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ARTICLE INFO ABSTRACT
Keywords: Indium phosphide (InP) nanoislands are grown on pre-patterned Silicon (001) nanotip substrate using gas-
Indium phosphide source molecular-beam epitaxy via nanoheteroepitaxy approach. The study explores the critical role of growth
Silicon nanotips temperature in achieving selectivity, governed by diffusion length. Our study reveals that temperatures of
I(\:Il;/lncc)i::r;dioti about 480 °C andc lower, lead to parasitic growth, while temperatures about 540 °C with an indium growth
Optoelectron[i)cs Y rate of about 0.7 A.s™! and phosphine flux of 4 sccm inhibit selective growth. The establishment of an optimal
temperature window for selective InP growth is demonstrated for a temperature range of 490 °C to 530 °C.
Comprehensive structural and optical analyses using atomic force microscopy, Raman spectroscopy, x-ray
diffraction, and photoluminescence confirm a zincblende structure of indium phosphide with fully relaxed
islands. These results demonstrate the capability to precisely tailor the position of InP nanoislands through a
noncatalytic nanoheteroepitaxy approach, marking a crucial advancement in integrating InP nanoisland arrays
on silicon devices.
1. Introduction catalyst absorbs the precursors, forming a liquid alloy droplet on the
silicon surface. Under optimal conditions, the alloy droplet super-
Silicon (Si), hailed as the backbone of modern electronic technol- saturates, leading to the nucleation and subsequent growth of InP
ogy, has paved the path for a wide range of applications. However, nanowires or nanoislands. Despite these advancements, the integra-
it faces inherent challenges in the field of optoelectronics due to its tion of VLS-grown InP structures with standard complementary metal—
indirect bandgap. III-V semiconductors, particularly indium phosphide oxide-semiconductor (CMOS) processes remains a notable challenge.

(InP), has emerged as a prime candidate for integration with Si due
to its efficient light emission and absorption properties, which are
advantageous in devices like photodetectors, lasers, and solar cells
[1-3]. Its high mobility carrier transport has proven to be crucial in
high-speed transistors and communication devices [4]. The monolithic
integration of InP on Si opens avenues for diverse applications, ranging
from telecommunications to integrated photonics. However, achieving
high-quality InP on Si poses a challenge, due to the structural and
thermal expansion mismatch.

A few attempts were made towards the heterogeneous growth of
InP nanostructure on Si. The vapor-liquid-solid (VLS) technique has

Nanoheteroepitaxy (NHE), a catalyst-free approach, presents a solu-
tion to the challenges associated with the growth of InP nanostructures
on Si substrates. This innovative approach leverages pre-patterned Si
nanotip (NT) structures, masked with silicon dioxide (SiO,) or silicon
nitride (Si3N,), to achieve site-specific, selective growth [7,8]. NHE
introduces several crucial features, among which the compliance effect
stands out. This effect plays a pivotal role in the elastic relaxation of the
epitaxial layer by distributing the strain between the layer and the un-
derlying substrate [9,10]. Additionally, NHE exhibits the capability for
precise site determination, offering control and accuracy in the growth

emerged as a pivotal method for this integration [5,6]. The VLS mech- process [11]. Another noteworthy aspect is the reduction of interface
anism operates on the principle of a catalytic droplet, typically gold, defects facilitated by the smaller interface area, resulting in fewer anti-
which acts as a nucleation center for the deposition of InP. The metal phase domain defects. These features collectively position NHE as an
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Fig. 1. Schematic of the growth process of InP on pre-patterned Si NT (001) substrate. (a) Si NTs (001) embedded in a SiO, layer. (b) Open Si tips after HF cleaning, serving as
nucleating sites. (c) Substrate exposed to indium and phosphine for growth. (d) InP crystals growing on Si nanotips. The magnified image depicts a schematic of the cross-sectional

view of the InP growth on the nanotips.

effective approach for achieving controlled and high-quality epitaxial
growth. Successful realization of selective growth of nanoislands has
been previously demonstrated by Niu et al. showing the growth of the
InP epitaxial layer possessing bulk-like properties [12].

