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学位論⽂要旨

Study on effects of electric field on optical
electron-spin injection into InGaAs quantum dots

陳 杭

CHEN Hang
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1. Introduction
Self-assembled quantum dots (QDs) of III–V compound
semiconductors have been extensively investigated [1,
2] owing to their unique and highly useful electronic
properties, including significant suppression of carrier
or exciton spin relaxation in addition to strong three-
dimensional (3D) quantum confinements [3, 4, 5, 6].
Besides, these self-assembled QDs become an excellent
candidate for the development of next-generation Light-
emitting diode (LED) with a property of ultra-low en-
ergy consumption [7, 8].
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Figure 1. Schematic drawing of a QD-based spin-
polarized LED structure with self-assembled InGaAs
QDs in the active region. A typical cross-sectional TEM
image of InGaAs QD is shown in right.

For the practical use, high-density QDs are known
to achieve efficient spin injection performance owing to
suppression of Pauli spin blocking [9, 10], as well as high
optical gains [11, 12]. Injection of spin-polarized carri-
ers from the spin aligner into the active region is essen-
tial for realizing spin functional photoelectrical devices
such as a spin-polarized LED [13]. Bulk semiconduc-
tors or quantum wells (QWs) were used as active re-
gions in the spin-LED [14]. However, the spin injection
was not efficient because of the spin relaxation during
the injection process in addition to the spin relaxation
in the active region after the injection, particularly at
high temperatures. Spin-relaxation times in these de-
vices are in general very fast due to their 3D or 2D
characters of bulk or QW active regions, in addition to
the 3D barriers [15]. However, in the QD-based spin-
LED, the major spin-relaxation mechanism should be
inactive [16, 17, 18]. Recently, QD-based spin-LEDs
have been reported, which utilize QD-based active lay-
ers typically as shown in Fig. 1 [15, 19]. An injection
spin polarization of 5% in QDs was measured [19].

The spin-polarized electrons are injected into the

QD-based active region and then circularly polarized
lights can be emitted by recombination with un-polarized
holes owing to the optical selection rule.

2. Research Purpose
Improving the spin injection efficiency into the QD-based
spin-LED is a subject of intense research. Therefore,
a spin injection process with the spatial transfer from
a QW into QDs has been introduced to improve the
spin-capturing efficiency. For this purpose, a QW/QDs
tunnel-coupled nanostructure was proposed [20].

In this QW/QDs coupled nanostructure, a QD layer
was coupled with an adjoining QW through a thin tun-
neling barrier (Fig. 2).

zQD

QW

Figure 2. Schematic drawing of the QW/QD coupled
nanostructure.

This tunnel-coupled QW/QDs nanostructure is ex-
pected to efficiently capture electron spins prior to spin
relaxation, while electrons with lighter effective masses
can be usually injected into QDs by Auger scattering or
using electron blocking layers in layered device struc-
tures [21]. Our previous studies of QW/QDs nanos-
tructures revealed an efficient and ultrafast spin injec-
tion with injection time constants ranging from 5 to
20 ps that maintain high degrees of spin polarization
(> 90%) during tunneling from the QW to QD. Cou-
pled states and the resultant spin injection from the
2D QW into 0D QDs are of interest due to the spin-
conserving tunneling nature between these different di-
mensionalities [21, 22, 20]. With increasing temperature
up to 200 K, this spin-transfer dynamics was not af-
fected; thus, the QW/QDs coupled nanostructures will
promote the development of room-temperature device
operation [20, 23].

As shown in Fig. 3, the optical spin injection from
the 2D-QW in to 0D-QDs shows three advantages in
this subject [21]: First, more than 50% initial spin po-
larization of excitons can be generated in the QW; Sec-
ond, spin injection from the QW into QDs across the
barrier can be ultrafast when the barrier is sufficiently
thin; Last, the spin relaxation can be suppressed due to
strong 3D quantum confinements in the QDs after the
injection.
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Figure 3. Schematic drawing of the band-structure and
possible capture process of electron spins in the QW/QD
coupled nanostructure.

