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Interdisziplinäres Zentrum für Materialwissenschaften

Nanotechnologietechnikum der Universität
✦ Nanostrukturierung: Lithographie, Dünnschichtabscheidung, Bauelementeprototyping
✦ Charakterisierung: analytische Elektronenmikroskopie, optische Charakterisierung, 

Positronenannihilation
✦ 620 m2 Reinraum

Forschung: Materialien für erneuerbare Energien
✦ Energiekonversion: Photovoltaik, Photonik
✦ Energiespeicherung: Batterien, Superkondensatoren
✦ Energierecycling: Thermoelektrik



Quantenpunkt-Lichtemitter

v hocheffiziente Lichtemitter auf der Basis von Quantengraben- (QW) 
und -punktstrukturen (QD)

v Confinement und wohldefinierte Energieniveaus der Ladungsträger
bedeutsam für Lasereigenschaften

v Kombination von QW und QD ergibt größere Freiheitsgrade für die 
Kontrolle der Lichtemission→ Tunnelinjektionsnanostrukturen (TIN)

Volumenhalbleiter QD Atom

[Roth, Bimberg (2009)]
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NIR-Emission

InGaAs-TIN

1. In0,6Ga0,4As-QD – NIR-Lichtemitter

2. GaAs-Barriere

3. In0,15Ga0,85As-QW – Injektor
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Querschnitt der mittels Molekularstrahlepitaxie
hergestellten Schichten



TEM der Struktur

20 nma

c20 nm b 20 nm

QD:         ∅ 18 nm
Höhe 4 nm

QW: Dicke 10 nm

In-Gehalt
QW:           15 % 
QD:           60 %

Dicke der GaAs-Barriere: 
(a) 7,4 nm, (b) 6,5 nm, (c) 3,1 nm
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Bandstruktur

Effektiv-Massen-Näherung

EAe0 (meV) EAe1 (meV)
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Photolumineszenz von TIN mit 6,5-nm-Barriere
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Ausbildung von Nanobrücken

Hochauflöungs-TEMTEM-Querschnittbild von TIN 
mit Barrierendicke 3,1 nm
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Nanobrücke
∅, D ≈ 2 nm

Höhe, h < 5 nm
Gradient im In-Gehalt
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Bandstruktur
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VG Talalaev et al 
Appl Phys Lett 93 031105 (2008) 
doi 10.1063/1.2963973



Photolumineszenz

Spektrum TIN mit Nanobrücken

PL	@	10	K,	Anregung:	488	nm,	0,05	W/cm2
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Referenz-TIN ohne Nanobrücken

VG Talalaev et al 
Semicond. 48 1178 (2014) doi
10.1134/S1063782614090218



LED-Fabrikation

VG Talalaev et al 
Semicond 49 1483 (2014) doi
10.1134/S1063782615110214

Leuchtdiode

Profil einer Mesastruktur

InGaAs QW

InGaAs QD
GaAs	Spacer

Cap:	n-GaAs	(5·1018 cm-3)

Buffer:	p-GaAs	(5·1018 cm-3)

Substrat:	p-GaAs		(5·1018 cm-3)

AlGaAs/GaAs
Separator

Separator
AlGaAs/GaAs

Aktives Gebiet



Elektrolumineszenz

PL:	Anregung 488	nm,	15	W/cm2

EL:	Anregung 80	mA,	15	W/cm2
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Photon energy (eV)

PL:	Anregung 488	nm,	5	W/cm2

EL:	Anregung 60	mA,	30	W/cm2
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Spektrum TIN mit Nanobrücken Referenenz-TIN ohne Nanobrücken



Degradation der Nanobrücken

several, nanobridges in one sample lamella. Although both
approaches complement each other, these different spatial
scales covered by them left room for ambiguousness (statisti-
cal vs. individual information).

The first step towards more reliable assignments
between real structure (TEM) and optics (PL) was achieved,
when technologists developed ways for intentional creation
of nanobridges by reverting the growth sequence from the
usual initial growth of the QW-layer towards the growth of
the QWs on top of the QDs.11,16

In this Letter, a second step is undertaken. Evidence for
the presence of nanobridges is provided by demonstrating
their manipulability by the application of high forward cur-
rents. This rather unusual approach was inspired by earlier
findings on degradation of QD lasers.17–19 In the present
report, we show results of experiments with !1.1 lm emit-
ting InGaAs/GaAs-QW-QD-tunnel injection devices, and
find fundamental changes after the application of forward
current pulses. This involves changes of the (steady-state)
optical spectra as well as of the recombination kinetics.
Thus, there is an increase of the QW-QD excitation transfer
time (str) from 15 to 120 ps. This points to a less effective
carrier transfer from the QW towards the QDs. These find-
ings are in line with a restoration/annealing of the tunnel
barriers by thermal decomposition of the nanobridges (likely
due to out-diffusion of In). Moreover, our results document
and fully qualitatively interpret a generic degradation/
annealing mechanism of nanostructures.