In this study, we use the NHE method to understand how growth
temperature affects the selectivity of InP nanoislands on Si NTs. We
identify the effect of temperature on size by exploring the average
top-view area of the nanoislands for a range of samples. Our inves-
tigation extends to morphological, structural, and optical properties,
using various spectroscopic techniques, setting the stage for potential
applications in advanced optoelectronics.

2. Methodology

The methodology for growing InP on Si NT (001) substrate using
the NHE approach is illustrated in Fig. 1. Fig. 1(a) provides an overview
of the starting material, a 200 mm Si(001) wafer with a matrix of Si
NTs. The nanotips were crafted using a multi-step procedure through
the utilization of a pilot line, featuring state-of-the-art 0.13-pm bipo-
lar CMOS technology. The NTs are arranged in a hexagonal lattice
with a tip-to-tip distance of 1500 nm embedded in a SiO, layer. The
fabrication process included SiO, and Si;N, deposition, lithography,
dry etching, and wet etching. Then, Si NTs were fully encapsulated in
1000 nm high-density plasma (HDP) oxide. The HDP oxide, recognized
for its superior quality, was achieved through plasma-enhanced chemi-
cal vapor deposition with silane as the silicon precursor. The fabrication
process concluded with a chemical-mechanical polishing step to thin
down the SiO, layer, revealing a circular Si (001) NT surface with
diameters ranging from 40 to 70 nm and a height of 500 nm. Additional
information on the NT fabrication process can be found elsewhere [9].

Ex-situ sample preparation before growth involved removing or-
ganic residues using a Piranha-based cleaning process, followed by a
20 s dip in 0.8% hydrogen fluoride (HF) solution to remove the top
layer of SiO,. This exposed the 5 nm height of the Si NTs, serving as a
seed for InP nanoisland growth. Fig. 1(b) shows the schematic of etched
Si tips which are now free for the growth of InP. The substrate was then
transferred to the pre-growth chamber of the gas-source molecular-
beam epitaxy (GS-MBE) system, where it was heated at 200 °C to
remove water-based contamination. It was then transferred to the
growth chamber, where it underwent a thermal cleaning procedure,
as demonstrated previously, to remove native oxides from the surface,
before the deposition of InP [12]. Then, as shown schematically in
Fig. 1(c), InP nanostructures were deposited on these Si NT substrates
inside a gas-source MBE Riber 32-P system using solid-source indium
and thermally cracked phosphine. Under optimized growth conditions,
selective nucleation of InP on Si NTs was achieved. Fig. 1(d) shows a
schematic of fully-grown InP nanoislands on the tips. The magnified
figure depicts the schematic cross-sectional view.

The size distribution of InP nanoislands was examined through
scanning electron microscopy (SEM) employing the Pioneer Two system

by Raith Fabrication. To quantify the average top-view area of the
nanoislands, a self-written Python script was used. Further morpho-
logical insights were obtained using Atomic Force Microscopy (AFM)
with a Bruker Dimension Icon-Bruker system. AFM measurements were
conducted with Bruker super sharp TESP-SS cantilevers, resonating at
approximately 320 kHz, and tips featuring a radius of curvature <5 nm.
Standard tapping mode was employed, and measurements were carried
out under ambient conditions.

Structural analyses were pursued through high-resolution X-ray
diffraction (HR-XRD) using a Bruker D8 Discover system. A pre-
collimating parabolic mirror was employed in combination with an
asymmetric two-bounce Ge 220 crystal monochromator ensuring a
collimation of better than 0.01° at a fixed wavelength of 1 = 1.5406 A
Raman spectroscopy was performed using the Renishaw inVia system.
The detector employed was the Renishaw Centrus 2K2H03-1040 x 256,
and excitation was achieved with a diode-pumped solid-state laser at
532 nm, featuring a grating of 2400 lines per millimeter. The system
boasted a 1 pm spot size, with an excitation beam power of 0.13 mW.
The spectral resolution was maintained at 1 cm~!, and the slit aperture
was 65 pm. Luminescence was probed through photoluminescence (PL)
employing a UV laser with a wavelength of 325 nm, a grating of 1800
grooves/mm, and a UV detector - Synapse/Symphony II Si detector.
The spectra were measured in the temperature range of 80-260 K. The
reflective objective at 15x magnification featured a 2 pm spot size,
offering insights into the characteristics of the InP nanoislands.

