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Exciton, trion and electron spin dynamics in a 20 nm wide modulation-doped GaAs single quantum well 
are investigated using resonant ultrafast two-color Kerr rotation spectroscopy. Excitons and trions are selectively 
detected by resonant probe pulses while their relative spectral weight is controlled by adjusting the gate voltage 
which tunes the carrier density. Tuning the carrier density markedly influences the spin decay time of the two 
dimensional electron gas. The spin decay time can be enhanced by a factor of 3 at an intermediate carrier 
concentration in the quantum well, where excitons and trions coexist in the system. In addition, we explore the 
capability to tune the g-factor of the electron gas via the carrier density.  

 
Keywords: GaAs quantum well, exciton, trion, spin lifetime, Kerr rotation, MOKE 
PACS: 75.70.Tj; 78.47da; 78.47jm; 78.67De   

 
I. INTRODUCTION 

A two-dimensional electron gas (2DEG) is a semi-
metallic sea of electrons in a quantum well (QW). It is 
typically created by doping and controlled via a back-gate 
voltage. The investigation of spin dynamics in a 2DEG is 
technologically important as the electrons often have 
relatively long spin lifetimes in the nanosecond range, 
useful for spintronic applications [1-3]. Upon optical 
excitation, excitons (or electron-hole pairs) are created, 
which can capture an extra charge to form trions [4-6]. In 
negatively charged trions, two electrons form a spin singlet 
state. After the trion recombines, the electron left behind 
maintain its spin orientation or coherence [7-9]. Thus, 
trions offer an optical means to initialize and control the 
coherent spin polarization of the 2DEG. A careful study of 
the 2DEG spin dynamics in the presence of optically 
excited quasiparticles (excitons and trions) is of great 
interest for optically controlled spin devices [3,10].  

Many previous experiments exploring this 
interplay of 2DEG and optical quasiparticles, were 
performed in II-VI QWs (e.g. CdTe) where trion binding 
energy is relatively large [8,11,12]. However, the large 
spin-orbit coupling in II-VI QWs also leads to a faster spin 
dephasing in comparison to the III-V QWs (e.g. GaAs) 
[3,13]. In GaAs QWs, trions have a small binding energy of 
a few meV. Thus, well-resolved exciton and trion 
resonances can only be observable in the highest quality 
QWs [14]. Here, we focus on modulation doped wide QWs 
with thickness comparable to the excitonic Bohr radius. 
These wide QWs’ are less susceptible to monolayer 
fluctuations which are commonly seen in narrower QWs’, 
and which limit carrier mobility due to disorder induced 

localization. In addition, modulation doped QWs’ provide 
gate dependent tuning of the electron (or hole) density in 
the QW, giving insight into phenomena dependent on the 
relative exciton-trion density [10,14-16]. Remarkably, wide 
QWs’ are characterized by longer spin lifetimes for 
excitons and 2DEG when compared to narrow QWs. This 
finding is related to reduced spin scattering [17]. Compared 
to bulk materials, spins in wide QWs have reduced  
lifetimes, but can be effectively initialized through trions 
[18]. A combination of fast modulation through excitonic 
quasiparticles, and storage of coherence through the 2DEG 
makes wide QWs promising for logic and memory 
applications.  

In this Article, we investigate spin dynamics using 
Kerr rotation (KR) spectroscopy in a high quality, 20 nm 
wide, modulation doped GaAs QW. The electron mobility 
exceeds 106 cm2/Vs at 4 K. We investigate spin lifetime of 
excitons, trions and the 2DEG and their dependence on the 
electron density in the QW tunable via the back-gate 
voltage. We observed a markedly enhanced 2DEG spin 
lifetime in the voltage range where the QW features a 
transition from an insulating to a conducting state. In the 
optical response, this regime is characterized by a balanced 
coexistence of excitons and trions. In addition, an analysis 
of the magneto-optic Kerr effect (MOKE) in Voigt 
geometry provides the transverse electronic Landé g-factors 
of the 2DEG. The variation of g-factor with the back-gate 
voltage reveals a modification in carrier localization [12]. 

II. EXPERIMENTAL DETAILS 

The QW structure (Fig. 1a) is grown by molecular 
beam epitaxy on a (100) oriented, highly n-doped GaAs 
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substrate. The growth starts with 50 periods of 
AlGaAs/GaAs (10nm/3nm) to reduce charge leakage from 
the substrate. The 20 nm wide GaAs QW of interest, is 
sandwiched between two Al0.33Ga0.67As layers. A Si-delta 
doping growth interruption with a nominal concentration of 
n ~ 4x1012 cm-2, located 96 nm away from the QW. By 
changing the potential of the substrate with respect to the 
top layers of the heterostructure we can adjust the energy 
levels of the modulation doping layer with respect to the 
conduction band edge of the GaAs QW and, thereby, 
control the electron density within the QW without 
significant current flow. The sample is processed into a 
Hall-bar with Ohmic AuGeNi contacts, and features a back-
gate used for carrier density tuning. 

