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The tunneling dynamics of excitons and free carriers inG¥,; _,As/GaAs asymmetric double quantum
well and near-surface quantum well structures has been investigated by means of time-resolved optical tech-
nigues. The competing processes of carrier tunneling out of the quantum well and exciton formation and
recombination inside the quantum well have been thoroughly studied in the range of the excitation densities
relevant to device applications. A consistent picture capable of fully describing the carrier and exciton-
tunneling mechanisms in both types of structures has been obtained and apparently contrasting results in the
recent literature are clarifiefiS0163-182607)01424-Q

[. INTRODUCTION tunneling of free carriers or, rather, tunneling of excitonic
complexes has been invoked by different groups in order to
The photoluminescend®L) signal from a quantum well explain apparently contrasting experimental findings.

(QW) sitting in the proximity of a real surface is strongly =~ We want to show that a skillful use of complementary
affected from the thickness of the surface barrieb, In time-resolved PL techniques, based on a streak camera, on
Al o Gay As/GaAs near-surface quantum welNSQW) one side, for directly measuring the PL decay time at the
structures, the PL signal starts decreasing forof the order heavy-hole exciton fundamental transition and on a PL exci-
of 12 nm and is nearly equal to zero fob less than 5 nnf;  tation correlation techniqdé ?® with subpicosecond time
in In,Ga; _As/GaAs &=0.1-0.13 NSQW structures, due resolution, on the other, can indeed provide a consistent pic-
to the deeper wave-function penetration into the surface bafure for the whole variety of tunneling processes occurring in
rier, the PL signal starts decreasing fds of the order of 15  Poth the NSQW and ADQW structures in the range of exci-
nm and drops to zero fdrb less than 9 nmd3 It is generally ~ tation densities particularly relevant to device operation.
agreed, by now, that the decrease of the PL intensity is due We are able to determine separately the exciton forma-
to the fact that carriers photogenerated in the well can tunndion, time, the tunneling times of the photogenerated carriers
to the surface states localized at the interface between tHefore and after exciton formation, and the exciton radiative
semiconductor surface and the surface oxide, with consd€combination time, so as to fix all the free parameters of the
quent loss in the radiative emission efficiency from the well.Fate-equation system describing the carrier tunneling dynam-
Detailed investigations of such tunneling processes and theifS: A very good agreement between the predictions of the
dependence on the surface quantum well width, surface treaf20del and the experimental data has been reached in very
ment, and sample material have been recently reported Hjifferent experimental situations. _
many groupg: ™ unfortunately, a clear picture of the ob- This paper is organized as follows. In Sec. Il we will
served phenomenology is still missing. In fact, it has beerfleéscribe the samples and the experimental setup used in this
found that the dominant process in /&a, ,As/GaAs in- Work. We will briefly report in Sec. lll the theoretical con-
volves tunneling of free carriers before binding into excitons Siderations needed for the analysis of the experimental data
while a more complicated dynamics has been observed il the different experimental situations. In Sec. IV the ex-
In Ga,_,As/GaAs(Ref. 11 where tunneling of carriers out Perimental results are presented and the free parameters of
of excitonic complexes has been found responsible for &€ model are fitted to the experimental data. The results and

shortening of the PL decay time as soon as the surface bai€ fit parameters are discussed in Sec. V. Finally, the con-

rier is reduced below 10 nm, roughly. clusions are drawn in Sec. VI.
On the other hand, similar tunneling processes through
thin barriers have been extensively studied in asymmetric Il EXPERIMENT

double quantum wellADQW) systems2=22in this case,

carriers tunnel from one well to the other as long as the The ADQW structure investigated is an undoped
tunneling time is shorter than the recombination time, withAl 5 {Gag ;As/GaAs heterostructure grown by molecular
tunneling rates mainly dependent on the position of the conbeam epitaxy(MBE) on a Si-doped(100-oriented GaAs
fined levels in the two wells and on the barrier width. Again, substrate. The narrow welNW), 3.1 nm in width, is sepa-
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rated from the wide wel(WW), 8.8 nm in width, by an correlation (TRC) and to the second one dgequency-
Al,Ga _,As barrier ofLb=3.7 nm. The NSQW structure resolved correlation FRC).

investigated consists of two ALGa,-As/GaAs QW's

grown by MBE on a nonintentionally doped GaAs substrate. [ll. THEORETICAL CONSIDERATIONS

The upper QW(hereafter called QW1 grown at distance
Lb from the oxidized surface, is 3.5 nm in width and it is
grown at a distance of 350 nm from a deeper Qdlled
hereafter QW2 6 nm in width. Due to the large distance