3. Results and discussion

In this section, we discuss the effects of temperature on the growth
of InP crystals, and the structural, morphological, and optical character-
istics of InP nanoislands on Si NT substrates. Parameters such as growth
temperature, and flux of group III and group V adatoms play pivotal
roles in determining the boundaries of selective growth.

First, we investigate the influence of growth temperature on the
position-controlled growth of InP. Several InP samples were grown
on Si NTs, where growth temperature (T;) was varied and other
parameters were kept constant (PH; flux of 4 sccm, indium growth
rate of 0.7 A.s‘l, and growth time of 90 min). Fig. 2(a—e) show the
top-view SEM images of samples with growth temperatures ranging
from 480 °C to 540 °C. Notably, at lower temperatures (T; = 480 °C),
non-selective growth was evident, with parasitic growth observed in
the SiO, region. From 505 °C to 525 °C, however, selective growth
was noted. At temperatures around 540 °C, no growth was observed,
as shown in Fig. 2(e). Fig. 2(f) shows the plot for the average top-
view area of the selectively grown InP nanoislands for three selectively
grown samples (Fig. 2(b-d)). We observe that the size of the islands
increases from 505° to 515 °C, and then decreases as we go from 515 °C
to 525 °C.

To understand the temperature-dependent behavior of InP growth
on the substrate, we look at the formation process involving adsorp-
tion, nucleation, diffusion, and desorption. Our observations reveal
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Fig. 2. Top-view SEM images of InP growth on Si NT substrates at different temperatures: (a) T; = 480 °C, (b) T; = 505 °C, (c) T = 515 °C, (d) T = 525 °C, and (e) Ty =
540 °C. (f) Average top-view area of the selectively grown nanoislands with corresponding growth temperatures. Standard deviation in the area is represented using error bars.
The blue rectangular area depicts the window for selective growth of InP nanoislands at a PH; flux of 4 sccm, indium growth rate of 0.7 A s7! and 90 min of growth time.

distinct behaviors at lower growth temperatures. We identify it as
parasitic growth, where InP also grows on SiO, region. This observed
phenomenon is attributed to the diminished thermal energy available
for surface diffusion processes. At lower temperatures, insufficient en-
ergy hinders atoms or molecules from overcoming activation energy
barriers, thereby limiting their effective diffusion on the substrate
surface [13,14]. It has been observed that this, in turn, enhances the
sticking coefficient of group-III adatoms with SiO, [15]. Heyn demon-
strated that the sticking coefficient of In adatoms on SiO, approaches
unity at temperatures below 500 °C [16]. The parasitic growth in
Fig. 2(a) suggests a low diffusion length and a high sticking coefficient
of indium adatoms.

As the substrate temperature is increased, the thermal energy fa-
cilitates surface diffusion, allowing atoms to migrate more freely on
the substrate. This enhanced diffusion length contributes to selective
growth by enabling preferential nucleation at sites with lower surface
energy. Fig. 2(f) shows the average top-view area of the selectively
grown nanoislands. Beyond 515 °C, the size of the islands reduces, and
ultimately at 540 °C, no growth was observed which suggests a higher
desorption rate of adatoms. For the given PHj; flux and indium growth
rate, our data indicates an optimal window from 490 °C to 530 °C that
shows the selective growth of InP.

Transitioning from our exploration of temperature’s impact on InP
nanoisland growth, we aim to understand their shapes and atomic
structure. Surface energy guides the crystal towards energetically fa-
vorable orientations. As a result of the minimization, the crystal is
reshaped, with facets developing as it expands. Before proceeding with
the facet analysis, it is essential to establish the crystalline nature of
the nanocrystals. The preliminary confirmation of the mono-crystalline
nature of the nanoislands which is discussed in detail in the subsequent
section of XRD analyses serves as a foundational step before exploring
the intricacies of facet development.

