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Abstract—The spontaneous-emission spectra in the near-IR range (0.8—1.3 pm) from inverted tunnel-injec-
tion nanostructures are measured. These structures contain an InAs quantum-dot layer and an InGaAs
quantum-well layer, separated by GaAs barrier spacer whose thickness varies in the range 3—9 nm. The tem-
perature dependence of this emission in the range 5—295 K is investigated, both for optical excitation (pho-
toluminescence) and for current injection in p—n junction (electroluminescence). At room temperature, cur-
rent pumping proves more effective for inverted tunnel-injection nanostructures with a thin barrier (<6 nm),
when the apexes of the quantum dots connect with the quantum well by narrow InGaAs straps (nanobridges).
In that case, the quenching of the electroluminescence by heating from 5 to 295 K is slight. The quenching
factor St of the integrated intensity / is St = I5/I,95 = 3. The temperature stability of the emission from
inverted tunnel-injection nanostructures is discussed on the basis of extended Arrhenius analysis.
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1. INTRODUCTION

The development of optoelectronics relies on new
light-emitting devices with distinctive properties: min-
iature size, low energy consumption, a bright emission
spectrum that may be tuned, temperature stability,
and noise resistance. Of particular interest are semi-
conductor quantum-dot nanostructures, which meet
several of those requirements [1]. However, the pros-
pects for quantum-dot systems as temperature-inde-
pendent active elements have been exaggerated [2, 3].
Therefore, the emission of quantum-dot systems with
a d-type spectrum are currently being studied with a
view to the creation of single-photon emitters based on
individual quantum dots [4, 5].

Another problem of light-emitting quantum-dot
systems is pumping. On the one hand, the capture
cross section of quantum dots in the direct excitation
of their ground states is small. On the other, the pump-
ing of quantum dots by hot carriers in matrix and/or in
wetting layer leads to the parasitic influence of excited
states [3]. This may be addressed by adding a quan-
tum-well layer to the quantum-dot system, in a tunnel
vicinity of the quantum-dot layer. These are known as
tunnel-injection structures with quantum dots [6].
Tunnel-injection quantum-dot lasers have a forward
sequence of layers in the direction of growth [7]: quan-

tum well—barrier—quantum dot. Spatial separation of
the carrier injector (the quantum well) and the light
nanoemitter (the quantum dot) ensures a new degree
of freedom in the design of the lasers’ active region:
the possibility of tuning the energy spectra of the
quantum well relatively quantum dot. The tunneling
of cold carriers from the quantum well to the ground
state of the quantum dot significantly reduces the
internal losses and diffusional capacity and increases
the speed and differential efficiency of the laser diodes.
However, the threshold current of tunnel-injection
quantum-dot lasers (180 A cm—2) [8] cannot match that
of lasers with quantum-dot-in-quantum-well struc-
ture (40 A cm™? for two dot—well layers) [9]. Obvi-
ously, this deficiency of tunnel-injection quantum-
dot lasers is associated with the tunnel constraints on
the carrier transfer from the injector (the quantum
well) to the light emitter (the quantum dot).

