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Precise control of doping in single nanowires (NWs) is essential for the development of NW-based
devices. Here, we investigate a series of MBE-grown GaAs NWs with Be (p-type) and Si (n-type)
doping using high-resolution cathodoluminescence (CL) mapping at low- and room-temperature.
CL spectra are analyzed selectively in different regions of the NWs. Room-temperature lumines-
cence is fitted with the generalized Planck law and an absorption model, and the bandgap and band
tail width are extracted. For Be-doped GaAs NWs, the bandgap narrowing provides a quantitative
determination of the hole concentration ranging from about 1×1018 to 2×1019 cm−3, in good agree-
ment with the targeted doping levels. High-resolution maps of the hole concentration demonstrate
the homogeneous doping in the pure zinc-blende segment. For Si-doped GaAs NWs, the electron
Fermi level and the full-width at half maximum of low-temperature CL spectra are used to assess
the electron concentration to approximately 3 × 1017 to 6 × 1017 cm−3. These findings confirm the
difficulty to obtain highly-doped n-type GaAs NWs, maybe due to doping compensation. Notably,
signatures of high concentration (5–9×1018 cm−3) at the very top of NWs are unveiled.

I. INTRODUCTION

Semiconductor nanostructures are widely investigated
in fundamental research and for device applications. In
particular, III-V nanowires (NWs) have attracted a grow-
ing interest for the development of optoelectronic devices
such as laser [1–3], light-emitting diodes [4–6], photode-
tectors [7, 8] and solar cells [9–12]. For instance, the abil-
ity to grow defect-free III-V NWs on silicon (Si) allows
for the direct growth of III-V/Si tandem solar cells [13].
Doping is a key element for optimal operation of the de-
vices like low-resistivity of the contacts [14] or efficient
carrier collection [15]. Owing to the small dimensions of
NWs, the realization of radial or axial p-n junctions re-
quires a very tight control of the doping conditions during
the epitaxial growth. However, characterization of carrier
densities at the sub-micrometer scale remains challeng-
ing.

Field effect measurements [16, 17] and Hall effect mea-
surements [18, 19] have been used to assess the trans-
port properties of single NWs, but they require the fab-
rication of nanoscale electrical contacts, which is tech-
nically difficult. Multiple probes in an electron mi-
croscope have been used to examine the charge carrier
depletion and doping profile along NWs [20–22]. Off-
axis electron holography employs electron interference to
measure the electrical potential in a thin specimen [23],
and have been used to reveal doping inhomogeneities in
GaAs NWs [24, 25]. Time-of-flight secondary ion mass
spectroscopy (SIMS) [26] and atom probe tomography
(APT) [27] can also be used to measure the density of im-
purity atoms, which can be much higher than the carrier
concentration in case of electrically non-activated or com-
pensated doping impurities. Alternatively, optical meth-

ods provide rapid and contactless analysis of samples
without additional processing step. For instance, the col-
lective oscillation of free carriers can be excited and mea-
sured in the terahertz domain, but the low spatial res-
olution limits this technique to the investigation of NW
ensembles [28]. Raman spectroscopy allows to probe car-
rier densities through longitudinal optical (LO) phonon-
plasmon interactions [29, 30], and can be combined with
APT to infer the activation efficiency of dopant ele-
ments [25]. Light scattering from local vibrational modes
of Si atoms in a GaAs lattice may also indicate whether
Si dopants occupy As sites (p-type doping) [31, 32] or
Ga sites (n-type doping) [33]. Photoluminescence (PL)
is widely used and the Burstein-Moss shift was observed
in n-InP [34], n-GaAs [35] and n-InAs [36] NWs. How-
ever, these optical techniques do not provide the spatial
resolution required to study inhomogeneous NWs.