Gaining an understanding of facet development is essential in grow-
ing nanocrystals with specific shapes, which is crucial for achieving
desired material properties and characteristics. Here, we evaluate and
study the morphology of one of the selectively grown InP samples
using AFM [17,18]. A 2D stereographic image is shown in Fig. 3(a),
which sheds light on the local normal orientations with respect to the
substrate plane (001). With the substrate orientation at the center, the
intensity in the picture depicts the distribution of facets. The investiga-
tion included more than 500 islands spread over several 10 x 10 pm?

zones. Three different facet families are seen in Fig. 3(a): 72-78° (repre-
sented by white rectangles), 47-54° (highlighted by yellow circles), and
21-25° (indicated by red triangles) with respect to the (001) direction.
The corresponding facet planes are mentioned in Fig. 3(a). The local
gradient image of a single InP nanoisland is shown in Fig. 3(b), which
displays the complex facet landscape. The shallowest 22° facet is
positioned at the island’s top, while steeper facets at 55° and ultra-steep
facets at 75° are evident towards the island’s base. Notably, islands
exhibiting (313) and (111) facets demonstrate the highest packing
density, while (205) facets exhibit the lowest, as depicted in Fig. 3(c).

The size and distribution of the islands are further studied by statis-
tical analysis of AFM images. Fig. 3(d) and (e) depict the distribution
profiles of two key parameters, namely the zero-basis volume and the
equivalent disc radius respectively, obtained from measurements of ap-
proximately 200 islands. The zero-basis volume represents the volume
encapsulated by the island defined by its grain boundary. As illustrated
in Fig. 3(d), the distribution of zero basis volumes reveals the variability
in island sizes across the sample. Concurrently, the equivalent disc
radius is a measure of a hypothetical circular disc that would have the
same area as the selectively grown island. We use this concept to sim-
plify the representation of irregularly shaped islands, allowing for more
straightforward analysis and comparison. The distribution of the disc
radius of islands is presented in Fig. 3(e). The mean zero basis volume
of the islands is calculated to be 34 x 10° nm?. Simultaneously, the
mean equivalent disc radius is determined to be 277 nm, representing
the average two-dimensional size of the islands. Understanding these
physical dimensions of the nanostructures is crucial for predicting their
optical and electronic behaviors.

Moving beyond the topographical features revealed by AFM, we
now shift our investigation towards unraveling the crystallographic
structures within these InP nanoislands. This involves an investigation
of the crystal phase structure through the complementary techniques
of XRD and Raman spectroscopy. Figure 4(a) presents a 20/6 scan
covering a broad angular range, acquired from a large ensemble of
nanoislands. Alongside the Si (004) and the basis-forbidden Si (002)
reflection peaks [19], two additional well-resolved Bragg diffraction
peaks emerge at 20 = 30.45° and 63.37°. These correspond to the cubic
zincblende (ZB) InP (002) and (004) Bragg reflections, respectively [20,
21]. Notably, the lattice parameter of a = 5.866 ;\, as evaluated from
the InP (002) and (004) peak positions, suggests a fully relaxed InP
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Fig. 3. (a) 2D stereographic image showing the facets calculated for over 500 InP nanoislands. The orientation between 72-78° is represented by white rectangles, 47-54°
highlighted by yellow circles, and 21-25° by red triangles with respect to the (001) direction. The corresponding facet planes are mentioned. (b) Local gradient image showing
the preferential facets of a single nanoisland. The shallowest 22° facet is positioned at the island’s top, while steeper facets at 55° and ultra-steep facets at 75° are evident towards
the island’s base. (c) The facets analyzed from around 500 nanoislands with the highest density are highlighted in purple. (d) the distribution of volume basis of around 200 InP
nanoislands, fitted with Gaussian function. (e) The distribution of disc radius calculated for over 200 nanoislands.
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Fig. 4. (a) 20 XRD showing InP(002) and (004) peak at 20 = 30.5° and 63.2° respectively. (b) Raman spectra at room temperature, fitted by Lorentzian function, show TO, LO
and SO modes of InP at 303.07 cm™!, 344.5 cm™!, and 340.06 cm™! respectively, indicating strain-free ZB InP crystal structure.

crystal with no discernible epitaxial strain. Please note that the low-
intensity peak at 20 = 61.69° (labeled ‘Kp’) corresponds to the Si (004)
substrate Bragg reflection excited by a weak fraction of Cu Kg radiation
(1 =1.392 108). Furthermore, there is no indication of the hexagonal InP
wurtzite phase in the diffractogram.