In the present work, we consider an inverted tun-
nel-injection nanostructure consisting of an InGaAs
quantum dots, a GaAs barrier, and an InGaAs quan-
tum well, as in [10—13]. Inversion of the nanolayers
retains all the benefits of a traditional (forward) tun-
nel-injection structure. Thanks to the larger capture
cross section and the stepwise state density, the quan-
tum well again acts as an effective carrier store, while
the injection of cold carriers directly populates the
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ground states of the quantum dot participating in radi-
ative recombination. The efficiency of carrier transfer
from the quantum well to the quantum dot is unex-
pectedly improved in such structures. Inversion of the
nanolayers leads to quasi-point contacts (nano-
bridges) between the apexes of the quantum dots and
quantum well separated by a thin barrier. The nano-
bridges eliminate this barrier and accelerate carrier
injection from the quantum well to the quantum dot.
That removes the limit on the flow density of the car-
riers associated with exponential tunnel transport.
This deviation from the quasi-classical Wentzel—
Kramers—Brillouin approximation not only elimi-
nates the exponential constraint on the rate of carrier
tunneling from the quantum well to the quantum dot
(immediate injection through the nanobridge) [10, 11]
but also permits control of the number of active quan-
tum dots [ 14, 15]. That offers the possibility of creating
a single-photon emitter on the basis of an inverse tun-
nel-injection nanostructure. The size dispersion of the
quantum-dot structure is fundamental importance
here. The nanobridges are formed at the largest quan-
tum dots and are characterized by dispersion with
respect to the length [13, 14, 16]. Short InGaAs nano-
bridges (less than 2 nm) do not contain hole eigen-
states and do not lead to immediate carrier injection
from the quantum well to the quantum dot. As a result,
the number of active nanobridges is reduced. In addi-
tion, short nanobridges may be burned out by a pulsed
current of specific amplitude in p—# junction [14, 15].

In the present work, we investigate the efficiency of
an inverse tunnel-injection nanostructure with quan-
tum dots as a near-IR emitter in terms of the tempera-
ture stability of its spontaneous-emission spectrum.

The temperature dependence of semiconductor
quantum dots has been systematically investigated
with a view to creating room-temperature lasers in the
visible and near-IR ranges [17—21]. Anomalies in the
temperature dependence of the luminescence spectra
always require careful study [20—23]. Nevertheless,
the interpretation of experimental data is often contra-
dictory. One unresolved question, for example, is the
role of the wetting layer in the temperature depen-
dence of the emission spectra of quantum dots in adja-
cent layers separated by barrier [20, 24]. Despite the
complexity of the kinetic model of relaxation, capture,
redistribution, and recombination of carriers in the
quantum-dot system, temperature quenching of the
luminescence is still regarded as a process of thermal
electron and/or hole ejection from the ground level in
the potential well of the quantum dot to the barrier-
layer continuum [18, 25—27]. In that case, the tem-
perature dependence of the integrated intensity of the
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emission band may be described by the Arrhenius
equation

Iu

, (1)

E

1+ Crex ——A)
F p[ kT

where I; is the maximum intensity (usually at low
temperature); Cg is a dimensionless constant deter-
mined by the position of the Fermi level [28] and/or by
the ratio of the exciton lifetime in the quantum dot to
its scattering time on the interface with the barrier
[29]. In Eq. (1), the temperature dependence of Cy is
usually neglected in comparison with the exponent

I(T) =

exp (—f—;j. Here E, is the activation energy of the

state—that is, the energy gap between the ground level
in the quantum dot and the barrier. Thus, Arrhenius
analysis may be a powerful tool for the construction of
energy and kinetic models of semiconductor nano-
structures.

2. EXPERIMENT

Two types of experimental InGaAs/GaAs inverse
tunnel-injection nanostructures with a quantum-
dot—quantum-well tunnel pair are grown by molecu-
lar-beam epitaxy. The first type is intended for the
investigation of the photoluminescence and includes
only semiinsulating layers without special doping.
After the deposition of a GaAs buffer layer on the
GaAs (100) substrate, a limitative three-period
Al »5Gag 75As (2.5 nm)/GaAs (2.5 nm) SL1 superlat-
tice and then a GaAs layer (thickness 20 nm) are
grown. Then the substrate temperature is reduced
from 550 to 485°C and an active region is formed by
deposition of two InAs monolayers for the quantum
dots (Stranski-Krastanov mode), a GaAs barrier layer,
and an In, ;5Ga, ¢sAs quantum well (thickness 11 nm)
(Fig. 1a). The barrier thickness B varies from 3 to
9 nm. In the final stage, the substrate temperature
rises to 550°C, and the upper set of layers is grown,
symmetrically with the lower layer set.

