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Abstract— Emission in the narrow spectral range 950—1000 nm is obtained at the nanobridge optical transi-
tion involving experimentally and theoretically observed hybrid states in the InGaAs system, i.e., quantum
dot—nanobridge—quantum well. It is experimentally shown that the oscillator strength of the new transition
sharply increases in the built-in electric field of a pin junction. In the mode of weak currents in the system
under study, the nanobridge transition is the dominant electroluminescence channel. At current densities
>10 A cm?, nanobridge “burning” is observed, after which the system becomes a “quasi-classical” quantum
dot—quantum well tunneling pair separated by a barrier.

DOI: 10.1134/S1063782614090218

1. INTRODUCTION

Recently, nanostructures with tunnel-coupled
components, from a separate class of quantum-well
heterostructures, have become more and more com-
mon model objects of fundamental research. Simulta-
neously, new prospects have been uncovered for the
practical applications of tunnel-coupled systems. Het-
erostructures with nanocomponents of the same
dimensionality (two-dimensional such as quantum
well-quantum well or zero-dimensional such as
quantum dot—quantum dot), but with different poten-
tial-well depths are known as tunnel-injection struc-
tures (TISs). The combination of elements with differ-
ent dimensionality in a single system, e.g., a tunneling
pair consisting of a quantum well (QW) and a quantum
dot (QD), introduces new “intrigue” in this direction,
since this requires a new fundamental approach and
reveals new prospects for modern nanophotonics.
Theoretically proposed heterolasers based on QW—
QD TISs [1] were almost simultaneously imple-
mented in practice [2, 3] with a threshold current of
180 A cm~2 [4]. The new emitter was called a tunnel-
injection QD laser and contained a “direct” sequence

of layers in the growth direction, i.e., QW—barrier—
QD. The spatial separation of the injector (QW) and
nanoemitter (QD) provides a new degree of freedom
in designing the laser active region, i.e., the possibility
of “fitting” the QW and QD energy spectra. Due to the
tunneling of “cold” carriers from the QW to the QD
ground state, internal losses, diffusion capacitance,
and threshold current are significantly decreased, and
the operating speed and differential efficiency of laser
diodes increase.

As previously reported [5—8], we changed the
direct sequence of layers in the QW—QD TIS to the
inverse variant: InGaAs QD—GaAs barrier—InGaAs
QD. Inversion of the nanolayers retains all the advan-
tages of the conventional TIS. The QW due to the large
trapping cross section and capacitance as before plays
the role of an efficient injector of carriers into the QD
which has high thermal stability of emission and oper-
ates as a light emitter. The existence of the tunnel bar-
rier between the QW and QD provides an additional
degree of freedom and the injection of “cold” carriers,
which immediately populate the QD ground state.
Furthermore, nanolayer inversion in the TIS led to an
entirely new result, i.e., the appearance of a quasi-
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Fig. 1. (a) Scheme of the layer sequence in the i-TIS (see text for details). (b) High-resolution TEM image of the tunneling pair
consisting of a QD and QW and a nanobridge (NB). (c) Time of excitation transfer from QW to QD (t7) as a function of the barrier
thickness B: (1) QD—QW -TIS, (2) WKB approximation, (3) i-TIS with a barrier B = 3.5 nm before nanobridge burning, (4) the
same i-TIS after nanobridge burning; the values of T were obtained by analyzing the QD PL kinetics; the inset shows the energy-

level diagram and ground-state transitions in the i-TIS.

point contact (nanobridge) between the QD top and
QW bottom, separated by a thin barrier. The nano-
bridge (NB) results in the disappearance of this barrier
and “immediate” carrier injection from the QW to the
QD. Thus, the restrictions on the carrier flux density
associated with its tunneling exponential depletion are
removed.