To apply this interesting QW/QDs coupled nanos-
tructure to spin functional optical devices, effects of elec-
tric field on the spin dynamics should be investigated in
detail. The tunnel-coupled QD-QW potentials can be
precisely tuned by applying external electric fields along
the growth direction. Therefore, the tunneling spin in-
jection dynamics can be controlled by the electric field.
Electric field control of the spin injection dynamics and
the resultant spin states in high-density QDs will pro-
vide an effective approach exploring efficient spin injec-
tion through highly spin conserving resonant spin tunnel-
ing, which is potentially applied to semiconductor spin-
tronics such as spin-polarized optical devices. Besides,
we have observed both positive and negative trion for-
mations with opposite electron spin directions in the QD
ground states. This negative trion formation can signif-
icantly suppress the degree of circular polarization as a
result of those spectral overlapping with opposite circu-
lar polarizations depending on the spin directions [24].
Therefore, the selective formation of positive and nega-
tive trions utilizing electric-field applications is also of
great interest. This has a potential to enhance injected
spin polarizations where the ratio of the number of elec-
tron and hole injections from a QW-based spin reservoir
can be controlled by an electric field modification of the
coupled QD-QW potential.

3. Experimental Procedures
3.1 Layered QD-based sample and device structures
In this study, optical active layers composed of cou-
pled QW/QDs coupled nanostructures of InGaAs were
grown by molecular beam epitaxy. Figure 4 shows a
sample structure with the coupled QD-QW optical ac-
tive layer. Non-doped GaAs layers with a 100-nm-thick
Al0.1Ga0.9As barrier were grown at 580◦C on a p-doped
GaAs (001) substrate. An In0.1Ga0.9As QW with a thick-

ness of 20 nm and a GaAs tunneling barrier with a thick-
ness of dB were then grown at 520◦C. The substrate
temperature was subsequently decreased to 500◦C and
a self-assembled In0.5Ga0.5As QD layer was grown. This
QD layer was capped with a 10-nm-thick GaAs. Be-
sides, a p-doped QD sample was prepared with Be in
this capping layer, which will be described later. These
QD-QW optical active layers were covered at 580◦C by a
top 60-nm-thick Al0.2Ga0.8As barrier capped with a 10-
nm-thick GaAs. The top and bottom AlGaAs barriers
ensure that carriers are condensed in proximity to the
QD-QW active layer, in addition to suppressing a cur-
rent flow. A Ti/Au electrode was deposited on the top
of this semiconductor layered structure and a 10-µm-
square optical window was fabricated enabling optical
spin excitations and PL observations. The average base
diameter and height of the QDs were 20 and 5 nm, re-
spectively, with a high areal density of 5.5 × 1010 cm−2.
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Figure 4. Schematic drawing of the electric-field-effect
optical device structure with an optically active layer of
the non-doped QW/QDs coupled nanostructure.

Figure 5 (a) shows a schematic drawing of the de-
vice operation using an optically active layer of the cou-
pled QW/QDs nanostructure. The coupled potentials
as a function of the electric field were also calculated.
Spin-polarized carriers were initially excited in the QW
selectively by irradiating circularly polarized lights with
a specific energy slightly above the QW bandgap. Sub-
sequently, the injected spin states via tunneling can be
detected as a function of electric field by observing circu-
larly polarized PL from the QDs, which obeys the optical
selection rule [25], as shown in Fig. 5 (b). The effect of
p-doping in the QDs was also examined to investigate
trion formation in the spin injection process.
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Figure 5. (a) A schematic drawing of optical spin genera-
tion and detection in the non-doped coupled nanostruc-
ture controlled by an electric field. (b) An example of
the 3D-calculated potential with a barrier thickness of
dB = 8 nm at a bias voltage of 0 V along the growth di-
rection (z-axis) of the coupled InGaAs QW/QDs nanos-
tructure grown on a p-doped GaAs substrate, and the
resultant electron-spin injection process.

