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Temperature-dependent spin injection dynamics in InGaAs/GaAs quantum
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Time-resolved optical spin orientation spectroscopy was employed to investigate the temperature-
dependent electron spin injection in Ing;GagoAs quantum well (QW) and InysGagsAs quantum
dots (QDs) tunnel-coupled nanostructures with 4, 6, and 8 nm-thick GaAs barriers. The fast
picosecond-ranged spin injection from QW to QD excited states (ES) was observed to speed up
with temperature, as induced by pronounced longitudinal-optical (LO)-phonon-involved multiple
scattering process, which contributes to a thermally stable and almost fully spin-conserving
injection within 5-180 K. The LO-phonon coupling was also found to cause accelerated electron
spin relaxation of QD ES at elevated temperature, mainly via hyperfine interaction with random
nuclear field. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4944039]

I. INTRODUCTION

The nanosized ‘“artificial atom” quantum dots (QDs)
have been drawing enduring research interest since its
appearance, owing to the fact their discrete electronic states
created by three dimensional quantum confinement give rise
to spectrally sharp radiative transitions with large oscillator
strength and high optical yield. At the same time, spin
relaxation process mediated by spin-orbit interaction via
D’yakonov-Perel and Elliot-Yafet effect’ is largely sup-
pressed, leading to a prolonged spin lifetime at low tempera-
ture. Therefore, QDs are well-suited nanostructures for
harnessing both photonic and spintronic functionalities, with
promising application as spin-light-emitting/laser diodes
(spin-LEDs/LDs) and spin qubits for quantum information
technology.>™ An effective input of spins to QDs is crucial
for spin-based device operation. Numerous studies have
demonstrated quantum tunneling of charge carriers from
quantum well (QW) to QDs as an efficient and controllable
means for injection.” "' By further exploiting the spin degree
of freedom, fast spin tunnel-injection based on InGaAs/
GaAs QW-QD coupled structures has been achieved at
20K,'? which presents as a promising spin injector.
However, knowledge about their performance at higher tem-
perature, though important, remains unexplored. This is
complicated by a multiple of thermally activated processes
like carrier depopulation, accelerated spin-flips in both QW
and QDs, enhanced carrier-phonon scattering rate, and so on.
To clarify these issues which are essential for developing the
room temperature-functioning spin injector, we present here
a temperature-dependent study of electron spin injection
dynamics in InGaAs/GaAs QW-QD tunnel-coupled nano-
structures by using time-resolved optical spin orientation
spectroscopy.
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Il. SAMPLES AND METHODS

The investigated samples were grown by molecular
beam epitaxy (MBE). The QW has Indium alloy content [In]
of 10%, with a thickness of 20nm. While the lens-shaped
QDs containing [In] of 50% are 20nm (5 nm) in average ba-
sal diameter (height). Scanning electron microscopy (SEM)
reveals a QD areal density, ngp, of ~ 2 x 10'%cm 2. A set of
three samples with different GaAs barrier thicknesses were
prepared, i.e., dgier =4, 6, and 8 nm. In addition, a single
QW with identical growth condition was used for reference.
All samples show slightly p-type doping due to residual car-
bon acceptors in GaAs layer. The detailed information about
growth can also be found in Ref. 12.

To perform the time-resolved optical spin orientation
measurement, a mode-locked Ti: Sapphire pulsed laser with
a repetition rate of 76 MHz and a temporal width of 150 fs
was used, along with linear polarizer and quarter-wave plate,
as circular-polarized excitation source. The laser output
energy was tuned to 1.46 eV below GaAs barrier for resonant
generation of spin-polarized carriers in QW, which are con-
nected with QDs via wavefunction tunneling. The excitation
power density is set to 5 W/ecm”. To avoid the Auger type of
carrier scattering, we varied the pump fluence between
1.5W/cm? and 15W/cm? and found almost no change in
rising of QD photoluminescence (PL) transients. Therefore,
the spin-tunneled carriers energetically relax to localized QD
excited states (ES) by predominant phonon emission. It
should be noted a strong mixing of heavy and light hole sub-
valence bands in both well and dot can easily depolarize the
hole spin orientation,''*™' leaving electrons the major spin
species in our study. The time-resolved PL from both QW
and QDs of coupled structures was collected into a single
grating monochromator and recorded by streak camera
system with a temporal resolution of 5 ps. To differentiate
the PL helicity, another set of linear polarizer and quarter-
wave plate was used on detection side. By monitoring PL