Here, we use cathodoluminescence (CL) mapping as a
rapid, contactless method for the determination of car-
rier densities in single NWs. The high spatial resolution
of this technique allows to distinguish different regions
of a single NW. It is used to discard defective zones and
to study variations of the carrier concentration in well-
controlled homogeneous regions. In a previous work, we
have demonstrated the quantitative analysis of electron
concentration in Si-doped GaAs NWs grown randomly on
a Si(111) substrate [37]. Luminescence analysis method
and its accuracy have been further validated on a series of
p-type and n-type GaAs planar reference thin films [38].
Here, we extend this work to a series of Be-doped (core
and shell) and Si-doped (shell) GaAs NWs grown on pe-
riodically patterned Si substrates with different doping
level targets. We assess quantitatively the carrier den-
sities of both p-type and n-type NWs, either by fitting
room-temperature (RT) CL spectra with the generalized
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Planck law and an absorption model, or with the full-
width at half maximum (FWHM) of low-temperature
(LT) CL spectra. We discuss the agreement (p-doped)
and disagreement (n-doped) with the target doping lev-
els in different growth conditions, and the homogeneity of
the carrier concentration. In GaAs:Si NWs, doping com-
pensation limits the carrier concentration in the shell.
Importantly, we unveil signatures of high electron con-
centrations in the tip segment.

II. EXPERIMENTAL DETAILS

NWs were grown on a patterned Si(111) substrate by
molecular beam epitaxy (MBE). A SiO2 film (thickness
∼25 nm) was deposited by plasma-enhanced chemical va-
por deposition (PECVD). It is used as a mask for the se-
lective growth of NWs. Openings were fabricated using
electron-beam lithography in a polymethyl methacrylate
(PMMA) resist. They consist in a hexagonal array of
holes (diameter ∼20 nm) with a pitch of 500 nm or 1 µm.
The holes were transferred to the SiO2 mask by reactive-
ion etching (RIE) with SF6/CHF3 gases, followed by a
wet chemical etching in dilute HF:H2O (1:100) to remove
the last nanometers of SiO2 before loading the substrate
into the MBE chamber for degassing in ultra-high vac-
uum.

The MBE growth was performed in a Riber Compact
32 system. The NW growth sequences and the angles of
molecular beams are depicted in Fig. 1. Ga was supplied
using a standard effusion cell. It first results in localized
liquid Ga droplets above the mask openings. Arsenic
was then supplied as As4 by a valved source and resulted
in the NW growth via the self-catalyzed vapor-liquid-
solid (VLS) method. The VLS growth was conducted
at 610◦C. After the VLS growth, Ga droplets were crys-
tallized by closing the Ga shutter and increasing the As
flux to roughly twice the previous value at a substrate
temperature of about 500◦C (except for sample shell-
4, see section V). This growth sequence yields a first,
long zinc-blende (ZB) segment, named pure ZB segment,
and a second segment with mixed wurtzite (WZ) and ZB
crystal structures (see transmission electron microscope
images in the appendix, and the schematic in Fig. 1).
This WZ/ZB mixed segment is attributed to the droplet
crystallization [39, 40], it represents approximately 30%
of the total length and it is named droplet crystallization
segment.

For two samples (core-1 and core-2), Be dopants were
provided during the VLS growth and an AlGaAs passiva-
tion shell (thickness ∼13 nm) was grown after the droplet
crystallization. For the others (shell-1 to shell-5), the
NW cores were non intentionally doped, and doped shells
were grown upon the sidewall facets of the {110} family
in the conventional vapor-solid (VS) mode with Be (p-
type) or Si (n-type) dopants. Detailed growth parameters
are given in Table I, including the growth temperature
and the V-to-III beam equivalent pressure (BEP) ratio
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FIG. 1. Overview of the NW growth sequences. NW cores are
grown using the vapor-liquid-solid (VLS) method on a Si(111)
substrate patterned with a SiO2 mask. Ga liquid droplets act
as a catalyst of the MBE growth. They are crystallized at
the end of the VLS growth. Subsequently, shell growth can
be conducted (vapor-solid, VS growth) for surface passiva-
tion or to create a core-shell junction. The incident angles
of molecular beams with respect to the substrate normal are
indicated.

used for growing the doped core or shell. The very top of
shell-doped NWs, corresponding to the shell overgrowth
on top of the core, is named tip segment.

The total length and diameter of NWs are measured
from scanning electron microscope (SEM) images and av-
eraged over several NWs of the same sample. Despite
the hexagonal shape of NWs, their diameter is referred
to as the diameter of an equivalent cylinder with a cross-
section of equal surface. The shell thickness is obtained
by subtracting the typical diameter of NW core only
(105±10 nm) to the total diameter. The flux of Be- and
Si-dopants was previously calibrated on GaAs(001) thin
films. For core-1 and core-2, the theoretical doping con-
centration is calculated as the dopant flux divided by the
NW growth rate (the growth rate is estimated as 70% of
the total length divided by the growth time, which ex-
cludes the droplet crystallization). For shell-1 to shell-5,
the theoretical doping concentration is obtained similarly
but taking into account the projection of the dopant flux
to the vertical sidewalls and the rotation symmetry of
the shell growth.