3.2 Optical measurement
Figure 6 shows a conventional micro-photoluminescence
(µ-PL) measurement setup used in this study. The sam-
ples were set at 4 K on a cold-finger of the cryostat. The
excitation was made using σ− circularly polarized lights
selectively for the QW at 1.459 eV. This energy was
above the QW bandgap while sufficiently below a GaAs-
barrier bandgap of 1.519 eV. A mode-locked Ti:Sapphire
pulsed laser with a repetition rate of 80 MHz and a tem-
poral width of 150 fs was also used as the excitation
source for time-resolved µ-PL measurements. The cir-
cular polarization degree (CPD) of excited electrons in
the QW is expected to be 50–100% depending on the de-
gree of hole mixing, where heavy and light holes can be
excited by the above femtosecond laser with a relatively
broad spectral width of 22 meV.

�
� polarized light

PL emission 
Cryostat

Sample
Figure 6. Schematic drawing of a µ-PL setup.

A focused laser beam was irradiated on the sample
surface, which was set onto a cold-finger of the liquid-He
flow type cryostat. The QD-PL emission from the sam-

ple was collected through an objective lens (× 20) with
a numerical aperture of 0.35. A combination of circu-
lar polarization filter with a linear polarization one and
some pass filters were used for the detection of circular
polarization property of PL. QD-PL emissions were cor-
rected and introduced to a monochromator, and then
detected by a highly sensitive CCD cooled by liquid-
nitrogen. An external bias along the growth direction
[z-direction in Fig. 5 (a)] of the semiconductor layers was
applied, ranging between −3 and +3 V.

Time-resolved PL (TRPL) was also measured at 4 K
by using time-correlated single-photon counting (TC-
SPC) with a time resolution of 40 ps.

4. Efficient electron-spin injection into QD
by electric field application

4.1 QD-PL behavior
Figure 7 (a) shows a typical contour plot of the QD-PL
intensity as functions of photon energy and bias voltage,
in a device sample with a QW/QDs coupled active layer
without p-doping and with a tunneling barrier thickness
(dB) of 8 nm. The PL energies exhibiting intense PL,
ranging from 1.24 to 1.32 eV, correspond to the QD
ground states (GSs) of the QD ensemble. Above 1.32 eV,
the PL from the excited states (ESs) is observed; how-
ever, its intensity is rather weak under this excitation
power.

Figures 7 (b)-(d) show calculated potentials around
the QW/QDs coupled nanostructure along the growth
direction with external biases of −1.5 V, 0.5 V, and
+2.0 V, respectively. As shown in Fig. 7 (a), the contour
plot of un-doped QD-PL intensity can be divided into 3
areas: (i), (ii), and (iii), as shown in the figure. These
three bias areas are characterized as follows: (i) The PL
intensity decreases with increasing negative bias toward
−2.0 V. This result can be attributed to hole localiza-
tion opposite from the QD side in the QW, as shown in
Fig. 7 (b). This localization of hole in the QW apart
from the QD side weakens the QD-PL intensity. (ii)
The PL intensity increases significantly above 0 V and
shows a maximum around 1 V, indicating efficient car-
rier injection from the QW into the QDs by tunneling,
as shown in Fig. 7 (c). (iii) Above 1 V, the PL intensity
decreases again, where electrons can be likely confined to
one side of QW opposite from the neighboring QD layer,
as shown in Fig. 7(d). These changes can be caused by
electric-field-induced band bending.

The QD-PL spectrum with an excitation power of
320 µW at the bias voltage of 1.0 V is shown in Fig. 8,
compared to that with a sufficiently lower excitation
power of 10 µW (a light blue dotted line). The QD-
PL spectrum with the latter 10 µW excitation indicates
the inhomogeneous GS distribution in this high-density
QD ensemble sample. The peak energy of the QD-PL
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Figure 7. (a)A contour plot of PL intensity at 4 K from
un-doped QDs with dB = 8 nm as functions of photon
energy and bias voltage under an excitation laser power
of 320 µW. 3D-calculated potentials as a function of
growth direction (z-axis) in the coupled QW/QDs nanos-
tructure with bias voltages of −1.5 V (b), 0.5 V (c),
and 2.0 V (d), where the carrier dynamics after photo-
excitation in the QW are schematically illustrated.

spectrum with an excitation power of 320 µW shifts to
the higher-energy side due to a state filling effect in this
QD ensemble.

