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Abstract

The structural and optical properties of individual ultra-long GaAs nanowires (NWs) were
studied after different nitrogen passivation process conditions. The surface morphology of the
NWs after passivation was characterized by high resolution transmission electron microscopy
(HRTEM) and high angle annular dark field (HAADF) imaging. Electron energy loss
spectroscopy (EELS) confirmed the presence of nitrogen on the NW surface. Micro-
photoluminescence (U-PL) on single NWs indicated an increase of the luminescence intensity
upon passivation. This work reveals the efficacy of a plasma passivation process on complex

nanometer-scale morphologies.
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1. Introduction

[II-V semiconductor NWs have received much interest for
their potential applications in various optoelectronic devices,
including possible integration with silicon electronics
[11[2][3]1[4]- Most IT1I-V NWs are grown by the vapor-liquid-
solid (VLS) method, which can be promoted either by a
foreign metal catalyst, often gold, [5][6][7][8] or a group III
metal constituting the NW itself (Ga in the case of GaAs NWs)
in the self-catalyzed approach [9][10][11].

However, surface effects such as carrier depletion and surface
recombination are bottlenecks for the practical application of
such high aspect ratio nano-objects. These surface effects have
been shown experimentally to significantly reduce device
performance [12]. Generally, passivation procedures remove
a layer of surface native oxide, protects the crystal surface
against oxidation, and reduces surface state density. In recent
decades, many procedures that provide GaAs surface
passivation have been studied.



The growth of a shell (surrounding the NW core), based on
various III-V semiconductor compounds, such as InGaP [13]
or AlGaAs [14], have resulted in significant improvement in
terms of photoluminescence (PL) intensity of GaAs NWs.
However, in-situ passivation through the growth of a
controlled shell thickness is difficult, especially for long NWs
produced by vapor phase epitaxy techniques such as hydride
vapor phase epitaxy (HVPE) or metal-organic vapor phase
epitaxy (MOVPE). In addition, as long as the catalyst droplet
is present, it is difficult to change the growth from the axial
regime to the radial one.

Several chemical passivation processes have been performed.
Among them, sulfur passivation has been shown to improve
GaAs NW solar cell efficiency but the long term-passivation
effect is limited [15]. Hydrazine surface nitridation by
hydrazine—sulfide solution is an alternative surface
passivation method, where stable Ga-N bonds are formed on
the NW surface and decrease the surface state density.
Improvements in NW conductivity and micro-PL (p-PL)
intensity has been ascribed to this method [16]. However, this
process requires the use of a wet chemical step, which is
generally undesirable.

We report here an easy ex situ passivation process based on a
nitrogen plasma. Such a method has previously exhibited
succesful passivation of GaAs substrate surfaces [17]
[18][19]. In the present study, chemical, structural and optical
characterization were performed to study the efficacy of the
nitrogen passivation process on ultra-long GaAs NWs (up to
100 pm length) grown by HVPE. Scanning transmission
electron microscopy (STEM), coupled with electron energy
loss  spectroscopy  (EELS), enabled simultaneous
morphological and chemical analysis of individual NWs with
unprecedented spatial and energy resolution [20][21][22]. p-
PL was used to investigate the impact of passivation on
luminescence emission.

2. Experimental details

In this paper, GaAs NWs were grown by the Au-assisted VLS
process using the HVPE method. HVPE is a very fast growth
method due to high mass input of growth precursors, despite
substantial desorption fluxes at high temperatures. This
property is due to the use of chloride molecules (GaCl) as the
group III precursor. The salient features of NWs grown by
catalyst-assisted HVPE are a high axial growth rate (greater
than 100 um/h) and a constant untapered morphology. NWs
grown by HVPE have shown the highest length-to-diameter
aspect ratio (up to 1000) for GaAs. Furthermore, GaAs NWs

exhibit a defect-free and stacking fault-free ZB structure, and
with a growth direction that is randomly oriented [23].

