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The radiative recombination rate of moderately doped n-type and p-type GaAs/AlAs multiple quantum wells using a time-
correlated single photon counting system is presented. The experimental study has been obtained within a wide temperature range
from liquid helium to room temperature and the work has focused on identifying photoluminescence decay rates based on free-
exciton recombinations. It was found that the free exciton decay time was reduced in doped multiple GaAs/AlAs quantum wells,
and that the reduction rate depends on both the concentration and doping type.
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1. Introduction

The optical properties of GaAs/AlAs quantum wells
(QWs) are governed by excitons over the tempera-
ture range spanning liquid helium to room tempera-
ture. In quantum wells the two-dimensional exciton
has both a large binding energy and a strong oscilla-
tor strength in comparison with a bulk semiconduc-
tor. This is related to the quantum confinement of
wave functions between created potential barriers.
The optical properties of quantum wells can
be divided into two groups. The first group covers
the intrinsic properties related to excitonic transi-
tions and free carrier transitions from the conduc-
tion band to the valence band. The other group deals
with extrinsic optical properties related to impurity
induced optical transitions such as a free electron to
a neutral acceptor or a free hole to a neutral donor.
However, the impurities would also influence the in-
trinsic optical properties, form impurity bound ex-

citons, change the excitonic emission line width and
the light emission decay time. It is therefore of fun-
damental importance to understand the effect of im-
purities in order to determine the electronic, optical
and transport properties of doped QWs. The radia-
tive emission processes of carriers in QWs are of
the most importance in order to determine various
recombination mechanisms.

The experimental and theoretical dynamics of
excitonic emission have been extensively reported
in literature [EI]. Researchers have also focused on
the dynamics of formation of excitons in QWs both
experimentally [R-5] and theoretically [@]. It
was concluded that the excitons form with a time
constant extending from about 10 picoseconds and
up to a few hundred picoseconds depending on
the experimental conditions used. The same applies
also for the free exciton lifetimes in QWs. The in-
vestigation of the excitonic lifetime phenomena
has been reported both experimentally [p-15] and
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theoretically [], and it has been shown that
this depends on the excitation condition (resonant-
ly or nonresonantly), the quantum well width and
the lattice temperature. The lifetimes of nonreso-
nantly excited excitons are found in the region of
0.1-1 ns at liquid helium temperatures depending
on the width of the quantum wells and increase lin-
early with temperatures up to 20-50 K. In contrast,
typical radiation lifetime of free excitons in GaAs
QWs is short and is of the order of 10 ps. However,
this value is not obtained by simple experimental
methods on time-resolved photoluminescence (PL),
and instead the radiative lifetime of free excitons has
been directly measured in very high quality GaAs
QWs under resonant excitation conditions [[14]. In
general, exciton scattering due to alloy disorder, in-
terface roughness or other imperfections leads to
a decrease in the exciton coherence length, which
results in an enhancement of the radiative lifetime
towards the nanosecond time regime.

Impurities in quantum wells may introduce new
recombination centers such as bound excitons, initi-
ate new free electron—acceptor or free hole-donor
light emission transitions as well as reduce the band-
to-band and excitonic emission dynamics [].
The magnitude and level of these effects will de-
pend on the type and concentration of the impuri-
ties used. We note that in moderately doped QWs
the shortest lifetime at low temperatures is the exci-
tonic emission lifetime in comparison with lifetimes
of free carriers — neutral impurity related optical
transitions [].

The properties of weakly or moderately doped
QWs can initially be explained by a model assuming
that impurities are noninteracting, but as the impu-
rity concentration increases, one reaches a situation
where the single-impurity theory is no longer valid.
This effect is caused by the overlap of the impurity
wave functions, where the formation of the impu-
rity band causes tails to form at the edge of the first
conduction or valence sub-band edge depending on
the dopant being n-type or p-type. At a very high
doping concentration, the impurity band will over-
lap with the free-carrier continuum, and this thresh-
old corresponds to the Mott transition from insu-
lating to the metallic behaviour of the carriers [@].
The recombination processes near or over the Mott
transition of p-type GaAs multiple quantum wells
are described in Refs. [R§, R9].

