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MOVPE-Growth of InGaSb/AIP/GaP(001) Quantum Dots

for Nanoscale Memory Applications

Elisa M. Sala,* Ismail F. Arikan, Leo Bonato, Frank Bertram, Peter Veit,

Jiirgen Christen, André Strittmatter, and Dieter Bimberg

The structural and optical properties of InGaSb/GaP(001) type-ll quantum
dots (QDs) grown by metalorganic vapor phase epitaxy (MOVPE) are studied.
Growth strategies as growth interruption (GRI) after deposition of InGaSb
and Sb-flush prior to QD growth are used to tune the structural and optical
properties of InGaSb QDs. The Sb-flush affects the surface diffusion leading
to more homogeneous QDs and to a reduction of defects. A ripening process
during GRI occurs, where QD size is increased and QD-luminescence
remarkably improved. InGaSb QDs are embedded in GaP n + p-diodes,
employing an additional AIP barrier, and characterized electrically. A localiza-
tion energy of 1.15 eV for holes in QDs is measured by using deep-level
transient spectroscopy (DLTS). The use of Sb in QD growth is found to
decrease the associated QD capture cross-section by one order of magnitude
with respect to the one of IngsGag sAs/GaP QDs. This leads to a hole storage
time of almost 1h at room temperature, which represents to date the record
value for MOVPE-grown QDs, making MOVPE of InGaSb/GaP related QDs a

blocks for the future QD-Flash. Recently,
we successfully demonstrated for the first
time MOVPE growth of a new Sb-based
QD-system, that is, InGaSb QDs embed-
ded in a GaP matrix.”! Up to now, the
longest published storage time for
MOVPE-grown QDs is 230s at room
temperature for IngsGagsAs/GaP QDs.®
Holes trapped in GaSb/GaP QDs grown by
MBE have shown 4 days retention time”’;
MBE is however not considered as a
technology for mass production of elec-
tronic devices, and in particular memories.
The storage time 7 for holes in QDs can
be expressed as the inverse of the thermal
emission rate ¢, for holes from QDs®!

Ea
e =7 Tlaocexp<f kBT) (1)

promising technology for QD-based nano-memories.

1. Introduction

Self-assembled quantum dots (QDs) have recently attracted great
attention due to their promises as future storage units in a new
type of electronic nanoscale memory, the QD-Flash."? Type-II
antimony-based QDs exhibiting sole hole confinement are very
suitable for this application, leading to a higher carrier
localization energy and an increased carrier storage capacity
for a single QD, with respect to type-I heterostructures.?* Type-
II QDs are therefore considered the best candidates as building
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where E, is the activation energy, kg the

Boltzmann constant, Tthe temperature, o,

the capture cross-section for T=o0, and ya
constant depending only on the hole effective mass and
degeneracy of hole states. The tunneling emission is negligible
since the applied electric field is small and the temperature of
interest is high.!”) Hence, the storage time 7 depends solely on E,
(representing the energy barrier that holes need to surpass in the
emission process) and on 0., which measures the scattering
probability of holes with the surrounding matrix. o, depends on
many physical parameters, like QD geometry and QD interac-
tion with the surroundings.™® In previous measurements, o,
has been observed to vary over six orders of magnitude.™! From
this observation follows that a reliable method for engineering
the cross-section would represent a valuable tool for the
extension of hole retention time in QDs. In practice, cross-
section engineering is achieved by acting on the structural and
electronic properties of the QDs. In this work, we report on the
increase by about a factor of 14 of the hole storage time for
InGaSb/GaP QDs grown via MOVPE, as compared to our
former result on InysGagsAs/GaP QDs. Such improvement
has been obtained by employing Sb during QD growth, which
has reduced the associated QD capture cross-section, thereby
leading to the highest measured hole localization energy for
MOVPE-grown QDs so far. Moreover, the MOVPE growth
technique enables large-scale and cost-effective production of
device structures, thus being advantageous for the future
fabrication on QD-based nanoscale memory devices. Here, we
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also show that QD structural and optical properties can be tuned
by exploiting two different strategies: 1) an Sb-flush (antimony-
soaking) before QD deposition and 2) a growth interruption
(GRI) step after QD formation. These techniques affect
noticeably the structural and optical properties of QDs, thus
paving the way for future studies of their impact on QD capture
cross-section design and increase of retention time.

