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Abstract

Several passivation techniques are developed and compared in terms of their ability to preserve the optical
properties of close-to-surface InAs/GaAs quantum dots (QDs). In particular, the influence of N-passivation by
hydrazine chemical treatment, N-passivation by hydrazine followed by atomic layer deposition (ALD) of AlOy
and use of AINy deposited by plasma-enhanced ALD are reported. The effectiveness of the passivation is
benchmarked by measuring the emission linewidths and decay rates of photo-carriers for the near-surface QDs.
All three passivation mechanisms resulted in reducing the oxidation of Ga and As atoms at the GaAs surface and
consequently in enhancing the room-temperature photoluminescence (PL) intensity. However, long-term stability
of the passivation effect is exhibited only by the hydrazine + AlOx process and more significantly by the AINy
method. Moreover, in contrast to the results obtained from hydrazine-based methods, the AINx passivation
strongly reduces the spectral diffusion of the QD exciton lines caused by charge fluctuations at the GaAs surface.
The AINx passivation is found to reduce the surface recombination velocity by three orders of magnitude
(corresponding to an increase of room-temperature PL signal by ~1030 times). The reduction of surface
recombination velocity is demonstrated on surface-sensitive GaAs (100) and the passivating effect is stable for
more than one year. This effective method of passivation, coupled with its stability in time, is extremely promising
for practical device applications such as quantum light sources based on InAs/GaAs QDs positioned in small-
volume photonic cavities and hence in the proximity of GaAs-air interface.

Supplementary material for this article is available online

Keywords: quantum dots, surface passivation. GaAs (100), spectral diffusion, photoluminescence, quantum-
confined Stark effect, surface states

1. Introduction

Self-assembled InAs/GaAs quantum dots (QD) have been extensively researched owing to their enormous
potential for applications in versatile optoelectronic devices including lasers [1], solar cells [2] and photodetectors
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[3]. They are also promising solid-state sources of non-classical forms of light, such as single-[4,5] and entangled-
[6] photons. An important area of research in quantum technology is concerned with engineering single-photon
interactions. To this end, coupled QD-cavity systems demonstrate cavity quantum electrodynamics effects such
as vacuum Rabi splitting [7], Purcell enhancement [8] and other single-photon level nonlinearities like photon
blockade and photon tunneling [9]. Minimization of the cavity volume results in strong QD-cavity interactions in
which single QDs interact preferentially with strongly confined optical modes. Nanofabrication is used to design
such low cavity-volume structures, albeit with possible losses in emission efficiency introduced by the inadvertent
creation of trap states resulting from crystal defects in the areas surrounding the QDs [10]. However, even if the
effect of nanofabrication is minimized by careful optimization of the processing steps, there is a fundamental
degradation in the optical properties of QDs caused by the inevitable proximity of surfaces to the QDs in small
cavity-volume structures [11], ultimately leading to losses in emission efficiency and in spectral purity.

This study is focused on developing an effective and lasting passivation method for InAs/GaAs QDs that are
situated close to a GaAs (100) surface. GaAs is known for its notoriously high density of surface states (usually
in the order of 10'® cm2), which in turn contributes to high surface recombination velocities. Typical surface
recombination velocities for GaAs are relatively high and they can vary from 10* cm s? to 10% cm s for low,
unintentional doping levels of ~10® cm-3 to medium to high doping levels of ~10'” cm™, respectively [12]. Surface
states are non-radiative in nature and can form traps in the energy structure of the QDs, leading to a loss in the
effective number of charge carriers that can participate in radiative recombination. This results in a reduction in
the overall emission efficiency of a single-photon device, for example. The proximity of these states to individual
QDs also leads to spectral diffusion, blinking and quantum decoherence or dephasing.[10] In general, confinement
of excitons within single QDs results in very narrow emission linewidths (typically in the order of a few peV at
cryogenic temperatures) as seen in their characteristic photoluminescence (PL) spectra. However, studies have
shown that PL emission from single self-assembled QDs exhibit large shifts (up to ~meV) in emission peak
position. The origin of these spectral shifts is attributed to the time-dependent quantum-confined stark effect
(QCSE) [13-15]. Fluctuating electric fields in the vicinity of QDs randomly shift and broaden the emission peaks.
QCSE is henceforth enhanced when there are abundant surface-induced trap states present in the QDs’
surroundings that trap the photo-excited charge carriers. Such a spectral diffusion inevitably affects the degree of
indistinguishability of emitted photons from single-photon sources, thus limiting device performance. Another
parameter that is critical to device performance is the overall brightness of a single-photon source, such as a QD-
cavity system, which is determined by its PL characteristic lifetime. The PL lifetime, which is a combination of
the radiative and the non-radiative lifetimes of charge carriers, can be engineered by manipulating the
characteristics of the cavity. Unfortunately, the non-radiative lifetime component can be significantly decreased
due to a variety of unintentional reasons, including the non-radiative losses caused by defects or surface trap states
present near QDs. In some extreme cases, the QDs do not emit any PL at all during random periods with ms
timescales [16]. Such a PL intermittency, which is called blinking, is a common phenomenon in solid-state
quantum emitters [17-21]. In general, blinking in epitaxial QDs is not very pronounced, largely because such QDs
are grown in ultra-pure environments and embedded hundreds of nanometers below exposed surfaces. However,
as QDs are frequently being incorporated into photonic nanostructures with critical dimensions of tens or few
hundreds of nanometers, surfaces play an important role in determining their optical properties [11]. Studies also
show that blinking and spectral diffusion are correlated and occur due to the close proximity of surface trap states
[22]. These issues can be generally alleviated by reducing the surface states through a passivation procedure.