This paper presents the results from studies on
moderately doped GaAs/AlAs multiple quantum
wells with impurity concentrations below the Mott
transition level. The work has focused on the inves-
tigation of the time-resolved intrinsic PL properties

of silicon (Si) and beryllium (Be) §-doped GaAs/
AlAs MQWs over a wide temperature range from
liquid helium to room temperature.

2. Samples and experimental setup

The silicon or beryllium §-doped multiple quantum
wells were grown by molecular beam epitaxy on
semi-insulating GaAs substrates. The samples con-
tained a fixed number of wells (N = 40), with widths
(L,,) of 20 nm and separated by 5 nm thick AlAs
barriers. Each of the QWs was §-doped (about 2 nm
width) with Si donors or Be acceptors at the center
of the well. The doping level for the Si doped MQW s
was 4.0 x 10% 1.0 x 10" and 1.4 x 10" cm™, re-
spectively; whereas for the Be doped MQWs it was
5.0 x 10" and 2.5 x 10'> cm™?, respectively.

The continuous wave (CW) PL spectra were
measured by a monochromator. The spectral resolu-
tion of the wavelength was 0.008 nm at a monochro-
mator exit slit width of 10 ym, and the correspond-
ing spectral resolution of the energy was 0.015 meV
at 820 nm (1.512 eV). An Ar-ion laser was used
as the excitation source with excitation energy in
the range of 2.2-2.7 eV or a CW diode-pumped sol-
id-state (DPSS) laser of 2.71 eV (457 nm). The PL
was detected by a Hamamatsu GaAs photomulti-
plier or a high efficiency extended red multialkali
cathode photomultiplier, both operating in the pho-
ton counting regime and being thermoelectrically
cooled.

The time-resolved PL measurements were per-
formed using a frequency-doubled diode-pumped
Nd:LSB solid-state microchip laser with an FWHM
pulse width of 400 ps. The pulse repetition rate was
10 kHz, while the average output power was set to
40 mW. The excitation wavelength was 531 nm (pho-
ton energy of 2.3 eV). The transient PL was mea-
sured with a time-correlated single photon counting
(TCSPC) system, whereas the excitation intensity
was varied by using neutral glass filters in the path
of the laser beam.

The initial electrical time resolution of the TCSPC
module was with an FWHM of 8 ps. However, due to
the finite width of the laser pulse and finite resolution
of the photomultiplier, the FWHM of the instrument
response function (IRF) increased up to 400 ps. Nev-
ertheless, the lifetimes 10 times shorter than the IRF
width can be measured using deconvolution.

The characteristic decay times were extracted by
incorporating one or two exponential decay time
constants to the PL decay transient curves. For short
lifetimes, a standard numerical deconvolution proce-
dure was used.
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The free exciton radiative lifetime can be mea-
sured from the fundamental relationship between
the radiative lifetime and the spectral linewidth [E].
However, this can only be estimated under the main
assumption that the nonradiative processes play
a negligible role in recombination [@. It is also im-
portant to note that the relationship between the ra-
diative lifetime and spectral linewidth can only be
considered for free excitons and for very high qual-
ity quantum wells.

The sample temperatures were changed from am-
bient room temperature (300 K) down to 3.6 K using
a closed cycle helium optical cryostat. The cryostat
was equipped with two thermometers; the first one
was used to control the operation of the equipment
and the second one was used to measure the tempera-
ture of the sample. More details of the experimental
setup can be found in [@].

3. Experimental results and discussion

The CW PL spectra of the Si donor and Be acceptor
doped MQW s samples performed at 3.6 K, 77 K and
300 K are presented in Figs. E]—E A series of clearly
resolved peaks can be seen. The most intensive PL
bands are associated with heavy- and light-hole ex-
citonic transitions denoted as X, and X, re-
spectively.

The lower energy transitions of Si doped MQWs,
labelled as Si-h, are attributed to the recombina-
tion of free holes and electrons bound to a Si do-
nor. The line labelled as [SiX] is ascribed to excitons
bound to a Si donor impurity. These lines disappear
at higher liquid nitrogen and room temperatures.
The excitonic lines dominate in the silicon doped
MQWs, and their strength is weakly related to
the doping concentration.

