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Growth and structure of Ing s5Gag sSb quantum dots on GaP(001)
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Stranski-Krastanov (SK) growth of Ing sGag sSb quantum dots (QDs) on GaP(001) by metalorganic
vapor phase epitaxy is demonstrated. A thin GaAs interlayer prior to QD deposition enables QD
nucleation. The impact of a short Sb-flush before supplying InGaSb is investigated. QD growth gets
partially suppressed for GaAs interlayer thicknesses below 6 monolayers. QD densities vary from
5%x10” to 2x 10" cm™2 depending on material deposition and Sb-flush time. When Ing 5sGagy sSb
growth is carried out without Sb-flush, the QD density is generally decreased, and up to 60% larger
QDs are obtained. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4962273]

Self-assembled quantum dots (QDs) greatly improve the
performance of semiconductor lasers,' are suitable for
designing easy to fabricate single g-bit emitters,” and enable
nano-flash memories.> By choosing the constituting materi-
als for QDs and surrounding barrier, their electronic configu-
ration can be either type-I (electron- and hole localization) or
type-II, spatially indirect.*> Type-II quantum dots showing
hole localization are attractive for memory types. A type 1I
discontinuity maximizes the hole localization, as demon-
strated by Marent er al.® who incorporated type II QDs as
storage units in a non-volatile nanomemory, the QD-Flash.
The QD-Flash shows good endurance and much faster access
times (~ns) compared to a conventional Flash memory. In
order to operate as a non-volatile memory the storage time
for carriers has to be of the order of ten years or longer at
room temperature, which depends primarily on the depth of
the localization potential and on the capture cross section.
As holes possess a larger effective mass than electrons, hole
localization in QD-Flash devices is preferred.” Thus, QD and
matrix material should be chosen to provide a large disconti-
nuity of the valence bands. InGaAs QDs embedded in GaP
lead to an increase in the hole storage time by several orders
of magnitude as compared to QDs embedded in GaAs.*’
Even larger hole localization energies retention times up to
years are predicted'® for InGaSb/GaP QDs. The hole locali-
zation energy for IngsGag sSb/GaAs QDs was calculated to
be 919 meV (corresponding to 4 h retention time).'' By using
GaP instead of GaAs another ~700meV localization depth
might be gained,'” resulting in a carrier localization energy
of ~1.6eV. With this approach, storage times for holes
above 10 years are feasible. So far, growth of InGaSb QDs
on GaP(001) surfaces has not been demonstrated by metalor-
ganic vapor phase epitaxy (MOVPE), the epitaxial growth
method to produce large-scale and therefore cost-effective
semiconductor device structures.
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In this paper, we demonstrate the growth of IngsGag sSb
QDs on GaP by MOVPE. It is described as a Stranski-
Krastanov growth process,"> depending strongly on the initial
treatment of the GaP surface. All samples were grown in a
horizontal Aixtron 200 reactor on the GaP(001) substrates
using H, as carrier gas. The growth starts with 500 nm GaP
grown at 750°C, upon which temperature is reduced to
500 °C for the following steps comprising: (i) growth of a thin
GaAs interlayer, (ii) short Sb-flush, by supply of triethyl-anti-
mony (TESb) for one second at input flux of 15.5 umol/min,
and (iii) IngsGagsSb growth. The nominal amount of
Ing 5Gag sSb was assumed to be roughly proportional to that
of InysGagsAs grown at input fluxes of TMGa =42.5 umol/
min, TMIn=2.8 umol/min, and TBA =7.2 umol/min. QD
ripening process after IngsGagsSb deposition was studied
through a growth interruption (GRI) series applied without
any precursor supply. Structural analysis of QDs is performed
ex-situ by atomic force microscopy (AFM) and transmission
electronic microscopy (TEM).

