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Improved room-temperature luminescence of core-shell InGaAs/GaAs
nanopillars via lattice-matched passivation
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Optical properties of GaAs/InGaAs/GaAs nanopillars (NPs) grown on GaAs(111)B were
investigated. Employment of a mask-etching technique allowed for an accurate control over the ge-
ometry of NP arrays in terms of both their diameter and separation. This work describes both the
steady-state and time-resolved photoluminescence of these structures as a function of the ensemble
geometry, composition of the insert, and various shell compounds. The effects of the NP geometry
on a parasitic radiative recombination channel, originating from an overgrown lateral sidewall
layer, are discussed. Optical characterization reveals a profound influence of the core-shell lattice
mismatch on the carrier lifetime and emission quenching at room temperature. When the lattice-
matching conditions are satisfied, an efficient emission from the NP arrays at room temperature
and below the band-gap of silicon is observed, clearly highlighting their potential application as
emitters in optical interconnects integrated with silicon platforms. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4941435]

Short-distance interconnects, operating between and
within silicon chips, have been a subject of intense research
over the last decade. Currently, copper wires are dominant in
this area; however, their large power requirements and mod-
ern increase in processing speeds make them significant
bottlenecks in the data transmission chain. Switching to all-
optical interconnects can help mitigate these problems, offer-
ing wide bandwidth at low cost, fJ-per-bit operating levels as
well as high integration density.' Monolithic integration of
efficient light sources based on III-V materials on the silicon
platform presents a significant challenge but offers the best
of both well-established technologies. In particular, nanopil-
lars (NPs)*“—high-aspect-ratio semiconductor nanostruc-
tures grown vertically on a substrate—are attractive
candidates to facilitate this task. Their unique advantage
over planar heterostructures lies in the reduced lattice-
matching requirements, in that their small diameter allows
for the elastic relaxation of strain in the lateral direction, and
hence, even highly lattice-mismatched materials can be
employed to obtain axial and radial structures.®'%'?
Additional benefits originate from their integrability, provid-
ing the possibility for direct device engineering during the
growth stage, e.g., by arranging the NP arrays into photonic
crystal cavities.'> A schematic representation of a NP-based
laser coupled to a silicon on insulator (SOI) waveguide is
presented in Fig. 1(a).

NPs can be either monolithic or composed of sev-
eral layers,'>'® including barriers and an active region.
While the growth of III-V NPs on a Si substrate has been
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previously demonstrated,'""'? an efficient high-frequency (up

to 40 Gbit/s), electrically modulated NP-based laser suitable
for on-chip interconnects is still lacking. Such an emitter
requires pillars of high structural quality which exhibit excel-
lent optical properties below silicon band-gap. Recent
research has focused mainly on the structural aspect of these
nanostructures, with a number of research groups demon-
strating the ability to grow highly uniform NPs with inten-
tionally controlled crystal phase.'*'” However, achieving
efficient emission at room temperature (RT) remains a sig-
nificant challenge due to NPs’ large surface-to-volume ratio
which leads to the density of surface states being a signifi-
cant fraction of the total density of states in the active region.
This competition is detrimental to the optical properties, as
the injected carriers can be captured into surface traps and
recombine non-radiatively. Consequently, in a similar man-
ner to colloidal nanocrystals, a radial passivation layer
(shell) is necessary to minimize surface recombination and
improve the emission efficiency.'*'®!'® This layer should
also provide lateral carrier confinement in the barrier and
active regions, requiring a larger band-gap material.

This work investigates the optical properties of InGaAs/
GaAs NP cores as a function of several parameters.
Geometry of the NP ensemble is determined in terms of the
diameter (d) and pillar spacing (pitch, p). By tuning the com-
position of the InGaAs active region (insert), the emission
energy can be shifted below the Si band-gap. Finally, opti-
mising the passivation by employing different shell com-
pounds, such as GaP and AlGaAs, leads to suppression of
surface states and efficient emission at RT.

The NP arrays used in this study were fabricated using a
selective-area mask patterning technique. A thin SiN y mask

© 2016 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4941435
http://dx.doi.org/10.1063/1.4941435
http://dx.doi.org/10.1063/1.4941435
mailto:tomasz.ochalski@tyndall.ie
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4941435&domain=pdf&date_stamp=2016-02-09

061104-2 Komolibus et al.
(a)
Electrical
datain
(b)
1.0
__ 038
g
= 06
£
< 04
0.2 -
40 60 80 100 120

Diameter (nm)

was deposited on a GaAs(111)B substrate and subsequently
patterned by e-beam lithography together with reactive ion
etching to open the holes in the mask, which enables precise
control of the NP geometry. This also allows for the creation
of several NP arrays, typically 50 um x 50 um in size, on a
single sample as schematically depicted in Fig. 1(b). Each
array contains pillars of the same diameter and pitch, as
shown in the Scanning Electron Micrograph (SEM) in Fig.
1(c). The GaAs NPs with InyGa; 4 As axial inserts were
grown by metal-organic vapour-phase epitaxy (MOVPE).
Fig. 1(d) shows a cross-section of a single NP structure. The
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(d) FIG. 1. (a) Schematic of proposed NP-
based laser coupled to SOI waveguide,
(b) Sample array schematic, (c) SEM
image of NP array (d=120nm,
p=0.6 um), and (d) Cross-section of a

single NP.

