in-
sequently the new long-lived component must be associateigrface roughness. Therefore the ratio of bulk to quantum-
with free-electron-spin relaxation while the initial spike com- well spin relaxation rates should vary &, as is observed
bines the effects of free-hole-spin relaxation and exciton ionexperimentally above about 160 K. The constancy of relax-
ization, which are expected to occur on a time scale that istion rates in narrow wells indicatesTa ' dependence of,
too short to be resolved. The long-lived component of theland hence of electron mobilityThis is weaker than in the
difference signal is well described by a single exponentiabest high-mobility heterojunction, but consistent with signifi-
decay, which is an accurate measure of the pure electromant contributions to the scattering in addition to that of pho-
spin-relaxation time since the sum signal is effectively con-nons. At lower temperatures impurity and defect scattering
stant during the decay. will become more significant and, will therefore be differ-

We investigated the electron-spin-relaxation rate for eackent in bulk and quantum wells, giving a bulk-to-quantum-
quantum well in the sample as a function of temperature irwell ratio which deviates fronT? temperature dependence.
the range 90-300 K. Figure 4 shows a representative seleGhis is seen in Fig. 4 below 150 K where the quantum-well
tion of the data. Also included is representative data for 4rates, if anything, increase slightly, whereas the bulk curve
x 10'%cm 2 p-doped bulk GaA$® Although the experimen- falls below theT? line. At low temperatures, there are sig-
tal scatter is quite large, several conclusions can be drawnificant differences between spin-relaxation rates in different
from the results. The two narrowest wells show little or nobulk sample€® consistent with variations in mobility.
variation in spin-relaxation rate over the entire temperature The alternative spin-relaxation mechanisms due to Elliott
range. The rate for the 15-nm well is initially constant at low and Yaffet® (EY) and to Bir, Aharonov, and Pikds(BAP)
temperatures but tends to increase at higher temperaturesach predict relaxation rates that are several orders of mag-
approximating ar? variation above 200 Ksee line in Fig. nitude too low to explain the observed values. They also
4). For the 20-nm well the rate increases Es over the predict incorrect temperature and well-width dependences.
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0.10 efficient when the lateral scale of the roughness is of the
same order as the wavelength of the electron, and therefore is
< 0.08 4 ® strongly dependent on the growth conditions of the sample.
' This is consistent with the fact that some but not all sets of
o samples show a downturn of spin-relaxation rate for the nar-
§ 0.06 rowest wells. In this sample the scale of the interface rough-
5 ness is less than 13 ntwhich should give efficient scat-
}‘E tering of electrons with a thermal in-plane wavelength at 300
s 0.04 1 e K. In contrast, scattering due to acoustic phonons is only
® inversely proportional to well width, which is clearly too
S 0.02 weak a dependence to produce the observed results in narrow
° wells 28 Barrier alloy scattering due to penetration of electron
wave functions into the barrier material is well-width depen-
0.00 i v ' ' T ' dent but does not become strong enough to reduce the mo-
°© 2 40 50 & 10 120 140 bility below its bulk value until a well width of about 2 nm is
1e (meV) 8
reached
FIG. 5. Electron-spin relaxation as a function of confinement
energy in GaAs/AJGa:XAs guantum wells T=300 K). The solid V. SUMMARY AND CONCLUSIONS
curve is a best fit to the data of the forrg *=a+bEZ. We have investigated spin relaxation of photoexcited car-

i 4o riers in GaAs/AlGa _,As quantum wells as a function of
The rate due to the EY mechanism scalesa8T? in both  temperature and quantum-well width. At low temperatures
bulk®* and quantum-well materidf, and to match this to (T<50K) the spin relaxation is dominated by excitonic ef-
the observed data we would require the electron mobility iffects, and the rate is enhanced compared to free carriers by
the sample to increase unrealistically with temperature. Th@|ectron-hole exchange interaction, consistent with previous
BAP mechanism is not dependent on the electron mobility,yestigationd® At temperatures between 50 and 90 K there
and is expected to have a relatively weak dependence qg 5 transition from excitonic to free-carrier-dominated be-
temperature in both quantum well and bﬁfﬂé Therefore  payior that is well described by a model for thermal exciton
the BAP mechanism appears to be inconsistent with the obyissociationt” Thermal equilibrium conditions for exciton
served qualitatively different behavior in narrow and wide gissociation would favor free carriers at considerably lower
wells. ) temperatures, but for resonant exciton generation the transi-
We made more precise measurements of the electrofion is only observed when the exciton ionization rate, which
spin-relaxation rate at 300 K for each quantum well in theyaries very rapidly with temperature, becomes comparable to
sample. Figure 5 shows the data plotted against the electrqRe spin relaxation rates. In the range 90-300 K the data give
confinement energi, .. The confinement energies were de- the free-electron-spin-relaxation rate. For narrow wells and
termined using Iow-temper:_;lture luminescence spectroscopyyy temperaturesKT<E;,), this rate is independent of tem-
F(—)E low confinement energie€(.<kgT) we see values of perature, whereas for wider wells and higher temperatures
74+ close to the bulk value 1:810's™* (Ref. 25. ASE;.  (kT>E,,) the rate becomes approximately proportional to
rises, we see an additional term in the relaxation rate withr2 gnd is close to that of bulk GaAs. This behavior is fully
quadratic dependence on confinement energy as predicted fggnsistent with the D’Yakonov-Perel mechanism of electron-
the DP mechanism in quantum wells with constant momenspin-relaxation.
tum relaxation time'p. The solid curve is a fit to the data of The results emphasize the manner in which quantum con-
the form 75 *=a+bEZ,. For the largest value of confine- finement dramatically enhances the spin-relaxation rate for
ment energy(well width 3 nm the relaxation rate turns electrons compared to bulk GaAs. In our sample at room
downwards, deviating strongly from the quadratic depentemperature the enhancement appears to be limited by onset
dence, indicating additional momentum scattering. We havef interface roughness scattering. This might be removed and
previously observed similar behavior with a quadratic depengreater enhancement achieved by use of interrupted growth
dence on confinement energy but downward deviation fotechniques that give roughness with a greater length scale.
2.5-nm wells in a series of MQW samplEsThe fact thatthe The extreme enhancement would occur for electrons in
effect appears also in the present sample gives it added sigreakly n-type material at liquid-helium temperatures where
nificance. exciton effects are screened out. On the one hand, measure-
To explain the observed downturn of the spin-relaxationments ins-doped double heterostructurésype-Il quantum
rate requires a very strongly well-width-dependent scatteringvells*> and more recentfyon bulk GaAs have indicated
mechanism. Interface roughness scattering should have a sipin-relaxation times in excess of 25 ns, presumably limited
ficiently strong well-width dependence. Sakakial >° calcu- by the Elliot-Yafet processes. But, on the other hand, our
lated anL, ® dependence of electron mobility on well width data suggest spin-relaxation times of electrons in good-
due to this mechanism in a GaAs/AlAs QW. Hillmer, quality quantum wells will be in the range 50-500 ps, still
Forched, and T4 have calculated the ambipolar mobility in determined by the D’Yakonov-Perel mechanism. Poorer
GaAs/AlGa, _,As wells; they do not obtain a simple power- quality wells, with lower mobilities, will have longer spin-
law dependence, but the calculated well-width dependence iglaxation times. These findings are relevant to the design of
strong enough to account for the low relaxation rate of ourfast nonlinear optical spin switches and also to spin electron-
narrowest well. Scattering by interface roughness is mosics where long relaxation times are desirable.
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