2. Sample Preparation

All samples were fabricated via MOVPE in a horizontal Aixtron
200 reactor on GaP (001) substrates. After growing a 500 nm
undoped GaP buffer at 750°C, a 5 ML-thick GaAs interlayer is
deposited at 500°C to enable the following QD formation, as
already shown in our previous work.” For a sample batch, an
antimony-flush with different durations (tsp,) has been used prior
to QD deposition, with a triethyl-antimony (TESDb) input flux kept
constant at 2.6 umol min'. Thereafter InGaSb is provided to the
reactor for QD formation. For a sample set, a GRI without any
precursor supply for group-V stabilization has been applied after
QD deposition to study the QD evolution. For structural
investigations the samples are immediately cooled down after
QD growth. For optical measurements, instead, QDs have been
overgrown by an additional 50 nm GaP capping layer at 600 °C.
For electrical characterizations via deep-level transient spectros-
copy (DLTS), three dedicated samples were fabricated, as
depicted in Figure 1: one containing InGaSb QDs (“Only-
QD”), one with QDs and an additional AIP layer (“QD-Barr”) and
one as reference, containing only the AIP layer (“Only-Barr”). For
the samples Only-QD and QD-Barr, an Sb-flush of 4 s has been
used. The DLTS structures are in form of n*p-diodes, grown on p-
doped GaP (001) substrates (nominal p-doping ~1.5 10*® cm™3).
The first segment of each diode consists of ~300nm thick p-
GaP, doped with carbon, by using carbon trichloro-bromide
(CCl3Br) as precursor (with an input flux of ~1.1 umol min ™"
and V/III ratio of 13, growth temperature T, =620 °C), which
results in a doping concentration of <5 10""*) cm . For samples
Only-Barr and QD-Barr, a ~20nm AlP layer is employed, which
acts as an emission barrier for charge-carriers in the QDs
(T;=800°C) and finally overgrown with a thin GaP layer
(~2nm). The AIP barrier aims to increase the localization energy
of holes in the QDs and therefore their storage time. Instead, the

Only-Barrier
e —GoP
GaP:Si, n~5x10" AP
Only-QD
GaP:C, p~5x10"
(*) (*) GaAs
GaP:C, p~5x10" .
P QD-Barrier

Figure 1. Design of the three DLTS structures. The asterisk indicates the
different types of layer structure containing, from top right, only the AIP
barrier, only QDs, or QDs + AIP.
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GaP capping is used to protect AlP from adsorbing impurities
during the cooling down step following the QD growth.
Thereafter, GaAs interlayer and QDs are grown and capped
with 6 nm undoped GaP, T, = 500 °C. They are followed by a GaP
p-layer (=500nm) having a nominal doping concentration of
~510"cm™, deposited at T, =620 °C. The last segment of the
n*-p-diode consists in a highly n-doped GaP layer (=5 10" cm™,
T, = 620°C), where silicon is used as dopant.

The DITS samples are processed via standard optical
lithography and dry etching methods. Ni/Au-Ge/Au top contacts
with diameters of 400 and 800 um are thermally evaporated on
the highly n-doped layer, whereas Ni/Zn/Au contacts are
deposited on the back side (p-doped substrate) of the samples.
After deposition, the samples are annealed at 400 °C for 3 min in
a nitrogen atmosphere.[lz"“]

To study the influence of a varying Sb-flush time (ts},) applied
after the GaAs interlayer and before QD growth, a sample set
with tg, ranging from 0 to 4s was prepared. Although the
microscopic mechanism of surface-active species as Sb in
heteroepitaxial growth is still under debate, antimony is
generally used as a way for controlling the formation and
electronic properties of QDs!>1¢2%: it has been reported that
antimony reduces the surface energy and therefore the adatom
surface diffusion.!">®'® Sb-assisted QD-growth can therefore
lead to smaller and more homogeneous QDs, thereby
suppressing defect formation and increasing the QD
density.*”!