The second type of structure is intended for the
study of electroluminescence. For this aim, the active
region between the limitative superlattices SL1 and
SL2 remains undoped, while the outer layers are
doped: the buffer layer and SL1, like the substrate, are
of p type, while SL2 and the contact cap layer are of n
type. The level of doping is 5 X 10'® cm~3. Thus, such
inverse tunnel-injection nanostructures consist of an
active 7 region with quantum-dot—barrier—quantum-
well layers built into the p—n junction.

Injection for electroluminescence is stimulated by
current pumping at a forward bias on the p—i—n struc-
ture. A mesa structure M (diameter 1.4 mm) is created
by photolithography and reactive ion—plasma etching;
its base is a p-type buffer layer (Fig. 1b). Ohmic con-
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Fig. 1. (a) Basic configuration of the inverse tunnel-injec-
tion nanostructures of quantum-dot—barrier—quantum-
well type (at the right) and quantum-dot—nanobridge—
quantum-well type (at the left); (b) a light-emitting diode,
in the form of a chip with an inverse tunnel-injection
nanostructure (a mesa structure with contacts within the
housing).

tacts are applied by thermal sputtering in vacuum and
are formed as plane rings by photolithography. The
lower ring K1 in the p-type layer (external diameter
2.2 mm) is based on gold—zinc eutectic; the upper ring
K2 in the n-type layer is based on gold—germanium
eutectic. The internal diameter of this ring (0.8 mm)
forms the output window L of the light emitter. Both
eutectic layers are reinforced by gold (thickness
100 nm), and then the contacts are annealed at 400°C.
The chip with mesa structure is soldered in a TO-39
housing by means of gold wire (Fig. 1b).

An Innova-308 Coherent argon laser (wavelength
488 nm) is used for the excitation of steady-state pho-
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Fig. 2. Photoluminescence spectrum of the inverse tunnel-
injection nanostructure with a thick barrier (B = 8 nm) at
T =5 K. Inset: intensity ratio Iop/Igw of the low-tem-

perature photoluminescence of the QD and QW as a func-
tion of the barrier thickness B (experimental data).

toluminescence. The excitation density is 18 W cm~2.
The Thorlabs ITC-4005 source is used for the exci-
tation of electroluminescence. The current density is
maintained at 9 A cm~2. That corresponds to an elec-
tric power density of 18 W cm™2. The emission from
the inverse tunnel-injection nanostructure is collected
at the entrance slit of an Acton SpectraPro monochro-
mator (focal length 0.5 m) by means of mirror optics.
Beyond the monochromator, the luminescence spec-
trum is recorded by a cooled linear OMA-V InGaAs
matrix (Princeton Instruments).

To investigate the temperature dependence of the
photoluminescence and electroluminescence in the
range 5—295 K, the samples are placed in a Konti Cry-
oVac continuous-flow helium optical cryostat. The
precision of temperature stabilization in the experi-
ments is 0.5 K.

3. EXPERIMENTAL RESULTS

Measurements of the inverse tunnel-injection
nanostructure by transmission electron microscopy
show that the quantum dots take the form of a trun-
cated cone (base diameter 180 nm, vertex diameter
2 nm, height 4 nm) and contain 60% indium (x = 0.6).
The quantum dots lie on the InAs wetting layer (WL in
Fig. 1a) with density 5 x 10'° cm~2. The spectrum of
the low-temperature photoluminescence (Fig. 2)
reflects recombination between the ground states of the
individual components within the inverse tunnel-
injection nanostructure: the Iny (Ga, ,As quantum dot



1486

TALALAEYV et al.

