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Nonradiative recombination processes in thin GaAs/Al,Ga,_,As quantum-well (QW) and double-
barrier quantum-well structures have been investigated by means of continuous-wave and time-resolved
photoluminescence (PL) measurements. We find that, due to the temperature dependence of the radia-
tive time constant, the Arrhenius plot of the PL intensity cannot be used to extracting the activation en-
ergy of the nonradiative channels. In fact it is the temperature dependence of the PL decay time T,
which directly gives information on the thermal activation of the loss mechanism. The activation ener-
gies obtained from the Arrhenius plot of 7; demonstrate that, at least in the case of thin wells, the main
nonradiative mechanism is the thermal escape of the less-confined species of carriers.

I. INTRODUCTION

Semiconductor quantum wells (QW) are known to act
as efficient traps for the carriers photogenerated by opti-
cal absorption. The electron-hole pairs created in the
barrier region rapidly relax their excess of energy,
through the interaction with phonons, and are trapped
into the confined states of the wells, from where they
eventually recombine either radiatively or not radiatively.
The investigation of the carrier trapping processes in
QW’s has received increasing attention in the last few
years, and several papers have been devoted to carrier
trapping from both the theoretical? and experimental®*
points of view. It is well known, in addition, that the col-
lection efficiency determines, to a large extent, the perfor-
mances of quantum-well photonic devices and that it can
be optimized by growing additional confinement layers,’
such as in nonconventional structures like separated
confinement quantum wells, widely used for reducing the
threshold current of QW lasers.’

Less attention has been devoted to the inverse mecha-
nism, i.e., detrapping or escape of carriers out of the
QW’s, even if a reduction of the carrier collection
efficiency in the high-temperature*® and high excita-
tion*” regimes has been reported. Only recently the pho-
toluminescence (PL) quenching of In,Ga,_,As/GaAs
QW’s has been interpreted®® in terms of the thermal
emission of electron-hole pairs from the quantum wells
into the barriers, on the basis of a fair agreement between
the activation energy, extracted from the Arrhenius plot
of the PL intensity, and the excitonic confinement energy.
Nevertheless some striking points, such as the effect of
the temperature dependence of the radiative recombina-
tion rate or the escape of free carriers, rather than exci-
tons, have not yet been discussed.

In this paper we present a systematic study of the non-
radiative  recombination in a set of thin
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GaAs/Al,Ga,;_,As quantum wells and double-barrier
quantum wells (DBQW). The analysis of the temperature
dependence of both the PL decay time 7; and the
integrated-PL intensity I; allows us to study the nonradi-
ative time constant Tyg. We show that, due to the
strong temperature dependence of the radiative time con-
stant Ty, the Arrhenius plot of I; cannot be used for
finding the activation energy of the nonradiative chan-
nels. Indeed it is the temperature dependence of T, that
contains the information about the nonradiative recom-
bination time Tyg. From the Arrhenius plot of T, we
find activation energies much smaller than the electron-
hole-pair confinement energies but in good agreement
with the unipolar escape out of the wells of the less
confined species of carriers. This result, on one hand,
shows that thermal escape is, at least in the case of thin
GaAs/Al,Ga,_, As wells, the main nonradiative process
and, on the other hand, it demonstrates that the free-
carrier escape is more efficient than that of excitons. Fi-
nally the comparison of the thermal activation energies
with the confinement energies results in a better agree-
ment if a band offset ratio AE.:AE, =70:30 is used.

II. SAMPLES AND EXPERIMENT

We have investigated two different sets of samples.
The first consists in two pairs of GaAs/Al,;Gag;As
quantum wells of widths 20 and 40 A, respectively. The
second set consists in GaAs/AlAs/Al, ;Gag ;As double-
barrier quantum wells with widths of 20 and 40 A includ-
ing either 1 or 2 AlAs monolayers (ML) embracing the
wells. Details of the growth procedures have been de-
scribed elsewhere.!®!! In the following we will refer to
the first two samples as 0 ML-1 and 0 ML-2, respectively,
while the two DBQW structures will be denoted as 1 ML
and 2 ML.