The lower energy transitions of Be acceptor doped
MQWs, labelled as e-Be, are attributed to the recom-
bination of free electrons and holes bound to a Be
acceptor. It is also possible to discriminate the line
originating from the exciton bound to the acceptor
impurity, labelled as [BeX]. It can be observed that
this line dominates at low temperatures. At liquid ni-
trogen and room temperatures some additional lines
appear in the spectrum. However, they are shifted
to the lower energy side due to the temperature de-
pendency of the forbidden energy gap of the QWs.
At low temperatures, the free excitonic line strength
of the Be acceptor doped QWs expresses strong de-
pendence on the acceptor doping concentration in
contrast to the Si donor doped QWs.

In GaAs/AlAs MQWs, both heavy-hole and light-
hole excitonic peaks are almost merged together at
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Fig. 1. The CW PL spectra at 3.6 K for the Si and Be
0-doped GaAs/AlAs MQWs (L, = 20 nm) with a doping
concentration of Ny = 4 x 10%, 1 x 10", 1.4 x 10" cm™
and N, =5 x 10, 2.5 x 10" cm™. The symbols X
and X , indicate heavy-hole and light-hole excitonic
transitions, respectively, [SiX] is the Si donor-bound
exciton, Si-h is the free hole-neutral Si donor transi-
tions, [BeX] is the Be acceptor-bound exciton, and
e-Be is the free electron-neutral Be acceptor transitions.

The curves are offset vertically for clarity.

room temperature. However, it allows one to discrim-
inate the line E_, , related to transitions between
the second sublevels. The arrows (Fig. H) indicate
the calculated values of these energy sublevels. More
details about the experimental investigation and the-
oretical analysis of Si and Be doped MQWs CW PL
spectra can be found in ].

The PL decay transients of the X, heavy-hole
excitonic emission bands for the Si and Be §-doped
samples with different doping concentrations are
shown in Figs. H—E at a temperature of T = 3.6, 20,
77 and 300 K. A laser pulse excitation intensity of
L., =70 W/cm?* was used. The average pulse excita-
tion intensity was about 0.28 mW/cm?* The elec-
tron-hole pairs are generated nonresonantly both in
the QWs and in the barriers.
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Fig. 2. The CW PL spectra at liquid nitrogen tem-
perature of the Si and Be §-doped GaAs/AlAs
MQWs (L, = 20 nm) with a doping concentration of
N,=4x10%1x10"1.4x10" cm™? and N, =5 x 10",
2.5 x 10" cm™. The same symbols are used as in Fig. 1.
The curves are offset vertically for clarity.

It can be seen that the measured PL decay time is
considerably longer than the rise time and hence is
not influenced by the rise time of the luminescence
transient. Therefore the measured time evolution in
the first 100 ps contains all necessary information
about the incoherent nonequilibrium exciton dy-
namics []. Two exponential decay times are ob-
served at low temperatures. The short PL decay time
may be related to the filling of the capture centers by
free carriers. This phenomenon depends on the exci-
tation intensity (although the dependency of the de-
cay time on excitation intensity was not observed
in the experiments performed). Instead, the short
lifetimes detected may be attributed to the recom-
bination of non-thermalized excitons at k equal to
zero. In contrast, the long PL decay time is related
to the lifetime of thermalized excitons. Considering
the previous work reported on the excitonic recom-
bination characteristic time [@], this may be attrib-
uted to the emission time of the non-thermalized ex-
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Fig. 3. The CW PL spectra at room temperature for
the Si and Be d-doped GaAs/AlAs MQWs (L,, = 20 nm)
with a doping concentration of N = 4 x 10% 1 x 10",
1.4x 10" cm™and N, =5 x 10", 2.5 x 10> cm™. Arrows
indicate E, ,, ,E_, ,and E , ,that are the calculated
energy differences from the first heavy-hole to the first
electron, the second heavy-hole to the second electron
and the first light-hole to the first electron energy levels,

respectively. The curves are offset vertically for clarity.

