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ARTICLE INFO ABSTRACT
Keywords: We investigate the surface and interface engineering on InAs quantum dot (QD) emitters, by fabricating and
InAs measuring a series of edge-emitting light-emitting diodes. These diodes are encapsulated with non-stoichiometric

Quantum dot
Silicon nitride
Surface passivation
Photonic integration

silicon nitride (SiN) layers with various refractive indices. By analysing the optical and electrical characteristics,
it is concluded that Si-rich SiN is an excellent candidate for both electrical and optical passisvations with
reduced surface recombination. While the N-rich SiN deposited by the same method shows an improved device

performance under optical pumping, the passivation does not appear to be as effective under electrical injection.
Our findings provide important information related to the surface engineering of the interface between InAs
QD stacks and non-stoichiometric SiN materials, which is arguably one of the crucial steps required to establish
monolithic integration of InAs QD emitters with CMOS photonics components.

1. Introduction

Recent advances in InAs quantum dot (QD) optoelectronics grown
on Si offer a potential for a substantial breakthrough in monolithic inte-
gration of III-V and Si photonics [1-3]. In particular, the achievements
in electrically pumped lasers with low thresholds working at room
temperature enable the fabrication of on-chip coherent light sources
[4], the only missing component of a photonic integrated circuit (PIC)
[5-7]. So far, various types of InAs QD lasers with high-performance
have been developed, e.g., QD photonic crystal lasers [8], micro-ring
lasers [9], coupled-cavity tunable QD lasers [10], QD distributed-
feedback lasers [11,12], and waveguide-integrated QD lasers [13,14].
Despite the fact that QDs have superior optical properties due to the
high electronic density of states and the avoidance of threading dislo-
cations during growth compared with those of quantum wells (QW) or
double heterostructure (DH) configurations [15], it is imperative to pas-
sivate the surface states, which could dominate the carrier recombina-
tion and thus the emission properties of a QD photonic device [16,17].
To achieve an acceptable passivation layer, substantial efforts have been
made using various materials including dielectrics based on oxides and
nitrides [18,19], II-Vs [20] and even polymers [21] with in-situ and
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post-growth deposition methods. These works have mostly focused on
reducing the surface recombinations of stand-alone III/V optoelectronic
devices in order to improve the device performances, while omitting the
influence of the refractive indices of the passivation materials. However,
the refractive indices of these layers play an important role in order to
enable bridging CMOS photonic circuitry and monolithically grown on-
chip emitters [22].

Plasma enhanced chemical vapour deposition (PECVD) of non-
stoichiometric SiN is attracting substantial interests for waveguide-
based components in Si photonics due to its low optical loss, wide trans-
parency window, non linear properties and compatibility with comple-
mentary metal-oxide semiconductors (CMOS) technology for front-end
and back-end processes. Furthermore, it is possible to tune the mate-
rial refractive index of the film by changing the Silicon/Nitrogen ratio
[23]. This provides a possibility to passivate InAs QDs with a suitable
refractive index enabling a large flexibility of designs for the monolithic
integration of CMOS based photonics circuit and GaAs/SiN integrated
systems.

In this work, InAs QD based edge-emitting light-emitting diodes
(ELEDs) working at a wavelength of 1200-1300 nm have been selected,
as this emitter structure is not only ready for fibre-optic communica-
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Fig. 1. (a) Epitaxial layers of the sample for ELEDs. (b) Diagram of the device structure (inset is schematic top-view of the electrodes). (c) Tilted SEM view of the
mesa before (left) and after (right) chemical treatments, (d) u-PL spectra of the ELEDs.

tions [24,25], but also similar to that of the superluminescent light-
emitting diodes and the edge-emitting laser diodes [26-29], which
have been achieved with InAs QDs grown on Si. The coating lay-
ers are fabricated from both Si-rich SiN (Si-SiN with refractive index
nsi_siy =2.50 > ng;, y, =2.0) and nitrogen-rich SiN (N-SiN with refrac-
tive index ny_g;y = 1.95 < ng;,y, =2.0) [30]. Measurements indicate
that with an SiN passivation layer both the electrical and optical charac-
teristics of the light source can be improved (e.g., EL/PL with a 1.7/1.3
enhancement factor under 130 mA/46 mW). In addition, an enhance-
ment of the photoresponse is observed when the device is operated as a
detector. The increase in performance of the device is attributed to the
reduced surface recombination by passivation with Si-SiN, while the
device passivated with N-SiN has a relatively lower emission intensity
under electrical injection due to an excess of interface states [31].