After growth, NWs were dispersed on a Si sub-
strate. CL measurements were performed in an Attolight
Chronos quantitative cathodoluminescence microscope.
The e-beam acceleration voltage is 6 kV and the imping-
ing current is 0.3–0.7 nA. The luminescence is collected
by an achromatic reflective objective (NA: 0.72) and an-
alyzed with a Horiba iHR320 monochromator (grating:
150 grooves/mm) and an Andor Newton Si CCD camera
(1024×256 pixels, pixel width 26 µm, spectral dispersion:
0.53 nm per pixel). Luminescence spectra were corrected
for the diffraction efficiency of the grating and the sen-
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TABLE I. Description of doped GaAs NW samples. The growth temperature and the V/III BEP ratio are given. The NW
length, diameter and shell thickness are obtained by examining SEM images (mean value ± standard deviation). The growth
rate refers to the elongation of the NW length (core doping) or the expansion of the shell thickness (shell doping) per unit
of time. The dopant flux was calibrated using GaAs reference thin films and is given with respect to the substrate normal.
Theoretical doping concentrations are deduced from the dopant flux and the NW growth rate.

sample growth T. V/III ratio length diameter shell thick. growth rate dopant th. doping conc.
◦C µm nm nm Å/s atoms/(s·cm2) cm−3

core-1 (Be) 610 10 2.45±0.11 189±13 14.3±0.7 1.5 × 1011 (1.0 ± 0.1) 1018

core-2 (Be) 610 10 1.85±0.12 182±12 10.8±0.7 8.8 × 1011 (8.1 ± 0.6) 1018

shell-1 (Be) 550 129 2.00±0.12 236±8 67±4 0.19±0.02 2.1 × 1010 (1.0 ± 0.2) 1018

shell-2 (Be) 550 129 1.03±0.04 282±16 90±8 0.25±0.03 1.5 × 1011 (5.4 ± 0.8) 1018

shell-3 (Be) 550 129 1.99±0.10 334±42 116±21 0.32±0.06 8.8 × 1011 (2.5 ± 0.6) 1019

shell-4 (Si) 450 153 2.06±0.10 292±14 95±7 0.26±0.03 4.6 × 1010 (3.9 ± 0.4) 1018

shell-5 (Si) 475 117 2.15±0.06 285±22 91±11 0.19±0.03 5.5 × 1010 (6.4 ± 1.2) 1018
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FIG. 2. (a) Calculation of the surface depletion width as
a function of the doping concentration for p-GaAs (red) and
n-GaAs (blue). Dashed lines correspond to bulk planar GaAs
with a density of surface states Ds = 1013 cm−2eV−1 and
a fixed charge neutrality level at 0.53 eV above the valence
band maximum. Solid lines represent the shell width of the
depletion region for GaAs NWs (total radius: 150 nm, shell
thickness: 100 nm) with the same surface properties. (b,c)
Band diagram along the NW radius for (b) n-doped and (c)
p-doped GaAs NW.

sitivity of the CCD camera. The spatial resolution of
CL maps is limited by electron beam diameter (below 10
nm) and the interaction volume in GaAs, estimated to
less than 40 nm in diameter and 70 nm in depth. Diffu-
sion of charge carriers contributes to decrease the actual
spatial resolution, it depends on the sample temperature
and on the presence of defects and heterostructures.

III. EFFECT OF SURFACE DEPLETION AND
BAND BENDING

For core-doped samples, an AlGaAs passivation shell
was grown to increase the radiative efficiency of GaAs
core, because thin GaAs NWs (diameter<130 nm) with-
out passivation suffer from severe Fermi level pin-

ning [41]. For shell-doped samples, a relatively thick shell
allowed luminescence signal to be recorded without addi-
tional surface passivation. However, the effect of surface
depletion and the junction formed with the undoped core
may still influence the radiative process and are discussed
in the following.