We have used a synchronously pumped mode-locked
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dye laser for the time-resolved measurements; the time
duration of the pulses was 3 ps, with a repetition rate of
76 MHz and the wavelength tuned to A.,,=5700 A. The
luminescence was analyzed with two different detection
techniques. A streak camera system having a time reso-
lution of the order of 20 ps and a time window of 1.5 ns
has been used in the case of decay times T, shorter than
500 ps, while we have used a time-correlated single-
photon counting apparatus for higher values of T}, pro-
viding a time resolution of the order of 100 ps.
Continuous-wave photoluminescence and photolumines-
cence excitation measurements (PLE) have been per-
formed at 4 K using an Art pumped dye laser (620-670
nm). The PL signal was dispersed by a double monochro-
mator and analyzed by usual photon counting detection.
The samples were held in a variable temperature cryostat
(4-300 K) and the excitation intensity was always kept
around 10 W/cm? in order to avoid screening and band
filling effects.

Typical PL spectra at low temperature (T =4 K) of the
QW'’s investigated are reported, as solid lines, in Fig. 1.
The most evident feature of these spectra is the increase
of the excitonic recombination energy by adding the
AlAs monolayers. In the case of the thinnest wells (20
A), we find a shift of the PL lines of more than 100 meV
from the 0 ML to the 2 ML DBQW. This shift directly
reflects the increase of the carrier confinement energy due
to the insertion of the ultrathin AlAs barriers; indeed,
DBQW?’s are allowed to have very shallow subbands even
in relatively thick wells.'>'! For instance, the carrier
confinement energy of the 20-A DBQW with 2 AlAs
monolayers is of the same order as that of a 8- A single
quantum well. This peculiar feature of DBQW’s makes
such structures ideal systems for studying the carrier dy-
namics in the limit of very shallow subbands. We also re-
mark that the PL-integrated intensity of the 20- A
DBQW?’s is of the same order of magnitude as that of the
other QW’s investigated, while a reduction of the PL
efficiency has been reported for thin SQW’s of
In,Ga,_,As/GaAs,*° having subbands of similar shal-
lowness as in our case.

In Fig. 1 we also report, as dotted lines, the PLE spec-
tra of the 40-A QW’s with photon energies around the
Al, ;Gag ;As absorption edge. From the energy position
of the excitonic peaks of the alloy we are able to obtain
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FIG. 1. PL spectra (solid lines) and PLE spectra of 40-A

wells (dotted lines) for the 0 ML-1, 1 ML, and 2 ML samples,
respectively. Sample 0 ML-2 shows a similar behavior as O
ML-1.

the band discontinuity AE, of each sample investigated.
The electron-hole-pair confinement energy A, ,, reported
in Table I, has then been estimated by subtracting from
AE, the energy of the PL peaks from the QW’s after tak-
ing mto account the calculated exciton binding energy.'°

The temperature dependence of the PL decay time of
the QW’s investigated is reported in Fig. 2. It should be
noted that, at low temperature, the thinnest DBQW’s (20
A; 1-2 ML’s) show a value of T; larger by a factor 2 with
respect to the other wells investigated. We interpret this
feature as a signature of the decrease of the excitonic os-
cillator strength: in fact, as discussed in Ref. 11, the in-
sertion of the AlAs monolayers produces an increase of
the confinement energy and, consequently, a delocaliza-
tion of the excitonic wave function. At the same time,
the larger value of T} is an indication of the fact that the
nonradiative mechanisms play a negligible role in the car-
rier recombination at low temperature.

On the other hand, the general features of the tempera-
ture dependence of the PL decay times reported in Fig. 2
are very similar to those previously reported in the litera-
ture.>!>13 Raising the temperature T starts increasing
and, after reaching a maximum value, which strongly de-

TABLE I. Parameters of the QW’s investigated. The activation energies E 4 are extracted from the fits of Fig. 5; the electron-
hole-pair confinement energies A,_, are measured by comparing the PL spectra and the PLE spectra reported in Fig. 1; the electron
(hole) confinement energies A, (A, ) are calculated by fitting A,_; with an effective-mass model using two different band offset ratios:

(a) AE,:AE, =70:30; (b) AE,:AE, =65:35.

