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Carrier and spin recombination are investigated in p-type GaAs of acceptor concentration Ny = 1.5
x 107 em ™ using time-resolved photoluminescence spectroscopy at 15K. At low photocarrier
concentration, acceptors are mostly neutral and photoelectrons can either recombine with holes
bound to acceptors (e-A” line) or form excitons which are mostly trapped on neutral acceptors
forming the (A°X) complex. It is found that the spin relaxation is faster for free electrons that
recombine through the e-A” transition due to exchange scattering with either trapped or free holes,
whereas spin flip processes are less likely to occur once the electron forms with a free hole an exci-
ton bound to a neutral acceptor. An increase in the photocarrier concentration induces a cross-over
to a regime where the bimolecular band-to-band (b-b) emission becomes more favorable due to
screening of the electron-hole Coulomb interaction and ionization of excitonic complexes and free
excitons. Then, the formation of excitons is no longer possible, the carrier recombination lifetime
increases and the spin lifetime is found to decrease dramatically with a concentration due to fast
spin relaxation with free photoholes. In this high density regime, both the electrons that recombine
through the e-A” transition and through the b-b transition have the same spin relaxation time.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4977003]

Characterization of charge and spin dynamics in semi-
conductors is of importance for the designing of devices,
such as photovoltaic, microelectronic, and spintronics sys-
tems. For p-type GaAs, there have been numerous investiga-
tions of the photoluminescence spectrum,'™ as well as of
the recombination,”® spin dynamics,” and spin-polarized
transport.lo’11 Among these investigations, the carrier and
spin dynamics of the p-type material of intermediate doping
(~10"7 cm~3) considered here has been relatively little
investigated.'>'*> However, the electron mobility is antici-
pated to be spin-dependent in this doping range.'
Moreover, the effect of carrier concentration on this dynam-
ics is still poorly known. '

In the present work, we investigate charge and spin
dynamics as a function of photocarrier density. These experi-
ments were performed at T=15K on a 3 um thick GaAs
film (Be acceptor concentration Ny = 1.5 X 10" cm_3), pas-
sivated on both sides by a GalnP layer which confines the
photocreated carriers and strongly decreases surface recom-
bination, which we consider to be negligible at low tempera-
ture. At 15K and for this doping level, the acceptors are
mostly neutral'® and there are two main channels for the
electrons to recombine radiatively, either with holes bound
to acceptor atoms (e-A° line) or via exciton formation and
trapping on acceptors which results in the luminescence of
the exciton bound to the acceptor line (A’X). These two lines
are shown in Fig. 1(a), under a 2 mW, cw ¢ -circularly
polarized excitation at 1.59eV, focused onto a beam of
100 um diameter. The A°X line exhibits a small high energy
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shoulder at ~1.52 eV corresponding to free exciton recombi-
nation (X), identified via the temperature-dependent reflectiv-
ity and photoluminescence excitation spectroscopy (see
supplementary material). The identification of these lines is in
agreement with a previous report.' Remarkably, the steady-
state circular polarization is different for the two transitions,
being lower for the e-A” line (4%) than for the A°X line (7%).

We use time-resolved photoluminescence (TRPL) in
order to determine the charge and spin lifetimes as a function
of excitation power with a spectral selectivity to A°X or to
e-A luminescence. As described in Refs. 17 and 18, the
excitation source was a circularly polarized mode-locked
Ti:Sa laser (1.5 ps pulse width, wavelength 780 nm) and the
emitted light was dispersed by a spectrometer (resolution
0.12nm) and detected by a ps streak camera. Here, a repeti-
tion frequency of 4 MHz was employed, thanks to the inclu-
sion of a pulse picker. The time-averaged power was
adjusted between 2.5 and 5000 uW, and since the diameter
of the excitation spot (100 um) was much larger than the dif-
fusion length, lateral diffusion is negligible. An averaged
power of 1 uW corresponds, therefore, to a pump fluence of
3.2 x 1073 uJ/em? or 1.25 x 10'° photons/cm?.