Figure 1(b) shows the details on the epitaxial structure
and on the light emitting devices. The layer sequence is
grown by molecular beam epitaxy on (100) p-GaAs. A
300 nm thick Be-doped buffer layer (p¼ 5# 1018 cm$3) is
followed by 20 nm of undoped GaAs. On top a superlattice
3#Al0.25Ga0.75As/GaAs (2.5 nm/2.5 nm) is grown, followed
again by a 20 nm thick layer of undoped GaAs. At this stage,
the growth temperature has been lowered from 550 %C to
485 %C and the formation of the active region due to
Stranski-Krastanov growth mode was initiated. Two InAs
monolayers are followed by a 3.5 nm thick barrier. Then
follows the 10 nm wide In0.15Ga0.85As QW. Returning to a
temperature of 550 %C, a sequence of 20 nm undoped GaAs/
superlattice/20 nm undoped GaAs was deposited. The pn-
diode structure is completed by a heavily Si-doped
(n¼ 5# 1018 cm$3) GaAs layer. Detailed structural analysis
revealed the QDs to consist of In0.6Ga0.4As with an areal
density of 5# 1010 cm$2. The QD ensemble displays a size
distribution described by a PL emission halfwidth of
!150 meV. Light emitting devices were fabricated as mesa-
structure, 1.4 mm in diameter, by photolithography and reac-
tive ion etching. Care was taken to get ohmic contacts. The
inset in Fig. 1(c) shows an assembled device. 20 devices
have been fabricated and analyzed; this report compiles
typical data of 4 from the same batch.

Figure 1(c) shows typical electroluminescence emission
spectra at ambient temperature. The narrowing of the emis-
sion band with increasing current is likely to be caused by
increasing contributions of amplified spontaneous emission
as proved independently by the observation of superlinear
power-current characteristics towards elevated currents. The
spectral position of the main electroluminescence band at

1.11 eV points to the QDs as physical origin. The proper
functionality of the tunnel injection structure is indicated by
(i) symmetric narrowing of the emission and (ii) the fact that
for increasing currents, contributions at higher photon ener-
gies between 1.15 and 1.40 eV become smaller.

A number of additional characterization tools were
applied. Steady state PL was excited with 488 nm radiation
at excitation densities of !3 W cm$2. Time-resolved PL was
measured with a setup based on a 780 nm emitting Spectra
Physics Tsunami laser (repetition rate 80 MHz, pulse dura-
tion !80 fs) as excitation source and a synchroscan streak-
camera with S1 photocathode (Hamamatsu C5680). The
temporal resolution of the entire system is better than 10 ps.
All types of PL measurements were carried out at low
temperatures (10 K). Photocurrents (PC) are detected with a
Fourier-transform-spectrometer (Bruker IFS66v) after pre-
amplification by a low-noise amplifier (Stanford SR570).

The devices were operated by a laser diode controller
(Thorlabs ITC40059) in two regimes, namely, pulsed
(!16.6 Hz, 20 ms) and continuous wave. Operation has been
pushed up to currents, where irreversible structural changes
took place. Irreversible changes began at currents of 80 mA
(5 A cm$2) and terminate at 160 mA (10 A cm$2) for a tem-
perature of 250 %C as determined by a thermocouple attached
to a device. In the following, we will refer to these changes
as thermal breakdown and elaborate the microscopic details
of this generic irreversible process in nanostructures.

Figure 2 shows how the thermal breakdown affects the
low-temperature spectra. Figure 2(a) documents the degrada-
tion process of the device emission, which involves a

FIG. 2. Comparison of emission data before (black) and after (red) the ther-
mal breakdown at 10 K. (a) Device emission for forward currents of 80 mA.
(b) Steady state PL. (c) Transient PL IQD(t). The transients (symbols) are
extracted from the QD PL in the photon energy range of 1.15–1.17 eV. The
fits (lines) have been used in order to determine the QW-QD carrier transfer
time str.

013104-2 Talalaev et al. Appl. Phys. Lett. 106, 013104 (2015)
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(a) Elektro- und Photolumineszenz vor und nach
thermischer Manipulation der Nanobrücken

reduction of the QD electroluminescence to !40 percent, a
nearly 50 meV red-shift of the emission peak, and a reduc-
tion of the emission halfwidth from !90 to !80 meV.