In order to describe the exciton dynamic in the presence
of tunneling, we assume the following rate-equation system:

dn n v
between the two wells, tunneling of carriers between the a=G(t,6)—Cnp— —+ ,
wells is absent. The deeply embedded well is insensitive to Te  Thex
surface states and it is used as a reference well. Two different dp D ”

samples have been investigated, sampland sampleB, —=G(t,8)—Cnp——+ , (1)
with Lb equal to 8 and 40 nm, respectively; in the latter, dt Th Teex
Lb is sufficiently thick to block carrier tunneling to surface
dv
states. —=Cnp—v
t

In order to characterize the samples, continuous wave d
(cw) PL and PL excitationPLE) spectra have been per- \ noren 1 andw are the electron, hole, and exciton density

for:ngd using a Ti:sapphire tunable laser pumped by an; (imet respectively:r, and , are the tunneling times for
Ar " ion laser. The spectra were recorded by a standarglee glectrons and holes, while the tunneling of an electron or
single photon-counting system after dispersion of the lumiy pole from an excitonic state, with the consequent produc-
nescence through a double spectrometer. tion of a free carrier, is given by the rates ., and
Time-resolved photoluminescen€eR PL) measurements /. - 7, is the total residual exciton decay time including
were carried out at=10 K at the peak of the heavy-hole hoth radiative and nonradiative processes. Electrons and
exciton band, using, for excitation, a dye laser that generatetloles are assumed to have different tunneling times due to
6-ps-long pulses with a repetition rate of 76 MHz; the PLthe difference in their effective masses and, for the NSQW
signal was dispersed through a 0.22-m double spectrometstructures, in the surface-state density available for the two
and a synchroscan streak camera with an overall time resdypes of carriersG(t,d) is the excitation term that is given
lution of about 20 ps was used for the detection. The excitaby a single short pulsg.e., G(t, 5) = G(t,0)] when perform-
tion wavelength was 720 nm, corresponding to an excitatioring streak-camera measurements and by a pair of short
energy below the band gap of the barrier materialpulses, delayed by, when performing correlation measure-
(Al ,Ga; _,As); carriers were therefore photogenerated onlyments. Finally the exciton formation at the excitation density
in the wells. Before focusing onto the sampte10% of the  used in this paper can be assumed to be bimoleCudend
laser beam is diverted by a beam splitter and focused ontcharacterized by the coefficie@t It is evident from Eqs(1)
the entrance slit of the streak camera in order to acquire ththat free-carrier tunnelingn{r., p/7,) is in competition
instrumental response function of the system together withwith the exciton formation©np) while tunneling of carriers
the PL signal. coming from an excitonic statev(7eey, V/7They) COmMpetes
The experimental setup used for the PL excitation correwith the exciton recombinatiofil/r,) and gives rise to finite
lation measurements has a standard configurdficfi;the  terms in the free carriers populations; in the following, car-
ultrafast pulses are produced by a mode-locked Ti-sapphirgers originating at an excitonic state will be callegcitonic
laser pumped by an Ar ion laser. The output consists in a carriers.?’
train of pulses having a time duration of 130 fs, repetition It should be noted that Eq$l) do not give a complete
rate 1t, of 80 MHz, and a wavelength of 720 nm. The description of the exciton recombination dynamics; in fact,
pulse train is split into two beams of equal intensities andhey do not take into account the exciton relaxation from the
orthogonal polarizations; the path length of one of the beamk+ 0 states to th&k=0 states allowed for radiative decay.
can be changed, thus varying the delay tilhbetween the However, as long as a time-integrated PL signal is detected,
pulses; the relative delagnaximum delay*400 p3g is con-  the simplified model of Eqgl) can be indeed used, as al-
trolled by a programmable step motor. One of the beams iseady discussed in Ref. 27. The point is that the PL signal is
chopped aff ;=311 Hz, the other beam =260 Hz. The proportional to the time-integrated exciton population at
two collinear beams are then focused onto a 125k=0, which is in turn proportional to the time integral of the
pum-diameter spot on the sample surface. The luminescenggoduct np of the free-carrier populations. Since the time
is collected and imaged onto the entrance slit of a 0.22-nevolution ofn andp is determined by the total exciton den-
double spectrometer. Finally the spectrally resolved PL sigsity, one can try to use a single equation for the global exci-
nal is detected by a GaAs photomultiplier tutfMT). After  ton population; within this picture, Eqél) provide a simple
amplification the PMT signal is synchronously filtered by amodeling of the carrier dynamics, enough to interpret the
lock-in amplifier at either one of the fundamental frequen-result of the time-integrated measurements. Then, in Egs.
cies, f, or f,, or at the sum frequencyg,,=f,+f,. Two (1), v is the total exciton density and the time constants and
kinds of measurements can be performed: it is possible to fiparameters have to be considered as average quantities over
the detection frequency and acquire the signal as a functiothe global populations. As far as the PL time evolution is
of the delay times or, in turn, to fixé and scan the emission concerned Eqs(1l) fail to describe the dynamics of the
frequency. We will refer to the first one dsne-resolved k=0 excitons and a separate equation should be explicitly