© 2016 AIP Publishing LLC
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transients and circular polarization degree (CPD), defined as
CPD= (Iyy —1,-)/(Iy+ +1,-), where I, (I,—) denotes the
intensity of ¢ (¢~ )-polarized PL component at QW ground
state (GS) and QD ES, information on electron spin injection
dynamics can be obtained.

lll. RESULTS AND DISCUSSION

Figures 1(a)-1(c) show the PL spectra from all coupled
structures at 5K, which are strongly co-polarized with ¢*
laser excitation. The broad PL bands within 1.30eV-1.38 eV
stem from ES of ensemble QDs. Toward lower energy side,
the PL intensity reduces drastically due to responsivity limit
of our streak camera system, which results in a much weaker
QD GS PL detection. To confirm, we measured the QD
emission from a SpectrumOne CCD detector and clearly
resolve a GS PL peak centered at 1.280eV with a Full-
Width-at-Half-Maximum (FWHM) of 60 meV after spectral
deconvolution, see dashed line in Figure 1(a). Two ES la-
beled as “ES1” (1.331eV) and “ES2” (1.383 eV) lie at higher
energy side according to our computations of the electronic
states based on Ref. 16, with an inter-level energy separation
of ~50meV. At 1.413eV appears PL emission from QW
GS, whose PL intensity increases with barrier thickness,
reflecting the gradually decoupled wavefunction from QDs
and hence stronger radiative recombination inside QW. The
QW-QD wetting layer (WL) coupled state is observed, above
QW GS, at 1.435eV (not shown here). Due to its higher
energy level and much thinner laser absorption region, the
carriers are mainly photo-excited in the well and relax finally
down to QW GS. Thus, the effect of WL in our PL measure-
ment is negligibly small. The CPD calculated from circular-
polarized PL of all samples is given as green line in Figures
1(a)-1(c). Due to laser excitation of both heavy and light
hole exciton states in the well, which generates spin-down/
up electrons in 3:1 ratio according to optical selection
rule."!” A “plateau-like” CPD value up to ~50% is observed

(e) d=6nm 105K

CPD

PL Intensity (a.u.)
PL Intensity (a.u.)

Lt W) N L g
125 130 135 140 125 130 135 1.40
Photon energy (eV) Photon energy (eV)

FIG. 1. 5K (a)—(c) and 105 K (d)—(f) circular-polarized PL spectra and cor-
responding CPD from QW-QD tunnel-coupled structures with 4 nm, 6 nm,
and 8 nm-thick barriers. The QD GS PL measured by another detector is
shown as dashed line in (a).
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at QW GS and higher-lying QD ES2 within 1.38eV
—1.42eV. Toward lower detection energy, the CPD progres-
sively decreases as a result of spin-dependent energy relaxa-
tion,lg’19 i.e., the spin blockade effect, and becomes close to
zero at GS, indicating almost complete occupation of spin
sub-levels. By raising temperature to, e.g., 105K as shown
in Figures 1(d)-1(f), the broad PL band of QDs blue-shifts
due to thermal depopulation of carriers to higher-lying states,
contributing to a progressively stronger PL from QW.
Further increase in temperature significantly reduces emis-
sion from QD states and almost quenches it thermally about
180K, as revealed by the spectrally integrated PL intensity
ratio between QD and QW versus temperature in Figure 2.
At the same time, the CPD across the entire spectral range
decreases steadily, see Figures 1(d)-1(f), implying an
enhanced spin relaxation process both in QDs and QW. In
order to investigate the QW-to-QDs electron spin injection
dynamics, we looked at the circular-polarized PL decays at
QW GS and QD ES2, spectrally integrated over
1.40eV-1.42eV and 1.36eV-1.38eV, respectively. The
resulting PL transients at 5K are displayed in Figures
3(a)-3(c). As can be seen, both ¢"- and ¢ -polarized PL
traces of QW GS (open triangle) feature an intense fast
decay. This initial PL transient is dominated by phonon-
assisted carrier injection from QW to QD. Its time constant
increases monotonously with barrier thickness as expected
for reduced tunneling probability. At later time after initial
injection follows a much slower PL trace, it reflects the
recombination and spin relaxation dynamics of carriers
quasi-equilibriumly distributed between QW and QD states.
Looking at QD ES2, temporal evolution of CPD (solid star)
was derived from circular-polarized time-resolved PL. By
fitting with single-exponential function (dashed-dotted line),
an electron spin relaxation time about 320 ps was derived for
all samples, which is comparable to other reports.'®?° With
temperature increased to 105 K, see Figures 3(d)-3(f), pho-
non scattering process becomes increasingly important. This
not only leads to an accelerated spin injection, i.e., faster
initial decay as most clearly seen for 8 nm-barrier sample,
but also a relatively stronger slow decay component due to
thermalization of carriers from QD to QW via phonon
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FIG. 2. PL intensity ratio between entire QD emission and QW as a function
of temperature for samples with 4 nm, 6 nm, and 8 nm-thick barriers.