The sample is mounted in a very stable helium 
flow cryostat (Oxford Microstat HiRes2). It is cooled down 
to a temperature of ~ 3.5 K in order to ensure narrow 
exciton and trion resonances and, potentially, long spin 
lifetimes. We use non-degenerate KR in confocal reflection 
geometry to study the spin dynamics in the QW [19]. To 
this end, the output of a mode-locked femtosecond Ti-
sapphire laser of 80 MHz repetition rate is split into two 
paths. Both pulse trains pass independent grating based 4f-
pulse-shapers for wavelength tuning [20]. The temporal 
(spectral) resolution of the system is 1 ps (0.7 nm). For all 
results presented below, the pump beam is tuned to ~1.55 
eV (800 nm) to effectively initialize spin. The polarization 
state of the pump pulse is modulated between σ+ and σ- 
helicities.  The linearly polarized probe beam is tuned into 
resonance with either the exciton or the trion transition. 
Both beams are collinearly focused onto the sample using a 
Mitutoyo M-Plan APO NIR 50X objective. We operate 
with a slightly defocussed spot of ~8 ߤm, for both pump 
and probe, to limit the density of photo-excited carriers and 
to increase the signal-to-noise ratio. Residual pump light is 
filtered out by a spectrometer. The KR signal is detected in 
a standard balanced detection scheme. The amplitude of the 
signal is proportional to the rotation of the probe 
polarization associated with the pump induced initialization 
of spins. KR is a particularly sensitive technique to probe 
long lived coherences in QWs’, and is, hence, an ideal tool 
to study spin phenomena in 2DEGs [19]. Spin dynamics are 
measured as a function of delay time between pump and 
probe pulses. To investigate the MOKE response, a 
magnetic field generated by an electromagnet is applied in 
the Voigt geometry.  

III. RESULTS AND DISCUSSION 

We start the sample characterization by analysing 
the photoluminescence (PL) of the QW as a function of the 
back-gate voltage. Specifically, the sample is excited by 
~1.55 eV (800 nm) light from the Ti:sapphire laser, with 
intensities similar to the one used as a pump for the time-
resolved KR measurements below (40 ߤW). The PL spectra 
in Fig. 1(b) map the exciton (X) and trion (T) resonances, 

as well as their relative spectral weights with changes of the 
electron density in the QW. The electron density in the QW 
increases as the back-gate voltage is tuned towards more 
positive values. The energy separation between the trion 
and exciton resonances (i.e. the trion binding energy) 
changes systematically with the carrier density [14,21,22]. 
Around VB ~ -0.5 V, the exciton and trion features are 
spectrally clearly separated. Below a voltage of -0.5V, the 
exciton and trion spectral responses overlap to a large 
extent. Additionally, for a back-gate voltage of VB ≥ +0.5 
V, the trion resonance weakens considerably, and the 
exciton and trion resonances can no longer be well 
resolved. Beyond VB ~ +0.5 V, the exciton and trion 
features start to vanish. The spectral features evolve into a 
broader background signal reflecting radiative transitions in 
denser 2DEG. As detailed below, the voltage regime of – 
0.5 V < VB < 0.5 V with its simultaneous presence of 
excitons and trions is most interesting in terms of enhanced 
spin lifetimes. To selectively address excitons and trions in 
the KR measurements, the probe photon energies are tuned 
to 1523 meV (X) and 1517.5 meV (T) for excitons and 
trions, respectively. 

FIG. 1: a) Schematic of the heterostructure. b) 
Photoluminescence (PL) for various back-gate voltages. 

The curves are vertically shifted for clarity. The trion 
(exciton) resonance is labeled with T(X). 
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To measure the relevant spin relaxation timescales 
of excitons, trions and the 2DEG, we now carry out time-
resolved KR. The pump is again fixed at 1550 meV, and 
the probe is selectively tuned to exciton (X, 1523 meV) and 
trion (T, 1517.5 meV) transitions. We first consider a gate 
voltage of VB = 0 V. To enhance signal-to-noise ratio and to 
eliminate background signals, we extract the difference 
between signals for ߪ െ (left circularly polarized) and ߪ ൅ 
(right circularly polarized) pump helicities. The resulting 
KR transients for exciton and trion are shown in Fig. 2. The 
dynamics can be described as a bi-exponential decay. 
While we attribute the fast component to the quasiparticle 
(exciton, trion) spin relaxation, the long-lived dynamics is 
related to spin polarization of the 2DEG. For a more 
quantitative evaluation, the differential pump-probe signals 
(ܴ݀/ܴ) are fitted to a bi-exponential decay              