1 1 1)
—+—+—,

Tr  Teex Thex
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=0 decay time of the exciton luminescence, but at most they
= affect the rise time; therefore, a streak-camera measurement
er makes it possible to get information only on the competing
N2 processes of excitonic-carrier tunneling and exciton recom-
=+ bination, given the limited time resolution of the order of
> 15-20 ps, much too large for a reliable determination of
L short rise timegtypically a few tens of ps at most
By time integrating the calculated expressioft, 5,Ng,),
the two-pulse intensity,,( d,ne,) can be obtained both as a

0 200 400 600 800 function of the excitation intensity,, (at fixed §) and as a
t (ps) function of the delays (at fixedny,).
In Fig. 2 the function ,(Ngy) = | o Nex, 6= 0), equivalent
to the single pulse time integrated PL, is plotted on a log-log
FIG. 1. Theoretical curves(t) calculated for the sets of param- scale for the set of parameters reported in the figure caption.
eters reported in the figure. As shown in the Appendix, as long as carrier tunneling oc-
curs and the exciton formation is a bimolecular process,
added. However, it is easy to show that when the carrier, (,n,) turns out to be a superlinear function of the exci-
tunneling rates prevail over the others tke=0 exciton tation density, being quadratic in the limiting case where
population evolves according to a multiexponential law withtunneling of free carriers is the dominant recombination
a decay time mainly determined by the longest of the tunnelmode [Eq. A4]. What strongly affects the slopes of the
ing times. Then, since our work falls in this regime, we leavecurves is the relation between the prodGet,, and the faster
out the rate equation for thie=0 excitons and we stick to tunneling rates; as a matter of fact the superlinear depen-
the simplified systentl); of course, proper consideration of dence onn,, is a consequence of the competition between
the preceding statement has to be taken when the timehe exciton-formation time ©@n,, (inversely proportional to
resolved PL measurements are discussed. Ne and the tunneling of free carrieréndependent of
By solving the rate-equation syste(d), the exciton den- n_) 327
sity v(t,ney, 6) can be obtained as a function of the time, of  Finally, the expression
the excitation density,,, and of the delay. For =0 and
a fixed value forn,, the calculated exciton density(t) is Ii= 1o 8,Ney) — 21, 2
proportional to the TR PL intensitj(t). Figures 1a) and
1(b) show the curves(t), calculated with the set of param- wherel=1(6=%%,n,,) is the luminescence originated by a
eters reported in the figures. If all the tunneling times weresingle pulse, can be calculated at a fixed valuengfand
put equal to infinity[solid line Fig. 1a)], the total exciton corresponds to the correlation signal. As farlgsis a su-
decay time would come out equal 9. It is shorter than perlinear function of,, the expressiofR) is different from
7., instead, for finite values of the tunneling tim@kashed zero and depends on the delaybetween the pulsekEqg.
and dotted ling Figure 1b) shows that, if the tunneling of A4]. In Figs. 3a)—3(c), the function(2) is plotted, normal-
excitonic carriers is neglected and only tunneling of free carized to the maximum, for the sets of parameters shown in the
riers is considered, the total exciton decay time remains corfigures. If only tunneling of free carriers were considered
stant. The effect of changing the exciton-formation coeffi-[Fig. 3@)], a fast decay followed by a slower one should be
cientC (not shown hergis to slightly modify the rising part observed, the discontinuity between the two different slopes
of the curve. This means that tunneling of free carriers andlepending on the excitation intensitlyig. 3(b)] and on the
its competition with the exciton formation do not affect the difference between the two tunneling times. If also tunneling
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FIG. 3. Normlized calculated curveg=1,,,— 21 for the sets of parameters reported in the figure.