3. Structural and Optical Characterizations

In Figure 2 three AFM micrographs of free-standing QDs are
displayed, where different ts;, are applied. In (a) QDs are grown
without Sb-flush: the QD areal density is ~610'®cm ™2, the
diameter is (35 £ 6) nm, and the height (2.6 + 0.5) nm. Here, the
large objects (marked with circles) are attributed to plastically
relaxed QDs since material accumulation is strongly enhanced.
These objects have a density of ~10° cm ™ and dimensions of
(53+3) and (3.2+0.3)nm for width and height, respectively.

4.4nm

2.2nm

1.8 T T ™ T T 3.2

(d)
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Figure 2. AFM micrographs of free-standing 0.51ML InGaSb QDs:
without (a), with 1s (b), and 4s (c) Sb-flush. In (d) the variation of QD-
density and —height versus Sb-flush duration is shown.
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Upon prolonging the Sb-flush time, the formation of these large
objects is reduced: with ts,=1s their density is down to
~10°cm™2, and for tg,>2s their formation is totally sup-
pressed. Simultaneously, QDs appear smaller and more
uniform: in plot 2 (d) the QD density and height versus tgy, is
presented: for 4 s flush, QDs have lateral dimensions of (24 + 3)
and (24 0.3) nm, with density ~1.710" cm 2.

To evaluate the impact of the Sb-flush on the optical
properties, a PL sample set with different tg, has been
fabricated (as for the AFM-batch, 0, 2, and 4s). In Figure 3
their PL spectra taken at room temperature are presented: the
highest PL integrated intensity can be found for tg,=4s,
which shows an improvement of ~45% with respect to
tsp = 0s. At the same time, the FWHM of the QD-emission is
slightly reduced (=5%) with longer tg,, as displayed in the
right inset of Figure 3 and simultaneously, a blue-shift of
~5 meV can be detected. These observations indicate that QDs
become more homogeneous with a prolonged tg;, and at the
same time defects are reduced, as also observed in the AFM
micrographs.

In Figure 4a a cross-sectional STEM image (high-angle-
annular-darkfield contrast) of a PL sample with QDs reveals the
complete layer structure. It is composed of InGaSb QDs
embedded in a structure consisting of: 1) a GaP buffer layer; 2) a
~20 nm-thick Al 4Gag P layer; 3) 150 nm GaP spacing; 4) 5 ML
GaAs interlayer; 5) InGaSb QDs; and 5) ~50nm-thick GaP
capping layer. The white, horizontal line indicates the position of
the QD layer, while the dark broad line displays the 20nm
Aly4Gag¢P layer. Simultaneously, cathodoluminescence (CL)
spectroscopy was carried out in a scanning transmission electron
microscope. Figure 4b shows a CL line scan recorded at a
temperature of 15 K across the layer structure seen in Figure 4a.
The emission around 700 nm originates from the QD growth
region. Another contribution is found in the range of 2.2-2.3 eV
close to the GaP energy gap where neutral donor bound exciton
(D°X) transition in GaP exists.[*"
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Figure 3. PL spectra at room temperature of buried 0.51 ML InGaSb QDs,
grown with different tsp. In inset on the right the FWHM of the QD-
emission is plotted versus tsp. In inset on the left the total integrated PL-
intensity versus ts, is displayed.
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Figure 4. a) Cross-section view of the sample with buried 0.51 ML InGaSb
QDs in HAADF contrast showing the QD layer as white, horizontal line 50 nm
below the top surface. The dark broad line 20 nm thick is the AlGaP layer. b)
Cathodoluminescence spectral linescan at 15 K: the white dotted line marks
the position of the quantum dots. The emission around 1.85eV originates
from the InGaSb/GaAs/GaP QD region, whereas the emission around 2.5 eV
belongs to the GaP excitonic emission (including phonon replica).
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Figure 5. AFM micrographs of free-standing 0.51 ML InGaSb QDs with
different GRI durations: (a) 1s, (b) 200's, and (c) 800's. In (d) the variation
of QD-density and -height versus GRI is depicted. 2's Sb-flush has been
used for all samples.
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Another way to control the structural and optical properties of
QDs is to employ a GRI step after the QD deposition. Indeed, a
GRI applied immediately after QD formation promotes material
transfer between 3D islands, thereby increasing the QD size and
reducing their density (process known as QD-ripening).”*?!
Here, we apply GRI times ranging from 1 to 800s after QD
deposition at the same growth temperature, without any
supplemental precursor supply. In Figure 5 AFM micrographs
of InGaSb QDs with different GRIs are presented. For 1s GRI
(Figure 5a), QDs have lateral dimensions of (28 +4)nm and
height of (2.3 + 0.4) nm at a density of 1.5 10" cm 2. As shown
in the plot in Figure 5d, with longer GRI the QD density
decreases, while QDs grow bigger in size: after 400, the islands
have diameters of (314 7) nm and heights of (3.5 + 1) nm. For
800s, lateral dimensions reach (33+8)nm and height
(4+1.2)nm with density ~810'cm 2. Ripening via material
transfer between the QDs is thus concluded.

