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Abstract

InAs quantum dots (QDs) are grown on an In0.53Ga0.47As interlayer and embedded in an InP

(100) matrix. They are fabricated via droplet epitaxy (DE) in a metal organic vapor phase epitaxy

(MOVPE) reactor. Formation of metallic indium droplets on the In0.53Ga0.47As lattice-matched

layer and their crystallization into QDs is demonstrated for the first time in MOVPE. The

presence of the In0.53Ga0.47As layer prevents the formation of an unintentional non-

stoichiometric 2D layer underneath and around the QDs, via suppression of the As-P exchange.

The In0.53Ga0.47As layer affects the surface diffusion leading to a modified droplet crystallization

process, where unexpectedly the size of the resulting QDs is found to be inversely proportional

to the indium supply. Bright single dot emission is detected via micro-photoluminescence at low

temperature, ranging from 1440 to 1600 nm, covering the technologically relevant telecom

C-band. Transmission electron microscopy investigations reveal buried quantum dots with

truncated pyramid shape without defects or dislocations.

Keywords: MOVPE, droplet epitaxy, III–V quantum dots, AFM, photoluminescence, TEM

(Some figures may appear in colour only in the online journal)

1. Introduction

In the last decade, III–V quantum dots (QDs) fabricated by

droplet epitaxy (DE) have attracted great interest due to their

suitability for a wide range of applications, ranging from quant-

um photonics, where they can be employed as efficient quantum

emitters of single and entangled photon pairs [1], to photo-

detectors [2], lasers [3], and solar cells [4]. DE is a flexible

growth technique for the fabrication of QDs compared to the

alternative Stranski–Krastanow (SK) method which has been

extensively used to grow strain-driven self-assembled QDs [5–8].

Since DE does not depend on strain in the system, there is an

added degree of freedom to pursue QD formation on different

substrates. Moreover, DE also enables the technique of local

droplet etching [1, 9, 10] which is then used as a template for

site-controlled QD formation [11, 12]. Among others, InAs/InP
QDs fabricated by DE in MOVPE were successfully used as

building blocks for the first quantum light emitting diode

(QLED) emitting at 1.5 μm [13] and enabled teleportation of

qubits [14, 15]. Also, very recently DE in combination with

droplet etching of InAs/InP QDs emitting at the telecom C-band

has been demonstrated [16] and [25], showing an additional and

promising approach for nanostructure tuning during MOVPE

growth. Such QDs can be employed as fundamental units for the

fast-developing quantum information technology, particularly for

quantum networks [17–19]. Additional promising design strate-

gies include, for instance, embedding InAs QDs in an InGaAs

quantum well (QW). This allowed for an efficient post-growth

tuning of the QD emission in the telecom O-band via the

quantum-confined Stark effect in an entangled light emitting

diode (ELED) [17]. Therefore, such strategy can be applied also
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to QDs emitting at the low-loss telecom C-band, and thus

combining the use of a QW underneath the QDs with DE QDs is

a promising approach.

In this letter, we demonstrate the growth of InAs QDs on an

In0.53Ga0.47As lattice-matched layer to InP(100), using DE in

MOVPE. Indium droplet deposition and InAs QDs formation are

studied. The QDs are characterized morphologically by atomic

force microscopy (AFM) and transmission electron microscopy

(TEM), and optically via macro photoluminescence at room-

temperature (RT-PL) and micro-PL at low-temperature (LT-

μPL). Deposition of indium droplets on In0.53Ga0.47As and their

crystallization into dots [20] or rings [21] have been investigated

only in a limited manner under MBE conditions. Studies of InAs

QDs growth on graded In0.53−0.72Ga0.47−0.28As/InP [22] and

lattice-matched In0.53Ga0.47As/InP [23, 24] in MOVPE can be

also found, where the InAs dots were fabricated by SK [24] or

atomic layer epitaxy (ALE) methods [22, 23], using N2 as carrier

gas instead of H2. To our knowledge, this is the first report of the

use of this approach with DE by MOVPE.