from excitonic carriers were effective, a very characteristicpeaks in the PL spectrum at 743 and 794 nm correspond to
behavior should appear, as illustrated in Fige)3The initial  the heavy-hole exciton recombination in the NW and WW,
decay depends on the competition between the exciton forespectively. The PLE spectrum of the Willetection en-
mation and the tunneling of the faster free carrier; the shoulergy 797.2 nmshows that tunneling occurs from the narrow
der is due to the tunneling of the faster excitonic carriersto the wide well. In fact clearly resolved structures corre-
which leaves the other carrier in the well that possibly formssponding to the heavy- and light-holelhh1,ellhl) exciton

an exciton again. Finally the slower decay is due to the tuntransitions from the NW are present in addition to the light-
neling of the slower, free or excitonic, carrier. The amplitudehole and heavy-holen=2), exciton transitions €1lh1’,

of the shoulder depends on the excitation intengfjg.  e2hh2) coming from the WW. We also note that a Stokes
3(d)]; as a matter of fact the higher the excitation intensity,shift of the order of 3 meV is measured in both wells, as
the faster the exciton formation time, and the excitonic carusually found in good quality QW’s of similar thickness.

riers left in the well will form again excitonic complexes
instead of tunneling out of the well. The PL excitation cor-

relation technique allows one to measure a signal propot 310" ey
tional tol . I

In summary, the TR PL measurements are sensitive toth 73 o 1.5x10*
total exciton decay and allow one to determine, in no- £ T
tunneling samples, the value ef; the PL dependence on _: :
Ney IS sensitive to the competition between free-carrier tun- & B
neling and exciton formation; finally, the correlation mea- !
surements allow one to emphasize the presence of differel S
tunneling times for electrons and holes, both for free and fo 5 N
excitonic carriers. By fitting the data obtained from the dif- S | :
ferent experiments, it is thus possible to deduce the values ¢ < ! X200 !
all the time constants involved in the process. 0x10° Lot Yt e 0y 0

720 730 740 750 760 770 780 790 800
WAVELENGTH (nm)
IV. RESULTS
FIG. 4. PL spectrddashed lingfrom the NW and WW of the
ADQW structure and PLE spectrufsolid line) from the WW of
In Fig. 4 the PL spectrum of the ADQW structure is re- the ADQW sample; the excitation wavelength of the PL spectrum is
ported together with the PLE spectrum of the WW. The two720 nm.

A. Asymmetrical double quantum well structure
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FIG. 5. Heavy-hole exciton decay curves from the NW and WW

FIG. 7. Fundamentdkolid line) and sum frequencgdots spec-
of the ADQW; ng,=10' cm™2, T=10 K, andA ,c=720 nm.

tra from the WW of the ADQW sample fame,=10' cm™2. The
amplitudes of the signals are normalized to the maximum value.
In Fig. 5 the temporal decay of the luminescence signal at . h C sianal h ¢
the fundamental exciton transitions in the two wells is re-, Inf Flg.d7 tdeIFR_ Sf'gnajsum' at the sur’g re?]uency
ported; we note that the decay time of the PL from the Nw{1+ f2 and at delays=0 from WW is compared to the cor-
is very fast in comparison with the decay time from the ww."€sponding FRC signal at the fundamental frequeﬁp?ﬂ
This suggests that, in the NW, exciton tunneliag a neutral Due to the saturation of the bound-exciton state, the signal
or charged partic)eis in strong competition with its radiative |sum©n the low-energy side of the spectrum is negaaueb-
recombination. linean while it becomes positivésuperlinear on the high-
Figure 6 shows, in a log-log scale, the spectrally inte-€N€rgy side. Anyway, this signal is at most 2% o_f th{_ﬂ at the
grated luminescence as a functionrg, for the heavy-hole fundamental frequency and thus exciton recombination from
exciton band from the two wells. The slopes of the twoWW can be considered as a linear recombination process

curves are=1 and =1.4, respectively, for WW and Nw, With @ good approximation.

confirming, in the latter case, the superlinear dependence on '" Fig. 8 we report the FRC at the sum frequency
ne, predicted when tunneling of free carriers occurs. It(=10% of signal at the fundamental frequeneyd the FRC
should be noted that the slope of the time-integrated PL fron$PECtrum at the fundamental frequerfgyfrom NW. In this
WW is slightly less than 1, indicating that saturation effectsC25€ the good coincidence between the two spectra confirms
are present. This is in agreement with the observed StokdBat the signal has the same dependencerfor all ener-
shift between the PL and PLE peak of taghh? recombi-  9/€S of the recombination band and no strong dynamics,

nation shown in Fig. 4, suggesting recombination from localWhich could affect the correlation spectra, are present within
ized excitons. ' the band; tunneling to the WW is the dominant process and

the exciton recombination band has a superlinear dependence

0N Ngy.
9 N T i T T T 1
? 10 oo T -
S L Ww 7 & r A =721.5nm |
= f f
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< 10° - . S
= SLOPE= 1.380.035, * E L ]
Q .6 Nw [on
= = o =
Z ‘/ < - -
103 I 1
FERTEEN B U ST TN S AT TR ST ST A ..‘...‘.“ L
7 9 11
10 10 2 10 730 735 740 745 750 755 760
n,, (cm™) WAVELENGTH (nm)

FIG. 6. Spectrally integrated luminescence intensity as a func-
tion of ng, for the two wells of the ADQW samplél =10 K, and

Nexe= 721 nm.