(@)

(b) (c)

A
A
Am

A
A

A

| | A
AAAAAAA AAAAAm
VVYVVVVYVVYVYV

e0 e0

/o “

AAAAAAAAAAA
VVVVVVVVVVYVVV
\

oD ow oD
= EF\_R = -
°T
25 <

v/ Ex@
=~ == '/// hony
EF Y
// —
hhO § hho
E <« E
V liAhh V

Fig. 3. Energy levels of structures with radiative transitions OD, QW, HW and thermal ejections Ep,, Epy, Eayy, for reference
quantum dots and quantum well or an inverse tunnel-injection nanostructure with a thick barrier B > 6 nm (a) and an inverse
tunnel-injection nanostructure with a thin barrier B < 6 nm and a hybrid well 440 in the case of weak photoexcitation (b) and
weak current pumping at positive bias on the p—n junction (c); Ef is the Fermi level or quasi-Fermi level for holes in the non-

equilibrium case of weak excitation.

(abroad band QD centered close to 1050 nm); and the
Iny 5Gaj 3sAs quantum well (a narrow line QW at
910 nm). The intensity ratio Iop/low increases with
decrease in thickness B of the GaAs barrier from 9 to
3 nm, on account of the increase in the contribution of
carrier tunneling from the quantum well to the quan-
tum dot (Fig. 2, inset). This reflects the pumping prin-
ciple of the light emitter (quantum dot) in the tunnel-
injection structures.

First we investigate the radiative properties of refer-
ence structures grown with only one component: a
quantum dot or a quantum well. For example, accord-
ing to photoluminescence measurements (Hama-
matsu streak-camera; time resolution 10 ps; 100-fs
pulsed excitation) the exciton lifetime is 1, = 750 ps in
the single quantum dots and 1, = 420 ps in a single
quantum well [10].

Arrhenius analysis of the temperature dependence
of the photoluminescence spectra for the reference
structures yields the activation energy of the ground
states in the quantum well and quantum dot, which are
compared with calculations within the framework of
effective-mass approximation for a quantum well
(thickness 11 nm; x = 0.15) and a quantum dot in the

form of a truncated cone (base diameter 180 nm, apex
diameter 2 nm, height 4 nm; x = 0.6). On that basis, we
derive the energy levels of the inverse tunnel-injection
nanostructure (Fig. 3a). The table presents the activa-
tion energy E, of the ground states for the carriers
whose thermal escape is determined by the Arrhenius
plot in the relevant temperature range. The first and
second rows of the table correspond to the reference
structures with a single quantum well and a single layer
of quantum dots, respectively. These results are ana-
lyzed in the next section.

In the present work, we are most interested in the
temperature dependence of the emission spectrum for
an inverse tunnel-injection nanostructure with a
quantum-dot—quantum-well tunnel pair. In Fig. 4,
we show the Arrhenius plot in the initial coordinates of
1/1; and T for an inverse tunnel-injection nanostruc-
ture with a thick barrier (B = 8 nm) in the case of the
quantum dot (QD) and quantum well (QW). The dot-
ted curves correspond to fitting of the Arrhenius
plot (/) to the experimental data. Note that Eq. (1)
does not provide a satisfactory description of these
data. Accordingly, another exponential term is added
to the denominator of the Arrhenius equation to
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Values of the activation energy £, (meV) of the ground states, the coefficient Cg, and the quenching factor St calculated
from Eq. (2) for various components of the inverse tunnel-injection nanostructure determining the temperature quenching
the corresponding bands in the emission spectrum (the £, values, meV, obtained from the Schrodinger equation are given

in parentheses)

No. Component E,, Ey, Cr. Cry, St =1I5/1595

1 | Photoluminescence band QW—a single — 90 _ 300 22
quantum well 935) 90)

2 | Photoluminescence band QD—a single layer 210 — 362000 _ 12
of quantum dots (219) (295)

3 | Photoluminescence band QW—a quantum — 55 16800 1500
well in an inverse tunnel-injection nanostruc- 95) 90) -
ture with B=8 nm

4 | Photoluminescence band QD—quantum dots 199 — 23500 11
in an inverse tunnel-injection nanostructure (219) (295) —
with B= 8 nm