Surface passivation processes generally replace the native oxide layer by a thin film of inert material that is
chemisorbed on the surface. This process effectively reduces the surface state density of bulk GaAs crystals. To
this end, the most common procedures studied so far include chemical passivation by sulfide compounds like
ammonium sulfide (NH4)2S [23] and sodium sulfide NaS [24,25] solutions, surface treatment by phosphor-based
compounds [26], and chemical nitridation by hydrazine [27,28]. Furthermore, the passivation of the GaAs surface
can be achieved also by growing thin layers of AINy, AlOy, TiNy, HfO, or SiNy by atomic layer deposition (ALD)
[29-33]. These passivation techniques have shown improvement of the optical properties of GaAs bulk,
InGaAs/GaAs quantum wells and GaAs nanowires, but there is very little research on the effect of surface
passivation on the emission properties, such as exciton linewidths and decay rates, of close-to-surface QDs.

In this work, we investigate the impact of different surface passivation techniques on the optical properties of
self-assembled InAs QDs close to GaAs (100) surface, aiming at preserving their intrinsic optical properties but
also at long-term stability of the passivation process. Namely, we study chemical N-passivation, chemical N-
passivation followed by immediate ALD of an AlOy thin film and ALD-based AINx passivation without the
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chemical treatment. The passivation effect is assessed by measuring the room-temperature PL of GaAs (100)
epilayers and the luminescence features of near-surface InAs QDs, including QD emission linewidths and QD PL
decay times.

2. Experimental details
2.1 MBE growth of InAs/GaAs quantum dots

The investigated samples were grown by solid-source molecular beam epitaxy (MBE) on (100) oriented semi-
insulating GaAs substrates. The QDs formed through self-assembly in the Stranski-Krastanov growth regime. The
nucleation of InAs into 3D islands started after depositing a critical thickness of 1.7 monolayers (ML) of InAs
wetting layer (WL) on the GaAs matrix at 530°C. After an overall deposition of 2.1 ML of InAs, the QDs were
capped with a thin GaAs layer. Since the thickness of the GaAs cap layer determines the distance between the
QDs and the surface, it was varied in order to study the influence of surface proximity on the optical properties of
the QDs. For this purpose, we used cap layer thicknesses of 20 nm, 30 nm, 40 nm and 60 nm. An additional sample
with uncapped surface QDs was grown under identical conditions for studying the QD density. During QD growth,
a gradient of temperature maintained the center of the wafer relatively cooler than the edges. This resulted in a
lower QD density by approximately three orders of magnitude when moving radially from the center towards the
edge of the sample. The density gradient is useful since it helps in studying micro-photoluminescence (uPL) of
individual QDs from low-density areas and PL decay rates of ensemble QDs from high density areas on the same
sample. The QD densities in the high-density and low-density areas were assessed using atomic force microscopy
(AFM) and pPL imaging, respectively, with exemplary pictures shown in figure 1. Furthermore, a surface-
sensitive GaAs epilayer was grown for the room-temperature investigation of PL properties. This sample consisted
of a 500 nm GaAs layer, which was separated from the semi-insulating GaAs substrate by a 100 nm GalnP barrier.
The purpose of the GalnP barrier is to prevent diffusion of the photo-excited charge carriers from the GaAs
epilayer to the substrate during the PL experiments.

Figure 1. (a) AFM image of InAs QDs from a high-density
portion of the sample. QD-ensembles from such high-density
regions were studied to estimate carrier decay rates.

(b) Photoluminescence image of InAs QDs from a low-density
portion of the sample. The PL emission from GaAs bulk and
InAs WL have been filtered out to isolate individual QDs to
study their excitonic emission linewidths.