2. Experimental methods

The InAs QD sample employed for fabricating ELEDs was grown on a
GaAs substrate by molecular beam epitaxy (MBE), with a working wave-
length in the O-band. The dot-in-a-well (QDwell x7) stack was cladded
in between two ~ 1.5 pm thick Aly,Gay¢As layers and contact layers
to form the waveguide structure (detailed information of the sample is
shown in Fig. 1a). For device fabrication, the sample was firstly dry-
etched down to the n-GaAs contact layer by inductively coupled plasma
(ICP) to form the mesas. Subsequently, the exposed sidewalls surfaces
were treated with a citric acid mixture (C(HgO;:H,0, = 20:1 for 30
sec) and ammonia (34% for 90 sec) in order to generate a smooth (to
remove out-most layer destroyed by ion bombardments) and oxide-free
surface (to avoid any potentially oxide-related non-radiative centres)
[32,33]. Then the Si-SiN or N-SiN passivation layers with a thickness
of 130/270 nm were deposited on the sidewalls/top of the structures
by PECVD. Finally, metal contacts for n-type (Ge/Ni/Au) and p-type
(Ti/Pt/Au) were deposited by opening vias on the n-type and p-type
contact layers followed by rapid thermal annealing at 440 and 420 °C,
respectively.

Optical properties were explored using a u-PL system with a 785
nm excitation laser. The laser beam was focused on the sample with a
%10 objective lens (with a spot diameter of ~4 pm). PL collected from

the same objective was sent to a spectrometer (Andor Kymera 328i)
to measure the emission spectra. The electroluminescence (EL) spectra
were acquired by collecting the emission from the edge of the devices
using a cleaved fibre coupled to the same spectrometer, while the in-
tegrated EL intensity was measured with an InGaAs detector (Agilent
8164B, Lightwave Measurement System). The photoresponse was mea-
sured by illuminating the device from the top with a fibre-coupled laser
with wavelength tuned from 1260 to 1360 nm (Agilent 8164B, Light-
wave Measurement System). The external bias and measured current
were recorded with a source-metre unit (Keithley 2401 SMU) at 0 V
bias. All the electrical and optical tests were conducted at room tem-
perature.

3. Results

Three ELEDs were fabricated in total: two of them encapsulated
with Si-SiN (n=2.50) and N-SiN (n=1.95); and another without surface
passivisation as a control device (detailed information of the epitaxial
wafer and schematic of the cross-sectional device structure are shown in
Fig. 1a Fig. 1b, respectively). Scanning electron microscope (SEM) mea-
surements reveal that the effective sidewall smoothing process due to
wet treatment (Fig. 1c) [34]. Owing to the directivity of the plasma en-
hanced deposition method, the deposited thicknesses of SiN on the top
and sidewall of the ELEDs are 270 nm and 130 nm respectively [28].
Same thickness are deposited is to study the surface passivation with
different stoichiometry and not to optimize the emission intensity in
our work. The inset of Fig. 1b shows dimensions and shapes of the elec-
trodes as well as the mesa of our ELEDs.

Fig. 1d displays the room-temperature u-PL spectra of the three
ELEDs under pumping power intensity of 372 kW/cm?2. A clear main
peak at ~ 1200 nm with a shoulder at ~ 1300 nm can be observed, at-
tributed to the excited and ground state recombination respectively.
The dominant emission at the excited state is due to the high excitation
power intensity, confirmed by comparing with the PL with low excita-
tion power density (not to show) [35]. The slight difference between
the emission peaks is likely the result of different strain introduced by
the coating layer with different stoichiometry [36-38], which further
affects the energy band structure and carrier transitions [39].
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Fig. 2. Power-dependent u-PL measurements of ELEDs without coating (a) with Si-SiN coating (b) and with N-SiN coating (c), and (d) Intensity and FWHM as a

function of pumping power.

iN 0.87
= E 4
=
3 —
& 32
2 S
[72] ©
c 2 s
[} = (=]
b a=0.76 S
- m WO SiN, 1
A iN
. s
: 2 f—eteg—et
1100 1200 1300 14000 40 80 120 160

Wavelength (nm) Current (mA)

Fig. 3. (a) EL spectra of the ELEDs under 100 mA. (b) L-I-V of the diodes.

Power-dependent PL measurements are shown in Figs. 2a-c. All the
PL spectra exhibit a main emission peak at ~ 1200 nm as discussed.
Fig. 2d shows the panchromatic integrated PL intensity as a function
of the pumping power intensity. The relationship can be fitted into
the power function, I « I, where I, is the excitation power intensity
and « the exponent. Ideally, a linear curve (a« = 1) can be expected for
direct band gap materials supposing there is no non-radiative recom-
bination. While the curve degrades to sub-linear style (« < 1) once the
non-radiative recombination exists [40]. In this work, all the devices
are fabricated from identical wafers with three different surface coat-
ings, where the differences in the fitting curves can only be attributed
to the results of the surface-related recombinations. From the fitting we
observed that the exponent of the devices with Si-SiN, N-SiN and with-
out coating are 0.90, 0.89 and 0.74 (as shown in Fig. 2d), indicating
that non-stoichiometric SiN indeed works well as surface passivation
layer in improving the optical properties of InAs QDs. In addition, it
is also observable that the linewidth of the non-passivated device is 46
nm, which further decreases to 42 nm for the passivated devices due to
reduced “spectral diffusion” caused by the surface defects [41,42].