To further validate the observation of strain-free ZB InP, Raman
measurements were conducted as illustrated in Fig. 4(b). Employing the
Lorentzian function for peak fitting, we find a peak at 303.07 cm™!,
and a spectral feature composed of two peaks at 340.06 cm~! and
344.5 cm™!. The peaks at 303.07 cm~! and 344.5 cm™! correspond very
well with the expected transverse optical (TO) and longitudinal optical
(LO) phonon modes of ZB InP [22]. Simultaneously, the observed
peak at 340.06 cm~! suggests a potential contribution from surface
optical (SO) modes [23]. This combined Raman and XRD spectroscopy

investigation clarifies the InP islands possess cubic ZB structures and
are fully relaxed.

The insights gained from the structural characterization of selec-
tively grown undoped InP nanoislands lay the foundation for consid-
ering potential applications in optoelectronic devices. We further shift
our focus to optical characteristics, particularly luminescence behav-
ior, for light-emitting applications. Fig. 5(a) presents the temperature-
dependent PL spectra in a semi-logarithmic axis, covering a range from
80 K to 260 K. It is important to note that no photoluminescence was
observed at room temperature. At 80 K, two distinct peaks, labeled X
and Y, are observed. Peak X appears as a broad shoulder at 1.38 eV,
while Peak Y stands out with a sharp and distinct emission at 1.41 eV.
Notably, Peak X becomes indistinguishable as temperatures rise above
80 K, and Peak Y experiences a redshift.
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Fig. 5. (a) Temperature-dependent PL spectra from 80 K to 260 K with a laser excitation source of 325 nm depicting peak X and peak Y at 1.38 eV and 1.41 eV respectively. (b)
Energy positions of peak Y for different temperatures are fitted with the Varshni equation for ZB InP.

To ensure the accuracy of our spectral analysis, we adopted the
second-derivative approach to enhance peak visibility. A smooth base-
line was mathematically constructed and then subtracted from the
original data, to isolate the luminescent signal. We then applied stan-
dard spectral analysis techniques to identify and differentiate the peaks
accurately. In addition, the application of a smoothing technique re-
duced the inherent noise in the data, resulting in improved clarity of
our spectral representation.

In Fig. 5(b), the plot of the peak energy position of peak Y against
temperature (80 K to 260 K) reveals a redshift of 42 meV. The data fits
well with the Varshni equation for ZB InP, suggesting that Peak Y is
associated with the band-to-band transition of ZB InP [24].

The positioning of peak X at 1.38 eV at 80 K closely aligns with the
acceptor-related transitions in InP due to Si [25,26]. Extensive evidence
supporting Si’s role as an acceptor in InP is found in studies by Ka
et al. and Zheng et al. highlighting its incorporation into InP as an
acceptor on a group V sublattice [25,27]. It is crucial to consider the
potential for unintentional Si doping in InP islands. This may happen
either through the interdiffusion of Si atoms from the tip to the islands
or via the involvement of free Si atoms generated during the thermal
cleaning process [8,28]. Hence, we attribute the presence of Peak X to
acceptor-related transitions.

4. Conclusion

We have successfully demonstrated the controlled growth of InP
nanoislands on pre-patterned CMOS-compatible Si NT (001) substrates
using the GS-MBE technique within the nanoheteroepitaxy framework.
InP growth is achieved for a constant flux of 4 sccm phosphine and
an indium growth rate of about 0.7 A.s~!. We unraveled the role of
temperature in achieving this selectivity, revealing that temperatures
around 480 °C and below lead to parasitic growth due to limited
adatom diffusion and a higher sticking coefficient of indium adatoms
and SiO,. Conversely, temperatures around 540 °C and higher hinder
growth because of increased desorption rates and surface diffusion.

Further characterization through AFM indicated the preferential
facets of the grown nanoislands. We observed three inclination angles;
the shallowest 22° facet crowns the island, while steeper facets at 55°
and ultra-steep facets at 75° mark the island’s base. We have shown by
XRD and Raman measurements that InP nanoislands contain elastically
relaxed zincblende structures. This structural investigation provides a
foundation for utilizing their optical features. PL measurements yielded
strong evidence of emissions at about 1.41 eV corresponding to the
signatures of zincblende InP. These findings not only enrich our un-
derstanding of the growth dynamics of InP nanoislands on CMOS-
compatible Si wafer but also hold significant implications for practical
applications in optoelectronics.
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