citons. Similar experimental results and a thorough
discussion on the recombination of free excitons at
low temperature are presented in Ref. [R3]. The pop-
ulation of excitons takes a certain time to thermal-
ize to the lattice temperature, and, as thermalization
occurs, there is a decrease in the population that
is able to recombine due to momentum conserva-
tion restrictions. This is due to the thermalization of
excitons requiring the interaction of excitons with
phonons. Our results suggest that this complicated
recombination process of free excitons is less appar-
ent at higher temperatures since the thermalization
time becomes shorter and the decay characteristic
time can be considered as one-exponential process.
Measuring the carrier temperatures directly from
the heavy-hole exciton line is not possible since lu-
minescence occurs only near k equal to zero [E].
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Fig. 4. The PL decay transients of X, heavy-hole
excitonic emission bands for the lowest Si §-doped
(N, = 4.0 x 10° cm™) MQWs recorded at T' = 3.6, 20, 77,
and 300 K with a laser excitation intensity of I =70 W/
cm? The lowest curve indicates the response of the laser
excitation pulse. The decay time constants are marked
for each trace. The curves are offset vertically for clarity.

In further investigations we will examine this
long PL decay time and will prove that this long PL
decay time depends not only on the temperature but
also on the doping concentration and doping type
(n-type or p-type).

The photoluminescence decay time at the heavy-
hole excitonic X, emission position in the n-type
GaAs/AlAs (L, = 20 nm) MQWs is presented in
Fig. H Three different doping concentrations of
Si have been considered (N, = 4 x 10%, 1 x 10%,
1.4 x 10" cm™) as a function of temperature in
the range from 3.6 to 300 K. The maximum value
of the emission decay time constant of weakly
doped quantum wells with a doping concentration
of N, = 4 x 10° cm™ was measured to be approx.
16 ns at a temperature of 40 K. The tendency of a de-
crease in the free exciton decay time in higher doped
samples is also visible in Fig. H At higher tempera-
tures, the observed decay time is not clearly based
on the excitonic lifetime, but consists instead of two
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Fig. 5. The PL decay transients of X , heavy-hole
excitonic emission bands for the second Si 6-doped
(Ng=1.0x 10" cm™) MQWs recorded at T' = 3.6, 20, 77,
and 300 K with a laser excitation intensity of I =70 W/
cm? The lowest curve indicates the response of the laser
excitation pulse. The decay time constants are marked
for each trace. The curves are offset vertically for clarity.

components (radiative and nonradiative). The non-
radiative lifetime is initially related to the recombi-
nation of free carriers without the emission of pho-
tons. At higher temperatures the concentration of
free carriers is increased due to the influence of op-
tical phonons that ionizes the excitons and dissolves
them into free carriers. This will increase the non-
radiative recombination of thermally generated free
carriers which leads to a saturation of the measured
excitonic line emission decay time and consequently
a reduction of temperature dependent variations at
elevated higher temperatures.

The nonradiative lifetime is also a signature of
imperfections of quantum wells at higher tempera-
tures (the concentration of imperfections depends
on technology conditions, for example, growth tem-
perature). This influence can be observed especially
in n-type doped samples. In spite of the fact that
the second n-type samples (N, = 1 x 10" cm™) are
more intensively doped, the PL decay time at room
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Fig. 6. The PL decay transients of X, heavy-hole
excitonic emission bands for the third Si J§-doped
(N, =1.4x10" cm™) MQWs recorded at T = 3.6, 20, 77,
and 300 K with a laser excitation intensity of I =70 W/
cm?. The lowest curve indicates the response of the laser
excitation pulse. The decay time constants are marked
for each trace. The curves are offset vertically for clarity.

temperature is longer in comparison with the first
sample (N = 4 x 10° cm™). The first sample was
grown at substrate temperature T= 570 °C, where-
as the second sample at T, = 595 °C. Due to differ-
ent growth conditions, it is expected that the longer
PL decay time of the second sample is a result of
a lower concentration of nonradiative recombina-
tion centers.