Fig. 1(b) shows the PL spectra at 15K for different
time-delays after the excitation pulse (each curve has been
normalized in magnitude). The photoelectron concentra-
tion ny immediately after the pulse varies between
24%x10™em™ and 5x107cm™? for pump fluences
between 8 x 1073 uJ/cm? and 16 uJ/cm?, respectively. A
key information obtained from the high energy part of

Published by AIP Publishing.
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FIG. 1. (a) Polarization-resolved photoluminescence spectrum under cw cir-
cularly polarized excitation, revealing that the two main radiative recombi-
nation channels correspond to the e-A” and to the A°X transitions. The
vertical arrow indicates the position of the bandgap. (b) Transient lumines-
cence spectra at different time delays after the excitation pulse, for a pump
fluence of 8 x 1073 uJ /em? (left panel, where spectra after 3 ns have been
omitted because of their weak signal-to-noise), 8 x 1072 nj /cm2 (center
panel), and 16 uJ/cm? (right panel).

these spectra at high densities is the temperature 7, of the
photoelectron gas and its possible time-dependence. It has
been found that while heating of the electron gas is signifi-
cant at high power and during the laser pulse, T, rapidly
decreases to a steady value of S0K in a time scale of hun-
dreds of ps (see Fig. S5 of the supplementary material).
The hole concentration in the dark p, is estimated using

e-A0

AX & b-b

a

100F

Appl. Phys. Lett. 110, 082101 (2017)

standard semiconductor statistics'® to ~10'° cm™> at 50 K,
so that the majority of acceptors are neutral, N =~ 0.9 N,
=1.35x 10" cm~3.

For a very weak pump fluence (left panel), the e-A° line
is dominant at all delays after the pulse. The center panel
shows the spectra for a fluence of 8 x 1072 uJ /cm?, and
shows that the two lines have similar intensities immediately
after the pulse, while the e-A° line again becomes dominant
after a delay of about 1ns. At the highest fluence of
16 uJ /em? (right panel), the exciton formation is completely
inhibited due to screening”®?' and the spectrum exhibits
mostly band to band (b-b) emission which recombines faster
than the e-A° line due to its bi-molecular nature. Note that
screening produces a blueshift of the A°X line towards the X
emission, whereas the b-b emission energy redshifts due to
bandgap renormalization. In addition to a spectral broaden-
ing at high fluence, this is responsible for the negligible over-
all shift of the higher energy line of the spectrum.?' This
type of crossover, identified as a Mott transition between an
excitonic regime towards an electron-hole plasma regime
due to screening of the electron-hole interaction,zo’22 has
never been reported so far in the p-type material. An inde-
pendent confirmation of exciton screening at high densities
can be obtained by analyzing the energy-resolved circular
polarization around the A’X /b-b line as a function of excita-
tion power (see Fig. S3 of the supplementary material).

The intensity transients integrated over each spectral
line are summarized in panel (a) of Fig. 2; the degree of cir-
cular polarization of each line, defined as 2 = (v =) /
(1" +1°) where I° represents the ¢~ -polarized compo-
nent of the luminescence, is also shown in panel (b) of
Fig. 2. These transients directly yield the photoelectron
recombination and spin relaxation time.