115701-3 Chen et al.

PL Intensity (a.u.)
PL Intensity (a.u.)

00 02040508
Time (ns)

“0.0 02704 0.6 0.8
Time (ns)

FIG. 3. Temperature-dependent circular-polarized PL decay from QW GS
(open triangle) and QD ES2 (open dot) at 5K (a)—(c) and 105K (d)—(f). The
time evolution of CPD for QD ES2 is displayed as solid stars and single-
exponentially fitted by dashed-dotted line. Rate equation fittings to the ex-
perimental PL decays are shown as solid lines except for (d), due to limited
time responsivity which is unable to resolve initial decay above 80K
(120K) for 4 nm (6 nm)-thick barrier samples.

absorption. To quantitatively interpret the experimental PL
decays and extract electron spin injection time, an effective
three-level rate equation model was employed, which is
illustrated in Figure 4 and written as

dNéW B Néw (NQW Néw)
ar r’Q”v’{,’ 2T
_ Now - Nopes2\ | Noves2 0
Tinj Dop s> T =
Qw QD
RECLL L L LR LT ".’_I ﬁ
: : Py
: ¥ X : ‘L',-nje B
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FIG. 4. Schematic diagram depicting electron spin injection and relaxation
dynamics in QW-QD coupled structure. The QD GS and ES1 are summar-
ized into an effective state labeled as GE. r}""” and 7} (i: QW, QD ES2, and
QD GE) denote recombination and electron spin relaxation time at each
level. The spin injection (energy relaxation) to (in) QDs is characterized

by iy (t.), the thermalization process of which is associated with the
AEy ()
factor e %7 .
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Here, N~ (i: QW, QD ES2, and QD GE) denote spin popula-
tion emitting ¢~ -polarized PL at associated energy levels.
The overall contribution from QD GS and ES1 is summar-
ized as QD GE. The spin density of states is denoted as D;,
which is determined by single dot orbital degeneracy and
QD density via Dop gs2 ey = 3 X ngp. The rate equation
accounts for three dynamical processes, (1) recombination,
(2) spin-flip between degenerate spin sublevels, and (3)
phonon-assisted energy relaxation (thermalization) to lower

(upper) states, which are characterized by /"
AE

(Tinj/rice kt:T ), respectively. AE 1(2) Is energy separation

between QD ES2 and QD GE (QW GS and QD ES2).

Though a multiple of time constants are introduced in the

equations, most of them can be derived from PL measure-

ment. To obtain ‘L"Q”‘f{,’ and rsQW of QW, a reference single QW

s
> Tis and Tinj/rix

sample was measured, the results of which are displayed in
Figure 5(b) as open and solid stars. The recombination time
of QD ES2, r"é’g’, £sp» 18 derived from PL decay as 0.4 ns, its
spin relaxation time, 75, r,, 18 given in Figure 5(a) for dif-

ferent barrier thicknesses. er"L’)’fGE of QD GE is measured to

be 1.1ns, and TXQD,GE is 0.7 ns as determined from our previ-
ous work on the QD sample of same condition.?! The tempo-
ral difference in PL rising of QD ES2 and GE defines a
phonon relaxation time, 7,,, about 30 ps. Due to inhomoge-
neous broadening of each QD state, the effective energy
separation, AE 102)> and spin injection time, T;,j, are set as fit-
ting parameters. Best fittings to the experimental PL transi-
ents are shown as solid lines in Figure 3, yielding AE; () of
30meV (15meV). The derived energy spacing is somehow
smaller than that marked in Figure 1(a), which is most likely
caused by QD size distribution, i.e., the smaller dots at
higher energy side are easier to be thermalized to QW GS.
The resulting spin injection time, 7;,;, is plotted in Figure
5(b). Due to limited time responsivity of streak camera,
injection dynamics faster than 5 ps was unable to resolve. At
5K, tj;; amounts to 8 ps (4nm), 12 ps (6nm), and 24 ps
(8 nm) for different barrier thicknesses. Thermally promoted
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FIG. 5. The temperature dependence of electron spin relaxation time,
TbD.ESQ’ at QD ES2, phonon-assisted carrier injection time, 7,;, and initial
CPD, CPD,_, of QD ES2 is summarized in (a), (b), and (c), respectively,
for 4nm (triangle), 6 nm (square), and 8 nm (dot) barrier samples. For com-
parison, a reference single QW sample was measured, whose recombination,
rg",{}, and electron spin relaxation time, 75y, are displayed as open and solid
stars in (b). Fittings to Top gsa and Tjn; are provided as dashed lines.

