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Nonradiative recombination via strongly localized defects in quantum wells
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Using time-resolved photoluminescence, we have studied the nonradiative recombination of excess
charge carriers in oxygen-implanted GaAs/AID 4Gao sAs single quantum wells. In order to reveal
the recombination mechanism, the carrier lifetime is measured as a function of temperature and
well width. We observe a decrease of the measured lifetime with increasing implantation dose and
the nonradiative part of the recombination rate increases with increasing temperature. We find
that the nonradiative recombination is thermally activated and the activation energies increase with
decreasing well width. Under the assumption of strongly localized deep impurities we can explain
this behavior with multiphonon capture processes and an analysis of the well-width dependence of
the activation energies allows for the determination of the coupling strength for electron capture. In
agreement with deep-level transient-spectroscopy (DLTS) measurements we determine a deep level
430 meV below the conduction band.

The recombination of excess carriers in quantum wells

(QW's) has been an extensively studied subject for many
years. Previous theoretical and experimental work on
radiative recombination provided a good understanding
of the radiative exciton lifetime in QW's and of the
temperature-dependent effects of exciton ionization on
carrier lifetime. Recent time-resolved and continuous-
wave photoluminescence (PL) studies have revealed the
importance of thermal emission of carriers into the bar-
riers at higher temperatures. The thermal escape into
the barriers is a nonradiative loss mechanism for the car-
riers in the wells which leads to a strong reduction of
the PL intensity and PL lifetime in the QW. The effi-

ciency of this process depends on the effective con6ne-
ment energy of the carriers in the QW and is therefore
large in QW's with low barriers (e.g. , GaAs/Al Gai As
or GaInP/Al Gai InP with low Al content) and in thin
QW's, with only a few monolayer thickness, respectively.
In QW's with high efFective-confinement energies, pro-
cesses like interface recombination or nonradiative recom-
bination via deep impurity levels can become important.
The basic understanding of such processes is of funda-
mental interest and of considerable relevance for many
applications.

Nonradiative recombination via deep impurity levels
is normally described in terms of the Shockley-Read-Hall
model, ' where electrons and holes can recombine by
successive capture into the deep impurity level. During
these two transitions, an energy equal to the energy gap
must be dissipated and the basic question is about the
mechanism of the energy loss. Up to now, most of the in-
vestigations concerning the energy loss mechanism were
carried out in bulk material, particularly in GaAs, with
capacitance transient methods and time-resolved PL.
Many of the results are consistent with multiphonon cap-
ture processes. To our knowledge, comparable investiga-
tions with regard to the energy loss mechanism in QW's
have not been reported up to now. On one hand it is
important to clarify the question of the physical mecha-

nism of carrier capture into deep impurity levels in the
QW's. On the other hand, the degree of localization of
the potential of such deep centers must be considered in
a theory dealing with nonradiative capture. The degree
of localization is determined through the ratio between
the extension of the potential of the deep impurity and
the QW width. In the case of weak localization, i.e., the
extension of the potential of the deep impurity is compa-
rable to or larger than the QW width, the energy levels
of the deep impurity are quantized, whereas in the case of
strong localization the energetic difference to the three-
dimensional conduction and valence bands is unchanged.
As a consequence, in the strong localization limit, the
energetic distance between the deep-level energy and the
electron and hole subbands becomes a function of the well
width since the quantization of the subbands depends on
well width.

In this paper we present a systematic study of
the nonradiative recombination in oxygen-implanted
GaAs/Ale 4Gao sAs QW's as a function of temperature
and well width. It includes a model which shows that
the temperature dependence of the electron capture co-
eScient is consistent with a multiphonon process and al-
lows for the determination of the coupling strength for
electron capture and of the energetic depth of the deep
level.

As starting material we used GaAs/Alp 4Gao sAs sin-
gle quantum wells (SQW's) grown by metal-organic va-

por phase epitaxy (MOVPE) on a GaAs substrate kept
at a temperature of about 700 C. The investigated well
widths I are 3, 5, 8, 10, and 50 nm. The SQW's
are sandwiched between Ala 4Gao 6As barriers, where the
barrier width on the surface side is 100 nm and the bar-
rier width on the substrate side is l.5 pm thick. Ow-

ing to the spillover of carriers from the barriers to the
wells, the majority carrier concentration of unintention-
ally doped QW's depends on the background dopant
level of the barriers. Since the background dopant is