The photoluminescence decay time at the heavy-
hole excitonic emission X ,, position in the p-type
GaAs/AlAs (L, =20 nm) MQWs for two different Be
concentrations (N, =5 x 10" and 2.5 x 10"> cm™) is
presented in Fig. . This decay time for both dop-
ing concentrations was measured as a function of
temperature in the range of 3.6 to 300 K. The maxi-
mum decay time constant was measured to be about
12 ns at 150 K for weakly doped quantum wells with
a doping concentration of N, = 5 x 10" cm™. It can
also be seen from Fig. [L( that the free exciton decay
time in the higher doped sample is shorter. At higher
temperatures, the observed decay time is independ-
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Fig. 7. The PL decay transients of X , heavy-hole
excitonic emission bands for the lowest Be §-doped
(N,,=5.0x10"cm™) MQWs recorded at T'= 3.6, 20, 77,
and 300 K with a laser excitation intensity of I =70 W/
cm? The lowest curve indicates the response of the laser
excitation pulse. The decay time constants are marked
for each trace. The curves are offset vertically for clarity.

ent of temperature and it is not clearly excitonic life-
time as in n-type QWs. For the higher doped sample
nonradiative recombination of free carriers begins
to dominate at lower temperature and the saturation
of decay time is achieved at lower temperature.

The results presented in both Figs. E and [10 al-
lows one to draw an important conclusion: for
the highest doped n-type N, = 1.4 x 10" cm™and
p-type doped N, = 2.5 x 10'> cm™ samples the satu-
ration of emission decay time begins at similar tem-
perature T = 30 K, but at different doping levels. It is
worth noting that for the n-type sample the Si con-
centration is lower by about one order than the con-
centration for Be p-doped samples. The saturation
of emission decay time indicates that impurities
create nonradiative recombination centers. A ques-
tion arises: why does the nonradiative recombina-
tion begin to dominate at different concentration for
n-type and p-type MQWs? It can be supposed that
this effect is related to an overlap of impurity wave
functions as well as collective effects.
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Fig. 8. The PL decay transients of X, heavy-hole
excitonic emission bands for the second Be d8-doped
(NBe =2.5%x102cm™2) MQWsrecorded at T = 3.6, 20, 77,
and 300 K with a laser excitation intensity of [, =70 W/
cm? The lowest curve indicates the response of the laser
excitation pulse. The decay time constants are marked
for each trace. The curves are offset vertically for clarity.
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Fig. 9. Photoluminescence decay time at the heavy-hole
excitonic emission X position in the n-type MQWs
(N,=4x10%1x10" 1.4 x 10" cm™) as a function of

temperature. The dashed lines are a guide for the eye.

As mentioned in the introduction, the proper-
ties of weakly or moderately doped QWs can be ex-
plained by a model assuming that the impurities are
noninteracting. However, as the impurity concen-
tration increases, the overlap of the impurity wave
functions becomes more and more significant and
leads to a metal-insulator Mott transition [@].

In previous experiments [], considering GaAs/
AlAs MQWs (L, = 20 nm), the Si donor binding en-
ergy was found to be E| = 11.6 meV and the Be ac-
ceptor binding energy was found to be E, = 30 meV.
From the binding energies, the calculated Bohr ra-
dius of the Si donor is equal to a, = 5 nm and for
the Be acceptor it is equal to a, = 1.9 nm. These
results enable calculation of the critical concentra-
tion of the Mott transition [@, ]. Our estimations
show that the Mott transition in the Si n-type GaAs/
AlAs QWs (L, = 20 nm) occurs at a concentration
of N, =4 x 10" cm™, whereas in the Be p-type GaAs/
AlAs QWs (L, = 20 nm) it occurs at a concentration
of N, = 2.7 x 10" cm™. These concentrations differ
by approx. one order of magnitude for the n-type and
p-type impurities. This is related to different ioniza-
tion energies and different Bohr radius of the donor
and the acceptor. Since the donor-like impurities are
more shallow (have a larger Bohr radius), the Mott
transition occurs at a lower concentration in com-
parison to the acceptor-like impurities. The high-
est doped n-type (N = 1.4 x 10" cm™) and p-type
(N, = 2.5 x 10" cm™) samples have the impurity
concentration near the Mott transition threshold.
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Fig. 10. Photoluminescence decay time at the heavy-
hole excitonic emission X, position in p-type MQWs
(N,,=5x10",2.5x 10" cm™) as a function of tempera-
ture. The dashed lines are a guide for the eye.
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However, free and bound excitons still form in those
MQWs, but also the nonradiative recombination rate
increases.