In this work, we continue the study of inverted
QD—QW TISs (i-TISs) with InGaAs nanobridges.
The main manifestations of nanobridges in the i-TIS
emission spectra (NB band) are determined. An
increase in the oscillator strength of the NB radiative
transition is detected in the built-in field of the p—n
junction and(or) under conditions of current flow
through the QD—NB—QW structure. The electrolu-
minescence is studied and current conditions of nano-
bridge operation are determined. The theoretical i-
TIS model based on the concept of state hybridization
in the InGaAs QD—NB—QW system is developed and
justified.

2. SAMPLES AND EXPERIMENTAL

Experimental InGaAs/GaAs i-TISs with QD—QW
tunneling pairs built in pin (or nip) junctions were
grown by molecular-beam epitaxy. As substrates,
p-type (or n-type) GaAs (100) wafers were used. The
layer sequence in the samples is shown in Fig. 1a. After
depositing a buffer layer (/) 300 nm thick doped with
Be (or Si) to a concentration of 5 x 10!8 cm~3 to attain
p-type (or n-type) conductivity and an undoped GaAs
layer (2) 20 nm thick, an Al ,sGa, 7sAs/GaAs super-
lattice (2.5 nm/2.5 nm) x 3 (3) and a waveguide layer
of undoped GaAs (4) 20 nm thick were grown. Then
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the substrate temperature was lowered from 550 to
485°C and an active region was grown by the sequen-
tial deposition of two InAs monolayers from which a
QD, a GaAs spacer 3.5 nm thick, and an In,, ;sGa, gsAs
QW 10 nm thick were formed by the Stranski-Krast-
anov mechanism. At the final growth stage, the sub-
strate temperature was increased to 550°C and a layer
sequence similar to (/—4), but in reverse order (5—35),
with dopant replacement in the upper layer (§).

Discrete light emitters were fabricated from the
grown nanostructures. A mesa structure 1.4 mm in
diameter was formed by photolithography and reactive
jet ion—plasma etching. Its base was a p-type buffer
layer. Ohmic contacts were deposited by vacuum ther-
mal evaporation and were shaped by photolithography
as plane rings. The lower ring to the p-type layer (with
an outer diameter of 2.2 mm) was made of gold—zinc
eutectic; the upper ring to the n-type layer was made of
gold-germanium eutectics. The inner diameter of this
ring (0.8 mm) formed the output window of the light
emitter. Both eutectic layers were strengthened by gold
100 nm thick, after which contacts were annealed at a
temperature of 250°C. The chip with a mesa structure
was soldered with gold wire in a TO-39 socket. The
mesa-structure geometry and contact ohmicity were
retained when fabricating light emitters based on the
QD—QW tunneling pair built in the zip junction.

The structural properties of the samples were stud-
ied by transmission electron microscopy (TEM)
including high-resolution TEM (Fig. 1b). According
to the TEM data, In, (Ga, 4As QDs lie on a thin wet-
ting layer (WL) of the same composition, and the array
density is 5 x 10" cm2.
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The photo- and electroluminescence spectra were
measured in the synchronous detection mode using a
cooled germanium photodetector interfaced with a
0.5-meter ARC monochromator. The photolumines-
cence (PL) was excited by the 488-nm (2.54 eV) line
of an argon laser; the electroluminescence (EL) was
excited by a Thorlabs pulsed current generator for
laser diodes. The study was performed in optical cry-
ostats at a temperature of 10 K. The excitation spectra
were measured using a Koheras continuous-spectrum
laser source. A spectral width of 5 nm was excited by an
ARC monochromator. The PL kinetics was studied
upon excitation by a Spectra Physics laser (wavelength
is 785 nm, frequency is 82 MHz, and pulse duration is
100 fs) using a Hamamatsu streak camera with a time
resolution of 5 ps.