Figures 2(b) and 2(c) provide a characterization of the
thermal breakdown by PL. The data before/after (black/red)
were measured through the GaAs cap layer on the device,
which also provides the dominating PL emission, in particu-
lar, above 1.4 eV. This contribution has not changed remark-
ably by the thermal breakdown. The active region, however,
underwent substantial changes. While the PL contribution of
the nanobridges almost vanished, the QD contribution nar-
rowed. This asymmetric narrowing particularly affects the
low energy wing of the spectrum between 0.95 and 1.1 eV;
see Fig. 2(b). The status of the nanobridges has been checked
by transient PL; see Fig. 2(c). Here, we show the QD PL
kinetics IQD(t) within the first 700 ps after the excitation
pulse (at t¼ 0). Obviously, the breakdown causes both an
increasing PL rise time and a substantial delay of the QD PL
maximum. For comparison, we modelled the transients by

IQD tð Þ ¼ I0 þ Að Þexp & t

sQD

! "

& A exp & t

str

! "
exp & t

sQW

! "
; (1)

where I0 corresponds to QD PL intensity at the peak of exci-
tation pulse (t¼ 0). The coefficient

A ! sQWsQD=½sQWsQD þ strðsQD & sQWÞ( (2)

is considered a fit parameter to a certain degree only, since ap-
proximate values of sQW and sQD are known from transient
PL spectroscopy at reference samples containing only one spe-
cies, either a QW or QDs. The value of str is determined by
the fits [see gray lines in Fig. 2(c)] to 15 and 120 ps before and
after the thermal breakdown, respectively. According to the
suggested carrier transfer scheme, see Fig. 1(a), complemen-
tary information should be available from the QW PL decay
as well.11 For the particular device structure, however, the
QW PL is largely overlapped by the strong below-bandgap
contribution from the heavily doped GaAs cap, on top of
which the PL is excited. Therefore, we cannot check for QW
PL decay, at least not by using the present device design.

Figure 3 reveals modifications of transport properties
and real structure of the device being caused by the thermal
breakdown. The normalized PC spectra20 in Fig. 3(a) pin-
point a scenario similar to the one found from the PL; see
Fig. 2(a). Obviously, the contribution between 1.2 and
1.4 eV is substantially reduced. This indicated a substantially
reduced nanobridge PC and a vanishing QD PC.
Surprisingly, the pn-junction on the device scale became
“more stable.” For a forward bias of 1 V, the current
decreased from 770 lA to 230 lA, pointing to an increased
differential resistance.

The modifications of the real structure of the QW-nano-
bridge-QD assembly are visible in Figs. 3(b) and 3(c).
Before the thermal breakdown, the QDs—visibly by their
bright intensity—are often linked to the upper QW layer.
The scanning TEM (STEM) graphs demonstrate that nano-
bridges are predominantly located at larger sized QDs (bright

dots). After the breakdown, the In-rich bridges do not longer
exist. Furthermore, the well pronounced QDs have vanished
most probably caused by the out-diffusion of In. It should be
mentioned that after the breakdown no extended defects,
such as misfit dislocations, stacking faults, or precipitates,
were found. The generation of point defects, however, is not
excluded.

It is worthwhile to address the practical implications of
these experimental facts. The thermal breakdown gave rise
to the following modifications:

• The device emission is reduced to less than half of its ini-
tial value.

• Steady-state PL indicated (i) a substantial loss of PL
from the nanobridges and (ii) an asymmetric narrowing
of the QD PL band. This narrowing goes predominantly
on cost of the QDs with lower emission energies, i.e.,
the larger-sized ones.

• Transient PL pointed to a reduced excitation transfer rate
from the QW to the QDs. This corresponds to an increased
tunnel barrier.

• After thermal breakdown, a substantially reduced nano-
bridge PC is observed, while the QD PC apparently van-
ished at all.

• Surprisingly, the pn-junction of the device became
hardened.

FIG. 3. (a) Photocurrent spectra from a device before (black) and after ther-
mal breakdown (red). The inset shows the same data on an expanded ordi-
nate. STEM micrographs show the QD/QW structure before (b) and after (c)
current-initiated structure modification seen in cross-section. The InAs-rich
QD as well as the QW region appears with brighter intensity, the cladding
AlGaAs layers as dark horizontal lines. The sample lamellas have been
extracted from the active regions of two nominally identical devices; cf. Fig.
1(a). (d) Schematic of a single QW-nanobridge-QD assembly (from the top
to the bottom) before and after breakdown. The b/w-contrast stands for the
In-content.
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(b–d) strominduzierte
Änderungen im TEM-Querschnitt

VG Talalaev et al 
Appl Phys Lett 106 013104 (2015) 
doi 10.1063/1.490546



Zusammenfassung

v MBE erlaubt reproduzierbare Fabrikation von InGaAs-

Tunnelinjektionsnanostrukturen

v strukturelle/chemische Untersuchung durch

analytischer Elektronenmikroskopie

v Analyse des Ladungsträgertransports und der -relaxation mittels

PL-Spektroskopie

v „positives” Degradationsverhalten mit Wiederherstellung der 

Tunnelbarrieren beobachtet
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Nachweise