2. Sample fabrication

The samples studied in this work were grown in a 3×2 close-

coupled showerhead (CCS) Aixtron reactor using H2 as a carrier

gas. The group-V precursor materials used are arsine (AsH3) and

phosphine (PH3), and for group-III trymethylindium (TMIn) and

trymethylgallium (TMGa). First, a ∼300 nm InP buffer is grown

on InP (100) at a substrate temperature of 600 °C, and a 5 nm

In0.53Ga0.47As layer lattice-matched to InP is deposited on top of

it. In order to study indium droplet formation and crystal-

lization into InAs QDs, the temperature is lowered to a range of

320 °C–400 °C for droplet deposition and afterwards indium is

supplied with a constant flow of 1.4 μmol min−1, for times

between 15 and 35 s. With the first set of samples, we inves-

tigated the droplet formation on the In0.53Ga0.47As surface.

Thus, after indium deposition and droplet formation, the

samples are cooled down and removed from the reactor. For

QD formation the droplets are exposed to an Arsenic flow of

24 μmol min−1 while ramping the temperature up to 520 °C, as

carried out in our previous works on InP [16, 25]. We note that

the end temperature of 520 °C was the optimum temperature

yielding high-quality InAs QDs in our previous experiments

[16, 25]. The QDs are then capped with 20 nm InP grown at

520 oC, and an additional InP layer ∼80 nm thick is grown on

top, at a higher temperature of ∼600 °C to fully bury the QDs.

In order to morphologically investigate uncapped QDs with

AFM, the structure was completed with additional InGaAs and a

surface QD layer grown following the same procedure outlined

above. The samples were then immediately cooled down and

removed from the growth chamber for ex situ characterizations.

3. Structural and optical investigation via AFM

and PL

With the set of indium droplet samples, we investigated the

morphology of droplets on the 5 nm In0.53Ga0.47As layer via

AFM, and compared the differences with their formation on

bare InP as reported in our previous work [16]. Figure 1 displays

AFM micrographs of In0.53Ga0.47As/InP surfaces where indium

droplets were deposited at a temperature varying between

320 °C and 400 °C, alongside the respective surface profiles of

selected areas [26]. As one can clearly see, starting from 400 °C,

round symmetrically shaped droplets form, while at lower

temperatures the indium apparently wets homogeneously the

In0.53Ga0.47As surface but no droplets are detected. Also, regular

monolayer-steps typical of a step-flow growth are observed,

without cluster formation. Profiles of figures 1(a) and (b) show a

similar root mean square (rms) roughness of about 0.2 nm and

no macroscopic indium droplets can be detected. In contrast, on

a bare InP (100) surface, round-shaped indium droplets always

nucleate as long as the TMIn is fully cracked, even at a substrate

temperature as low as ca. 300 °C, as we previously reported

[16]. Here, the growth of the InGaAs layer appears to have

modified the surface diffusion of indium adatoms, thus affecting

the formation of macroscopic indium droplets. In fact, as

reported by Stevens et al [20], the activation energy EA and the

diffusivity prefactor D0 of indium on an In0.53Ga0.47As surface

are greater than the ones of a bare InP, on both crystallographic

directions [011] and [0–11]. This means that a higher substrate

temperature is needed for the indium to become mobile enough

to coalesce and form detectable droplets. Indeed, when the

surface temperature is raised up to 400 °C, droplets can be

clearly observed, see figure 1 (c).

The distribution of droplet sizes is presented in figure 2

below, showing (a) variable diameters ranging from 15 to 55 nm

and (b) heights from 2 to 20 nm [26]. Providing the same growth

conditions [16], on bare InP the indium droplets were bigger,

showing generally more homogeneous size distributions, e.g.

heights in the range of 39–45 nm and widths of 68–80 nm, as

shown by the purple histograms of figures 2(a), (b). This is again

most likely a result of the reduced surface diffusion of indium on

InGaAs, as discussed above. Also, the total droplet density here is

∼3·108 cm−2, higher compared to the ∼6·107 cm−2 found pre-

viously [16].

In order to form InAs QDs, the indium droplets are exposed

to an Arsenic flow, while ramping the temperature to 520 °C

[16]. Figures 3(a)–(d) shows AFM micrographs of InGaAs/InP
surfaces with varying indium supply for QD formation [26].