In Figure 6 PL spectra of QDs grown for different GRIs are
displayed. The QD-emission is detected between 1.76 and
1.81eV, for 1-800s GRI. The total integrated intensity is
increased by 80% for 800s with respect to 1s, remaining
apparently stable upon further GRI increase. An extended GRI
time leads to a redshift in the QD-emission (=50 meV) toward
longer wavelengths, which reflects the increase of the average
QD-volume, as also supported by AFM investigations. For
shorter GRIs an additional luminescence around 1.9-2eV is
observed, which can be ascribed to the emission caused by island
formation occurring at the interface of the thin GaAs quantum
well (QW).**! In fact, according to theoretical predictions and
experimental investigations reported in,**! ML-fluctuations of a
GaAs QW exhibit luminescence in the range of 1.9-2eV. With
increasing QD size (800s GRI interruption time), the high
energy luminescence quenches, while the QD luminescence
intensity increases. Assuming that free holes are efficiently
captured by QD hole states a reconfiguration of electron states is
concluded. As in the case of InGaAs/GaP QDs,* strain induced

Energy (eV)
300 '2:1 ? i 1;9 1:8 1;7 1;6
* 180 S 1s

250- . 1.78 *; ——200s
- . . ‘ 1.76‘,;, —— 800s
: 0 400 800 W
;: 200+ GRI (s)
2 1501
w
S
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50
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650 700 750
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Figure 6. PL spectra of buried 0.51ML InGaSb QDs, 2s Sb-flush,
recorded at 40 K, grown with different GRI durations. In inset the energy
shift of the QD-emission is plotted against GRI.
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Figure 7. High resolution TEM image of 0.51 ML InGaSb QDs, 1s GRI,
capped with 6 nm GaP. The QD regions appear as dark contrast areas. The
5 ML GaAs (deposited prior to the InGaSb QDs) cannot be resolved as a
continuous layer anymore.

electron states around the QD region may evolve to lower
energies than the WL states with increasing QD size.

In order to get microstructural insight into material
distribution, high-resolution transmission electron microscopy
images were also taken from the sample investigated by CL (see
Figure 4a). In Figure 7 a high-resolution cross-section TEM
image of the QD region is shown. The QDs appear as dark
contrast within the GaP matrix. Interestingly, no GaAs interlayer
can be identified. Apparently, a certain amount of GaAs from
interlayer gets incorporated into QDs during QD formation, as
also deduced from the dependence of QD morphology on
interlayer thickness shown in our previous work.”) Moreover, the
energetic position of the QD-luminescence (=1.75eV) is
comparable to the one of IngsGag sAs/GaP QDs.*! From these
results, we can infer that a considerable amount of As might
have replaced Sb in the QDs, thus reducing the actual Sb
content.