                     ௗோோ ൌ ቆܣଵ݁ି೟ష೟బഓభ ൅ ଶ݁ିܣ ೟ష೟బ೅భమವಶಸቇ   (1), 

where ܣଵሺܣଶሻ and ߬ଵሺ ଵܶଶ஽ாீሻ are the amplitudes and spin 
lifetimes for the short-lived (long-lived) component, 
respectively. The fits are also included in Fig. 2 and agree 
well with the data. A spin depolarization time (߬ଵሻ for 
trions (excitons) of ~103 ps (158 ps), is extracted for this 
specific gate voltage. These values are consistent with 
previous measurements on QWs’ [3]. These shorter 
lifetimes are tunable with the back-gate voltage (see 
Supplementary). The focus here is the longer time constant 
( ଵܶଶ஽ாீ), associated with the spin decay time of the 2DEG, 
measured as 850 ps (1050 ps) for probe photon energies at 
the trion (exciton), at this specific voltage.  
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FIG. 2. KR transients detected at the trion (T) and exciton 
(X) for a back-gate voltage of VB = 0 V. The pump photon 

energy is 1.55 eV. Solid lines are bi-exponential fits. 

The presence of a ~ ns time constant for the (rather short-
lived) exciton essentially originates from the carrier capture 
which transforms an exciton into a trion. This electron 
capture induces a minute spin polarization of the 2DEG. 
When the trion recombines, the spin polarization of the 
2DEG is not relaxed because the released electron still 
maintains a certain spin polarization. As a consequence, the 
2DEG spin polarization lifetime can be much longer than 
the trion or exciton spin polarization lifetimes (1.3ns 
compared to ~ 300ps). [23,24]. We note that initialization 
of 2DEG spin polarization by excitons is indirect, via trion 
formation and subsequent 2DEG spin polarization 
initialization. To further elaborate on the influence of the 
back-gate voltage (i.e., the electron density) on the long 
time scale ( ଵܶଶ஽ாீ), we fit KR transients, using eq. (1), for a 
range of voltages and display the results in Fig. 3. The 
dependence of spin decay time on the voltage can be 
divided into three distinct regimes, similar to the situation 
for the PL in Fig. 1(b). Below VB = -1 V, the spectral 
response of the exciton and trion overlaps. Consequently, 
the extracted time-scales for both probe photon energies are 
similar. As VB is tuned to the range between -1 V and 0 V, 
the ଵܶଶ஽ாீ times at trion and exciton probe energies increase 

drastically (~ 3 times) compared to more negative bias. 
This finding is related to an enhancement of the trion 
formation as the electron concentration of the 2DEG 
reaches an optimal value [14,25]. The increased spin decay 
time is also related to a reduced influence of the nuclear 
field fluctuations, which often affect the low-temperature 
electron spin relaxation in QWs [23,26]. The spin decay 
times for detection at the exciton and trion resonance differ 
in this intermediate bias regime. Specifically, ଵܶଶ஽ாீ for 
probe tuned to the exciton energy, reaches its maximum at 
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FIG. 3: Dependence of the spin decay time of the 2DEG 
( ଵܶଶ஽ாீ) on the back-gate voltage. 
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VB = – 0.35 V. For probe tuned to trion energy, ଵܶଶ஽ாீ is 
maximum at a slightly different bias of VB = – 0.2 V.  
The small difference between voltages at which the longest ଵܶଶ஽ாீ occurs for excitons and trions is related to the 
optimization of relative populations of excitons and trions. 
Interestingly, the longest ଵܶଶ஽ாீ for probe energy at the 
trion is ~ 1.3 ns, whereas it is limited to ~ 1 ns for a probe 
tuned to the exciton. This is related to efficient initialization 
of the 2DEG spin polarization by the trion.  
The central result so far is that the spin decay time of the 
2DEG is enhanced for an intermediate carrier density where 
excitons and trions coexist in the system. The non-
monotonic dependence of spin lifetimes result from two 
competing mechanisms – nuclear field induced dephasing 
and Dyakanov-Perel mechanism, which have opposite 
dependence on carrier density [12]. When the gate voltage 
is further increased towards positive voltages, ଵܶଶ஽ாீ is 
found to markedly decrease again for probing both excitons 
and trions. This voltage regime corresponds to a reduction 
in the trion population due to the screening effect of excess 
electrons in the QW, as also seen in the PL [27]. The 
reduction of the spin decay time for probe fixed to trion 
energy is even more drastic for voltages above 0 V. 
Corresponding data for probe tuned to the exciton is not 
shown as the 2DEG spin is not initialized through the 
exciton, as we demonstrate below.  