The PL excitation density in the pin (or nip) junc-
tion, produced by the i-TIS, was far from values which
result in compensation for the built-in potential differ-
ence by photovoltage. The pump density was 5 W cm™>
for steady-state PL, 0.5 W cm~2 for the PL excitation
spectra, and 5 x 10'! photon cm™2 per pulse for the
time-resolved PL spectra. The second harmonic of a
Light Conversion pulsed laser (515 nm, 1 kHz, 200 fs)
was specially used to study the effect of the PL excita-
tion power. The maximum excitation density per pulse
not leading to sample heating was 10! photon cm—2.

3. MODEL, RESULTS, AND DISCUSSION

It is not difficult to imagine the model of an ideal
tunnel-coupled QW—WD pair in which the following
requirements are fulfilled: the injector ground level
(QW) is between the emitter ground and first excited
levels (QD), and a high rate of “cold” carrier transfer
from the injector level to the emitter ground level is
provided.

The first requirement causes no difficulties and can
be fulfilled by selecting the indium concentration and
InGaAs QW and QD sizes. The implementation of
this requirement for the electronic subsystem was pre-
sented previously for the QD—QW i-TIS [5—8]. For
the hole subsystem with higher densities of states in the
QW and QD potential wells, fulfillment of this
requirement is not so obvious.

The second component of the QW—QD model is
associated with tunneling whose features are currently
studied for equidimensional elements (QW—QW [9—
11] and QD—QD [12—14]). However, tunneling trans-
port in structures with combined dimensionality such
as QW—-QD began to be studied relatively recently [5,
15]. To date, independent results have been obtained,
on the basis of which it is concluded that the carrier-
tunneling rate in tunnel-injection InGaAs nanostruc-
tures with a “direct” sequence of QW—QD layers, at
GaAs barrier thicknesses from 2 to 20 nm, is described
by the quasi-classical Wentzel—Kramers—Brillouin
(WKB) approximation, i.e., by an exponential depen-
dence [7, 16]. If the exponential limit of the tunneling
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rate is retained at any barrier thickness, this can cancel
out efforts to achieve a high emission efficiency in the
QW—-QD TIS. The above threshold current density in
tunnel-injection QD lasers (180 A cm™2) has not yet
been lowered and is still far from record values [4].

We previously proposed an approach which is
beyond the quasi-classical WKB approach and over-
comes the exponential limit of the rate of carrier tun-
neling from QW to QD [5]. We deal for the first time
with the “inverted” layer sequence in the TIS: (lower
InyGay,As QD layer)—(GaAs barrier)—(upper
Ing 5Ga, gsAs QW layer). For such i-TISs, deviations
from the WKB model, i.e., a reduction in transport
time to several picoseconds, were detected (Fig. 1c).
The high-resolution TEM data showed that point
contacts between the QD tops and the QW layer, i.e.,
nanobridges, were formed in the i-TIS (Fig. 1b).

This phenomenon is based on elastic strains which
form an indium-enriched channel 2 nm in section
upon overgrowth of the QD top with a GaAs spacer
layer. QD and QW coupling through InGaAs nano-
bridges was observed to spacer thicknesses of B =
6 nm. Due to the variable indium content in the nano-
bridge (0.15 <x<0.6), the barrier between the QW and
QD disappears, and a uniform quantum-confinement
region is formed. As a result, the nanobridge becomes
an element coupling the QW and QD states into a sin-
gle hybrid system of levels (see the inset in Fig. 1c¢).
This provides almost immediate carrier transfer from
the injector (QW) through nanobridges to the light
emitter (QD), which results in an increase in the emis-
sion efficiency by an order of magnitude.

Figure 1c shows that the carrier transfer time 1, in
a QD—NB—-QW i-TIS based on InGaAs at a barrier
thickness of B < 6 nm is sharply reduced, deviates from
the exponential dependence (WKB approximation)
and is limited only by the instrumental resolution and
the inhomogeneity of the barrier thickness. A more
accurate approach based on 1,{B) measurements for
several TIS series shows that the region of deviation
from the WKB approximation is also limited from
below. We can see in Fig. 1c that the quasi-classical
dependence is restored at B < 2 nm, i.e., the effect of
nanobridges disappears.