phonon scattering at higher temperature steadily accelerates
the spin injection time, following a trend determined by pho-

. 2204
non occupancy function, ie.,

T,0 = Lo x [Ny (T) + 1], (4)

where Iy is transition rate at 0K, N,,(7) is Bose-Einstein
distribution function, N,,(T) = [exp (—Epu/ksT) —1]7". 1t
should be noted that our measurement was performed on car-
rier injection from QW to an ensemble of inhomogeneously
broadened QD ES. Therefore, E,;, measures the average pho-
non energy involved during the carrier injection. The tem-
perature dependence of 7, can be well accounted by
Equation (4) with E,, ~10meV for all samples. Since the
phonon-assisted electron spin injection occurs at picosecond
time range with transition rate up to ~10'%/s, which is much
higher than the longitudinal-acoustical (LA) phonon scatter-
ing (~107/s) with a threshold energy around 2.8 meV,**?** a
multiple phonon scattering process involving dominant con-
tribution from longitudinal-optical (LO) phonon is essential
for energy dissipation. A speeding phonon relaxation with
temperature is beneficial for fast spin injection, while
another factor is also important in determining the spin injec-
tion efficiency, i.e., electron spin dynamics at QW GS. As
can been seen in Figure 5(b), 15, gives a value of 800 ps at
5K and decreases drastically with temperature, governed by
D’yakonov-Perel effect.”"!’ However, it is still one order of
magnitude longer than 7;,;, indicating that optically oriented
electron spins can be efficiently transferred into QD before
they are depolarized in QW. Indeed, QD ES2 for all coupled

J. Appl. Phys. 119, 115701 (2016)

structures gives a temperature-stable initial CPD (CPD,—)
of ~50%, as shown in Figure 5(c). By recalling a photo-
excited 50% electron spin polarization in QW, this demon-
strates an almost fully spin-conserving injection. The spin
relaxation time, 15, pg,, of electron injected to QD ES2
remains ~320 ps at low temperature and drops drastically
above 50K, finally reaching ~100 ps at 180K, see Figure
5(a). Phonon coupling is well known to account for increased
electron spin depolarization at elevated temperature via
phonon-assisted  spin-orbit coupling®=° and electron-
nuclear spin hyperfine interaction,®'* the latter of which is
considered the main source of spin relaxation due to its
stronger interaction strength.’'** Based on this, we adopted
a reported model of two phonon scattering-mediated hyper-
fine interaction to account for the temperature dependence
and estimate the phonon energy involved, which is expressed

34
as

Ts(T)_l = TS(O)_I + YNpi(T) [Npn(T) + 1], (%)

where 7,4(0) is temperature-independent spin relaxation time,
and the proportionality factor y sums over all electron-
phonon coupling matrix elements involved in scattering.
Equation (5) was used to fit the upper and lower bound of
Top ksp for all samples, shown as dashed line in Figure 5(a),
and obtain a E,, ranging within 28-30meV. The derived
phonon energy is comparable with that of LO phonon
(32-33 meV),>**>3 thus pointing out its role in promoting
the electron spin relaxation at elevated temperature.

IV. CONCLUSIONS

To summarize, we have studied temperature-dependent
electron spin injection dynamics in InGaAs/GaAs QW-QD
tunnel-coupled structures by optical spin orientation spec-
troscopy. Pronounced LO-phonon-involved scattering has
been found to contribute to both fast and thermally stable
electron spin injection from QW to QDs, rendering the
tunnel-coupled structures an efficient spin injector for opto-
spintronic devices. The LO-phonon coupling also accounts
for the accelerated electron spin relaxation of QD ES at ele-
vated temperature, mainly via hyperfine interaction with ran-
dom nuclear spins in the QDs.
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