FIG. 8. Fundamentdkolid line) and sum frequencgdots spec-

tra from the NW of the ADQW sample fane~10' cm~2. The
amplitudes of the signals are normalized to the maximum value.
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-40 -30 -20 -10 O 10 20 30 40 compared to the theoretical curves calculated from the rate-equation
DELAY & (ps) system(1) with the set of parameters reported in the figure.

FIG. 9. Normalized sum frequency signal vs delay from the NW It is important to stress that the set of parameters reported
of the ADQW sample and relative curve fisolid line) at (a) in Table | were determined by performing the best fit to the
Nex=3X 10" cm™2, (b) ng,=1.4xX10" cm™2, (0) n,=5%x10° three independent measurements, i.e., the TRC signal, the
cm 2. TR-PL measurements, obtained with the streak camera, and

In Fig. 9 the TRC signal from the NW obtained at 'Ithe PL dependence on the carrier d_ensny. The best fits to

. : (t) (Ref. 3) andly are shown in Figs. 1@ and 1@b),
f,1+f, is plotted as a function of the deldybetween the two toaether with the experimental data. Note once again that. in
pulses for different excitation densities. Three distinct re- g W xper! ' gain that, |
gions can be distinguished: the first fast-decay regdr4 spite of the rather large number .Of free parameters in Eqs.
p9 governed by exciton formation and tunneling of the faster}) Strong confidence has to be given to the values obtained,
tunneling carrier; the bump at intermediate tinids10 pg ~ 91Ven _the constraints imposed _by flttlng_experlmental data
due to the carriers left in the well after the breaking of thetaken in different kinds of experiments with the same set of
exciton (whose amplitude depends on the excitation depsityParameters.
and, finally (10-50 p$, a long time constant decay due to
tunneling of the slower carriers. Also shown is the best fit to
the data obtained with the model described in the previous
section. The parameters used to fit the experimental curves As stated in Sec. Il, two different NSQW structures were
of Fig. 9 are reported in Table I; the exciton decay timés  examined, sampl& and sampleé8, which only differ in the
fixed at the value determined by the PL decay time at thevalue ofLb (8 and 40 nm, respectivelySampleB is used as
WW heavy-hole exciton transition energy as measured by reference no-tunneling sample. The PL and PLE spectra of
the streak camerérig. 7). the two wells of samplé after cw excitation are reported in

B. Near surface quantum well structures

TABLE I. Set of parameters used to calculate the solid lines in Fig. 9.

C (sz Sil) Te (pS) Th (ps) Teex (pS) Thex (pS) Ty (DS) Nex (Cmiz)
11+2 1+0.5 18+1 300+ 10 ~5x10°
9+2 2+0.5 19+1 4+2 18+2 300+ 10 ~1.3x 10"

12+2 2+0.5 18+1 4+0.5 18+2 300+ 10 =2.8x 10"
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FIG. 11. PL(dashed lingand PLE spectra at 10 Ksolid line)
from (@) QW1 and(b) QW2 of sampleA. The excitation energy of

the PL spectra is 720
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nm.
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FIG. 13. Heavy-hole exciton decay curves from QW1 and QW2

Figs. 11a) and 11b), respectively. Structures corresponding of (a) sampleA and (b) sampleB. ng,=2x10° cm™2, T=10 K,
to transitions in the QW1 are not observed in the PLE ofand\g= 720 nm.
QW2 and vice versa, confirming that charge transfer between

the wells can be neglected. In both QW’s a small Stokes shifﬁde line from both QW1 and QW2 of samplésand B is

is present between the PL and PLE heavy-hole peak

(elhhd).

Figure 12 shows that, as a consequence of the competiti
between tunneling of free carriers and exciton formation, th
spectrally integrated heavy-hole exciton band from QW1 o
sampleA is a superlinear function af,,; on the contrary, it
is a linear function ofn,, in the case of QW1 of samplB

and QW2 of both sample®ot shown herg

In Figs. 13a) and 13b) the time evolution of the heavy-

107 ¢
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a
w SLOPE= 1.610.08
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Elotted. It is evident that, when no tunneling to surface states
occurs(QW1 of sampleB and QW2 of both samplgsthe
@ecay time is of the order of a few hundred ps, while it gets

horter in the case of the exciton recombination from QW1
of sampleA. It is important to underline that this result
strongly depends on the well width, at least in
Al ,Ga; _,As/GaAs NSQW structures. As a matter of fact,
the exciton decay time remains constant for widths of QW1
of 6 and 10 nm up to surface barrier thicknesses of 3*hth:
the well width strongly influences the free carrier and exciton
wave-function penetration into the barrier, which is deeper
the thinner the well width, causing the tunneling timg,
and 7,e, and thus the total exciton decay time to become
shorter.