Figure 2(a) shows the GaAs surface depletion width as
a function of the doping concentration for thin films and
for NWs modeled as infinite cylinders of 150 nm radius
with uniform doping. It is calculated using the electro-
static model of Ref. [42] with the charge neutrality level
of GaAs taken to be 0.53 V above the valence band [43],
and a density of surface states of 1013 cm−2eV−1 corre-
sponding to GaAs with native oxide [44]. NWs behave as
thin films at high doping levels, but present larger surface
depletion width at low doping concentrations. The NWs
are totally depleted below a certain concentration limit.
Under e-beam excitation, the separation of quasi-Fermi
levels decreases toward the surface due to surface recom-
bination. Hence, the CL contribution from the surface
depletion region should be significantly lower than from
deeper regions.

In the case where an unintentionally doped core is
present, the doped shell may be partly depleted near the
core-shell interface. This is illustrated in Fig. 2(b,c) for
n-doped and p-doped shell. Free carriers can diffuse to
the core, leading to band bending (bend up for n-shell
and bend down for p-shell). Because of high doping lev-
els in the shell and the small volume of the core, the effect
of free carrier depletion in the shell should be negligible.
Under e-beam excitation, most of the excess carriers are
generated in the shell (depth of the generation volume
∼70 nm with a cut-off defined as 80% of the maximum
energy [37]). In addition, carriers generated in the core
would be separated due to the internal field, resulting in
low CL contribution from the core. CL measurements
on shell-doped samples should mainly probe the quasi-
neutral region of doped shells.
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IV. BE-DOPED GAAS NANOWIRES

The mechanism of Be incorporation in MBE-grown
GaAs NWs by the VLS method is still unclear, due to
the complexity introduced by the nanoscale liquid Ga
droplets and the difficulty of doping characterization for
single NWs. Early studies used electrical conductivity
measurements along NWs and showed that Be impuri-
ties incorporate dominantly through the parasitic side-
wall growth in the VS mode [45], and this effect seems to
dominate at low Be flux [46]. Remarkably, Be incorpo-
ration through the three (112)A truncated facets at the
liquid-solid interface was inferred using electron holog-
raphy to evidence a three-fold symmetry of the electri-
cal potential [24]. On the other hand, homogeneous in-
corporation was observed using the reconstruction with
atom probe tomography [47]. In our experiments, we
observed rather homogeneous CL mapping for Be-doped
NW core, suggesting no significant change of the incorpo-
ration along the nanowire axis in our growth conditions.
For Be-doped NW shells, the situation should be similar
to usual thin film growth and efficient doping incorpora-
tion was found using a high V/III ratio [48].

Figure 3 shows SEM images of as-grown NWs on Si
substrates for the five Be-doped samples. Two of them
are doped during the VLS growth (core-1 and -2), three
are doped during the VS growth of NW shells (shell-1,
-2 and -3). The statistics of the NW geometry are given
in Table I. The growth parameters were kept identical
except for the flux of Be dopant, but slight variations of
the NW geometry and morphology are still observed. Be
dopant is believed to have a surfactant effect which may
cause irregular morphology and kinked NWs at high Be
concentration [47]. In our samples, regular morphology
was obtained along most of the NW length.

Figure 4 shows room-temperature (RT) CL measure-
ments of Be-doped NWs. Every NW was measured with
the same condition for electron excitation and lumines-
cence collection, so their integrated CL intensities can be
quantitatively compared. It allows for a direct compar-
ison of the radiative efficiencies between samples. The
color scales for the CL peak position and full-width at
half maximum (FWHM) are adapted for each sample to
visualize variations inside single NWs. For core-doped
samples, two distinct regions with different CL char-
acteristics are visible. The (top) droplet crystallization
segment of the NWs exhibits CL peaks with noticeable
blueshift and broadening compared to the pure ZB seg-
ment, corresponding to the existence of a WZ segment.
For shell-doped samples (shell-2 and shell-3), we can ob-
serve that the droplet crystallization segment and the
tip segment show slightly different peak positions and
broader FWHM as compared to the pure ZB segment.
These features may be caused by the crystal phase mix-
ing and/or by doping inhomogeneities. In the following,
we focus on the pure ZB segment, seen as a homogeneous
region in the middle of the NWs, in order to assess and
compare the carrier density between samples.