To correct the physical model, with which we deal
in the case of i-TIS with nanobridges, in what follows,
we present the main conclusions following from solu-
tion of the three-dimensional Schrodinger equation
by the volume element method with Dirichlet bound-
ary conditions in the cylindrical coordinate system
[17].

Calculations were performed to determine the
energy spectrum, wavefunctions, and matrix elements
of junctions in the system of an In, (Ga, ,As QD and
an Ing sGaygsAs QW coupled by a 2-nm-diameter
InGaAs nanobridge from 1 to 10 nm long of variable
composition with an indium content from 0.15 to 0.6.
It was shown that the perturbation introduced by the
nanobridge has an effect predominantly on the hole
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Fig. 2. Photoluminescence (PL) and electroluminescence
(EL) spectra of the i-TISs with the same barrier thickness
B=3.5nm. (a) PL: (/) i-TIS in the pin junction, (2) i-TIS
in the nip junction. (b) EL for various current densities J:
(I) low-current mode, J = 3 A cm™2 (before nanobridge

burning); (2) nanobridge burning mode, J =20 A cm 2.

subsystem. It also follows from the calculations that a
single nanobridge >1.5 nm long has hole eigenstates.

For the complete QD—NB—QW system, this result
remains valid. Depending on the quantum number,
the hole wavefunction is distributed along the system
axis with variable density, having regular antinodes no
less than 2 nm long within the nanobridges. A compar-
ison of this result with the experimental dependence in
Fig. 1c leads to the conclusion that the new hybrid
hole state #,;, plays the role of a “trigger” for deviation
of the dependence t{B) from that described by the
WKB approximation and enhancement of the carrier
exchange between the QW and QD.
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In contrast to holes, the electronic subsystem
weakly responds to the nanobridge appearance. If we
consider the wavefunctions of final states, transitions
between which could appear in the optical spectra of
the QD—NB—QW system, it turns out that such elec-
tron and hole wavefunctions are localized in the QDs
(state e;) and QWs (state /,,).Calculation of the matrix
elements of optical transitions showed that the oscilla-
tor strength of the ground transition e;—#,, is too small
(probability density is <0.1) due to the above features
of the localization of electron and hole wavefunctions
of the QD—NB—-QW system. For higher states and a
small NB length (B = 2—6 nm), the hybridization
effects are very strong, and the oscillator strength of
the transitions drastically changes, passing through a
maximum in the range B = 4—5 nm. It is clear that
experimental observation of the e;—h,, transition
requires a shift of the hole wavefunction to the QD
region.

Wavefunction redistribution is possible, e.g., in an
electric field and(or) under conditions of current flow
through the structure. Since the goal of the present
study is the implementation of a TIS-based emitter,
this requirement is naturally fulfilled when developing
the p—n junction. In this regard, we analyzed the
experimental data relating to the luminescence of the
TIS with an inverted layer sequence (i-TIS) embedded
in the intrinsic region of the pin structure and having a
barrier layer <6 nm thick between the QD and QW.

The PL excitation spectrum of the i-TIS with a
barrier of B= 4.5 nm in the pin junction, we presented
previously in comparison with the spectra of the i-TIS
without a built-in electric field [18], proves that the
NB band at a wavelength of 960 nm (1.3 eV) is a new
one inherent to only this structure and, hence, can be
attributed to the e,—h,, transition involving a new
hybrid hole state with a shifted wavefunction in the
QD—-NB—QW system. The NB band for the i-TIS
with a thin barrier in the pin junction was also recorded
in PL spectra, whereas similar structures embedded in
the nip junction contained no distinct NB band. We
illustrate this feature in Fig. 2a using the PL spectra of
the /-TIS with a barrier thickness (nanobridge length)
of 3.5 nm.