4.2 Circularly polarized QD-PL spectra
Figure 9 shows circularly polarized PL spectra for the
un-doped QD sample with dB = 8 nm, under an exci-
tation power of 320 µW and a bias voltage of 1.0 V. A
co-circular (σ−) spectrum for the excitation polarization
is plotted using a blue line, while cross-circular (σ+) one
is shown by a red line.

This circularly polarized PL was detected from the
QDs after the carrier (spin) injection from the QW. The
CPD reflecting the electron spin polarization at emissive
states is expressed by:

CPD = (Iσ−− Iσ+)/(Iσ−+ Iσ+), (1)

where Iσ∓ is left- or right-handed (σ∓) circularly polar-
ized QD–PL intensities after σ− excitation for the QW.
The corresponding QD-CPD value obtained from the

Figure 8. QD-PL spectra with 1.0 V under excitation
powers of 320 µW (a dark blue solid line) and 10 µW
(a light blue dotted line) in the sample with dB = 8 nm.

Figure 9. Circularly polarized PL spectra (co-circular
σ−; a blue line, cross-circular σ+; a red line, and the
corresponding CPD value; a green line) under σ− exci-
tation at 4 K with 1.0 V in the un-doped QD sample
(dB = 8 nm). Purple closed-circle marks indicate CPD
values corresponding to the GS and ES energy peaks in
the QD-PL, respectively.

QD-PL spectra is also plotted as a function of photon
energy, as a green line in Fig. 9.

A positive CPD property (co-circular; parallel spin
to the initial QW spin) is dominant even at GSs with
1.0 V in Fig. 9. With an increase of photon energy, the
value of CPD increases from 13% at GS (1.28 eV) up to
37% at ES (1.32 eV).

4.3 CPD value of QD-PL
Figure 10 shows contour plots of the CPD value in the
un-doped QD-PL, under excitation powers of 10 µW and
320 µW. These contour plots of CPD are composed of
a series of QD-CPD value as functions of photon energy
and bias. The circularly polarized PL reflecting carrier
spin states shows the following properties.

Positive CPD values ranging from 10% to 30% are
observed above 0.2 V around the PL-intensity peak, in-
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(a) 10 �W (b) 320 �W

Figure 10. Contour plots of a CPD value at 4 K as func-
tions of photon energy and bias voltage under excitation
powers of 10 µW (a) and 320 µW (b), for the un-doped
QD sample with dB = 8 nm.

dicating a parallel spin state to the initial spin direction
in the QW. A higher energy side corresponding to the
QD-ESs exhibits higher CPD values. These co-circular
PL characteristics clearly show efficient spin injection
from the 2D-QW to 0D-QDs in this coupled nanostruc-
ture [23, 20]. As can be seen in Fig. 10 (b), high pos-
itive (CPD) values greater than 60%, indicating highly
efficient injection, are observed ranging from 0 to 2.5 V
under 320 µW.

In contrast, I find a clear bias region from −0.7 to
0.1 V exhibiting negative CPD values in Fig. 10 (b).
This phenomenon of negative CPD will be discussed in
the next chapter.

5. Electric-field effects on spin-injection
polarity and the spin-polarization degree in

QD
5.1 Electric-field effects on electron-spin polarity dur-

ing spin injection
Figure 11 shows circularly polarized PL spectra for the
un-doped QD sample with an excitation power of 320 µW
under bias voltages of 0 (a) and 1.0 V (b). Significant
negative CPD (cross-circular, anti-parallel spin to the
initial QW spin) values down to −29% are observed only
at the GSs with 0 V, as shown in Fig. 11 (a), while
the ESs above 1.33 eV show positive CPDs (co-circular,
parallel spin resulting from efficient spin injection). In
contrast, a positive CPD property (co-circular, parallel
spin) is dominant even at the GS with 1.0 V, as shown
in (b).