After growth by HVPE, the NWs were immediately placed in
a glovebox to avoid surface oxidation, and subsequently
transferred to an electron cyclotron resonance (ECR) source
(SPECS MPS-ECR) for nitrogen plasma passivation ina UHV
chamber (Figure 1). The ECR operated in atom mode at a
pressure of 2.5x10° mbar at a low power (= 40 W), as
described elsewhere [18]. This method enables the deposition
of a thin layer of nitride at the GaAs surface which reduces the
surface oxidation under air exposure. In order to obtain a
homogeneous nitridation on the NW surface, the angle
between the source and the substrate surface (a, figure 1) was
kept for 1h at 45° and 1h at -45°, in order to minimize the
shading effect due to the random organization of the NWs on
the surface.

Three nitrogen plasma passivation conditions were
performed: sample A was passivated at room temperature
(RT); sample B was passivated at RT and annealed at 620 °C
for 1 h; and sample C was passivated at high temperature (530
°C) and annealed at 620 °C for 1 h. The annealing temperature
of 620 °C was selected for crystallization of the nitride layer,
based on previous studies of the N passivation of planar GaAs
surfaces [24].

It is important to note that, after the plasma passivation
process, these three samples were stored under air exposure
during 18 months before the characterization was carried out.
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Figure 1. Nitrogen passivation of ultra-long NWs by an
ECR plasma source. Two positions a = 45° and a = — 45°
were used to minimize the shading effect.

A Titan 80-300 HB with double aberration correction was
used for scanning transmission electron microscopy (STEM)
analysis and high angle annular dark field (HAADF) imaging.
The instrument achieves sub-Angstrom resolution both for



phase contrast imaging and STEM. The resolution of the
electron energy loss spectroscopy (EELS) experiments was
0.1 eV. High resolution transmission electron microscopy
(HRTEM) measurements were performed using a FEI-Tecnai
microscope operated at 200 kV.

pu-PL measurements were performed on individual NWs at
low temperature in a Janis ST-5003 continuous flow cryostat.
Single NWs for p-PL were prepared by dispersion on an
oxidized Si substrate. NWs were located by CCD imaging,
while p-PL excitation and collection were performed through
a microscope objective with numerical aperture of 0.7,
providing a spot diameter of about 1 pm. The excitation was
provided by the 488 nm line of an Ar+ laser with ~ 1 mW
power. u-PL spectra were collected by a 0.55 m Horiba Jobin
Yvon spectrometer and detected by a liquid nitrogen cooled Si
CCD camera.

3. Results and discussion

Structural characterization was performed on the passivated
NWs with STEM-HAADF (Fig. 2 (a), (c), (¢)) and HRTEM
(Fig. 1(b),(d),(f)). The NWs grown by HVPE were about 100
pum in length and from 100 to 500 nm in diameter. The NWs
passivated at room temperature - sample A in Fig. 2 (a), (b) -
exhibited the wusual surface observed on as-grown
(unpassivated) GaAs NWs with a 2 nm-thick native oxide
layer [7]. The annealing step at 620 °C (sample B) generated
an observable surface roughness (Fig. 2 (c), (d)). The
passivation process at high temperature (sample C) induced
large defects (pits) in the NWs surface (Fig. 2 (e), (f)). These
observations are consistent with those previously observed on
GaAs substrates [24]. Moreover, these observations were
regular along the entire length of NWs, meaning the radical
nitrogen atoms generated by the ECR plasma source can reach
the whole NWs surface; i.e. the nitridation process is
homogeneously achieved all along the entire NW.

Figure 2. STEM-HAADF (left)and HRTEM (right)
images of HVPE grown GaAs NWs with: (a-b) Sample A:
N passivation at room temperature, (c-d) Sample B: N
passivation at room temperature and annealed at 620 °C,
and (e-f) Sample C: N passivation at 530 °C and annealing
at 620 °C. Scale bars are 100 nm for STEM-HAADF
images and 5 nm for HRTEM images.

The EELS spectra of Fig. 3 exhibited a clear peak near 401 eV
(dashed line) identified as the nitrogen K edge for sample B
and C; it was not present in sample A. Thus, a thermal
treatment (sample B or C) was required to generate a nitride
layer along the NWs surface. These findings are consistent
with the passivation results obtained in planar GaAs (100)
substrates using the same ECR plasma source [18][25].
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Figure 3. EELS spectra on GaAs NWs after different N
passivation conditions.