2.2 Surface passivation

Three different surface passivation approaches were investigated for near-surface QDs and surface-sensitive GaAs
bulk samples. The first passivation approach was hydrazine (N2Ha) based chemical nitridation of the GaAs surface
at room temperature. SH"anions originating from NaS remove surface As atoms, while N>H, reacts with surface
Ga atoms to form a passivating monolayer of GaN. Solution preparation and the subsequent passivation steps
were followed according to the procedure presented in [34].
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In the second approach, the procedure included the steps carried out in the N>2H4 passivation followed by a
subsequent ALD growth of a 2 nm thick AlOy overlayer. The ALD process was carried out in a Picosun Sunale
ALD R200 Advanced reactor at a substrate temperature of 200°C. Electronic-grade trimethylaluminium (TMA)
(AI(CH3)3; >99.9%, CAS 75-24-1, Volatec Oy, Finland), ultrapure Milli-Q® water and N (99.9999%) were used
as the Al precursor, O precursor and carrier/purge gas, respectively. The growth rate of ~0.1 nm/cycle was
determined on a n-Si (100) (P) reference sample using an ellipsometer. The deposition resulted in an oxygen-poor
AlOy-1 thin film as analyzed from X-ray photoelectron spectroscopy (XPS) Al 2p:O 1s ratio. The samples were
cooled in a nitrogen atmosphere after the depositions and before being exposed to ambient air.

The third passivation approach is based on nitridation and included ALD of a 2 nm thick AINy layer directly
on the GaAs surface. The ALD of AINx was carried out through plasma-enhanced atomic layer deposition
(PEALD) using a Beneq TFS-500 tool. A process with TMA and ammonia (NH3) as precursors and N as both
the plasma and the carrier gas was used as previously demonstrated in [29] and [30] The surface was pretreated
with TMA and N plasma, where TMA reacts with the possible native oxides of the sample and N plasma cleans
and nitridizes the surface. The temperature was 200°C and the power of the capacitively coupled remote plasma
was 50 W in the pretreatment as well as during the deposition. After the deposition, the samples were cooled down
in a nitrogen atmosphere before being exposed to ambient air.

2.3 Photoluminescence experiments

PL experiments performed on surface-sensitive GaAs (100) epilayer before and after passivation were carried out
at room temperature. The measurements were made using a PL-mapper equipped with a continuous wave (CW)
laser operating at 532 nm. The emitted PL was collected by a spectrometer in which the light is dispersed by a
300 lines/mm grating and detected with a charge-coupled device (CCD) array detector. Low-temperature PL
experiments were carried out on QDs situated at varying distances from the GaAs (100) surface. The samples
were placed in a closed-cycle helium cryostat and cooled down to 6 K in all low-temperature experiments. uPL
was carried out to investigate the effectiveness of different passivation techniques based on the PL linewidths of
individual QDs. The QDs were excited using a CW semiconductor diode laser operating at 640 nm. The excitation
beam was focused down to a spot size of around 1 um on the sample using a 50x high N.A. objective lens. This
allowed the possibility to study the excitonic emission behavior of spatially isolated QDs. The emitted PL was
collected by the same objective and directed to a 750 mm spectrometer. The PL was then dispersed by a 1200
lines/mm grating and detected using a cooled Si CCD camera. The spectral resolution of this setup is ~ 60 peV.
Time-resolved photoluminescence (TRPL) experiments were carried out at 6K on QD ensembles to study the
effect of passivation on carrier decay rates. An area of approximately 1 um in diameter on the sample was excited
by a train of 60 ps pulses with a repetition rate of 80 MHz generated by a diode laser operating at 850 nm
(resonantly exciting the InAs WL). The temporal resolution of the system is 200 ps as determined from the full
width at half maximum (FWHM) of the instrument response function (IRF) (figure S1). The emitted PL was
spectrally filtered by the monochromator at 950 nm and collected using a single photon avalanche diode (SPAD).
The PL time responses were recorded by time-correlated single photon counting (TCSPC). The decay rates were
extracted from the PL time traces by single-exponential fits with iterative convolution in order to deconvolute the
contribution of the system response from the measured data.

2.4 X-ray photoelectron spectroscopy

XPS was carried out to investigate the chemical composition of surfaces and interfaces before and after surface
passivation. Additionally, passivated samples were studied after certain periods of air exposure to estimate the
effective stability of each passivation technique in resisting oxidation. The lens-defined selected-area XPS
(SAXPS) was performed by employing a wide-area, non-monochromatized illuminating DAR400 X-ray source
(Al Ko, 300 W) and an Argus hemispherical electron spectrometer (Omicron nanotechnology GmbH) that is
equipped with micro-channel plate electron multipliers and a 128-channel striped anode detector. The core-level
spectra were collected with a pass energy of 20 eV, in a high-magnification lens mode and with an in-lens aperture
yielding a circular analysis area of @1.93 mm.

Page 4 of 16



Page 5of 16

Nanotechnology A. Chellu et al.