Deposition of non-lattice matched material leads to SK
QD growth by total energy minimization.'? Size and density
of QDs are the functions of the amount of deposited strained
material. A significant role in deciding which growth mode
prevails is played by surface physics. As reported by us pre-
viously for In,Ga,_,As/GaP QDs grown by MOVPE,”!* the
growth of a ~2-3 ML GaAs interlayer prior to the QD depo-
sition is required to enable QD formation. Only two-
dimensional InGaAs growth even up to high In contents and
comparably large thicknesses (e.g., high lattice stress) could
be observed when the interlayer was omitted. A modification
of surface energetics for the subsequent growth of InGaAs
was achieved by the As-terminated interlayer.

In the present case, the InysGagsSb lattice constant is
about ~6.28 A, according to Vegard’s law. The mismatch
between GaP and IngsGaysSb is 13%, an extremely chal-
lenging value for defect-free SK growth and close to
enforce Volmer-Weber (VW) island growth mode. As for
InGaAs/GaP, neither VW island growth nor SK-QD forma-
tion is observed when IngsGagsSb was deposited on bare

Published by AIP Publishing.
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FIG. 1. AFM micrographs of GaP surface after deposition of 0.42 ML
Ing sGag sSb: (a) without GaAs layer, with 5 (b), 7 (c), and 8 ML GaAs (d).

GaP. As clearly shown in the AFM micrograph in Fig. 1(a),
only monoatomic steps are visible. Using a thin GaAs inter-
layer enables the QD formation. Since the lattice mismatch
between GaAs and GaP is about ~3.5%, two-dimensional
growth (Frank-Van der Merwe mode, F-M) of thin GaAs
layers on GaP can be maintained. The few layers of GaAs
form an As-terminated surface for the following Ing sGag sSb
deposition. However, the mismatch between GaAs and GaP
already accumulates strain energy in the layer structure.
Subsequent deposition of a sub-monolayer amount of highly
mismatched Iny sGag sSb induces an abrupt change to island
growth. 3D islands are already formed after nominal 3 ML
GaAs + ~0.21 ML Ing 5Gag sSb. The strain energy accumu-
lated by the GaAs interlayer contributes to the total energy
as can be inferred from the dependence of the QD density on
the GaAs interlayer thickness at constant amount of depos-
ited InpsGagsSb material. This is shown in Fig. 2 where
island density versus GaAs interlayer thickness is plotted for
a fixed amount of 0.42 ML Ing sGag sSb. The island density
varies from 6 x 10° cm 2 for 3 ML GaAs to 2 x 10" cm ™2
for 6 ML. If GaAs supply is further increased, small QDs
tend to merge to larger ones, as shown in the AFM images in
Figs. 1(c) and 1(d) referring to an interlayer thickness of
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FIG. 2. Variation of QD density versus GaAs interlayer thickness. The inset
shows the QD aspect ratio as function of the interlayer. Iny sGag sSb cover-
age is kept fixed to 0.42 ML.
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7 and 8ML. The QD density accordingly drops to
~10"cm™?. Here, the QDs show a smaller aspect ratio
(height-to-diameter ratio) of ~0.03 compared to those grown
on the 5 ML GaAs, showing typically a ratio of ~0.06. The
QD heights are between 1.5 and 1.7 (£0.6) nm equal to the
values of (1.6 = 0.5) nm for 0.42 ML Iny sGaysSb on 5 ML
GaAs. Lateral dimensions are increasing however: from
(30 = 5) nm for 5 ML GaAs to (50 = 12) nm for both 7 and
8 ML GaAs. The observed dependence of QD morphology
on the GaAs interlayer thickness indicates incorporation of
GaAs into QDs during the QD formation process. The inset
of Fig. 2 shows how the QD aspect ratio evolves with
increasing interlayer thickness.