5 | Photoluminescence band HW—a hybrid quan- 104 12100 1363
tum well in an inverse tunnel-injection nano- — (105) —
structure with B=4 nm

6 | Electroluminescence band HW—a hybrid 64 25 3
quantum well in an inverse tunnel-injection — (105) —
nanostructure with B=4 nm

account for a secondary thermally stimulated process,
in accordance with [28, 30]. Thus, we write

) _
Iy

N — Q)
E ' E
1+ Crex ——A)+C exp| ——=2
F P( T F p[ ]

kT
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Fig. 4. Temperature dependence of the normalized inte-
grated intensity /// for the quantum dots (QD) and quan-
tum well (QW) in an inverse tunnel-injection nanostruc-
ture with a thick barrier (B = 8 nm): the dashed curves cor-
respond to fitting by means of Eq. (1) and the continuous
curves to refined fitting by means of Eq. (2).
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The secondary process is characterized by activa-

tion energy £ /; and coefficient C F The numerator Nis
a fitting parameter and is close to one.

We find that Eq. (2) provides a very accurate
description of the experimental temperature depen-
dence of I/l for the inverse tunnel-injection nano-
structure. In Fig. 4, the continuous curves corre-
sponds to fitting of the experimental points by means
of Eq. (2) when B = 8 nm. The corresponding E,, Cr,
and St values are presented in rows 3 and 4 of the table.
Accordingly, we use Eq. (2) for the analysis of all the
cases in the table. Note that the secondary process
included in Eq. (2) is characterized by small values of

the activation energy E;\= 8—24 meV and C;== 4—7in
all cases and may be regarded as thermal dissociation
of the exciton within the given component of the
inverse tunnel-injection nanostructure [31].

On switching to a thinner barrier (B < 6 nm), the
photoluminescence spectrum of the inverse tunnel-
injection nanostructure changes, as we see in Fig, 5a
(B=4nm). The intensity of the QW band is negligible.
The new HW band appears at 1020 nm. The thermal
quenching of this band and the extended Arrhenius
analysis are shown in Fig. 5b. The E,, C, and Sy val-
ues obtained by fitting for the HW band are shown in
row 5 of the table.

Current pumping at a direct bias on inverse tunnel-
injection nanostructure (B =4 nm) in a p—n junction
modifies the emission spectrum, as we see in Fig. 6a
for T=5 K (curve /). The component QD disappears
from the electroluminescence spectrum. At room
temperature, the electroluminescence is not signifi-
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Fig. 5. (a) Photoluminescence spectrum of inverse tunnel-
injection nanostructure with a thin barrier (B < 6 nm) at
T= 5 K; (b) temperature dependence of the normalized
integrated intensity ///y; of the photoluminescence band HW

and its extended Arrhenius analysis on the basis of Eq. (2).

cantly different (Fig. 6a, curve 2). In analysis of the
temperature dependence of the HWband (Fig. 6b), we
note the initial increase of HW intensity in the range
5—100 K. As follows the table (row 6), a very low value
Sy = 3 is obtained, despite the lowering the barrier
under current pumping (64 meV, instead of 104 meV
for optical pumping), while C is 25.

4. DISCUSSION OF THE TEMPERATURE
DEPENDENCE

The parameters obtained by Arrhenius analysis for
an isolated quantum well (row 1 in the table) corre-
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Fig. 6. (a) Electroluminescence spectrum in the case of
current pumping of an inverse tunnel-injection nanostruc-
ture with a thin barrier (B < 6 nm) built into a p—n junction
at 7=5 K (/) and 295 K (2); (b) temperature dependence
of the normalized integrated intensity ///y of the photolu-

minescence band HW and its extended Arrhenius analysis
on the basis of Eq. (2).

spond to a simple physical model. The activation
energy of the hole state may be described by the effec-
tive-mass approximation (E,, = 90 meV). From the
values of Cp = 1,/1, = 300 and the exciton lifetime in
the quantum well (T, = 420 ps), we may estimate the
hole-scattering time at the InGaAs/GaAs interface as
1, = 1.4 ps. That corresponds to literature data [32].