Here, we study the QD formation depending on the indium

supply: the indium flow has been kept constant, while the

deposition time has been varied between 15 and 35 s. For 15 s,

no QDs can be observed, as seen in figure 3(a), and the surface

presents an rms of ca. 0.2 nm. When the indium deposition time

is increased, QDs can be detected, see figures 3(c)–(d). Coun-

terintuitively, and different to what is typically found in SK QDs

[5], first bigger QDs form and only after further increasing the

supplied indium amount, smaller QDs form. In fact, the QD

formation here is not driven by strain, as in SK, but relies on the

nucleation of indium droplets at first instance, and the final dot

density strongly depends on the indium mobility on the surface.

Compared to bare InP, here the surface diffusion of indium on

InGaAs is reduced, leading to the nucleation of larger QDs first.

QDs show density of ∼6·108 cm−2, ∼4·109 cm−2, and ∼1·1010

cm−2, for an indium amount of 20, 25 and 35 s, respectively. It

2
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is worth noticing that, unlike in our previous investigations of

InAs DE QDs on bare InP [16], such QD density is up to 2

orders of magnitude higher than the initial droplets (∼3·108

cm−2). This suggests that some of the indium wetting the

InGaAs surface coalesces and gets crystallized during the

temperature ramping step and As supply step. Most likely, the

increase in temperature during the ramp gradually enhances the

indium mobility, so that it can coalesce and become crystallized.

Figures 4(a) and (b) show QD size distribution as a function

of deposited indium. QDs have a mean diameter of (53±21)
nm, (47±16) nm, and (41±21) nm, for samples grown with

20, 25 and 35 s, respectively [26]. Corresponding height dis-

tributions are: (9.2±1.7), (6.2±1.7), and (5.4±2) nm.

Optical investigations of the QDs have been carried out,

by means of RT-PL and LT-μPL. All samples investigated in

this work with RT-PL have been excited with a 645 nm diode

laser with an ∼85 W cm−2 power density. Figure 5 shows

RT-PL of QDs grown with varying indium deposition time

[26]. Here, we assign the emission around 900 nm to the InP

substrate [27], the peak around 1.5 μm to the InGaAs layer

[28], whilst the peak at longer wavelengths arises from the

QDs. The sample with 15 s indium presents only the sharp

emission from the InGaAs layer, confirming the absence of

QD formation for this time as observed in the AFM investi-

gations of figure 3(a). With increasing indium, long-wave-

length emission emerges in the range 1.6–2.4 μm.

Figure 1. AFM micrographs of the 5 nm In0.53Ga0.47As/InP surface after 35 s long deposition of indium with increasing temperatures: (a)

320 °C, (b) 350 °C, (c) 400 °C. Inset in (c) shows the magnification of the region containing the small droplet 2 [26].

Figure 2. Distribution of heights (a) and diameters (b) of indium droplets deposited at 400 °C, for two different surfaces: on the InGaAs layer
(orange) and on bare InP (purple) [26].

3
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Interestingly, for 20 s indium, the QD emission lies at the

longest wavelengths up to ca. 2.4 μm, suggesting a contrib-

ution of larger QDs [29]. In fact, this sample has shown the

presence of the largest QDs among all investigated samples in

the AFM characterization. With increasing indium supply, the

QD-PL shortens to 1.9 and 1.84 μm for 25 and 35 s In,

respectively, reflecting a contribution of optically active

smaller QDs. The intensity of the QD-PL increases according

to the QD density, especially for 35 s In. Comparing the PL

signal of these QDs with InAs QDs grown directly on InP

[16], we find that the intensity is 3-times greater for the

present QDs grown on the InGaAs layer. We believe that (i)

this is due to a higher QD density reached by using InGaAs,

and (ii) there is no formation of optically active and non-

stoichiometric In(As,P) 2D quasi wetting layer (WL) [16, 25]

since it is an Arsenic terminated surface that is exposed

during the crystallization step, as opposed to the Phosphor-

ous-terminated surface in the case of QDs directly on InP.