The EELS-STEM spectrum-imaging mode gives access to
spatially-resolved electron energy loss. EELS mapping,
reported in Fig. 4, revealed that oxygen is present (Fig. 4(c),
(j) and (0)), presumably as a native oxide on the NW surface.
This fact is in agreement with HRTEM measurements
reported in Fig. 2 (b), (d) and (f), showing a 2-5 nm thick oxide
shell even after the passivation processes. However, in sample
A where passivation was performed at room temperature, the
nitrogen concentration was much lower (Fig. 4(d)) as
compared to sample B (Fig. 4(i)) and sample C (Fig. 4(n))
where a thermal treatment was performed, consistent with the
results of Fig. 3. Moreover, if the nitridation is performed at
high temperature (530 °C, sample C), a thicker nitride layer is
formed at the GaAs surface [18] and is revealed by an increase
of N concentration from sample B (Fig. 4(i)) to sample C (Fig.
4 (n)). When plasma nitridation is performed at room
temperature, the oxygen remains present on the surface. When
nitridation is performed at high temperature, the nitrogen
concentration becomes higher and the oxidation of the surface
due to air exposure is reduced.
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Figure 4. From left to right, HAADF-STEM image of
NWs, and EELS chemical map of Ga, As, N and O for (a-
e) Sample A: N passivation at room temperature, (f-j)
Sample B: N passivation followed by annealing at 620 °C,
and (k-o) Sample C: N passivation at high temperature
followed by annealing at 620 °C. Scale bars are 10 nm.

To further understand the effect of N passivation on our GaAs
NWs, low temperature (10 K) p-PL measurements were
performed (Figure 5) on reference (as-grown) GaAs NWs
without any passivation process, room temperature N-
passivated NWs (sample A), and room temperature N-
passivated and 620 °C annealed NWs (sample B). Sample C
NWs were not assessed due to the surface damage induced by
the high-temperature plasma process, which is deemed
unsuitable for applications. The passivation at room
temperature (sample A) clearly improved the PL intensity
compared to the unpassivated sample, indicating a reduction
in non-radiative surface states. In addition, the annealing step
(sample B) further improved the PL intensity; this point is
consistent with the increased surface nitridation observed in
the EELS spectra. The efficacy of the passivation process is
therefore active even after 18 months of air exposure. Two
main peaks were observed in our PL spectra at 1.46 eV and
1.506 eV. The peak at 1.46 eV is attributed to transitions
involving impurities or defects, while the peak at 1.506 eV
corresponds to the near band gap emission in GaAs [26][27].



These NWs exhibited n-doped behaviour as demonstrated
previously through a p-PL analysis and theoretical study. The
non-intentional n-doping is attributed to the incorporation of
Si atoms from the substrate [28]. In addition to these two main
lines, another emission near 1.49 eV was observed only in N-
passivation samples (most evident in sample B). Since we did
not observe this peak in the unpassivated sample, the origin of
this peak is likely due to the presence of N as observed
previously in GaAs [28] [29] [30][31]
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Figure 5. p-PL measurements of unpassivated NWs, NWs
after room temperature N-passivation (sample A); after
room temperature N-passivation and 620 °C annealing
(sample B); after N-passivation at 530 °C and annealed at
620 °C (sample C).

4. Conclusion

We have reported the structural and optical characterization of
HVPE-grown ultra-long GaAs NWs. Different experimental
conditions were investigated with an ECR source for nitrogen
plasma passivation. HRTEM and EELS analysis revealed that
the surface nitridation is improved with a thermal annealing
treatment, but the roughness of the surface increased for
plasma treatment at high temperature. The surface passivation
was confirmed by p-PL spectroscopy which revealed the
enhancement of the luminescence with N plasma treatment.
Thus, the latter was demonstrated as an effective and simple
method for surface passivation in ultra-long NWs, and aims to
allow passivation of complex nano-objects.
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