We first discuss the lifetime 7p; of both lines as a func-
tion of the pump fluence. At low densities, both lines are
characterized by a similar decay time of 74y = 0.720.05 ns
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FIG. 2. (a) Normalized intensity transients for the e-A° line (left panel) and for the A’X line which merges with b-b recombination at high fluence (right panel).
The pump fluence for each transient varies between 8 x 1073 uJ/cm? and 16 uJ /cm?. The curves have been shifted for clarity. Also shown is the response of the
setup (filled curve in the right panel). (b) Decay transients of the luminescence degree of circular polarization for the e-A” line (left panel) and for the A°X line (right
panel), for a pump fluence between 16 x 107> uJ /em? and 16 uJ /cm?. (c) The top panel shows the fluence dependence of the PL decay times for the two lines, and
the middle panel shows the spin relaxation time found for the two lines, as a function of pump fluence. The bottom panel shows the ratio of the spectrally integrated
intensity for the higher energy line (A®X + b-b) to the e-A° line at £ =0, and reveals the existence of a crossover at a fluence of about 3 x10~" zJ /cm?. The sym-
bols represent the experimental data, and the solid lines are a guide to the eye, except from the lower curve of the middle panel which is a fit obtained using Eq. (3).
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and 7,_40 = 0.970.05 ns for A°X and e-A°, respectively. In
contrast, at the highest fluence, the e-A° line decays with
T,_a0 = 2.8 ns whereas the b-b recombination has a lifetime
of almost half of that of e-A° line, Tp—p = 1.6 ns. The
extracted lifetimes are shown in the top panel of Fig. 2(c),
where it can be seen that the recombination time for both
lines is a monotonic increasing function of the pump fluence.
The observed behaviour has a simple interpretation. At low
densities (excitonic regime), since at short time-delays both
e-A” and A%X lines are present in the spectrum, we assume
that during the laser pulse and the subsequent energy relaxa-
tion and thermalization, two populations are created, consist-
ing of free electron-hole pairs and of excitons bound to
acceptors, respectively. We assume that once the process of
thermalization is over, both populations evolve indepen-
dently as a function of time. For the e-A” emission, the lumi-
nescence intensity is proportional to KONA?n where n is the
photoelectron concentration, NS is the concentration of neu-
tral acceptors, and K|, is the bimolecular recombination coef-
ficient between a free electron and a hole bound to acceptor.
We assume for simplicity that n is homogeneous as a func-
tion of depth, and this concentration is the solution of
on/ot = —KoNSn — n/t,, for t>0 with initial condition
n(t = 0) = ng, where 1, is a non-radiative lifetime, which
we introduce in order to account for the relatively short life-
time of the e-A° emission. Indeed, using Ref. 23 we calculate
an acceptor recombination time of 1/ (KONX) = 15 ns, which
is more than one order of magnitude larger than the mea-
sured lifetime of the e-A° line. We conclude that the photo-
electron lifetime is limited by nonradiative recombination,
for example, via free exciton formation or capture of free
carriers by deep level centers.”*** Note that the fact that the
intensity decay transients of Fig. 2(a) are mono-exponential
at low pump fluence suggests that in this regime the main
recombination mechanism is given by trapping at deep level
centers. Since the A’X line decays with a similar lifetime,
we conclude that the lifetime of excitons bound to acceptors
is probably also limited by non-radiative recombination, for
example, via free exciton formation at a rate similar to 1/7,,.
Indeed, excitons bound to acceptors have a binding energy
of ~2 meV <kpT, with respect to the free exciton state, so
that coupling with free excitons should be efficient. We
assume that free-excitons have a very short non-radiative
lifetime (for example, via formation and escape of exciton-
polaritons,”® 2 or via trapping at deep centers, so that they
cannot dissociate or get trapped again at acceptor sites.

On the other hand, at high fluence, exciton formation is
inhibited, recombination at deep level centers saturates, and
the electron lifetime increases with concentration when pass-
ing from A’X recombination to b-b recombination. It is seen
that the A°X line eventually merges with the band-to-band
recombination emission whose intensity is proportional to
nKpy[n + po), where the bimolecular coefficient K, with free
holes has been already calculated ** and where one assumes
that the photohole and photoelectron concentrations are
equal because of charge neutrality.®’ In this electron-hole
plasma regime, and neglecting non-radiative recombination,
the photoelectron concentration evolves according to
on/ot = fKoNA?n — Kpp[n +poln. This equation has an

Appl. Phys. Lett. 110, 082101 (2017)

analytical solution, and the intensity of the luminescence of
the two lines is given by