A clear bias region from −0.7 to 0.1 V exhibiting neg-
ative CPD values can be observed, which was mentioned
in the previous chapter. This indicates an anti-parallel
spin state in the QDs against for the initial QW-spin
direction. These negative CPDs disappear at the higher
energy side corresponding to the ESs.

Circularly polarized transient PL and the correspond-
ing CPD from the QD-GS are shown with a bias voltage

(a) (b)

0 V

�29%

�
�

�
�

1.0 V
�13%

GS GS

Figure 11. Circularly polarized PL spectra (co-circular
σ−: a blue line, cross-circular σ+: a red line, and the
corresponding CPD value: a green line) at 4 K under
σ− excitation for the QW with 0 V (a) and 1.0 V (b).

of 0 V [Fig. 12 (a)] and 1.0 V [Fig. 12 (b)]. A dras-
tic change in the time-dependent CPD property is ob-
served at this bias condition. Significant negative CPD
values gradually develop from almost 0 at the beginning
to −40% after 2.0 ns. In contrast, marked initial posi-
tive polarizations up to 30% appear at 1.0 V and then
decrease steeply within 0.2 ns. �� �� 1.0 V
(a) (b)Pexc = 320��W, dB = 8 nm

0 V����
Figure 12. Circularly polarized time-resolved PL re-
sponses at the GS (1.28 eV) in the un-doped QD sample,
at 4 K with 0 V (a) and 1.0 V (b) under the QW-σ−

excitation of 320 µW.

Negative CPD (cross-circular polarization) proper-
ties were previously observed by formation of negatively
charged excitons (trions) with excess electrons in QDs [24,
26, 27], while positively charged trions with excess holes
can show co-circular polarization. Several mechanisms
based on the negative trion formation have been pro-
posed to explain the negative PL polarization. A spin
flip-flop transition via electron-hole scattering at ESs in
QDs was discussed [26]. The relatively slow development
of the negative CPD as shown in Fig. 12 was also ob-
served in the negative trion formation phenomenon [26,
27]. An effect of dark exciton accumulation was also
reported by capturing the dark excitons. Effects of exci-
tation power density and p-doping were studied, where
higher excitation powers enhanced a negative CPD value
and that enhancement correlated with increasing emis-
sion intensity from the ESs [27].

Here, I briefly explain how the negative PL-CPD
arises in our QW/QD samples, depending on the electric
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field [26].
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Figure 13. A schematic drawing of the spin-flip pro-
cess to explain the circularly polarized PL with nega-
tive CPDs, observed in the present QW/QDs coupled
nanostructure.

For simplicity, I assume that one QD is occupied by
one spin-polarized residual electron at the GS [Fig. 13
(a)]. An electron-hole pair in the QW can then be trans-
ferred into the QD-ES after the QW excitation via tun-
neling. The subsequent relaxation to the GS inside the
QD can be blocked by the residual electron due to Pauli
blocking if this residual electron has a parallel-spin ori-
entation to the latter injected electron (b). Therefore,
the electron-hole pair occupies the ES and the electron
spin in this ES induces a simultaneous spin-flip transi-
tion [26]. After this spin-flip transition, the anti-parallel
electron and hole spins for the first residual electron can
relax to the GS (c). This anti-parallel electron-hole pair
at the GS can recombine and the cross-circular polariza-
tion PL (σ+) is emitted. As a result, the negative CPD
(anti-parallel spin for the initial one in the QW) appears
(d).

Figure 14 shows an averaged CPD value in the un-
doped GS-PL as a function of excitation light power
(Pexc).