Further evidence for inefficient spin initialization 
of the 2DEG through excitons, for positive voltages, is 
demonstrated via measurement of spin dynamics under the 
influence of an in-plane magnetic field (Voigt geometry), 
i.e., time-resolved MOKE. Specifically, we apply a 
magnetic field B of ~ 227 mT, which causes spin 
precessions of the 2DEG. MOKE transients for two 
exemplary voltages of VB = -0.5 V and +0.5 V, for probe 
fixed at exciton energy, are displayed in Fig. 4. For VB = 
+0.5 V, the MOKE signal  almost completely decays within 
~ 250 ps, providing direct evidence for only minor spin 
initialization of the 2DEG at positive voltages. This finding 
originates from a reduction of the exciton-to-trion 
formation at these back-gate voltages [28]. The large 
number of electrons in the well screens the electron-hole 
interactions, making the formation of bound trions 
unfavorable [25,27]. As a result, the relaxation channel via 
trions is blocked, and 2DEG initialization is poor. In 
marked contrast, for VB = -0.5 V, the spin-related signals 
persist beyond our measurement range of ~1.7 ns, 
indicating coexistence of excitons and trions and resulting 
in an enhanced 2DEG spin initialization and lifetime.  
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FIG. 4: MOKE transients for two exemplary back-gate 
voltages where trions co-exists or do not co-exist with the 
exciton. The probe is tuned to the exciton resonance (X). 

The application of an in-plane magnetic field also 
allows us to extract the Larmor precession frequency and 
the transverse electronic g-factor from the MOKE 
transients. To this end, the oscillating part of the MOKE 
trace is fitted to a damped harmonic function of the form  

                ௗோோ ൌ ଷܣ כ ݁ି೟ష೟బ೅మכ כ sin ሺ߱ݐ ൅ ߮ሻ                (2), 
where ଶܶכ is the spin dephasing time (of the 2DEG) in an 
applied magnetic field, ω is the Larmor frequency of the 
2DEG. Examples for such experimental data and 
corresponding fit results are shown in Fig. 5, for a probe 
tuned to the exciton resonance and VB = 0 V. Note that we 
have excluded the initial 300 ps from fitting, as this period 
is associated, e.g., with the spin relaxation of the trion. The 
spin dephasing time of the trion is likely shorter than a full 
Larmor period. Consequently the spin of the trion cannot 
complete a full precession around the external magnetic 
field. The later part of the MOKE signal reveals the Larmor 
precession of the 2DEG. It allows precise determination of 
the electron g-factor using ԰߱ ൌ  ஻ is theߤ ஻݃஻, whereߤ 
Bohr magneton. The absolute values of the electron |g| -
factors extracted from the MOKE signals (for probe tuned 
to the exciton energy), for the entire voltage range, are 
summarized in the inset of Fig. 5.  
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The absolute value of the electron |g|-factor (|g| ~ 0.33 at VB 
= -3 V, similar to values known from literature) are seen to 
decrease upon increasing the gate voltage towards positive 
values, i.e. with increasing density of carriers in the QW 
[23]. Given the g-factor of -0.44 for electrons in bulk GaAs 
and the observed trend towards positive values in narrow 
QWs [29-32], we consider that the actual electron g-factor 
in our experiments is negative due to the wide width (20 
nm) of the QW. Consequently, the trend of the inset of the 
Fig. 5 is flipped in sign, i.e., the electron g-factor changes 
towards more positive values when raising the back-gate 
voltage. This trend correlates well with theoretical 
calculations using k•p perturbation theory, which predicts 
an increase of the electron g-factor with the electron density 
[12]. The increasing of the electron g-factor is associated 
with a transition of band electrons from localized to 
delocalized states as carrier density increases. We note that 
the voltage dependence of the electron |g|-factor measured 
for probing at the trion position (data not presented here) 
follows the same trend as seen in the inset of Fig. 5. 

IV. CONCLUSIONS 

 In summary, we have shown that the PL, KR and 
the MOKE signals of the 20 nm GaAs QW are strongly 
dependent on the back gate voltage. An enhancement of the 
2DEG spin lifetime for a particular range of the back gate 
voltages (from -1 V to 0 V), is observed. This coincides 
with the intermediate concentration of the charge carries in 
the QW predisposed to the coexistence of excitons and 
trions in the system, which in turn leads to an enhanced 
initialization of the 2DEG spin. The Larmor frequency 
associated to the MOKE signals is tuned via the electric 
field, correlating with an increase of the electron g-factors 
with the increasing carrier concentration and delocalization 
in the QW. 
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