Y
et/‘c

1(e-A°)(1r) = AKoNSng (1)

1+ noKppt[1 — e=t/=]’
AKhbnée’z’/fk

{14 noKppre [l — e7/7 ]}

(2)

where 1/1* = KONS + Kpppo- While increasing the photocar-
rier density, the second term of Eq. (2) becomes progres-
sively dominant so that the characteristic decay time of the
b-b line, t5,% ~ 1/(Kypno), should be one half that of the
e —A" one, as indeed observed in our experiments. It is also
expected that the departure from a mono-exponential behav-
ior should be stronger for the b-b line than for the eA( one,
which is indeed the case at short delays and high fluence (see
the right panel of Fig. 2(a)). The bimolecular recombination
coefficient K,, at a carrier temperature of T,=50K is
Ky, = 4.27 x 107% cm?/s.%° Since 14,” ~ 1.6 ns at the maxi-
mum fluence used, we estimate a characteristic photocarrier
concentration of ~1/(th;Ky,) = 1.46 x 107 cm™> at =0
when exciting at 16 J /cm?.

We now focus on the spin dynamics. Figure 2(b) shows
the transients of the luminescence degree of circular polari-
zation 2 for selected pump fluences. Note that the polariza-
tion immediately after the pulse, of the order of 15%, is
smaller than the initial polarization of 25% expected for
GaAs. This reveals losses of polarization during fast energy
relaxation and thermalization of the carriers. The polariza-
tion transients are essentially exponential and enable us to
determine a well-defined spin relaxation time 7, for both
lines, as summarized in the middle panel of Fig. 2(c). T is
found to decrease significantly with the fluence in the range
explored (from 77 = 1 ns at low fluence for the A%X line to
T, ~ 150 ps for the b-b line at high densities). Interestingly,
T, is lower for the e-A° line than for the A°X line at low den-
sities, whereas the same spin relaxation time is found at high
fluence for both lines. We can interpret these findings as spin
relaxation induced by scattering between photoelectrons and
holes (Bir-Aronov-Pikus mechanism),32 which has been
shown to be the dominant spin relaxation mechanism at low
temperatures for the p-doping level used here.”**>* This
scenario is further supported by temperature-dependent
measurements, in which the spin polarization is shown to
decrease dramatically as the concentration of free holes
increases with temperature (see Figure S6 of the supplemen-
tary material). The free electron spin relaxation time is given

by9
Ny +p
— A TP 3
Ny Jr[?)} ®)

1(b-b)(1) = i’;‘;@z(em(r) +

1

1 Ny + 5
7= oL+ 3 (
1

Na+p 3

where 1/TY :NAag%, ap = 1.13 x 107% m is the exciton
Bohr radius, vp = h/(,uXaB) = 1.7 x 10° m/s is the exciton
Bohr velocity with uy ~ m; the exciton reduced mass and
m;, the electron’s effective mass in the conduction band,

ve = +/3kgT./m; is the thermal velocity of electrons, T
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= liEg/A* = 1.1ns can be estimated from the exchange
splitting A ~ 0.05 meV of the exciton ground state®>*® and
from the exciton binding energy Ep = 4.2 meV,”’ p repre-

sents the density of photoholes, N is the density of ionized
acceptors, and W(O)|2 is the Sommerfeld factor, estimated to
be |y(0)]* ~ 2x for T, = 50 K3 We estimate T9 = 3.63
ns. At low concentrations, p < N, ~ 0.1N4 and therefore
Ty ~ TV/(39.47 x 0.1 +5/3 x 0.9) = 667 ps, which agrees
remarkably well with the measured spin relaxation time of
690 ps for the e-A° line at low fluence. Interestingly, the spin
relaxation time for the A°X is almost twice as long, because
in the A°X complex (one electron and two holes on AA”) the
total electron-hole exchange interaction vanishes since the
stable state of A’X involves a hole singlet of the form
%(ﬂ@ — |1). The observed spin relaxation time of about

1.1 ns for a trapped electron in the A°X complex may be lim-
ited by the hyperfine interaction®® with the atomic nuclei
(see supplementary material) or by exchange interaction
with free holes or free electrons. None of the latter two relax-
ation mechanisms should affect the spin of free electrons.