p type in our MOUPE-grown Ala 4Gao 6As material, we
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conclude that the holes are the majority carriers in the
QW's. The absolute value of the radiative lifetime at
a certain temperature is governed by the majority car-
rier concentration. If we compare the absolute value
of the radiative lifetime from the 5 nm QW [r„(300 K)
= 4 ns] with recently published calculated values from
Ridley, we can deduce a majority carrier concentration
of about p ' = 3.2 x 10 cm in the wells. This
has the important consequence that we can neglect ex-
citonic efFects, since in this carrier density region strong
exciton screening takes place and almost only &ee car-
riers are present. ' We find in all unimplanted sam-
ples an increase of the experimentally observed lifetime
with increasing temperature, in good agreement with the
temperature dependence of radiative recombination in a
quantum well. This means that the determined slopes

p = (1.1—1.3) are in good agreement with theory where
it is expected that 7„T~ with 1 & p & 1.5 for such
high carrier densities. s ~s High Al content (xA~ = 0.4) was
used in the barrier because of the large band ofFset with
respect to GaAs. As a consequence, thermal emission
processes can be neglected in our samples up to temper-
atures of 200 K even for the QW with the smallest well
width of L, = 3 nm. The deep levels were introduced
by oxygen implantation. The choice of this method was
influenced by its technological importance on one hand
and by the possibility to control the impurity concentra-
tion reproducibly over a wide range of doses on the other
hand. We choose an implantation energy of 75 keV. As
a consequence the theoretical maximum of the Gaussian
distribution of the implanted oxygen ions is centered
in the middle of the QW. The full width at half maxi-
mum (FWHM) of the oxygen distribution is 45 nm which
means that one can assume a homogeneous distribution
of radiation defects in the QW's with I, in the range
3—10 nm. This would not hold true for the sample with
L, = 50 nm. Therefore we have made two implantations
with energies of 55 and 85 keV which lead to a slightly
varying defect profile with the same averaged bulk con-
centration of defects in the sample. The samples were
implanted with dose rates ranging from 2.3 x 10 to
2.3 x 10 cm, which correspond to oxygen densities
between 2 x 10 and 2 x 10~ cm in the QW's. Af-
ter implantation the samples were annealed for 1 min at
a temperature of 875 C with a rapid thermal annealing
process.

The time-resolved measurements were performed us-

ing a photoluminescence setup, where the samples were
excited by 5 ps pulses &om a synchronously pumped
mode-locked cavity-dumped dye laser. We used R6G,
which made it possible to tune the excitation energy
below the gap of the Alo 4Gao 6As barrier, to generate
the excess carriers only in the GaAs wells. The carrier
density was estimated &om the excitation power den-
sity and the absorption coeKcient of GaAs to be about
(2—5) x 10 ~e cm 2 in the wells. The luminescence was de-
tected with a microchannel plate photomultiplier (with S
25 response). The PL decays were measured with a time-
correlated photon-counting technique. The time resolu-
tion of the system is about 150 ps.

Typical decay curves from the time-resolved PL mea-
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where the radiative decay time rR can be expressed as
~R ——Bp '. Here B is the radiative rate constant and
p ~ is the concentration of the majority carriers. Under
the assumption that the majority carrier concentration
in the samples is unchanged after oxygen implantation,
which was confirmed by deep-level transient-spectroscopy
(DLTS) measurements in our oxygen-implanted bulk
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FIG. 1. Typical decay curves from 5 nm single quantum
wells after oxygen implantation with different implantation
doses. Also shown is the PL decay of the untreated reference
sample. The solid curves give the Qt to experimental points
assuming a monoexponential decay. The curves are vertically
shifted and shown on a logarithmic scale.

surements are shown in Fig. 1 before and after oxygen
implantation with three different doses for a 5 nm well.
Each PL decay was measured at the peak of the emission
line. We find that the experimental data are consistent
with a pure exponential decay with time constant ~pp
over at least one and a half orders of magnitude. We
observe a decrease of the decay time ~pp with increasing
dose. This shows clearly that the number of nonradiative
defects increases with increasing implantation dose.

In order to evaluate the dominant recombination mech-
anism we have done systematic temperature-dependent
lifetime measurements, which are summarized in Fig.
2 for a 3 nm QW before and after implantation. For
the reference sample we find an increase of the experi-
mentally observed lifetime with increasing temperature,
which is in good agreement with the temperature depen-
dence of radiative recombination in a two-dimensional
semiconductor. 5 Obviously the time constants of the
oxygen-implanted QW's decrease systematically with in-
creasing implantation dose and the difFerence between
the time constants of the reference sample and the im-
planted samples increases with increasing temperature.
This means that the nonradiative fraction of the total re-
combination increases toward higher temperature. The
measured decay time wpL at temperature T is connected
to the radiative and nonradiative recombination times 7R
and wNR, respectively, by
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ergetic distance between the 6rst subband and the deep-
level state in a QW is a function of well width. In this
case the eriergetic level of the deep center is indepen-
dent of well width whereas the electron and hole sub-
bands depend on well width since the quantization of
the subbands depends on well width. This means that
one expects for one sort of deep center in QW's differ-
ent activation energies, depending on well width. This is
visualized in the configuration coordinate (CC) diagram
in Fig. 4 for the case of electron capture In. the CC di-