4. Conclusions

The photoluminescence decay time of X ,, heavy-
hole excitonic emission bands from Siand Be §-doped
GaAs/AlAs MQWs (L, = 20 nm) for (N = 4 x 10,
1 x 10 1.4 x 10" cm™) and (NBe =5 x 10,
2.5 x 10'2 cm™2) was measured as a function of tem-
perature within the range from 3.6 up to 300 K. It
was found that the free exciton radiation lifetime is
related to the lifetime of thermalized heavy-hole ex-
citons in the temperature region of up to 50 K. In this
temperature range, the radiation lifetime increases
linearly with temperature. Above 50 K, the nonra-
diative recombination of free carriers dominates and
the PL decay time approaches saturation (depend-
ent on the impurity concentration). The existence
of impurity threshold concentration leads to an in-
tensive growth of nonradiative recombination, and
this induces a shorter PL decay time at higher tem-
peratures compared to that of lightly doped QWs.
This is related to an overlap of the impurity wave
functions near the Mott transition, which for the Si
n-type doped GaAs/AlAs QWs (L, = 20 nm) oc-
curs at a concentration of N =4 x 10" cm™ and for
the Be p-type doped GaAs/AlAs QWs (L, = 20 nm)
it occurs at a concentration of N, = 2.7 x 10> cm™.
For such highly doped samples, the collective effects
of impurities will start to play a more important role
in the recombination processes.
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EKSITONINES SPINDULIUOTES GESIMO TRUKMIU MATAVIMALI VVIDUTINISKAI
0-LEGIRUOTUOSE GaAs/AlAs KARTOTINIUOSE KVANTINIUOSE SULINIUOSE
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Santrauka

Siame darbe tirtos kartotinés kvantinés duobés buvo
uzaugintos molekuliniy pluosteliy epitaksijos biidu ant
didziavarziy GaAs padékly. Kvantinés GaAs 20 nm
ploc¢io duobés buvo atskirtos 5 nm plocio AlAs barje-
rais. | kiekvienos kvantinés duobés vidurj buvo jterptas
silicio (Si) donoriniy arba berilio (Be) akceptoriniy
priemaisy 6 sluoksnis.

Rekombinaciniai vyksmai buvo tirti pla¢iame tempe-
ratary intervale kei¢iant kvantiniy duobiy gardelés tem-
peratiirg nuo 3,6 iki 300 K. Fotoliuminescencijos Zadini-
mui naudojome diodu kaupinamg Nd:LSB kietojo kano
pikosekundinj lazerj. Dinaminiai fotoliuminescencijos
vyksmai buvo tiriami naudojant koreliuoty pavieniy

fotony skai¢iavimo metodikg (TCSPC). Pagrindinis
démesys skirtas laisvyjy eksitony spinduliuotés gesimo
trukmiy tyrimui. Nustatyta, kad gesimo laikas sutrum-
péja legiruotuose GaAs/AlAs kartotiniuose kvantiniuo-
se $uliniuose. Jis priklauso nuo priemaisy tankio ir jy
tipo: n ar p. Stipresnis gesimas stebimas # tipo bandi-
niuose esant mazesniems priemai$y tankiams. Prieita
prie iSvados, kad yra svarbiis kolektyviniai priemai$y
rei$kiniai, susije su priemais$y banginiy funkcijy per-
siklojimu ir Moto dielektrikas-metalas virsmu. # tipo
priemai$oms budinga mazesné jonizacijos energija bei
didesnis Boro radiusas lyginant su p tipo priemai$omis.
Kolektyviniai rei$kiniai pasireiskia » tipo kvantiniuose
$uliniuose esant maZesniems tankiams.