To investigate the QD growth mode, we prepared a sam-
ple set with increasing InjsGa, sSb coverage, after deposi-
tion of a 5 ML-thick GaAs interlayer and 1s-Sb-flush. The
Sb-irradiation prior to IngsGag sSb deposition is likely to
promote an exchange of Sb atoms for As atoms on the sur-
face'>™"” which can help to increase the Sb content in QDs.
Antimony as a large atom may also act as a surfactant,
influencing growth generally in many ways,'®*' modifying,
for example, the diffusion length of surface atoms, but also
the QD formation.??~2* On the one hand, an incorporation of
small amount of Sb into QDs has been demonstrated for
InAs QDs on GaAs.”® Sun er al.®® also found that less mate-
rial is needed for 3D island formation, if Sb is irradiated
before the QD material deposition. Mazur et al.** reported
more uniform QDs along with higher densities up to ~10"'
cm ™ ? through the Sb-mediated growth.

The AFM images of free-standing QDs grown on the 5
ML GaAs/GaP are depicted in Fig. 4. From the logarithmic
plot in Fig. 4(a), the critical Iny 5Gay sSb layer thickness for
QD formation is determined to be about 0.21 ML. At this
coverage first islands nucleate on the surface, with a density
of ~5 x 10° cm™? whereas below this value no QDs can be
detected: growth surface for sub-critical InGaSb coverage
shows typical monolayer steps of a step-flow growth mode
(not shown here). Then, QD density increases exponentially
with the amount of deposited Iny 5Gay sSb reaching a maxi-
mum density of ~2 x 10" em™? at 0.6 ML thickness. For
more than 1 ML InysGag sSb defect formation is observed
(Fig. 3(d)). The observed behavior of the QD formation and
evolution is typical of a Stranski-Krastanov growth**?” even
though a Ing 5Gag 5Sb thickness below 1 ML obviously can-
not be referred to a closed layer. As seen earlier, the GaAs
interlayer partially contributes to QD formation so that, in
the present case, the wetting layer is formed of both inter-
layer and Ing 5Gag 5Sb material. For an Ing sGag sSb coverage
of 0.42 ML, QD density reaches 1.5 x 10" ecm 2 and QDs
are on average (30 =5) nm wide and (1.6 = 0.5) nm high,
respectively. For IngsGagsSb deposition >1ML, an addi-
tional nucleation of slightly larger clusters with a density of
~2.5 x 10" em™? is detected (width of 90 + 5nm and height
of 5 £ 0.5nm).

The temporal evolution of 3D islands is studied by
applying growth interruptions (GRI) directly after the QD
deposition, at the same temperature of 500 °C. During GRI
(ranging from 15s to 60s), no supplemental precursor for
group-V stabilization is provided. Later, the samples were
immediately cooled down. In Fig. 4, AFM micrographs of
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FIG. 3. From left: (a) QD density vs. InsGag sSb coverage. (b)—(d) AFM
micrographs of IngsGagsSb/S ML GaAs on GaP QDs, using 1s Sb-flush,
with increasing QD material supply: 0.21, 0.42, and 1 ML, respectively. In
(d) a cluster is marked by a black circle.

free-standing QDs grown with different GRI durations are
shown. Without GRI, QDs have a mean diameter of (40 = 5)
nm and an average height of (1.8 = 0.5) nm (Fig. 4(a)). The
plot in Fig. 4(d) displays the QD density as a function of
GRI time: as time increased, larger islands grow and smaller
islands disappear, and density is reduced from ~9.5 x 10'°
cm 2 to ~2.6 x 10'° cm ™2 Hence, a ripening process for
QDs by material transfer is concluded. Both lateral dimen-
sions and height of QDs increase with time; after 15 s, width
and height measure (42 = 10) nm and (2.3 = 8) nm, respec-
tively. At 60s, the mass transfer from small to large islands
is particularly evident, where QDs dimensions are of
(80*=10) nm and (4.5=*0.6) nm for width and height,
respectively, with a density of ~1 x 10” cm 2.