The device properties under electrical injection was investigated by
measuring the EL under increasing biased currents up to 100 mA from
the facet. Before this, we coarsely scanned the emission around the
edges of the device. The strongest emission was found and recorded
underneath the electrodes (inset of Fig. 1b). Fig. 3a shows the emission
spectrum of the three ELEDs under 100 mA. The spectra possess a shape
equivalent to the PLs, whilst a slight redshift of the peaks is attributed
to the band gap shrinkage due to the high injected carrier density. The
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Fig. 4. (a) Spectral photoresponse of the diodes, (b) Lateral size distribution
measured from AFM (inset).

average linewidth of the main peak increases from 44 to 50 nm with
current increasing from 10 to 100 mA, ascribed to the holes thermally
broadened by their closely spaced energy levels [43]. Fig. 4d illustrates
the measured light-current-voltage (L-I-V) curves of the ELEDs (inten-
sity is panchromatic integrated value). All devices exhibit a turn-on
voltage at ~ 1 V which agrees with edge-emitting diodes fabricated with
similar epitaxial layers [44], indicating the normal operation of the fab-
ricated devices. Similar to the case of power-dependent PL, the curve
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can be fitted into power function in order to study the carrier dynamics
of the ELEDs. The fitting exponents (a) for the devices with Si-SiN, N-
SiN and without coatings are 0.87, 0.73 and 0.76, respectively (Fig. 3b).
It can be seen that the ¢ values measured under electrical injection are
overall lower than those under optical pumping due to the injected car-
riers not fully recombining at the QDs. Furthermore, under the same
injection current, Si-SiN passivated ELED also exhibits higher EL inten-
sity, which cannot be solely be attributed to the enhanced extraction
efficiency considering the non-linear relationship between emission in-
tensity and the injection current. It is also observable that the N-SiN
passivated ELED is exhibiting a much lower « compared with that of
the Si-SiN coated one. The reason lies at the interfaces states between
the optical active layer and passivation layer. In the Si-SiN material,
the Si dangling bonds, observed in previous work [45], can form sta-
ble electronic states with freshly treated III-V surfaces [46]. In contrast,
the N-SiN has a much higher density of N-H bonds according to our
previous study [30], which is associated with high interface state den-
sities [31]. Therefore, additional electron overflow and non-radiative
recombination might occur through such states at the N-SiN/InAs QD
interfaces.

4. Discussion

Although our device is not designed for photodetectors with a high
quantum efficiency, investigating photoresponse will be helpful to fur-
ther understand the surface passivation to the InAs QDs. To do this, we
carried out the optical response characterizations of the diode with a
tunable laser from 1260 to 1360 nm. The coherence excitation ensures
us to study the pure electron-hole generation and transport behaviours
in the QD layers. The photocurrent was recorded at O V' to avoid any
potential issues such as current gain under a bias. Fig. 4a shows the
spectral photoresponsivity of the devices. The peak positions at ~1280-
1290 nm are due to the light absorption at the ground state. Given the
refractive indices and thickness of the top coatings, the reflections of
the incoming beam at the surface of the diode is calculated to be 29.7%
(Si-SiN), 22.4% (N-SiN) and 30% (without coating), respectively. The
corresponding internal quantum efficiencies (IQE) at the peak wave-
lengths are calculated to be 0.025%, 0.021% and 0.023%. It can be
extracted from 4a that Si-SiN coated diode has the highest IQE, which
again illustrates that Si-SiN is optimum for passivation of III-V/dielec-
tric interfaces.

In addition, we observed that the photoresponse spectra are Gaus-
sian functions with linewidth of ~46 nm (Fig. 4b), similar to that of
PL/EL spectra. It is known that the emission spectrum from a semi-
conductor QD is Lorentzian shape according to previous work [47].
However, it could be degraded into a Gaussian shape by interacting
with inhomogeneous broadening. In this case, the shape of the optical
spectra is contributed to by different dimensions of InAs QDs. Fig. 4b
shows the size distribution of the QDs size also fitting a Gaussian func-
tion, which has been proven to translate to optical spectrum broadening
[48]. In this work, no additional optical peak and spectral broadening
are introduced from both emission and absorption spectra, suggesting
non-stoichiometric SiN a good passivations layer for InAs QDs.

5. Summary

In summary, we fabricated InAs QD based ELEDs fully covered with
PECVD non-stoichiometric SiN coatings. The coating layers were de-
posited with designated refractive index and thickness. The optical and
electrical characteristics were measured to study the effects of sur-
face passivation. Our results reveal that Si-SiN is able to improve both
electrical and optical properties of the ELEDs. In contrast, the diodes
passivated with N-SiN exhibit enhanced emission under optical pump-
ing, but are less effective for electrical injection due to the high density
of N-H bonds, leading to potential current overflow and non-radiative
recombination. Except for the enhanced optical properties, no extra
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defect-related emission peaks and spectra broadening were observed by
introducing SiN passivations. Overall, our work offers a possibility to
engineer the interface between III-V gains and non-stoichiometric SiN
passives for Si photonic integration.
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