To confirm the assignement of the RT-PL peaks, we

also carried out LT-μPL characterizations at 4 K on all QD

samples using a 635 nm laser, with a power density of

4.5 W cm−2, and a spectrometer with 25 μeV resolution. The

μPL spectra were performed on QD ensembles with a collection

area of approximately 5 μm in diameter. The measurements are

shown in figure 6, alongside the linewidth and emission wave-

length distributions. Here, bright and narrow emission lines from

single QDs can be detected, ranging between 1440 and 1600

nm, thus including the relevant telecom C-band. The analysis of

the wavelength distributions show single and bimodal distribu-

tions with increasing indium deposition as follows: single with

(1551.1±27.8) nm for 25, and bimodal with (1490.3±38.7)
nm and (1560.2±40.7) nm for 35 s. The bimodal wavelength

distribution of the 35 s sample reflects the increased contribution

to the emission of QDs with a smaller size, as has been observed

in figure 3(d). The linewidth distributions measured in these

samples were (119 ± 18) μeV and (130 ± 24) μeV for 25 and

35 s, respectively. We note here that the measured linewidths are

relatively broad (>100 μeV). We suggest that the high density

of the QDs and potential defect states in their immediate

environment cause an electric field which broadens the single

dot emission [30].

Finally, figure 7 shows μPL measurements of the 20 s

sample, taken at two different locations on the sample [26].

Here, no sharp single QD lines can be observed, but only

much broader emissions. Most likely, this is due to the larger

size of the QDs, which could lead to additional charge noise

and thus to a considerable broadening of the single dot

emission [31].

4. TEM investigations

All samples have been investigated with TEM, in order to

have a better insight into the layer structure and buried QDs.

Figure 3. AFM micrographs of uncapped InAs QDs deposited on 5 nm In0.53Ga0.47As interlayer at 400 °C with varying indium deposition
time: (a) 15 s, (b) 20 s, (c) 25 s, and (d) 35 s [26].
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TEM measurements have been carried out under dark field

(002) diffraction conditions. These conditions are composi-

tionally sensitive, allowing to distiguish the layers of different

materials via dark/bright contrast. They are also partially

sensitive to strain fields [32]. Figure 8 shows TEM micro-

graphs of all analyzed samples [26]. Figure 8(a) shows a

single thick dark line which we ascribe to the As-rich InGaAs

layer, emerging against the brighter InP background. The

measured thickness of this layer amounts to (5±0.5) nm, in

very good agreement with the expected value, thus demon-

strating an excellent control on the MOVPE growth process.

Here, no QDs can be observed, which is in agreement with

the previous findings, where no QDs were detected in AFM,

nor evidence of their optical emission could be observed in

PL, showing only the bright emission of the InGaAs layer.

Figures 8(b) and (c) show two TEM micrographs of the 20 s

In sample measured in two different regions. In the region (b),

only the InGaAs layer with no buried QDs are detected, but

an uncapped QD can be clearly seen on the surface, high-

lighted with a red dotted line. Instead, in region (c), a buried

QD is observed, also highlighted with a red line. It is

important to point out that the uncapped QD has a pyramidal

shape, while the buried one is a truncated pyramid: this is

consistent with what one would expect for buried QDs, since

the capping process leads to shape transitions from pyramid to

truncated pyramid [5, 33]. The surface QD has base length of

∼61 nm and height of ∼11 nm, while the buried QD is 50 nm

wide and 9 nm height. Figures 8(d) and (e) show buried QDs

of samples grown with 25 and 35 s In, respectively. The QDs

in such samples show similar truncated-pyramid morphology.

QD-1 in figure 8(d) shows a base length of ∼32 nm and a

height of ∼3.5 nm, while QD-2 has a base of ∼27 nm and a

height of ∼2.8 nm. QDs in figure 8(e) are the flattest, as also

previously observed via AFM investigations. The three

highlighted QDs show a base length ranging between 30 and

40 nm and a height of 2–3 nm. The QD dimensions extracted

from TEM are in accordance with the AFM data, with heights

of the buried QDs slightly reduced, since the buried QDs

undergo shape transitions by losing their apex, and thus to a

height reduction [33]. In figure 8(d) some diffused areas can

be observed, especially for QD-1. These are ascribed to strain

contrast, resulting from the bending of the (002) diffracted

planes [32]. Compared to our previous TEM investigations on

InAs QDs on bare InP [25], where such strained areas were

more evident, here the contrast appears strongly reduced, if

not absent for most of the QDs. This is likely due to the

reduced size of these InAs/InGaAs QDs compared to InAs

QDs grown on bare InP, considering the same InP cap

thickness of 20 nm [16, 25].