In Figs. 5(a)-5(b), cross-sectional TEM micrographs of
buried QDs are presented. The sample’s [010] zone axis has
been tilted away from the electron beam as indicated in the
schematic drawing in Fig. 5(a). Thereby, a projected view on
the QD growth plane is obtained from which the QD density

10

QD density 102% cm?)

0 10 20 40 50 60

30
GRI (s)

FIG. 4. (a)~(c) AFM measurements of 0.9 ML InysGagsSb QDs/5 ML
GaAs/GaP with increasing GRI of 0, 15, and 60, respectively. (d) Density
trend in respect to time up to 60 s GRI, expressed in seconds.
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( a) Vacuum
Side view

GaP matrix

direction

FIG. 5. (a) Cross-sectional TEM images of 0.42ML IngsGagsSb QDs
ensemble on 5 ML GaAs/GaP with 1s Sb-Flush, 15s GRI, and 6 nm GaP
capping layer. The micrographs were taken under strong-beam bright field
conditions using the (200) reflection perpendicular to the growth direction.
The specimen has been tilted of 6° in respect to the beam direction for visu-
alization of the QD plane: the dark spots represent the QDs. (b) High-
resolution micrograph of QDs using the (002) reflection along the [010]
zone-axis.

can be deduced. The QDs (dark contrast regions) are distin-
guishable from the bright background (constituting the GaP
matrix) due to a composition contrast. The determination of
QD density yields a value of ~1 x 10'° cm™2 which is in
agreement with the AFM results. A zone-axis high-resolu-
tion TEM micrograph of the same QDs is depicted in Fig.
5(b). Dislocation formation during the QD growth can be
largely excluded from both images as the diffraction condi-
tions are sensitive to common dislocations in fcc-lattice
structures. In Fig. 6, the amplitude signal of a Fourier-
filtered (200)-reflection image again taken along the [010]-
zone axis of the specimen is shown. The micrograph was
obtained in a thinner part of the specimen. Under these con-
ditions, the (200) reflection of the image is primarily linearly
imaged, thus the amplitude becomes approximately propor-
tional to the (200)-structure factor of the crystal, which is in

FIG. 6. Amplitude of the Fourier-filtered (200)-reflection of a [010]-zone
axis HRTEM image of single 0.42 ML InjsGagsSb QDs on 5 ML GaAs/
GaP with 15s GRI and 6 nm GaP capping layer. They were grown without
any Sb-Flush. The dark region represents a material contrast whereby the
QDs can be easily recognizable.
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turn proportional to the difference of the atomic form factors
of the species of both fcc-sub-lattices. Hence, this filtered
micrograph can be roughly interpreted as concentration map.
Here, two single QDs can be clearly detected: they show a
truncated-pyramid shape, typical of buried QDs,?® both with
a base length of about 15nm and a height of 2.5nm and
1.5 nm, respectively.

In order to investigate the role of antimony-flush on the
QD growth, QD deposition was carried out without Sb-flush.
The Sb-flush will likely trigger an As-Sb exchange at the sur-
face, leading to GaSb or at least GaAsSb formation. This
exchange will therefore increase the total strain in the layer
structure prior to the Ing sGag sSb deposition as compared to
bare GaAs interlayers. It is therefore expected to affect the
QD density for a given amount of IngsGagsSb material.
The reference sample set without Sb-flush was grown with
the same material supply as before and the GaAs interlayer
thickness was kept at 5 ML. Without Sb-flush, larger QDs
with densities reduced by a factor of 2 to 7 are formed (not
shown here). Otherwise, no changes in the previously
observed general trends are found. It turns out that higher
QD densities can be achieved with Sb-flush as compared to
samples without the Sb-flush because of a decreased ten-
dency for defect formation at long Ing 5Gag sSb QD deposi-
tion times.