In Figs. 14a) and 14b) the FRC at frequencief, + f,

and f, are plotted for the two well® The sum frequency
signal from QW2 is positive or negatiee., superlinear or
sublineay depending on the detection energy; this points to
an internal band dynamics due to the saturation of the local-
ized exciton states, whose presence has been suggested by
the Stokes shift shown by the spectra in Fig. 11. Anyway, the
sum frequency signal is only 3% of the signalfat so that
the exciton recombination band can be considered as having
a linear dependence am,,. On the contrary, the sum fre-
guency signal from QW114% of the signal at,) is positive

FIG. 12. Spectrally integrated luminescence intensity as a funcat all energies within the PL band and coincides with the

tion of ng, for the QW1 of samplé\; T=10 K, Age= 720 nm.

spectrum aff ;; this shows that the PL is superlinear og,
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FIG. 14. Fundamentafsolid line) and sum(dots frequency
spectra from(a) QW2 and(b) QW1 of sampleA; ng,=3x101°
cm 2,

FIG. 16. Spectrally integrated PL and TR data of Figs. 12 and
hlg compared to the theoretical curves calculated from the rate-

throughout the whole spectrum. The agreement between t equation systenil) with the set of parameters reported in Table II.

spectra taken at the sum frequency ané,deeps good also

by varying the delays between the pulsegspectra not  Also in this case, as shown in Fig. 16, we are able to
shown herg thus demonstrating that the TRC sum fre- reproduce, with the same set of parameters, the TR measure-

quency signal does not depend on the detection energy. Finents (t) (Ref. 31 and the characteristic nonlinear depen-
nally, we report in Fig. 15 the TRC sum frequency signalgence ofi 1ot ON Ny

detected at the heavy-hole exciton peak as a function of the
delay between the pulses with the corresponding best fit.
Again, three temporal regions can be distinguished: the first
in the range 1-10 ps, the second, very evident, in the range In using the rate-equation systef to fit the experimen-

10—100 ps, and the last one in the range 100—300 ps. The f@l data the assumption has been made that the tunneling
parameters are reported in Table IL. times do not depend oé. This means that carriers photoge-

nerated from the delayed pulse are assumed to tunnel with
the same tunneling rates as the carriers photogenerated from
Y the first pulse; that is, no saturation effects occur.
1 SAMPLE A | In the ADQW structures this is certainly a gogd approxi-
1} QW1 . r_natlon; the_ spectrally m_teg_rated PL from W\_N_ is indeed a
n =3x10%m? linear function ofnex,_ indicating that no banq filling occurs.

e« ] In the case of tunneling to surface states, this assumption has
to be verified; carriers undergoing a fast tunneling process
might saturate the surface states available to the tunneling of
carriers photogenerated by the delayed pulse. As a conse-

C. Saturation effects

o8}

0.6}

(arb. units)

0.4}

E
= L quence, the decay time of the PL signal coming from the
0.2f 3 excitonic recombination induced by the delayed pulse should
r ] be longer with respect to the decay time of the exciton lumi-
0 b e nescence induced by the first pulse.
0 50 100 150 200 250 300 In order to check this assumption, the laser beam has been
DELAY 5 (ps)

divided into two equal beams, with one of the beams being
delayed with respect to the other. The two beams were then

FIG. 15. Sum frequency signal vs delay detected at the heavycollimated and focused onto the sample. We find that the
hole exciton recombination peak from QW1 of sample time-resolved PL signals induced by the two beams repro-
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TABLE II. Set of parameters used to calculate the solid line in Fig. 15.

C (cn?s™d 7e (PS) ™ (p9) Teex (PS) Thex (PS) 7 (pS) Nex (cM™?)
20+5 200+10 11+1 350+30 25+5 250+5 =3x10t0

duce the sum of the PL signals measured by blocking alterthe well and their corresponding tunneling times are infinity.
natively either beam, independently of the time delay. WeThis is in agreement with the observation that, due to the
conclude that the tunneling times can be considered indepeiGoulomb interaction, carriers bound in an excitonic state are

dent of § with a good approximation. more confined in the well than free carriers, thus experienc-
ing longer tunneling time¥38
V. DISCUSSION Using a simple model of escape tifido calculate the