Shell
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GaAs
core

growth is a two-step process. First, the GaAs axial core is
grown at 715°C followed by the InGaAs insert and top
GaAs in a 11.5min/3min/7min sequence, respectively.
Subsequently, the radial shell is grown at 580°C for 30s.
Further details of the growth process parameters can be
found in Refs. 13 and 19. The NP growth rate is known to be
geometry-dependent,'® and hence the total NP height for
each array varies across the sample from 600nm up to
1.5 pm, where pillars with smaller diameter and pitch are
generally taller. This implies a variation of the InGaAs insert
height, which is determined from an Energy-Dispersive

FIG. 2. (a) Emission from NP ensem-
ble (d=60nm, p=600nm) at 7K.
Data are fitted using Gaussian peaks.
(b) Streak image of the emission from
the same NP ensemble at 7K. Inset
shows the decay traces for both peaks.
(c) P1-P2 separation and P2 lifetime as
a function of pitch for fixed
d=100nm. (d) SEM image of GaAs/
InGaAs NPs before etching. Structure
depicted schematically in the inset. (e)
SEM image of GaAs/InGaAs NPs after
2 min etching. (f) SEM image of a full
GaAs/InGaAs/GaAs NP core structure
after etching. Structure depicted sche-
matically in the inset.
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FIG. 3. PL at 7K. (a) Emission energy of P1 as a function of insert composi-
tion. Spectra originate from samples with varying In content and NP ensem-
bles of the same geometry (p=200nm, d =80nm). (b) Emission energy of
P1 as a function of NP geometry across one sample.

X-ray (EDX) scan performed along the length of the pillars
to be of the order of 150-250 nm. The smallest diameter of
NPs is 40 nm, which is greater that the electron de Broglie
wavelength for InGaAs; therefore, the insert quantum con-
finement effects can be neglected. The nominal composition
of the insert active region was also varied in large intervals
between 0% and 26%.

A comprehensive analysis of NP optical properties and
emission dynamics was performed using temperature-
dependent steady-state and time-resolved photoluminescence
(TRPL). The samples were placed inside a closed-cycle
Helium cryostat. A Ti-Sapphire laser beam (300 fs pulses at
76 MHz), focused to a size that corresponds to the dimen-
sions of a single NP array, was used as an excitation source.
A Hamamatsu streak camera system together with 0.5-m-
focal-length monochromator was used for time and
wavelength-dependent detection.

Figs. 2(a) and 2(b) show a representative PL spectrum
and a streak image from the ensemble of NPs measured at
7K (explicitly shown for d =60 nm, p =600 nm), which can

Appl. Phys. Lett. 108, 061104 (2016)

be deconvoluted into two separate Gaussian peaks. The main
emission at 1.375eV with a lifetime of 0.8 ns stems from the
InGaAs insert (P1) indicating 9.7% of In concentration in the
active region based on the formulas for InGaAs bandgap.*”
In addition, a side lobe at higher energies with much shorter
lifetime of 0.2 ns was also observed (P2). The double feature
is clearly present for all geometries for higher In concentra-
tions. For the lowest In concentration examined, the peaks
cannot be separated due to the proximity of the barrier
emission.

There are several possible explanations for the origin of
the P2 in the PL spectrum including an excited state, heavy-
(HH) and light-hole (LH) band splitting or polytypism lead-
ing to a type-II optical transition.'*'” However, it is tenta-
tively attributed to the luminescence from a quantum-well-
like (QW) InGaAs overgrown sidewall layer.ZI’22 To assess
the presence of such a layer, selective etching was performed
on NP cores using an NH;OH:H,0; (1:250) solution, which
gives a 10:1 GaAs/InGaAs etching ratio. Two different NP
structures were investigated. The first consisting only of the
bottom GaAs segment and an InGaAs insert grown on the
top, while the second one being an exact replica of NP cores
used in the optical studies. SEM images in Figs. 2(d) and
2(e) show the former structure before and after 2 min etch-
ing, while Fig. 2(f) presents the latter one after 1 min etch-
ing. The results reveal that while the top GaAs segment was
almost entirely etched, the bottom GaAs was unaffected by
the etching procedure in both cases, indicating that InGaAs
shell is surrounding the bottom GaAs segment. This demon-
strates the presence of a thin InGaAs layer deposited on the
side walls during the growth process. Fig. 2(c) depicts the
energy separation between P1 and P2, as well as P2 emission
lifetime, as a function of the pitch. The energy separation
was found to increase with pitch, suggesting that the QW
overgrown layer becomes thinner, assuming its composition
is the same as that of the insert. This thickness reduction is
due to sparse arrays collecting less material decomposing on
the surface of the mask.'” Thinner QWs will have a smaller
total number of states available for population by carriers. At
the same time, the surface-to-volume ratio increases which,
with the non-radiative recombination rate remaining con-
stant, leads to a decrease of the emission lifetime. This
means that by tuning the geometry we can eliminate this par-
asitic channel of radiative recombination.