The NB radiative transition between the electron
ground state e, in the QD and one of the hybrid hole
states (e.g., ;) of the complete QD—NB—QW system
becomes experimentally detectable provided the fol-
lowing conditions are satisfied: (i) the e;—#,, transi-
tion is allowed by the selection rules (magnetic indices
are identical); (ii) the squares of the wavefunctions

|‘I’el|2 and |‘I’h1h|2 overlap; (iii) the relaxation of holes

from the hybrid 4, level to low-energy QD states is not
too fast in comparison with the emission time in the
NB band. Since the first condition is easily satisfied for
a set of closely packed hole levels, we pass to the sec-
ond condition. The density of the QD e, electronic
state not subjected to hybridization effects is concen-
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Fig. 3. PL kinetics of the QD for the i-TIS with barrier thickness B = 3.5 nm. (a) Original screenshots from the streak camera,

(b) PL time profiles (/) before and (2) after nanobridge burning.

trated in the QD itself. The hole wavefunction of the
hybrid state 4, can be shifted to the QD region by the
built-in electric field of the pin junction. On the con-
trary, the nip junction self-field “presses” the hole
wavefunction of the system to the QW.

Thus, the new e, —h,, transition gains oscillator
strength and becomes observable only in experiments
with pin structures.

The new NB band becomes dominant in the EL
spectra in the case of low currents through the i-TIS
(to 5 A cm?), and the QD signal disappears (Fig. 2b).
In the mode of low currents, the total intensity 4 of the
NB band increases with current density J according to
the law A4 oc JX, which is close to linear (0.8 < K< 1.3
depending on the i-TIS). At a current density of J >
5Acm™?, the NB intensity flattens and, near
10 A cm™2, abruptly decreases. At a current density of
J>10 A cm2, another EL phase begins: the NB band
almost disappears from the spectrum; however, the
QD emission band appears (Fig. 2b), whose intensity
increases according to superlinear law ((5 < K < 12)
depending on the structure). In some cases, the mode
of “strong” currents led to lasing at the long-wave-
length slope of the QD band. In this case, the thresh-
old current density in the i-TIS at low temperatures
was ten times lower than the known values for tunnel-
injection QD lasers with a direct layer sequence [4].

Such an extraordinary current dependence of the
EL spectrum of the i-TIS becomes explainable within
the same QD—NB—QW model. If we suppose that half
the QD arrays contain 2-nm-diameter nanobridges
coupling them with QWs, and other current leakage
paths are lacking, the current density through the
nanobridges will be no less than 10 kA cm~2 at the
average value J = 10 A cm™2 for the total mesa-struc-

ture section. This value seems sufficient for InGaAs
nanobridge “burning”. Insulating nanoplugs are
formed at their sites, which represent high potential
barriers in the energy diagram. The system of hybrid
levels is destroyed, a QD fraction is removed from the
carrier-transport process, and the electric current
flows through the remaining QDs having no nano-
bridges. This probably explains the low average thresh-
old currents for lasing in the i-TIS. Thus, nanobridge
“burning” allows an efficient decrease in the average
lasing threshold in such structures.

Nanobridge burning should reduce the carrier
injection rate from the QWs to QDs. To test this model,
we determined the carrier transport times between
OQWs and QDs in the mesa structure with the i-TIS
(B = 3.5 nm) before and after passing an electric cur-
rent with an average density of >10 A cm~2 through it.
The indicator of nanobridge burning was the appear-
ance of the EL signal from the QDs (the QD band in
Fig. 2b). The measurements were performed using the
same technique and under the same conditions we
used previously (see Fig. 1c) and are described in [5,
6]. The original streak camera screenshots and the PL
kinetics in the QD band are shown in Fig. 3. In this
case, the time of carrier transfer from QW to QD was
determined from the QD PL growth kinetics in the
QD band. As before [5, 6], this time correlated well
with the PL decay time in the QW band. Thus, the time
of transfer from QW to QD (t;) after nanobridge burn-
ing increased from 15 to 120 ps, i.e., almost returned
to the “quasi-classical” tunneling time in the absence
of nanobridges (Fig. 1c).