Let tart by di ina th | btained for th b.tunneling times, it is possible to estimate the ratio between
molt§c Lfeslrsearc'toyn flicrlrj]Sa?'lgr? coeef\ll‘i%?(?‘: OASmae“ ore € Dlihe tunneling times through barriers 8 and 3.7 nm thick; we
u XCl rmat IciertL. ually, VEIY  find a ratio=102 and=10* for electrons and holes, respec-

scarce information is available in the literature: to our knowl-. . .
: s . tively. By comparing the correspondent fit parameters ob-
edge, the only two papers reporting an explicit estimate for

the coefficientC are Ref. 27, where a value dC=6 tained for the two structure§ables | and ) we note that

cm? s~ 1 has been used for fitting the experimental data in & " if all the tunneling times in the NSQW.§=8 nm)

GaAs/Al,Ga,_ As ADQW structures, and Ref. 32, where a structure are longer with respect to the case of the ADQW
value ofXCBliA): cn? s L is given for a shallow confined Structure Lb=3.7 nm, they still are of the same order of

In Ga, ,As/GaAs QW system. In both references the car magnitude. We have to conclude that, due to a different state
X 1—x . y

rier density varies in the range %0101 cm2, roughly one distribution, both in energy and in density, tunneling to sur-

. - : ace states is strongly favorite compared to tunneling to con-
order of magnitude less than the characteristic carrier densLned states in a different QW, as confirmed by the fact that

; ; — 100_10LL A= 2 _
gtratiglseesiI28?;1212&:‘;;r?;nne?r?e&%veleerqlzoiocgl d )2.0N0er¥| when the surface barrier thickness of a NSQW is reduced
' » ranging below 8 nm the PL from the QW rapidly goes to zero.

s~ 1, are completely consistent with the values reported in
both Ref. 27 and Ref. 32; these values imply an exciton
formation time as short as=10 ps for a carrier density

around 18° cm™2, in excellent agreement with the estimate

of less than 20 ps reported in Ref. 33. The carrier tunneling dynamics in ADQW and NSQW
Let us now examine the carrier tunneling times. It hasstryctures has been investigated by time-resolved measure-
been customary, when discussing the nonresonant tunnelingents.
times in ADQW structures, to assume that the faster tunnel- \we have shown that, while the straightforward measure-
ing time has to be attributed to the free electrons due to theinent of the PL decay times makes it possible to give evi-
lighter effective mass. In this case, however, for the excitagence for the competition between tunneling and exciton re-
tion energy used, as a consequence of valence-band mixirgmbination, no direct distinction can be made between
the hhl state of the NW crosses the histate of the WW  processes where excitons tunnel as a whole entity rather than
out of k=0. It is very likely, therefore, that the faster tun- a5 free-carriers, after exciton breaking. In fact, both mecha-
neling time in ADQW structures should be attributed to thenjsms result in a decrease of the total exciton decay time.
holes. The nonlinear dependence on the excitation energy of the
As far as the NSQW structure is concerned, the parametgs|_ signal when carrier tunneling is effective has allowed us
that strongly affects the tunneling probability is the surface+g yse a PL excitation correlation technique capable of dis-

state density available for the two types of carriers. Twocriminating between the two mechanisms and monitoring the
different models can be assumed for the surface-state distigpmpetition between free-carrier tunneling and exciton for-

bution on GaAs real surfaces: the advanced unified defeghation.

modef* (AUDM) and the disordered induced gap states \we have shown that a joint analysis of the experimental
(DIGS) model* According to the first one, the surface-state gata obtained with the two TR techniques and the excitation
density is mainly due to defect&ans and Asz,) energeti-  density dependence of the exciton emission band has al-
cally localized between the valence-band maximum and thgywed us to obtain all the time constants involved in the
midgap; holes could thus tunnel faster than electrons. Th@ynneling processes both to confined and to surface states.
DIGS model predicts &J-shaped surface-state distribution,  Finally, tunneling to surface states has been found to be
in this case tunneling of electrons is faster than tunneling ofnore efficient than that to confined states, with possible con-
holes due to their less effective mass. We are not able tgequences for device application.
discriminate between these two opposite situations.