Sample Ly (A) A, (meV) E, (meV) A, (meV) (a) A, (meV) (a) A, (meV) (b) A, (meV) (b)
2 ML 20 45 20 31 14 43 3
1 ML 20 105 50 49 56 60 46
0 ML-1 20 190 70 69 123 87 103
0 ML-2 20 200 65 71 128 90 107
2 ML 40 240 100 90 150 110 130
1 ML 40 270 90 97 172 116 173
0 ML-1 40 300 90 103 197 124 180
0 ML-2 40 300 90 103 197 124 180
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FIG. 2. Temperature depeondence of the PL decay time T, of
the wells investigated: (a) 20-A QW’s; (b) 40-A QW’s.

pends on the well width and, in the case of the thinnest
DBQW'’s, on the number of AlAs monolayers, decreases
by several orders of magnitude, eventually reaching the
time resolution of our experimental apparatus. It is well
known that the low-temperature behavior of T, mainly
reflects the increase of the radiative recombination
time;!%!3 on the contrary, it has been demonstrated that
the high-temperature behavior of T, and therefore its
decrease, is connected to the activation of some nonradia-
tive channel.'> We will show in the following that this
process corresponds to the thermal escape of carriers out
of the QW’s.

In Fig. 3 we report the temperature dependence of the
PL-integrated intensity relative to the recombination
from the different QW’s. In agreement with other re-
ports,®>% 13 we find a strong thermal quenching of the PL
efficiency, again denoting the relevance of the nonradia-
tive losses at high temperature. An anomalous behavior
is observed in the PL intensity of the 40-A QW’s, where
I, tends to increase in correspondence of the decreasing
of the PL intensity of the 20-A wells. According to Ref.
9, we believe that this behavior can be explained in terms
of a partial trapping, by the larger wells, of the carriers
escaped out of the 20-A QW’s.

I11. DISCUSSION

Let us first discuss the relationships between the mea-
sured quantities, namely the PL decay time 7T; and the
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FIG. 3. Temperature dependence of the PL-integraoted inten-
sity I; of the wells investigated: (a) 20-A QW’s; (b) 40-A QW’s.

PL-integrated intensity I;, and the radiative and nonra-
diative time constants, Tp and Ty, respectively. In the
case of time-resolved measurements, we obviously have

TR T
T, = RINR n
Tg +Tnr
TNR
I, =n nNy—n | 2)
L exp 0 TR+TNR

where 7., stands for the experimental efficiency, N, is
the number of carriers photogenerated by each laser
pulse which are trapped by the QW, and »n is the number
of pulses inside the integration time. For continuous-
wave (CW) excitation and steady-state condition, nN, ob-
viously becomes the generation rate times the integration
time. In principle, from Egs. (1) and (2), one can directly
extract both Ty and Tng. The major difficulty in follow-
ing this procedure comes from the evaluation of 7., and
N, with enough accuracy. In fact the temperature be-
havior of Tg depends quite strongly on 7., and Ny,
while the effect on the radiative time T is only a scale
factor.!> Therefore we will concentrate our attention
onto the limit of interest, namely very efficient nonradia-
tive losses (T >>Tyg)- This assumption certainly holds,
as it has been shown in Ref. 13, in the temperature region
where the PL decay time of the QW’s decreases with in-
creasing the temperature. We get, in this region
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Hence the PL decay time coincides with the nonradia-
tive time constant and the temperature dependence of
T'\y is directly provided by the measurement of 7;. On
the contrary, Eq. (4) shows that the temperature behavior
of I; is related to both Ty and Tyg. Only in the limit of
negligible temperature dependence of Ty, the Arrhenius
plot of the integrated PL intensity can allow to extract
the activation energies of the nonradiative channels. This
assumption is usually supposed to be valid for impuri-
ties'* or color centers'® but it certainly does not hold for
quantum-well systems, due to the well-known tempera-
ture dependence of Tg.'>!® In any case, it can be experi-
mentally checked by the temperature dependence of the
ratio T} /I;, which is proportional to Ty. In fact, as
shown in Fig. 4, where the radiative time Ty is reported
assuming negligible nonradiative losses at T=4 K
[Tr(4 K)=T.;(4 K)], we find a strong temperature
dependence of such ratio in agreement with Ref. 13.