3. Experimental Results

3.1 Surface characteristics of passivated samples

The oxidation states of Ga and As were determined from the XPS Ga 2ps» and As 2psj, signals on the native oxide
surface, the NoHs-passivated surface, the ALD-AIO./GaAs interface and the ALD-AIN,/GaAs interface. The
1117 eV and 1118 eV photoelectron peaks in Ga 2ps» can be attributed to Ga-As and Ga®* oxide, respectively,
while the 1323 eV and 1326 eV photoelectron peaks in As 2ps. can be attributed to Ga-As and As®* oxide,
respectively. As seen from the data presented in figure 2 and in Table 1, the GaAs native oxide surface contained
roughly 50% relative concentration of Ga and As oxides. The N2H4 passivation removed all Ga oxides but As was
either not fully reduced or it started to oxidize within the 10-minute air exposure during sample transfer from the
N2H. passivation setup to the XPS system.
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Figure 2. XPS spectra of GaAs (100) surfaces after different passivation treatments. The spectrum of the native oxide on
an untreated GaAs surface is presented as a reference. The Ga 2psi2, As 2pssz, Al 2ps/2 core-level spectra are shown in
(a)-(c), respectively. (d) shows a magnification of the small shoulder of metallic Al indicated by the rectangle in (c). The
XPS signals are normalized and the solid line with a peak at 1118 eV in (a) represents Ga3* oxide while the peak at 1326
eV in (b) represents As®* oxide. The N2H4 and N2H4 + AlOx passivated surfaces were measured immediately after
passivation, while the AINx- passivated surface was exposed to air for 152 days before the XPS measurement.

The N2H4 passivation combined with ALD-AIO passivation layer yielded a fully unoxidized GaAs in the
AlO,/GaAs interface. The NzH. pretreatment removed all Ga oxide and some As oxide, after which the ALD-
AlOy process removed the rest of the As oxide. The passivation resisted oxidation in air for at least 1 week, but
after 110 days of exposure to air, both Ga and As were slightly oxidized at the interface. The TMA exposure
during ALD is known to reduce As oxides more effectively than the Ga oxides [35]. The AIN./GaAs interface
resulting from ALD-AINy passivation was measured after 152 days of air exposure. Ga was found to be partially
oxidized while As remained unoxidized.

To note, the ALD-AINy passivation layer combined with TMA and N, plasma pretreatment prevents the
formation of As oxide longer than the NoH4 + ALD-AIO passivation does. The ALD-AIOx layer was oxygen-
poor AlOx-1 and contained Al only in one chemical state (Al 2ps;, oxide at 74.5+0.1 eV). According to the low
N/O ratio of around 0.06 and the low N/AI ratio of around 0.09, the ALD-AINx layer was also mainly Al oxide
(after deposition and long air exposure). It contained Al in two chemical states (Al 2ps, oxide/nitride at 74.0 eV
and Al 2ps, metallic at 70.9 eV).

The Al 2p components of Al-O and Al-N cannot be distinguished from each other. The N/O ratio, the chemical
shift of -0.5 eV in the main Al 2p peak on ALD-AINx compared to ALD-AIOy and the rather narrow/symmetric
peak shape suggest that the film was homogenous 6% N-alloyed Al oxide.
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Regarding the small shoulder at 70.9 eV, DuMont et al. have observed a similar small, low binding energy Al
2p component with a more metallic character on a SiO; film after TMA exposure. They speculate that the peak
may be the result of some TMA decomposition [36]. Therefore, in our case, it most likely originates from the
TMA pretreatment. Angle-resolved XPS measurement on ALD-AIN, showed that the relative amount of metallic
Al in Al 2p was 2.3% at 0° and 0.4% at 60° emission. This leads us to conclude that the metallic Al could be
confined to the interface.

Overall, compared to the plain AlOy film, the combination of the N-alloyed AlIOx film with a small amount of
metallic Al in the interface acts as a better diffusion barrier which prevents the oxidation of As, especially, for a
longer time. This is a considerable difference in the interface chemistry between the ALD-AIN, and ALD-AIOy
passivated samples considering the important role of As atoms in formation of the detrimental states on GaAs
surfaces and in GaAs-Al;Os interfaces [37—42].

Table 1. The relative amounts of unoxidized (Ga®, As?) and oxidized (Ga®*, As®*) Ga and As surface atoms estimated from
the core level XPS spectra measured after different periods of exposure to air.