For single quantum dots, the thermal quenching of
the photoluminescence is determined by the thermal
activation of an electron with energy E,, = 210 meV

SEMICONDUCTORS  Vol. 49 No. 11 2015
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(row 2 in the table). The slight discrepancy with the
theoretical value (219 meV) may be attributed more to
the imprecision of the model than to reduction of the
barrier due to the InAs wetting layer. Since the poten-
tial well is deeper for the quantum dots than for the
quantum well, St for the QD band is about halfthat for
a single QW. Given the exciton lifetime in the quan-
tum dot (1, = 750 ps), we may conclude on the basis of
the large value Cr = 36 200 that electron scattering at
the interface between the quantum dots and the matrix
is fast (tens of fs) due to the roughness of the interface
formed by facets of the quantum dots.

Rows 3 and 4 in the table show that the parameters
of the components here may be determined from the
temperature quenching of the photoluminescence in
the quantum-dot—barrier—quantum-well system of
the inverse tunnel-injection nanostructure if the bar-
rier thickness does not ensure effective carrier injec-
tion from the quantum well to the quantum dot (B =
8 nm). We see that the activation energies of electrons
from the quantum dots and especially holes from the
quantum well decline to E,,= 199 meV and E,, =
55 meV. In other words, the barrier height is reduced
for both components. This may be due to the appear-
ance of a thermostimulated potential difference at the
barrier layer on account of the thermal escape of elec-
trons from the quantum dots and holes from the quan-
tum well. As a result of Coulomb interaction, the
potential barriers for the electrons and holes are
reduced. Since the probability of tunneling through
the barrier is described by an exponential function in the
quasi-classical Wentzel—Kramers—Brillouin approxi-

mation
W o exp[—%\hm;EA}, (3)

where my is the effective carrier mass in the barrier,
this effect leads to the tunnel transfer of light electrons
from the quantum well to the quantum dot. In other
words, the system begins to operate as an inverse tun-
nel-injection nanostructure. This explains the almost
fivefold increase in Sy for the quantum well and the
slight decrease in St for the quantum dots. At the same
time, we see significant increase in Cr to 16800 for the
quantum well. As shown by electron microscopy, the
relief of the quantum dot array is reproduced through
the GaAs barrier on the walls of the quantum well,
which are roughened.

Before discussing the temperature quenching of the
spontaneous emission in an inverse tunnel-injection
nanostructure with a thin barrier, we note the results
for such structures in [10—14]. In an inverse tunnel-
injection nanostructure with a thin GaAs barrier (B <
6 nm) between the InGaAs quantum-dot layer and
quantum well, nanobridges are observed between the

SEMICONDUCTORS Vol. 49
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apexes of the quantum dots and quantum well. These
are narrow channels (2 nm) enriched with indium.
The nanobridges are formed at the apexes of the quan-
tum dots under the influence of elastic stress, which
results in the diffusion of indium atoms during growth.
The nanobridges lead to local disappearance of the
barrier and consequently to anomalously rapid carrier
transfer from the injector (the quantum well) to the
light emitter (the quantum dot). In the presence of
nanobridges, the transfer time deviates from the quasi-
classical Wentzel—Kramers—Brillouin approximation.
That removes the exponential limitation on the flow
density of the carriers associated with tunnel transfer
in Eq. (3).

Interms of energy structure, an integrated region of
dimensional quantization is formed in such inverse
tunnel-injection nanostructures: a composite (or
hybrid) potential well with a common system of levels.
This system is described by volume-element solution
of the three-dimensional Schrodinger equation, with
Dirichlet boundary conditions, in a cylindrical coor-
dinate system [33]. The calculations are conducted for
a structure consisting of In, ;Ga, 4As quantum dots in
the form of a truncated cone (base diameter 18 nm,
apex diameter 2 nm, height 4 nm), an InGaAs nano-
bridge (diameter 2 nm) with an indium gradient 0.6 >
x > 0.15, and an Iny;5GaygsAs quantum well. The
length of the nanobridge varies from 1 to 10 nm. The
calculated E,,, values are presented in rows 5 and 6 of
the table.