It is also worth noting that, if T increases with in-
creasing temperature, the measurement of the activation
energy from the Arrhenius plot of the PL-integrated in-
tensity leads to an overestimate of this quantity. Finally,
even in the case of a constant radiative time Ty, Egs. (3)
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FIG. 4. Temperature dependence of the radiative time con-
stant Ty of the wells investigated, chosing negligible nonradia-
tive losses at T=4 K [T (4 K)=T, (4 K)]: (a) 20-A QW’s; (b)
40-A QW:s.

and (4) show that the measurement of the PL intensity is
an indirect method for obtaining information on Tyg. In
particular, care has to be taken in order to keep 7,,, and
N, fixed when varying the temperature. Due to the tem-
perature dependence of the band gap, both the PL recom-
bination energy and the absorption coefficient will vary
when heating the sample. Moreover, as it has been
stressed very recently in Ref. 16, N, also depends on the
trapping mechanism which can be temperature depen-
dent.

We now consider the effects on the recombination ki-
netics of the thermal escape of carriers out of the quan-
tum well. Let us assume the carriers to be at thermal
equilibrium at the lattice temperature. The whole PL
band, which contains both exciton and free-carrier
recombinations,'>!” decays with a single time constant
T, given by Eq. (1), where Ty (T\g) is the effective radi-
ative (nonradiative) time coming from the average of the
intrinsic recombination rates of each transition, weighted
by the corresponding thermal populations.!®* We further-
more suppose that the main contribution to the nonradia-
tive processes arises from thermal escape out of the well,
under the assumption of a very efficient scattering rate T,
from the confined states, having total energy larger than
the barrier potential W, to the continuum. The three-
dimensional continuum of states acts as a sink and we
neglect the retrapping of carriers by the QW’s. We thus
have, in the nondegenerate case,

o f;ndEpzD(E)I“o(E)exp{—E/KT}
T'xr de pp(Elexp{ —E /KT}

(5)

where p,p(E) is the two-dimensional (2D) density of
states of the confined levels. Assuming a constant
scattering rate I'y, isotropic and parabolic bands, and N,
bound states in the QW of energy E, (n=1,N,), we ob-
tain

Ny

> exp{—(En—E1)/KT}

n=1
T = y 6
NR N,Toexp{ —A/KT}) ©

where A=W,—E, is the confinement energy of the
ground state. For thin wells, having only one confined
level, this result coincides with the time constant for the

thermal ionization in the framework of a two-level mod-
el’?

Tag = 1
NR O Teexp{ —A/KT}

(7

It should be noted that the model is extremely
simplified and several well-known features of the
GaAs/Al,Ga;_,As system have been ignored, for in-
stance the subband warping and nonparabolicity. The
aim of this paper is indeed to stress the main features of
thermal escape out of the QW’s and we have chosen,
therefore, to avoid unessential complications.

Combining Egs. (3) and (6) we find that the slope of
In(T; ) versus 1/KT, for high temperatures, leads to the
characteristic confinement energy A of the kind of car-



6926

riers escaping out of the well. Actually we expect the
unipolar detrapping to be more efficient than the bipolar
(or excitonic) one. Indeed, on one hand, it has been
demonstrated that exciton ionization plays an important
role in the kinetics of carrier recombination; in fact, exci-
tons and free carriers are found to be in thermal equilibri-
um at the lattice temperature!*>!7!° with relative popula-
tions given by the 2D law of mass action. On the other
hand, the carrier escape energy is less or equal to one half
of the electron-hole-pair confinement energy. It should
be also considered that the unipolar detrapping produces
a spatial charge accumulation and therefore a band bend-
ing which, in principle, will oppose further carrier leak-
age into the barriers. However, this effect is negligible in
our case, due to the small excess of photogenerated car-
riers (=~1071% cm™?) at the excitation power used in our
experiments.