At 1.0 V, high values of positive CPD are observed in
a low Pexc region less than 160 µW and then gradually
decrease toward 0 with increasing Pexc. In contrast, a
negative CPD significantly develops at 0 V with increas-
ing Pexc in this low Pexc region, reaching the maximum
negative CPD at Pexc = 160 µW. Beyond 160 µW, this
negative CPD tends to gradually approach 0 with in-
creasing Pexc. The former Pexc dependence of the positive
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Figure 14. Averaged CPD value in the QD-GSs (1.27–
1.29 eV) as a function of excitation light power under
σ− excitation at 4 K with bias voltages of 0 V (a red
closed square) and 1.0 V (a blue closed circle).

CPD at 1.0 V can be well explained by a state filling ef-
fect in the QD. Spin-polarized electrons can be smoothly
injected from the QW into the QDs under relatively low
excitation-power conditions. By increasing excitation
power, the majority (co-circular) spin states in the QD
ensemble can be fully occupied and further spin injection
ceases due to Pauli spin blocking [11, 12]. However, the
minority spins can be continuously injected causing the
spin polarization in the QD ensemble to decrease [9, 10].
According to this spin-flip scenario, the initial develop-
ment of the negative CPD with increasing Pexc at 0 V
can be reasonably explained by increasing the residual
electron occupation at QD-GSs. Further suppression of
this negative CPD as Pexc increases beyond 160 µW can
also be understood by multiple electron-spin scattering
among several QD-ESs in the QDs. This complicated
scattering randomize the total spin polarization [28]. We
have observed the existence of optimum excitation power
for achieving the maximum value of negative CPD, as
shown in Fig. 14. Therefore, the degree of spin polar-
ization for both spin polarities. As a result, spin switch-
ing efficiency can be optimized by the combination of
excitation-spin density and external bias.

5.2 Effects of p-doping in QDs
Figures 15 shows effects of p-doping on the CPD value
of the QD-PL. Positive CPD values ranging from 20%
to 30% were observed with positive bias application for
all samples, indicating efficient spin injection from the
QW.

The strong negative CPD region around 0 V is ob-
served in the un-doped and p-doped sample with a lower
Be concentration, as shown in Fig. 15 (a). This bias re-
gion with negative CPDs is largely affected by heavy
p-doping in QDs, as shown in (c). The biases exhibit-
ing the negative CPD properties shift to the more nega-

7



(a) (b) un-doped Be: 3   10   cm17 �3

Figure 15. Contour plots of a CPD value of the QD-PL at
4 K as functions of photon energy and bias voltage in (a)
the un-doped QD, (b) low-concentration p-doped QD,
and (c) highly p-doped samples. A blue hatched area
corresponds to the region with positive CPD ≥ 60%.

tive bias side and this bias region becomes significantly
broader. Excess holes provided by the p-doping can pre-
vent to form negative trions. Therefore, stronger nega-
tive bias application is necessary to induce the negative
trion formation with the negative CPD. The broad bias
region indicating this negative CPD can be explained
by inhomogeneous distribution of the number of doped
hole in the QD ensemble.

6. Conclusion
Based on my research work, electric-field effects on op-
tical electron-spin injection in QW/QDs coupled nanos-
tructures have been elucidated, as follows:

1: Efficient electron-spin injection from the QW to
the ground state (GS) of the QD was found by changing
the electric field strength.

After the spin injection, parallel spin states to the
initial spin direction in the QW were observed in QDs
with wide bias range as a result of the efficient spin injec-
tion. The most important finding is the existence of spe-
cific bias (+1.2 V) showing the highest positive CPD val-
ues (>39%) sufficiently identifiable from the background
positive CPDs (∼20%), corresponding to normal spin in-
jection.

2: The spin-injection polarity can be controlled by
applying an external bias.

Significant electric-field effects on the reversal of spin
polarity were observed at the QD-GS (CPD ∼ −40%) in
the spin-injection process from the QW. The tunneling
rate of an electron is different from that of a hole, which
situation largely depends on the electric field strength
owing to electric-field induced modifications of the cou-
pled QD-QW potential. This results in negative trions
in the QDs with anti-parallel electron spins to the ini-
tial ones in the QW, which is supported by a significant
effect of p-doping into the QDs. The CPD of both spin
polarities can be optimized by excitation-spin density,
in addition to the electric field strength.
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