4, Electrical Characterization

The electrical characterization consists of static capacitance
spectroscopy (C-V profiling) and time-resolved capacitance
spectroscopy, DITS.*”! DLTS allows for the determination of
activation energy and capture cross-section. Since hole localiza-
tion in the QDs reduces the capacitance of the p-n junction, C-V
profiling can be used to determine the voltages at which holes are
captured into and released from the QDs,* thereby defining the
interval of interest for DLTS. In DLT'S measurements, the voltage
is initially set to the measurement voltage V,,,, chosen such that
no holes are localized in the QDs (QDs completely discharged).
The voltage is then increased to the pulse voltage Vp to lower the
Fermi level and fill the QDs with holes. After all energy levels of
the QDs are filled, the voltage is returned to the initial value V,,,,
inducing hole emission. The emission process is observed via
time-resolved measurement of the capacitance transient and the
measurement cycle is repeated for several temperatures. The
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resulting data are analyzed using the double-boxcar method and
displayed in an Arrhenius plot, from which activation energy and
capture cross-section are extracted via a linear fit. The
conventional DLTS measurement yields the average value of
the activation energy over all bound states of the QDs (i.e., the
mean, ensemble activation energy). Additionally charge-selective
DLTS* is performed to determine the activation energy of the
hole ground state, which is referred to as hole localization energy,
meaning the energy difference between the hole ground state
and the valence band edge of the surrounding matrix material. In
charge-selective DLTS the voltages are increased in small steps in
the measurement interval, so that only one of the internal levels
of the QDs is involved in each measurement step: ideally, one
hole per QD enters and leaves the QD in each DLTS cycle. The
charge-selective measurements are carried out for different
reverse biases, so that all QD internal levels are probed. For all
samples and measurements, the temperature is swept from 50 to
400K in steps of 5K. For conventional DLTS measurements,
V,» =06V (reverse bias) and V,, = 0V, whereas for charge-selective
DITS V,, is swept from 1 to 6 V (reverse bias) in 1V steps with
V,=V,,—1V. The capacitance transients are measured at a
frequency of 1 MHz and an AC voltage of 100mV. The pulse
length is chosen so that the charging process is complete at all
temperatures. For the Only-QD sample, the pulse length is 0.2's
and the measurement time 1.8 s, while for the Only-Barr sample,
0.5and 2.5, and for the sample QD-Barr, 2 and 8 s are used. The
reference times 7,.r for all samples range between 0.5 and 5s.
The DLTS signals of the three types of samples are shown in
Figure 8. The peak of Only-QD is centered around 110K, that of
sample Only-Barr around 230 K, while for QD-Barr it appears at
higher temperatures: between 280 and 400 K. This suggests a
larger localization energy than that of Only-QD, as expected from
the presence of the additional AIP barrier.

The Only-QD sample shows the smallest activation energy:
E,=0.298 (+£0.006)eV. For Only-Barr the activation energy
represents the height of the energy barrier formed by AIP on GaP
and amounts to 0.63 (£0.01) eV, in agreement with the values
reported in literature, ranging between 0.34 and 0.69 eV.2% The
E, for QD-Barr is determined to be 0.86 (£0.02) eV, which is

12—
L1HV,=6V T,4=16s Vp=0V QD-barr E
1.0} -
0.9} only-QD ]
0.8l -
0.7} .
0.6 ]
05 only-barrier
04 ]
03[ .
0.2} ]
01f ]
00t , —rT—r——7" T

0 50 100 150 200 250 300 350 400 450

T T T 1

DLTS Signal (pF)

Temperature (K)

Figure 8. Conventional DLTS measurements at T.r=1.6s of the three
different structures are displayed.
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Figure 9. Capture cross-sections and activation energies extracted from
the charge-selective DLTS measurements for only-QD (a,c) and QD-Barr
(b,d).

consistent with the sum of the activation energies of Only-QD
and Only-Barr, that is, 0.92 (£0.01)eV. The values for the
capture cross-section are as follows: (4.6£1.2)x 1072
(6.6+1.7)x 107", and (1.440.4) x 10" cm?, for Only-QD,
Only-Barr, and QD-Barr, respectively.

The charge-selective DLTS measurements were performed on
the only-QDs and the QD-Barr samples to determine the hole
localization energy Ep. for QDs with and without AIP barrier.
Figure 9a and b show the energies of QD levels extracted from
the measurements at different voltages for both samples. The
voltage V,,, =46V is the largest value for which hole localization
in QDs can be detected and therefore the energy value measured
at this voltage represents the hole ground state in QDs. For the
only-OD Ej, is determined to be 0.370 (+0.008) eV, while for QD-
Barr 1.15 (£0.02) eV. It is important to point out that the 1.15eV
localization energy represents here the combined effect of the
AP barrier and the QDs. In Figure 9c and d the capture cross
sections of only-QD and QD-Barr are plotted versus the reverse
bias: for only-QD, it is determined to be (2.1 £0.5) x 1072 cm?,
while for QD-Barr is (9+5) x 10~ cm?.