At a high spectral resolution, we succeeded in
recording the fine structure of the NB PL band
(Fig. 4a) which reflects the contribution of the high-
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and (2) 10'7 photon cm™%; the spectra are normalized to
the intensity of the e;—# transition of the QD PL band.

energy hybrid states {#,;,} of the QD—NB—QW hole
subsystem. The PL kinetics of the main NB band is
shown in the inset of Fig. 4a. The NB PL decay is
described by two exponents with characteristic times
of 100 and 700 ps. The long-term component reflects
the exciton emission time in the QD—NB—QW sys-
tem, which appears very close to the e,—#/, exciton
radiative lifetime in a QD (750 ps) [5, 6].

The first short-time component of the NB PL
decay (100 ps) is associated with the hole relaxation of
excitation from the hybrid 4, state to low-energy QD
states {/,} and corresponds to the dependence of the
relaxation time of excitons on the barrier thickness, we
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previously obtained in [8]. Thus, the frameworks for
satisfying the third condition for strengthening the NB
transition are defined. In contrast to lighter electrons,
holes from the hybrid levels relax in QDs through
numerous intermediate states {4,} rather slowly to
make the NB junction significant in the steady-state
emission spectra of the i-TIS. The likely explanation
of slow hole relaxation is the effect of filling the lowest
hole states of the QDs during direct photon absorp-
tion. The stable enough number of photogenerated
holes in the QD ground state 4, leads to that the final
PL-increase kinetics in the QD band, hence, the rate
of excitation transfer from QWto QD (the dependence
Tt B) in Fig. 1c), are controlled by electron transport
in the QD—QW tunneling pair.

To observe radiative transitions involving hybrid
states of the i-TIS, we also used extremely nonequilib-
rium conditions caused by high-power pulsed pump-
ing (Fig. 4b). These PL spectra show how the density
of hybrid states of the QD—NB—QW system (/;
{h,,}) exceeds the hole density in the QD ground and
excited states (/4,; {A,}) not subjected to hybridization.

Under electrical pumping of the i-TIS, electrons in
the pin junction are injected to the e, level into the QD
through the QW which has a large trapping cross sec-
tion. Holes are injected by the p-GaAs buffer layer,
arriving mostly at hybrid states {#,,,} and A,,. Thus, the
overlap of electron—hole wavefunctions necessary for
strengthening the NB transition is provided. Due to
the existence of the drift-momentum component in
the presence of nanobridges and hybrid states pene-
trating the entire QD—NB—QW system, hole relax-
ation to unfilled QD levels {A,} and A, becomes hardly
probable. As a result, radiative recombination from the
e, level occurs through hybrid hole states, and the NB
band dominates in the EL spectrum in the mode of low
currents (Fig. 2b).

4. CONCLUSIONS

Thus, we showed that the formation of nanobridges
coupling the QD top with the QW bottom in a tunnel-
ing barrier <6 nm thick in /-TIS not only enhances
carrier injection from QW to QD, but also leads to
energy-spectrum renormalization with the result that
new hybrid states and associated optical transitions
appear, which are detected in the experiments and
simulation. The NB radiative transition involving
hybrid hole states is strengthened in the built-in elec-
tric field of the pin structure and(or) in the mode of
low currents through the QD—NB—QW system, when
it becomes a dominant EL channel. At a current den-
sity above 10 A cm™2, nanobridge “burning” was
detected, after which the system becomes a “quasi-
classical” tunneling QD—QW pair. However, the EL
efficiency of such i-TIS remains high and exceeds the
known values for TIS with the ordinary layer
sequence, which is explained by selective disabling of
the QD fraction with nanobridges from the transport
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processes. Currently, we are performing detailed stud-
ies of the EL modes of i-TIS with the aim of manipu-
lating the ratio of the numbers of QDs with and with-
out nanobridges. This is opening the way to single-
photon emitters for the near infrared region.
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