Fig. 3(a) shows the dependence of the P1 emission on
the insert composition. Because of the desired integrability
with electronic circuits, the NP emission needs to be below

(a) Wavelength (nm) (b) Wavelength (nm)
1100 1050 1000 950 875 850 1150 950
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the band-gap of silicon. This is fulfilled in our case by the
samples containing 26% In. The full-width-at-half-maximum
(FWHM) increases with concentration due to larger varia-
tions in the In incorporation into the insert across the ensem-
ble. The composition along the NP will vary due to a variety
of effects such as inhomogeneous strain distribution, lattice-
pulling, and In:Ga segregation. Fig. 3(b) shows typical de-
pendence of the P1 emission energy on NP geometry. We
observe a red-shift of the order of 15-25 meV with increas-
ing diameter and decreasing pitch. This is related to the
pattern-dependent change of the In and Ga incorporation
rates.'®!'? In growth species have a greater diffusion coeffi-
cient than Ga species; therefore, denser, larger nanopillars
collect more material decomposing on the surface during
growth, leading to a small variation in the insert composition
across different arrays.

Achieving emission above the Si transparency is only one
of the requirements for silicon-based devices, the other being
efficient radiative recombination of carriers at RT. Fig. 4
shows TRPL images for NPs as a function of composition and
shell passivation: in panel (a), the NPs were covered with GaP
and in (b)—with AlGaAs. Significantly, in contrast to NP
arrays covered with AlGaAs, the NP arrays with GaP passiva-
tion do not show emission at RT. Furthermore, NPs with a
GaP shell exhibit rapid reduction of the carrier lifetime from
1.8 ns for 9% In in the active insert to 80 ps for 26% In. On
the other hand, for AlGaAs passivation, the timescales remain
at around 1ns regardless of the insert composition. Fig. 5
presents the dependence of carrier lifetimes of P1 as a func-
tion of temperature. We can observe that for the GaP passiva-
tion (panel (a)), they decrease quickly with increasing
temperature and luminescence is completely quenched around
250 K. On the other hand, the emission from AlGaAs-covered
NPs (panel (b)) follows the expected free-exciton lifetime de-
pendence 7 o< T%/% up to 150K. For higher temperatures,
slight decrease of lifetime and luminescence quenching can be
observed.

These phenomena are explained by taking into account
the non-radiative recombination centers arising from lattice-
mismatching between various components of the NP.
InGaAs is normally under compressive strain when grown
on GaAs. The NP geometry, specifically its small diameter,
allows for this strain to be relieved in the lateral direction
without the formation of defects. The growth of a tensile-
mismatched GaP shell, however, results in defects forming
at the core/shell interface. Their density will naturally
increase with higher Indium content of the inserts, resulting

Temperature (K)

in progressively larger quenching of the luminescence and
shorter radiative lifetimes. Across the different arrays for
each sample, we have found that the timescales vary with the
local variation of insert composition, i.e., ensembles with
larger diameter and smaller pitch, which have locally
increased In content, have shorter lifetimes. Furthermore,
with increasing temperature, more defect sites will be ther-
mally activated, leading to a decrease in lifetimes. For tem-
peratures above 225K, the luminescence is completely
quenched due to the overwhelming majority of carriers being
captured and recombining through non-radiative means.

This does not occur for NPs with an AlGaAs shell,
which is nearly perfectly matched to GaAs. Smaller lattice-
mismatch at the insert/shell boundary leads to a smaller den-
sity of interface defects and up to 150K the lifetimes
increase with the emission intensity remaining constant.
Above, bulk defects are thermally activated resulting in si-
multaneous lifetime and luminescence decrease. Worth not-
ing is the fact that at RT emission is still ~40% as intense as
at 7K, highlighting the high crystal quality of the NPs. For
applications, however, AlGaAs is not a perfect solution,
since Al tends to oxidize leading to degradation in perform-
ance over time. For stable device operation, an aluminium-
free shell, such as lattice-matched InGaP, is therefore
required or AlGaAs can be utilized as a buffer layer for
another shell in a core/shell/shell heterostructure.'®

In summary, we have shown optical properties of
InGaAs/GaAs nanopillars as a function of the active insert
composition, ensemble geometry, and the passivation layer.
We have achieved Si-transparent emission for 26% In com-
position of the insert and have shown how geometry-tuning
can be used to limit the parasitic radiative channel of recom-
bination stemming from the overgrowth layer. Finally, we
have presented bright emission at RT from structures passi-
vated with a lattice-matched shell. These structures are a
major stepping stone in obtaining integrated III-V/silicon
emitters that can be coupled to a Si waveguide.

This work was conducted under the Irish Government’s
PRTLI Cycle 5 programme, National Development Plan
2007-2013 with the assistance of the European Regional
Development Fund. The authors acknowledge the support of
SFI through the US-Ireland programme under Contract No.
12/US/12490 and the NSF under Grant No. ECCS-1314253.
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