For both types of structures the excitonic tunneling times

VI. CONCLUSIONS

are slightly different from free-carrier tunneling times. In ACKNOWLEDGMENTS
previous works we have found that for NSQW with a well
width of 6 (Refs. 10 and 1jland 8 nm(Ref. 36 the tunnel- We wish to thank Dr. A. Vinattieri and Dr. B. Bonanni for

ing to surface states is totally dominated by free carriershelpful discussions. Work at LENS has been supported by
excitonic carriers are, on the contrary, strongly confined irthe ECC Contract No. GE1*CT92-0046.
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APPENDIX n(t)=nex16(t)e_”79+ neX26(t_ 5)9—(t—5)/re’
As shown in the text, in order to describe the excitonic Ly sy
recombination in the presence of tunneling mechanisms, we P(t) =Nexaf(t)e™ "M+ Neyof(t—d) e ™,

have assumed Eqg€l). In our case the response of the

samples is fast enough that adjacent pulses from the sarr\f@ere 6(1) is the step functioriequal to zero for times less
train do not interact and the system goes to the equilibriun’}h""n the argument and equa_l to one for longer timeerm-
condition in a time less that,. We will thus consider the ing the Cnp product, integrating over the detector response,

response of the system to a generation term expressed as fﬁ%d including again the effect of pulse repetition, we ohtain

sum of two delayed pulses:
+NeyoXQg — | —— ,
* o =( ﬂCltrep)[nixlT"' r]§x27"|” nexlnesz(e_‘ﬁllTe"' e_la‘/Th)]

1 t
G(t,5)= f—[ nexlexr{—(;
TT P

’ (A1)

where ng,; , are the excitation densities of the two beams
given by where 7 is the parallel between the tunneling times, 7, ;
It iS @ superlinear function of the excitation densigua-
Nex = @W /(Aspoh1v), (A2)  ratic fornilz Neg); the carrier's population inducedql;jy the
wherea is the absorption coefficientV the well width, and two  pulses interact —making the term I,
Ji, hv, andAq,, the pulse energy, the excitation-photon en-=(C/trep)[nexlnexzr(e*‘5|’Te+ e*|5‘”h)] different from zero
ergy, and the area of the laser beam spot on the samplend dependent on the delay

v
2 ltor= 77/trepf T_dt
r

=11+ 1+ ( 77C/trep)[nexlneXZT(e_lg‘/Te'*' e_‘éllTh)]a (A4)

respectively. In the intermediate cases the rate-equation sys$igroan
We will consider first two limiting cases. be solved numerically ant, is found to have a nonlinear
If no tunneling occurs,re= 7= Teex= Thex=" and the dependence on the excitation density with an exponent be-
equations become tween 1 and 2. If a lock-in technique is used to extiagt
the two beams are then chopped at two different frequencies,
dn _ @zG(t,ﬁ)—Cnp, QZCnp— v f,, f,, and Eqs(A3) and (A4), become
dt dt dt T

Integrating over the detector respon@be corresponding o= 7NexaC(T1, D/ trept NewaC(T2, Ditrep], - (AS)

time constant is long compared with the pulse duratigh

_ 2 2
applying the condition that, p, and» over long time return lot= 7(Cltrep) [NexaC(f1, 1) 74 NeyeC(f2, ) 7
to their steady-state value and putting in the effects of repeti- FRaanc(fr 1Yo 1) 7|8 et o181
tive pulses, we obtain for the intensity of the exciton recom- exfeC(f1 ez, ) 7( L
bination wherec(f;,t) is the modulation function of the chopper.

It is thus possible to select the sufor difference fre-
V .
| ot= n/t,epf —dt= n/trepf Cnpdt= n/trepf G(t,8)dt quency signal,
r

— + —léllr —|ol/ 7,
= 7'l(nexl/trep‘l' neletrep):|1+|2, (A3) ' sum I(fl_fz)ocn(C/trep)neunesz(e “re ),
where 7 is the experimental efficiency arg , is the photo- that is proportional to the nonlinear pag} of the signal.
luminescence induced by a singie pulse. For It is important to note that the signhj, is a function both
Nex1=Nexo=Ney, ONE had ;=1,=1 andl,=2l. I, is a lin-  ©Of the delays and of the detection energy
ear function ofn,, and does not depend on the delgyso
thatl ,=1,,,— 21 =0. Therefore the FRC spectra at frequency Ihi(e,0) =l €,6) =21 (e), (AB)

f1+f; is zero and in addition the excitonic recombination and it is clear that, depending on whether the response of the

has a linear dependence ag,. In the other limiting case . . . :

. ex T . . _sample is a superlinear or a sublinear functionngf, the
where tunneling of free carriers is the dominant recombina; . . " :
) function (A6) is positive or negative.
tion mode, Eqgs(1) become

If the PL dependence on,, is the same at all energies
dn n dp p within the recombination band, the functi¢A6) reproduces
azG(t,é)— - azG(t, o) — o (apart from the signthe PL spectrum. On the contrary, func-

€ n tion (A6) may change sign in the spectrum, and the correla-

From the first two equations we obta{approximating the tion signal may strongly depend on the detection energy in

pulses bys functiong this case.

dv v

T
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