At high densities, the measured spin lifetime is the same
for both lines, as expected since in this regime excitons are
no longer stable. Using the above estimated value for the
characteristic photocarrier concentration (1.46 x 10" cm™3
A~ N,) at the highest fluence, we have p ~n > N; and
therefore Ty ~ T /(39.47 x 0.63 +5/3 x 0.36) = 140 ps,
which agrees well with the measured value of 7} ~ 150 ps
considering that screening has been neglected in Eq. (3). The
solid red curve shown in the middle panel of Fig. 2(c) is the
spin lifetime given by Eq. (3) as a function of excitation
power, assuming that the photocarrier concentration depends
linearly on fluence. This equation reproduces well the
observed decrease of the spin lifetime for the e-A° line as the
concentration of free carriers increases.

The results obtained for the present sample are quite dif-
ferent from those obtained for a larger acceptor concentra-
tion, in the 10" cm 3 range, which shows little dependence
of the spin relaxation time and carrier lifetime as a function
of pump fluence,'® probably due to more efficient screening
of the electron-hole interaction and almost full ionization of
acceptors.*'*? Also shown in the bottom panel of Fig. 2(c) is
the ratio between the spectrally integrated higher energy line
(mixture of A°X and b-b) to the e-A° line immediately after
the pulse. For sufficiently large densities, the photoexcited
carrier concentration is higher than the concentration of
neutral acceptors, and the ratio becomes greater than 1. The
dashed line to the left represents the pump fluence at which
the photogenerated density at t=0 equals the theoretical
Mott density in GaAs at T=0K (n. = 2.8 x 10'°cm3),%!
whereas the dashed line to the right corresponds to the exper-
imental value of the Mott density in undoped GaAs (n,
=1.2— 1.8 x 107 cm—3).?° Independent investigations have
shown that screening of the exciton gas start to occur above
n=1.6x 10' cm>.*} This screening, together with a satu-
ration of deep level centers, explains the progressive increase
of the recombination time and the fact that the two lines are
characterized by the same spin relaxation time for an excita-
tion power larger than 2 x 10! uJ /cm?.

Appl. Phys. Lett. 110, 082101 (2017)

In summary, a systematic study of the carrier and spin
recombination dynamics on moderately doped p-type GaAs
has been performed at 15K. It has been shown that at low
densities, electrons can form exciton complexes (AOX) or
recombine with holes bound to neutral acceptors, so that a
full thermodynamical equilibrium is not achieved between
free and trapped electrons in A°X. The lifetime of free and
trapped (on A“X) electrons is limited by non-radiative
recombination channels (the determination of the exact
nature of these channels is beyond the scope of this paper
and would require further investigations), and the spin life-
time is larger in exciton complexes than for free electrons
since the electron-hole exchange interaction is suppressed
within the A’X complex when excitons are trapped on neu-
tral acceptors. In this density range, the free electron’s spin
lifetime is limited by exchange scattering between electrons
and trapped holes. Increasing the carrier concentration
causes screening of the electron-hole Coulomb interaction
and eventually excitons are no longer stable. As a conse-
quence, the recombination lifetime increases with concentra-
tion and the spin lifetime of free electrons decreases by
almost one order of magnitude due to accelerated spin relax-
ation when free photoholes are added to the system.

See supplementary material for the reflectivity, photolu-
minescence excitation spectroscopy, and temperature-
dependent measurements.

F.C. and P.R. thank the Grant NEXT No. ANR-10-
LABX-0037 in the framework of the Programme des
Investissements d’Avenir.
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