The homogeneous contrast in the region above the QDs

suggests that material intermixing can be excluded. It is also

worth noting that the InGaAs layer has a comparable thick-

ness for all investigated samples, and it presents an homo-

geneous dark contrast emerging from the brighter

background, suggesting an homogeneous composition. There

is no evidence from our TEM investigations, nor from the PL,

of an additional InAs wetting layer. The TEM also confirms

that, compared to InAs DE QDs grown directly on InP

[16, 25], the presence of the InGaAs layer prevented the

formation of the non-stoichiometric 2D In(As,P) quasi-wet-

ting layer [16, 25]. This is an important advantage to the use

of an InGaAs interlayer which effectively suppresses the As/

Figure 4. Distribution of diameters (a) and heights (b) of InAs/In0.53Ga0.47As/InP QDs with varying indium deposition time [26].

Figure 5. RT-PL measurements of QD samples with varying indium
deposition time [26].
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P exchange during dot crystallization by isolating the InAs

QDs from the InP surface. Finally, we note that in all samples

no detectable defects or dislocations can be found, pointing to

a very good crystal quality.

5. Conclusions

In conclusion, we have investigated the growth of InAs QDs

by droplet epitaxy in a MOVPE environment, for the first

time on an In0.53Ga0.47As layer lattice-matched to InP. We

have shown that the formation of indium droplets appears to

be strongly affected by the presence of the interlayer, which

modifies the indium surface diffusion. This leads to formation

of smaller droplets, compared to that on bare InP [25].

Additionally, the modification of the surface diffusion leads to

a modified crystallization process of indium droplets into

InAs QDs, where first bigger QDs form and, with increasing

indium amount, crystallization of smaller QDs occurs.

Growing the QDs on such an interlayer allowed us to suc-

cesfully suppress the formation of the unintentional non-

stoichiometric In(As,P) 2D layer, previously observed for the

InAs QDs grown directly on InP [16, 25]. This is due to the

‘isolation’ between the InP matrix and the InAs QDs provided

by the InGaAs layer, leading to the suppression of the As–P

exchange reactions during the droplet crystallization into

InAs QDs. Low temperature μPL reveals emission from

single QDs, ranging from 1450 to 1600 nm, covering the

Figure 6. μPL characterizations carried out at 4K alongside the linewidth and wavelength distributions, of samples grown with (a)–(c) 25 s
and (d)–(f) 35 s indium deposition time. Same color scale used as in figures 4 and 5 [26].

Figure 7. μPL characterizations carried out at 4K of the sample grown with 20 s indium deposition time, recorded at two different locations
(a) and (b). Same color scale as previously used [26].
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technologically relevant telecom C-band. We note that such

InAs/InGaAs/InP QDs present a comparable or superior

brightness and a similar linewidth compared to InAs dots

grown directly on InP, which were successfully employed as

building blocks for the first QLED operating at the C-band

[13]. Finally, morphological investigations of buried QDs via

TEM confirm the presence of QDs as observed via AFM, and

of an homogeneous InGaAs layer, with no defects or dis-

locations, suggesting a very good crystal quality of all

investigated samples. It is important to point out that we have

tested the reproducibility of growth and optical properties of

our QDs via AFM/TEM, RT-PL and μPL from tens of

growths for fixed growth parameters. We did not observe

significant variations among sample batches in terms of

wavelength and linewidth distributions nor PL intensity,

confirming that these results represent a reproducible process

for fabricating such quantum dots. This work represents an

important step towards the flexible use of DE in MOVPE for

the fabrication of a broad range of quantum emitters in the 1.5

μm telecom window for applications in quantum photonics.
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