Since the quantum dots and nanobridges occupy
only a small part of the hybrid system, its energy is
mainly determined by the parameters of the initial
unperturbed InGaAs quantum well (thickness 11 nm).
However, the theoretical finding that a nanobridge
longer than 2 nm has own hole eigenstates perturbs the
hole subsystem. The density of the ground hybrid state
hh0 in the valence band is distributed along the z axis
over the whole thickness of the inverse tunnel-injec-
tion nanostructure.

In contrast to the heavy holes, electron eigenstates
are impossible in a nanobridge of length less than
10 nm [16]. Therefore, the electron subsystem does
not react strongly to the appearance of the nano-
bridge. The system of electron levels in the hybrid well
corresponds to the initial components (the quantum
dots and the quantum well), but there is not barrier
between them. In these conditions, we note immedi-
ate carrier injection from the quantum well to the
quantum dot. If we consider the wave functions of the
final states between which transitions may appear in
the emission spectrum of the quantum-dot—nano-
bridge—quantum-well system, the most likely out-
come is transition between the electron ground
state e0 of the quantum dots and the hole state 240 of
the hybrid well (Fig. 3b), on account of the fast relax-
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ation of the electrons to the ground level of the quan-
tum dots [32]. Radiative recombination between these
states forms the new band HW in the spontanecous-
emission spectra of the inverse tunnel-injection nano-
structure with B = 4 nm (Figs. 5a and 6a). The oscil-
lator strength of this transition is large, since the wave
functions of the electrons in the quantum dots and the
holes in the hybrid well significantly overlap.

We assume that, at low temperatures, the entire
exciton is transferred from the quantum well to the
quantum dots in an inverse tunnel-injection nano-
structure with nanobridges, without an intermediate
indirect-exciton state, since the strong-binding condi-
tion is satisfied for the two potential wells [34]. The
transfer time derived from analysis of the time-
resolved photoluminescence profiles is reduced to the
time resolution limit [11]. With increase of tempera-
ture and transition to single-particle transfer due to the
thermal dissociation of the excitons, this situation will
be retained if the length of the nanobridge permits the
existence of intrinsic eigenstates,—that is, if a hybrid
well is formed. In cases where there are no nano-
bridges (B > 6 nm) or only short nanobridges (B <
2 nm), carrier transfer will be slow. On account of the
difference in tunneling rates of the electrons and heavy
holes, the transfer of the excitation from the quantum
well to the quantum dots is limited by the holes. For
double quantum wells, this is known as filtration by
effective masses [35]. Although the appearance of
Coulomb interaction lowers the barrier, the transfer of
the excitation is slowed in an inverse tunnel-injection
nanostructure without a hybrid well on account of the
large hole mass, which exceeds the normalized exciton
mass.

What is the effect of increasing the temperature on
the emission properties of an inverse tunnel-injection
nanostructure with a hybrid well? Are the benefits of
spontaneous emission of an inverse tunnel-injection
nanostructure with a thin barrier retained at room
temperature? The dependence of the intensity ratio
Iop/Igw on the barrier thickness (inset in Fig. 2) cor-
relates with the corresponding dependence of the rate
of exciton transfer from the quantum well to the quan-
tum dots at low temperatures [13]. This is associated
with competition between tunneling from the quan-
tum well and radiative recombination within the
quantum well (ty, = 420 ps). The reduction in the
transfer time 1, with decrease in the barrier thickness
B favors tunneling. However, at room temperature,
another process competes with exciton transfer: ther-
mal escape of carriers from the hybrid well.