Passivation Storage time in air Ga*"'GaroraL A ASTOTAL
(Ga 2psp) (As 2pap)

Native oxide - 0.55 0.52
N2H4 10 minutes 0 0.30

N2Ha + AlOx 10 minutes 0 0

N2Ha + AlOx 7 days 0 0

N2Hs + AlOx 110 days 0.08 0.17
AINx 152 days 0.22 0

3.2 Room-temperature photoluminescence of GaAs epilayer

Bare GaAs surfaces have an abundance of surface states that act as favorable pathways for non-radiative decay of
carriers. Thus, comparing the PL intensity before and after surface passivation provides a good indication on the
effectiveness of a certain surface passivation mechanism in suppressing the detrimental effects of surface states.
Figures 3(a)-(c) shows room-temperature PL spectra of passivated surface-sensitive GaAs epilayers compared
with the spectra of the corresponding as-grown GaAs samples taken before each passivation process. Considering
the PL intensity from the as-grown sample to be lo, the improvement in PL emission intensity after NoH, treatment
is 634xlo. The improvement provided by the NoHs + AlOx passivation turns out to be around 115xl,, while the
AINy passivation process provides approximately 1030x1,. Even though all three passivation mechanisms provide
PL enhancement, the most important criterion from a practical viewpoint is the stability of any process, which is
presented in figure 3(d) and figure S2 in the supplementary information. To elaborate, the PL measurements were
made immediately after carrying out the NoH4 and NoH4 + AlOy passivation procedures, while the first spectrum
from the AINy-passivated sample was measured four days after passivation because of wafer transport. While
there was no significant reduction in PL intensity from the AlINy-passivated samples even after one year, the
sample passivated with NzH4 is found to degrade rapidly in air exposure. The N2H4 + AlOy passivated sample
shows some degradation in one week of air exposure but is still significantly more stable than the sample
passivated just by the chemical N2H4 process. It is also worth noting that no nitrogen was detected by XPS on the
N2H4-passivated surface after 10 minutes of exposure to air and 30 minutes in UHV storage. Therefore, it is safe
to state that ALD-based passivation methods are more suitable for practical device applications than the chemical
N2H4 passivation alone since they maintain their positive effects on the GaAs surface for a relatively long period
while also providing considerable enhancements in PL intensity.

Page 6 of 16
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Figure 3. Room temperature PL spectra of surface-sensitive GaAs epilayers measured before and after (a) N2H4
passivation, (b) N2Ha4 + AlOx passivation, and (c) AINx passivation. (a) and (b) were measured right after passivation and
(c) after a 4-day air exposure. The PL intensity of the passivated GaAs samples are normalized with respect to the as-
grown spectra measured from the same samples before passivation. After normalization, the as-grown spectra were
multiplied by suitable scaling factors for illustration purposes. (d) shows the stability of the surface passivation as the
change in PL peak intensities during air exposure. The storage time of 1 day on the logarithmic scale corresponds to the
intensity values recorded right after passivation. The +/- 15% error margins represent the estimated variation in the
sensitivity of the PL setup over time.

3.3 Surface recombination velocity

An improvement of more than three orders of magnitude in PL intensity provided by the AINx passivation is
expected to result from a significant reduction in surface recombination velocity. The dependence of PL intensity
I on surface recombination velocity S and on surface depletion layer width W can be expressed as,

_ 1 Lp
I = C exp(—a,W) <@ + ;) Q)
where, 1/ a is the absorption length (125 nm for a 532 nm excitation in GaAs), L,, is the minority carrier diffusion
length and t is the minority carrier lifetime [43]. Based on the measurement of the surface electric field using a
photoreflectance-based method [27,44-46], we infer that the AINy passivation has no influence on the surface
electric field caused by Fermi-level pinning at the surface states (see figure S3 in Supplementary information).
Therefore, assuming that the bulk properties L,, T and the level of unintentional doping are unaffected by the

7



Page 8 of 16

Nanotechnology A. Chellu et al.

passivation, it is safe to state that the improvement in PL intensity is not due to a change in W, but stems solely
from a reduction of surface recombination processes. The improvement in PL intensity provided by AINy
passivation can thus be expressed as,

1/10=( ! +L—”)/(L+L—”)=1o3o @)

aely ST aelp  SoT

where, S, and S are the surface recombination velocities for the as-grown and the AINx-passivated surfaces,
respectively. The GaAs samples have an n-type background doping level Nz= 1.3x10'® cm3, as determined from
the Hall measurement of a 5 um undoped GaAs layer grown just before the surface-sensitive GaAs epilayer was
grown in the same MBE system. This allows us to use a value of S, = 1x10% cm s [47]. Assuming typical values
of n-GaAs with Nz~ 1x10% ¢cm for minority carrier diffusion length L, =11 pmand lifetime 7= 1.1 ps, from
Equation (2) we get =9 cm s. Thus, we can conclude that AINy passivation reduces surface recombination
velocity of the GaAs (100) surface by more than three orders of magnitude; S is thus just an order of magnitude
larger than the typical interface recombination rate of high-quality GaAs/GalnP interfaces. These values are
consistent with our experimental results since we get 20-times higher room-temperature PL intensity from a 500
nm GaAs layer placed between two 100 nm GalnP barriers than from the AlNx-passivated GaAs surface that has
a GalnP barrier just below it. Nevertheless, to our knowledge, these results for AINy passivation show the largest
reduction of surface recombination in GaAs (100) and the highest improvement of PL intensity reported so far for
any post-growth passivation method.