Assuming GaAs incorporation to the QDs reducing the actual
Sb contents in InGaSb QDs, we expect Ej, to lie in-between the
valence band discontinuity (or valence band offset, VBO) QDs/
matrix of the two heterostructures IngsGagsAs/GaP and
Ing sGagsSb/GaP. The IFIGS-and-electronegativity concept is
to date considered a good method for providing such an
estimate. Indeed, this theory has recently been well confirmed
for the material system GaSb/GaP, where the predicted VBO of
0.67 eV agrees very well with the measured value of 0.65eV
between GaSb QDs and GaP matrix.*"] For the two QD-systems
Ing5Gag sAs/GaP and Ing sGag sSb/GaP it yields values for VBOs
of ~0.3 and ~0.6eV, respectively,?*?** and therefore the
measured value of Ej,.=0.370 (£0.008)eV is within the
predicted limit. Finding a lower value for Ej,. than the predicted
~0.6 eV for Iny 5Gag sSb/GaP is in agreement with significant As
incorporation into QDs suggested above. The storage time 7 for

Table 1. Localization energies and capture cross-sections obtained by
charge-selective DLTS, together with the extrapolated storage times for
the two QD-samples. The errors on o, and t are reported in orders of
magnitude in brackets.

Sample Ejoc [eV] Ooe [cm?] T [s]

Only-QD 0.370 21+ 05 x10°" (7.7+£1.3)x107°
(0.008)

QD-Barr 1.15 (£0.02) (9+5) x 107" 3200 (£300)
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holes captured in QDs at room temperature are extrapolated by
using Equation (1). In Table 1 they are listed together with the
hole localization energies and capture cross-sections for the two
QD-samples, alongside with their errors.

5. Storage Time

The highest 7is found for the QD-Barr structure, which amounts
to 3200 (£300) s (almost 1 h). This result marks an improvement
a factor of 14 with respect to our former result of 230 (£60) s for
MOVPE-grown IngsGagsAs/GaP QDs,® where F. for the
QDs + AIP system was determined to be 1.14 (+£0.04) eV and o,
to (8 £5) x 10" cm?. This represents hitherto the record of hole
retention time for QDs fabricated by MOVPE. The increase of 7
can be solely attributed to the reduction by one order of
magnitude of the capture cross-section, compared to the one of
IngsGagsAs/GaP QDs QDs,®! that is, from (8+5) x 10% to
(9 +5) x 10" cm?, while Fy,. for IngsGagsAs and InGaSb QDs
are comparable. We ascribe this effect to the use of Sb instead of
As in QDs. Further understanding of this process requires more
detailed chemical analysis of the QD composition and additional
theoretical modeling of capture processes. In fact, once such a
method is developed, the measured localization energy Eio
=1.15eV would suffice for non-volatility, provided that the
capture cross-section be reduced to ., =10~ cm? Of course,
non-volatility can be also achieved by using other material
combinations for QDs and matrix, like GaSb/Aly s1Ing 49P QDs,
where the localization energy is estimated to be ~1.25eV.”!

6. Conclusions

We have investigated the impact of two critical MOVPE
parameters, Sb-soaking and GRI, on structural, optical, and
charge storage properties of nominal InGaSb/GaP QDs. Sb-
soaking prior to InGaSb deposition is found to reduce QD
dimensions while increasing their density. GRI increases the
size of QDs through a ripening process. Both methods lead to an
improvement of the overall QD optical quality. Deep-level-
transient spectroscopy investigations have been carried out on
such QDs to measure storage times of hole carriers captured in
QD states. The maximum measured storage time (with an
additional AIP barrier) is 3200 (+300)s at room temperature,
with an associated capture cross-section of (9« 5) x 10* cm?.
The capture cross-section is found to be reduced by an order of
magnitude with respect to the one of InysGagsAs/GaP QDs
grown by MOVPE demonstrating the impact of using Sb. Optical
and electrical data indicate a significant diffusion of As into
InGaSb. MOVPE growth processes with reduced As incorpo-
ration will be developed in the future in order to achieve even
larger localization energies and longer storage times. Most
important is the proof presented here, that MOVPE is a valid
technology for mass production of such devices, although still
some work has to be done.
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