As follows from the Arrhenius plot for an inverse
tunnel-injection nanostructure with B =4 nm (row 5
in the table), the photoluminescence intensity falls by
more than three orders of magnitude (St = 1363),
while the activation energy E,,, = 104 meV corre-
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sponds to the calculated value (105 meV) and Cp =
12100. In other words, E, is higher, while Cg is lower,
than when B = 8 nm; there are no nanobridges; and no
hybrid well is formed (row 3). This may simply mean
that our use of the Arrhenius formalism for the hybrid
well quantum dot—nanobridge—quantum well is
incorrect. However, that only affects Cg, which no
longer retains its previous significance (Cy = 1,/15) for
immediate injection (ty — 0), since 1p < T1g. In that
case, Cp is determined not by the ratio of the exciton
lifetime and its scattering time but by the position of
the thermoactivated level relatively to the Fermi level
[28].

The practical conclusion that may be derived from
the foregoing is this: in order to obtain effective spon-
taneous emission in an inverse tunnel-injection nano-
structure with nanobridges at room temperature, the
Fermi level (in the nonequilibrium case, the quasi-
Fermi level for holes) must approach the ground hole
level 4h0 of the hybrid well. At low density of electrical
pumping (18 W c¢cm™2), this may be achieved in two
types of structure (p—i—p and p—i—n (or n—i—p). The
first type is not investigated, since pumping by injec-
tion is not permitted. The second type was considered
at low temperature under optical pumping in [11]. The
built-in electric field of the p—n junction produces a
trapezoidal barrier, and effective decreases the barrier
height. “Sweeping” of the carriers from the potential
well leaves no chance for high intensity of the photo-
luminescence at room temperature.

In the present work, we investigate the case most
significant for light emitters: temperature quenching
of electroluminescence under forward bias on a p—i—n
structure with a hybrid well. The results of extended
Arrhenius analysis of the electroluminescence band
HW for an inverse tunnel-injection nanostructure
with B =4 nm are shown in Fig. 6b and in row 6 of the
table. The approach of the ground hole level of the
hybrid well to the Fermi level is illustrated in Fig. 3c.
The results for Cr and St are extremely low: Cp = 25
and St = 3. Despite the lowering the barrier under cur-
rent pumping (£,,, = 64 meV), the intensity of spon-
taneous emission in the inverse tunnel-injection
nanostructure is very high at room temperature.

In addition, the intensification of the HW transi-
tion with increase of temperature to 100 K is shown in

Fig. 6b. To describe this effect in Eq. (2), we set C,': =

—0.5and E/; = 3 meV. That means that the competing
process introduced in Eq. (2) replenishes level 440 of
the hybrid well with holes and does not deplete it, as in
photoexcitation. Obviously, this is a result of current
pumping, like the disappearance of the QD band from
the spectrum, and may be attributed to hole capture by
the adjacent levels of the hybrid well by passage of the
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forward-bias current. Entrainment of holes by the cur-
rent with a high density of levels in the valence band of

the hybrid well (E/; = 3 meV) prevents relaxation to the
hole ground state of the quantum dots.

CONCLUSIONS

In the present work, we have investigated the tem-
perature quenching of luminescence in an inverse tun-
nel-injection nanostructure for thick (B > 6 nm) and
thin (B < 6 nm) barriers between the quantum-dot and
quantum-well InGaAs layers in a GaAs matrix or in
the i-region of a GaAs p—i—n junction. By extended
Arrhenius analysis, we have established the basic
parameters that determine the temperature depen-
dence of the integrated intensity of spontaneous emis-
sion. We have shown that the temperature stability is
greatest for the electroluminescence from inverse tun-
nel-injection nanostructure with a thin barrier. In that
case, current pumping of the hybrid well quantum
dot—nanobridge—quantum well yields an narrow HW
band, which is retained in the electroluminescence
spectrum up to room temperature with a small
quenching factor St = I5/ 1,95 = 3.
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