The optical properties of the IngsGaysSb/GaAs/GaP
QDs are investigated by temperature-dependent (PL) and
time-resolved photoluminescence (TRPL). PL was recorded
using a 445 nm laser diode with 500 mW output power for
excitation. For TRPL experiments, a setup comprising a dye
laser system delivering ns-pulses at 445 nm was used along
with a detection system having a resolution of ~0.5ns. Fig.
7 shows the static PL measurements of three different sam-
ples. Luminescence of samples containing only the GaAs
intermediate layer is detected at 1.88eV. The substructures
arising on both the low and high energy sides of it might
come from island formation at the two interfaces of this thin

Energy (eV)
3.129 2.7 25 23 21 1.9 1.7 1.5
T T T T T T T T
3
L
>
=
@
[=
[
et
=
g LI L ] I
N 044 o 50 100 150
© Time (ns)
£ (
S
o 0.24
z only GaAs interlayer
GaAs+QDs w/o flush|
[~ GaAs+QDs with flush
0.0+ T

T T T
400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

FIG. 7. PL spectra at 10K of IngsGag sSb QDs on 5 ML GaAs/GaP: (blue)
with Sb-flush; (black) without Sb-flush; (red) no QDs, only 5 ML GaAs/
GaP; normalized to 1.0. Inset: Time-resolved PL transients (at 4 K) recorded
at 695nm emission wavelengths for IngsGagsSb QDs grown with (blue)
and without (black) Sb-flush. Solid lines show mono- or bi-exponential fits
to the data.
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QW, being only a few MLs thick.? Upon Ing 5Gag sSb sup-
ply, the 1.88eV transition is still present, although with
lower intensity, and a new lower energy transition at 1.78 eV
is found, attributed to QDs. The temperature dependence of
this emission line exhibits clear signatures of carrier localiza-
tion between 10K and 100K, typical for QDs (not shown
here). A thermalization process of originally localized car-
riers in the lowest energy QDs occurs between 50K and
80K leading to a blue-shift in emission energy. In contrast,
luminescence from the GaAs interlayer follows the well-
known Varshni behavior. The TRPL measurements of the
emission line at 1.78 eV for the two QD structures were
taken. The inset of Fig. 7 shows the existence of two differ-
ent recombination processes in samples with and without the
Sb-flush. Without the Sb-flush, TRPL exhibits a fast initial
component (7, =5.3ns), followed by a slower decay
(T1ife = 78 ns). Such behavior is typical for QDs with type-II
band alignment as discussed by Hatami er al’>°?' Decay
time constants around 5 ns were reported®! at larger excita-
tion densities, very similar to our present initial decay times
(g1 =5.3ns). The decay times at lower carrier densities
(142 =78 ns) are longer here and become closer to what one
naively expects for type II QDs. In contrast, the TRPL of the
sample with Sb-flush exhibits only a fast decay component
(tiife = 2.5 ns). Apparently, Sb-flush prior to the QD deposi-
tion leads to a type I transition again similar to the previous
observation.>'

In conclusion, we have demonstrated SK growth of
Ing 5Gag sSb QDs on GaP in a MOVPE environment. QD
nucleation has been achieved by growing a thin GaAs inter-
layer prior to IngsGagpsSb deposition. The QD density
changes both with the amount of Ing 5Gag 5Sb as well as with
the GaAs interlayer thickness, suggesting a heterogeneous,
intermixed material to be involved in the 2D/3D transition;
QD densities in a range of ~5 x 10” to ~2 x 10" cm? could
be realized. An island ripening is deduced from the evolution
of QD size and density during growth interruptions. The
kinetics of QD growth are better controllable and higher QD
densities can be achieved upon short Sb-irradiation of the
GaAs interlayer surface. The Sb-flush, however, leads to a
much faster temporal decay behavior, indicating a type I
transition.

The authors thank the DFG (Contract No. BI284/29-2),
the Federal Ministry of Economics and Technology
(BMWi), Grant No. 03VWP0059v, and the Federal Ministry
of Education and Research (BMBF), Grant No. 16V0196
(HOFUYS).
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