In Fig. 5 we report the Arrhenius plot of In(7, ) for the
quantum wells investigated together with the fits of the
high-temperature slope from which we directly obtain the
scattering rate I'j and the thermal activation energy E ,.
As expected, the activation energies strongly depend on
the well width and, in the case of the thinnest wells, on
the number of AlAs monolayers. The scattering time
1/Ty comes out to be in the range 0.3-5 ps; we believe
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FIG. 5. Arrhenius plot of the PL decay time T} versus 1/KT
of the wells investigated: (a) 20- A QW’s; (b) 40-A QW’s. The
straight lines are the best fits to the high-temperature slopes
from which we have extracted the activation energies E, re-
ported in Table I. In (b) are reported only the fits to samples O
ML-1 and 2 ML.

MASSIMO GURIOLI et al. 46

these values very reasonable, especially if one takes into
account the simplicity of the model.

The activation energy E , has to be compared with the
carrier confinement energy A. From the experimental
values of the band-gap discontinuity AE,, fixing a given
band offset ratio AE_:AE,, the heights of the potential
barriers have been calculated for each sample. At the
same time, the carrier confinement energies have been es-
timated by fitting the electron-hole-pair confinement en-
ergy A, , with a standard effective-mass model.!! Unfor-
tunately, even for a well-studied system like
GaAs/Al Ga,_, As, several key parameters are not yet
known with enough accuracy; in particular, we refer to
the band offset ratio AE.:AE, which is usually assumed
in the range between 60:40 and 70:30. This uncertainty is
not relevant for analyzing the optical spectra which only
measure the confinement energy of the electron-hole
pairs, but becomes very important for determining the
confinement energy of each carrier species.

In Table I we report the value of the activation energy
E , obtained from the fits to T, and the confinement en-
ergies A, ,,A,,A, of the electron-hole pairs, electrons,
and holes, respectively. The last ones have been evalu-
ated for two different band offset ratio AE.:AE,, i.e.,
65:35 and 70:30, using an effective-mass calculation
which takes explicitly into account the insertion of the
AlAs thin cladding barriers, as reported in Refs. 10 and
11. We remark that in the calculations we have reduced,
as usual, the nominal well widths by 5-10 % in order to
match the experimental energy positions of the PL peaks;
obviously, different band offset ratios lead to slightly
different well widths. Note also that in the case of the
40-A QW’s the activation energies come out from the
values of T; near room temperature where the PL inten-
sity has dropped to very low levels, thus making the PL
decay times affected by sizable errors. The reported
values of E , for the 40-A wells have therefore to be con-
sidered an estimate, only, of the activation energies.

Referring to Table I, we see that in the case of the 2
ML DBQW of 20 A the electrons have shallower sub-
bands due to the peculiar characteristics of thin double-
barrier quantum wells.!! The electron and hole
confinement energies become comparable in the case of
the 1 ML DBQW of 20 A and finally the electrons are
more confined than the holes in all other wells investigat-
ed.

The activation energies found are much lower than the
electron-hole confinement energies and in fair agreement
with the escape out of the quantum wells of the less-
confined carrier species; the agreement becomes better if
a band offset 70:30 is chosen. We can therefore conclude
that, at least in the samples investigated, i.e., thin
GaAs/Al,Ga,_,As QW’s, the unipolar detrapping is the
mechanism responsible for the thermal quenching of the
QW photoluminescence. This is in disagreement with
previous findings where the electron-hole escape has been
claimed as the main loss mechanism on the basis of an
analysis of the temperature behavior of the PL intensi-
ty.>° We have demonstrated that this procedure is not
correct if the radiative time constant T depends on the
temperature, and that, for QW systems where T in-
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creases with increasing temperature, it leads to an overes-
timate of the activation energy.

IV. SUMMARY AND CONCLUSIONS

In summary, we have shown that the temperature
dependence of the photoluminescence decay time T
leads to the most direct measurement of the thermal ac-
tivation of the nonradiative channels. The standard
method based on the analysis of the integrated PL inten-
sity can be used only if the temperature dependence of
the radiative time constant Ty is negligible and therefore
is not useful for the QW systems. From the slope of the
Arrhenius plot of In(T} ) versus 1/KT we have obtained
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activation energies in agreement with the unipolar escape
of carriers out of the quantum wells instead of the bipolar
one. We also find that a band offset ratio
AE_:AE,=70:30 gives a better agreement with the exper-
imental data than the commonly used value 65:35.
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