3.4 Photoluminescence linewidth

Low-temperature pPL spectra obtained from individual QDs before and after carrying out different surface
passivation treatments are presented in figure 4. Considering the spectra from the as-grown samples in figure 4(a),
for a GaAs cap thickness of 60 nm, we observe narrow exciton lines associated with typical PL emission from a
QD. The emission lines become broader as the cap thickness is reduced, and at 20 nm we observe very pronounced
spectral diffusion. The spectral diffusion is so significant that individual exciton lines are no longer discernible.
This inhomogeneous linewidth broadening is attributed to QCSE, where the photo-excited charge carriers (trapped
by nearby surface states) induce a local electric field around the QDs that consequently leads to local fluctuations
in emission energies. The N;Hs-passivated QD situated at 60 nm from the GaAs surface exhibits slightly
broadened exciton lines, as shown in figure 4(b). From the same figure, it is also easy to note that the QDs situated
closer to the surface show a similar, if not a more pronounced spectral diffusion, than as seen in the as-grown
QDs. Figure 4(c) shows the excitonic spectra of individual QDs passivated by N2H, + AlOx. The spectral diffusion
is quite significant even for the QD situated at 60 nm from the surface. The notable resemblance between the
spectra of the NoH4 + AlOy -passivated QD situated at 60 nm (from the surface) in figure 4(c) and the as-grown
QD at 20 nm in figure 4(a) suggests a bigger influence of the surface on QDs that are passivated with NoHs +
AlOy. On the other hand, AINy passivation reduces the exciton linewidths of individual QDs situated 30 nm or
more from the GaAs surface. As seen in figure 4(d), the AINy-passivated QD situated at 20 nm from the surface
exhibits noticeable spectral diffusion but the QDs situated further away depict spectra that are narrow enough to
be at (or possibly, even below) the spectral resolution of the measurement system. By comparing the multiplication
factors used for the spectra in figures 4(a)-(d), it is clear that while the N2Hsand N2H4 + AlOy passivation methods
do not have a positive influence on the single QD PL intensity, the AINy passivation provides a significant
improvement.
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Figure 4. Excitonic spectra of individual QDs capped with 20 nm, 30 nm, 40 nm and 60 nm thick GaAs layers. (a)
before surface passivation, (b) after N2Ha passivation, (c) after N2Hs + AlOx passivation and (d) after AINx passivation.
The intensities have been scaled with multiplication factors, which are shown in each individual plot, in order to make
qualitative comparison of their linewidths easier. The multiplication factors are inversely proportional to the PL intensity
of each QD in comparison with the as-grown QD with 60 nm cap thickness.

A more quantitative representation of the improvement in exciton linewidths and intensities of the AINy-
passivated QDs over the as-grown QDs is shown in figure 5. It is evident that the differences between the as-
grown and AlNx-passivated samples are considerably larger than the QD-to-QD variation. The exciton peak
intensities are at least an order of magnitude higher for the AINy-passivated QDs and the peak widths are
consistently lower compared to the as-grown QDs. The only exception to this trend is seen in the linewidths of
the QDs capped with 20 nm of GaAs, which show very large variations due to the proximity of the surface.
Nevertheless, the data presented in figure 5 is a clear indication of (i) successful suppression of the surface-induced
spectral diffusion and (ii) reduction of the non-radiative loss of photo-excited electron-hole pairs caused by surface
recombination (before they are eventually captured by the QDs) for cap thicknesses of 30 nm or more.
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Remarkably, except for the 20 nm cap sample, the exciton linewidth and the emission intensity of AlNx-passivated
QDs have a very weak dependence on the distance.
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Figure 5. Linewidths (a) and integrated intensities (b) of the dominant exciton peaks extracted from single QD spectra
of 3 -5 QDs per sample for as-grown and AlNx-passivated QD samples. The solid lines represent the mean values.

3.5 Photoluminescence decay rate

The PL intensity from bulk GaAs and the exciton peak intensities measured from individual QDs that are presented
in the previous sections are strongly dependent on the non-radiative processes at the GaAs surface. In order to
investigate radiative and non-radiative processes in the QDs themselves, we employ TRPL to probe the decay of
the photo-excited electron-hole pairs in the QDs. It should be noted that the measured PL decay rates include both
the radiative and the non-radiative components. The radiative component is due to the spontaneous emission of
photons, which occurs through exitonic decay and the decay rate is governed by the intrinsic properties of radiative
transition and by the local density of optical states (LDOS) of the dielectric environment in which the photons are
emitted. The LDOS in an inhomogeneous medium is modified due to optical reflections induced by nearby
interfaces and surfaces. Therefore, the decay rates measured in TRPL experiments should be compared to a
modified LDOS which depends on the exact layer thicknesses and the proximity of the GaAs-vacuum interface
[48,49]. Here, we have simulated the LDOS for a QD in a sample structure comprising of a GaAs substrate, a 100
nm AlGaAs charge-confinement layer, a 100 nm GaAs matrix on which the QDs are grown, and a GaAs capping
layer of varying thickness. The simulations were done using the finite difference time domain (FDTD) method
for a point dipole in three dimensions. The total decay rate I'(Z, w) is then the sum of the non-radiative component
[,raq (@) and the radiative component I, 4(Z, w). The radiative decay rate is, in turn, proportional to the projected
LDOS p(Z, w), which depends explicitly on the thickness of the cap layer Zand the optical frequency w. We
consider only the horizontal dipole orientation, which is the dominant polarization of the InAs QDs [50]. The
measured total decay rate for QDs in the investigated inhomogeneous medium can thus be expressed as,