agram the sum of electronic and lattice potential energy
is shown versus a single normal coordinate q known as
the coa6guration coordinate. The two upper parabolas
(Er,I, EL,z) represent the lowest subbands of two QW's
with difFerent thicknesses (L,q ( L,2). The parabola
El, q of the QW with smaller well width lies above the
parabola of the QW with the larger well width because of
the larger quantization energy. The lowest parabola rep-
resents the deep-level center. In terms of this CC sheme,
a nonradiative capture transition therefore can take place
only at the crossing points of the parabolas. Generally
a characteristic thermal energy E I, E z is necessary to
reach the crossing points and it is obvious &om Fig. 4
that the activation energy E increases with decreasing
well width. This behavior was observed in the oxygen-
implanted QW's and the multiphonon model is adequate
to explain qualitatively the observed temperature and
well-width dependence of the capture coefficients.

It is very interesting to analyze the well-width depen-

dence of the activation energies coming from the slopes
from Fig. 3 in somewhat more detail. If the electron-
lattice interaction is linear in the lattice coordinate q
and the vibrations are harmonic, the potential curves in
Fig. 4 will be parabolas with identical frequencies but
difFerent equilibrium positions for the deep level and the
subbands. Then it follows &om Fig. 4 that at crossover

(Ep + Eq; —ShO)
4SAO

where S is the Huang-Rhys factor and hO is the phonon
energy of the emitted phonons. The experimentally de-
termined activation energies are shown in Fig. 5 as a
function of the quantization energies.

It is important to note here that the annealing process
around 875'C produces Al interdiffusion across the het-
erointerfaces. The extend of the interdiff'usion process is
characterized by a di6'usion length Ld, . One can calcu-
late the Al difFusion length Ld &om the observed emission
energy shift between the implanted and the correspond-
ing unimplanted QW's. 2~ We have determined the dif-
fusion length in our samples (dose = 6.8 x 10~2 cm 2)
to be Ld ——0.3 nm. The modi6cation of the Al pro6le
leads to change in the shape of the con6nement poten-
tials for electrons and holes. The quantization energies
for the implanted samples are calculated numerically tak-
ing an error function for the confinement potentials for
the slightly interdifFused QW's. z~

Using the expression for the quantization energy de-
pendence of the activation energy &om Eq. (3) we have
analyzed the data of Fig. 5 and determined an energy
level of 461 6 40 meV below the conduction band, and
a Huang-Rhys factor S of 12.6 + 2 taking a phonon en-
ergy hO of 36 meV. The comparable value of the product
S x AO = 454 meV with the energetic depth of the deep
level EI, —E~ ——461 meV indicates a middle-strength
coupling between the electronic level and the lattice. We
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FIG. 4. Configuration coordinate diagram showing the ef-

fective lattice potential curves as a function of the associ-
ated configurational coordinate q, assuming a linear elec-
tron-lattice interaction and a harmonic potential. Symbols:
Er.q, EL,2, lowest electron subbands of two QW's with dif-
ferent well thickness (I q ( L,z); Er, energy position of the
deep level; Eq&,Eqz, quantization energies of QW1 and QW2;
E q,E q, activation energies of QW1 and QW2; Eo energetic
depth of the deep level in bulk material; S, Huang-Rhys fac-
tor; and AQ, e8'ective phonon energy.
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FIG. 5. Quantization energy dependence of the measured
thermal activation energies. The solid line is the best fit to
the data using Eq. (3) and yields the Huang-Rhys factor S
and the energetic difference ET between the conduction band
and the deep level.
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And a good agreement between the value of the deep
level coming out of this analysis with the result from the
DLTS measurements EI,—ET ——430 + 10 meV. This sup-
ports the assumption that this deep level is responsible
for the nonradiative recombination process in the oxygen-
implanted QW's. This deep level was also found in high
energy (2 MeV) proton and low energy (60 keV) Ar ion
irradiated bulk GaAs samples. Therefore it seems rea-
sonable that this deep center is damage induced and not
specially oxygen correlated.

In summary, we have presented an experimental study
of nonradiative recombination via a deep impurity level
in oxygen-implanted GaAs/Ale 4Gao sAs SQW's. Our
experiments show thermally acitivated nonradiative re-

combination processes with increasing activation ener-
gies for decreasing well widths. This can be explained
by multiphonon capture processes with the requirement
of strongly localized deep impurities, i.e., the extension
of the potential of the deep impurity level is small with
respect to the width of the QW. We find a Huang-Rhys
factor of 12.6 for the electron capture and a deep level to
461 meV below the conduction band, in good agreement
with the DLTS result EI. —ET ——430 + 10 meV.
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