[(Z, @) = Taraa(@) + Mg (0) 222 @3)
where T'h°M () is defined as the radiative decay rate for QDs in a homogenous medium and pym (@) is the
LDOS in a homogenous medium. The decay rates were measured from QD ensembles at an emission wavelength
of 950 nm (see figure S1 in supplementary information) and the data are plotted in figure 6. The decay rates
obtained from as-grown QDs display good conformity with the simulation of the projected LDOS curve, even for
the thinnest GaAs cap of 20 nm. The passivated QDs shown in figure 6 (b)-(d) exhibit increased decay rates for
the 20 nm cap thickness, while for cap thicknesses of 30 nm or more, the data does not show statistically
significant difference to the decay rates of as-grown QDs. It is clear that the differences in the decay rates between
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AlNy-passivated and as-grown QDs are small in comparison with the differences in their steady-state emission
intensities (see figure 5(b)). We can therefore conclude that the improvement of the exciton emission intensity
after AINx passivation is predominantly due to the reduction of non-radiative recombination at the GaAs-vacuum

interface rather than due to a reduction of the non-radiative decay rate in the QD itself.
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Figure 6. Decay rates plotted as a function of cap layer thickness for (a) as-grown QDs, (b) N2Ha-passivated QDs,

(c) N2H4 + AlOx« -passivated QDs and (d) AlINx-passivated QDs. The decay rates are shown as the average of five
measurements taken from QD ensembles at different locations on the sample and presented together with the standard
deviation. The solid line in all four plots represents the FDTD-simulated LDOS for a dipole orientation parallel to the
GaAs/air interface.

4. Discussions

It is important to note that all three passivation mechanisms are successful in reducing the oxidation of Ga and As
atoms at the GaAs surface and, consequently, in enhancing the room-temperature PL intensity. The NzHy-
passivated GaAs surface shows an enhancement of 634x1, initially but the passivating effect is not stable with
time. This is evident from the decrease in the PL enhancement to 162x1, after one week and further to 29x|1, after
three months. The instability of this wet-chemistry process is most likely linked to the fact that the thickness of
the passivation layer is just 1 ML in the best-case scenario. In comparison, the ALD-based methods make use of
2 nm of the passivating layer on the GaAs surface. This bring us to an initial conclusion that, in the N2H4 + AlOy
technique, the ALD-AIOy overlayer stabilizes the N-passivating effect related to N,H. chemical treatment.
However, it is not straightforward to describe the stabilizing process of the ALD-AIOy layer because the NaHa
pretreatment removes all Ga oxide, but not all As oxide (as seen from XPS results). It is the ALD-AIOy process
that then removes the rest of the As oxide and we consequently get an oxide-free interface. The NoHs + AlOy -
passivated GaAs surface shows nearly the same PL enhancement after one week, suggesting an improved stability
of the passivation layer. XPS measurements made one week after passivation also support this argument by
showing no Ga or As oxides on the surface. Therefore, the NoH4 + AlOy passivation process is more effective
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because it completely removes the native oxides and prevents/diminishes further oxidation of the surface atoms
for a relatively long period. Moreover, the preserving effect of ALD process is also evidenced for the ALD-AINx
passivation method, which not only enhances PL emission by over three orders of magnitude but also maintains
its passivating effect for over a year, as shown in Fig. 3(d) and in figure S2 of the supplementary information.

However, an improvement of GaAs epilayer PL intensity at room temperature does not necessarily guarantee
good emission properties for QDs located close to the passivated surface. This is evident for NoHs + AlOy
passivation, which has a positive effect in terms of room-temperature GaAs PL intensity but a strong detrimental
effect on the exciton linewidths of individual QDs. This suggests that either the spectral diffusion caused by charge
fluctuation at the surface is greatly increased or that the passivation process causes diffusion of impurities into the
GaAs cap layer where they act as charge traps. Based on our results, the latter scenario is more probable because
the spectral lines of individual QDs are strongly diffused even with a 60 nm GaAs cap. We also observe a direct
increase in non-radiative recombination for the QDs with intermediate cap thicknesses of 30 nm and 40 nm. A
typical impurity associated with the ALD growth of AlOy is hydrogen [51], which can be present at the passivation
interface and can diffuse into the GaAs cap layer. It has been shown that a well-optimized treatment of hydrogen
plasma on InAs QDs improves their PL emission intensity and recombination lifetimes [52,53]. However, the
results from [52] also suggest that an overdose of hydrogen can actually be detrimental to the QDs’ emission
properties and to the structural quality of GaAs surface. Moreover, it has also been experimentally shown that
hydrogen modifies the energy structure of GaAs by creating deep, metastable states in the bandgap[54] and these
deep traps could potentially influence the emission properties of nearby QDs. In such a scenario, the effect of
hydrogen could possibly be remedied by well-optimized thermal annealing [55,56], which was not investigated
in this study.

Ultimately, the non-radiative losses at the GaAs surface depend on the surface recombination velocity. We
know from PL measurements of GaAs that the surface recombination velocity can be significantly reduced by
surface passivation layers. Consequently, passivation greatly improves also the radiative efficiency of the QD-
containing structures by allowing a larger number of charge carriers generated in the GaAs matrix to be captured
by the QDs, where they can recombine radiatively instead of being lost to hon-radiative recombination processes
at the GaAs surface. This is important in terms of the overall radiative efficiency of a small-volume quantum
device based on InAs/GaAs QDs, for example, a single-photon LED. On the other hand, the emission linewidths
and the decay rates are directly affected by the material and surface properties and the resulting nature of the
electronic structure in the immediate vicinity of the QDs. QDs respond differently to the same passivation
processes (that were used for passivating bulk GaAs surface) with respect to the observed QCSE due to the charge
fluctuations caused by impurities near QDs. That is, the emission properties of QDs are dependent on the
interaction of excited charge carriers with the impurities present nearby as well as with the surface states near the
GaAs surface. It might be intuitive to assume based on the room-temperature PL results that suppressing surface
states at the GaAs surface would translate to improving the optical properties of nearby QDs. But our data from
low-temperature PL experiments suggests that it is not necessarily the case, especially for QDs that are situated
30 nm or more away from the surface. Therefore, in general, different surface or impurity states can be responsible
for the two processes, namely, non-radiative surface recombination and QCSE.

Most notably, the AINy passivation is effective in all experiments carried out in this work: it reduces oxidation
of Ga and As at the GaAs surface, it improves the room-temperature PL intensity of surface-sensitive GaAs by
over three orders of magnitude, owing to a reduction in surface recombination velocity by the same order of
magnitude, and at the same time the enhancement in PL intensity is a permanent effect. Moreover, an essential
effect for quantum technology applications is that the ALD-AINx process provides a passivation of the charge
fluctuations. This results in the QD exciton linewidth and intensity to be nearly independent of the thickness of
GaAs cap layer, if the cap thickness is 30 nm or more. Overall, this is an extremely encouraging result considering
passivation of small-volume InAs/GaAs QD devices, such as QD-nanocavity systems and compact single-photon
LEDs. We also observe a slight reduction of the non-radiative recombination (based on QD decay statistics) in
the QDs with cap thicknesses of 30 nm or more. Therefore, the ALD-AINy process is a robust surface passivation
technique for nanoscale quantum devices based on InAs/GaAs QDs.

5. Conclusions
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We have investigated three different surface passivation methods for improving the properties of GaAs (100)
surfaces and InAs QDs positioned close to such surfaces. The first method was NpHs-based chemical N-
passivation, the second method included the ALD growth of a 2 nm AlOy overlayer on the NoHa-treated surface
and the third passivation method involved ALD-AINy passivation procedure which included a TMA and N
plasma pretreatment of the GaAs surface. All three methods reduce oxidation of Ga and As atoms at the surface
and provide a significant enhancement of the surface-sensitive GaAs epilayer PL intensity, which indicates a
strong reduction in surface recombination. The efficacy of the NoH4 passivation is temporary, but the NoH. + AlOx
and the AINy passivation processes provide stable improvements in PL intensity. However, the NoHs + AlOx
passivation causes a strong spectral diffusion of the QD PL emission lines. This leads us to conclude that room-
temperature PL intensity is not necessarily a good indicator of the efficacy of the passivation for close-to-surface
QDs. On the other hand, the ALD-AINy passivation is a successful passivation technique in all aspects of this
study: it improves the GaAs PL intensity, reduces the surface-induced spectral diffusion in close-to-surface QDs,
enhances the PL emission intensity of the QDs and reduces non-radiative recombination. Moreover, since ALD
is a conformal deposition method, the AINx passivation can be effectively carried out on more complex geometries
like micropillars and suspended-membrane photonic crystal cavities. These properties make ALD-based AINy
passivation the ideal candidate for improving the performance of nanoscale photonic devices and cavity-QD
systems based on InAs/GaAs QDs.
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