TABLE II. CL characteristics of GaAs:Be NW samples. Peak
position and FWHM are typical for CL spectra extracted from
the middle homogeneous part of the NWs (pure ZB segment).
The bandgap Eg and Urbach tail γ are determined from the fit
of CL spectra with the generalized Planck law. Experimental
hole concentrations are obtained from the BGN values. For
shell-1, the BGN value is too small to give a precise assessment
of the hole concentration, the result is only indicative.

sample peak FWHM Eg γ exp. hole conc.

eV eV eV meV cm−3

core-1 1.423 0.065 1.404 13 1.3 × 1018

core-2 1.411 0.073 1.387 15 8.5 × 1018

shell-1 1.429 0.060 1.412 12 (3.3 × 1017)

shell-2 1.413 0.070 1.394 15 4.6 × 1018

shell-3 1.401 0.073 1.381 15 1.3 × 1019

Average CL spectra are extracted from the homoge-
neous regions delimited by the small rectangles shown in
Fig. 4 (integrated CL intensity maps). They are plotted
in Fig. 5(a) and can be compared quantitatively. The
higher intensities are obtained with the core-doped sam-
ples, demonstrating the effective passivation effect of Al-
GaAs shells. The intensities for the shell-doped samples
increase with the doping levels. In particular, the low-
est doped NW (shell-1) exhibits a very low luminescence
intensity due to a thinner shell and a larger surface deple-
tion width. Redshift and broadening of CL spectra are
consistent with an increased p-type doping, as expected
from the Be flux (Table I).

CL spectra are fitted using the generalized Planck law
and a parabolic absorption model convoluted with an Ur-
bach tail, following the method described in Ref. [38].
Due to the small size of the NWs, we neglect the reab-
sorption effect so that the absorptivity is approximated
by the absorption coefficient α(h̄ω) [49]. The results are
plotted in Fig. 5(a) (colored lines). The fitted model
provides the bandgap Eg (open circles in Fig. 5(a)) and
energy width of the Urbach tail γ. Both values de-
pend mainly on the low-energy part of the luminescence
spectra. Table II lists the Be-doped GaAs NW sam-
ples, the characteristics of CL spectra (peak energy and
FWHM), Eg and γ. Experimental hole concentrations
are deduced from the bandgap narrowing (BGN) val-
ues: BGN = 1.424 − Eg(eV), and the empirical relation
determined in reference [38], see Fig. 5(b). For shell-1,
the BGN value is too small to give a precise assessment
of the hole concentration, which is probably lower than
1× 1018 cm−3. In this range, measurements may be also
impacted by surface depletion due to the absence of Al-
GaAs passivation shell (see Fig. 2), so the result given
for shell-1 in Table II and Fig. 5(b) is only indicative.

The carrier concentrations determined by CL (Ta-
ble II) are in very good agreement with the expected
doping levels (Table I). This is particularly the case for
core-doped samples, suggesting that Be atoms incorpo-
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(a) core-1 (b) core-2 (c) shell-1 (d) shell-2 (e) shell-3

FIG. 3. SEM images of GaAs:Be NWs on Si(111) substrates with a 45 degree sample tilt. (a,b) NWs with direct Be doping
during the VLS growth. After crystallization of the Ga droplets, an AlGaAs shell was grown for surface passivation. (c,d,e)
NW structures containing undoped GaAs core and Be-doped shell without additional surface passivation. Scale bars are 1 µm.

rate through the VLS process in our growth conditions,
and that Be has an activation efficiency close to 100 %.
The alternative mechanism of Be incorporation during
the intentional axial growth is the direct incorporation
from the vapor into the NW sidewalls (VS mode) [45, 46],
corresponding to a parasitic radial growth. This mech-
anism should lead to a gradual decrease of dopant con-
centration from the bottom to the top of the pure ZB
segment. Since we do not observe such a concentration
gradient, the VS process must be negligible in the core-
doped samples. For shell-doped samples, the small dis-
crepancies between the theoretical and experimental dop-
ing concentrations may be due to the uncertainty of the
growth rate, complex orientation and shadowing of the
impinging dopant flux, lower activation, and surface de-
pletion for low concentration. Overall, Be-doping in the
core or shell of GaAs NWs can be accurately controlled
through CL calibration.

Figure 6 shows high-resolution maps of the hole con-
centration determined with a pixel-by-pixel analysis, fol-
lowing the previous method shown in Fig. 5: each spec-
trum is fitted with the generalized Planck law, and
the hole concentration is deduced from the resulting
bandgap. The sample shell-1 was not included because
of the lack of accuracy of the method for low BGN. For
the other samples, the resulting maps exhibit homoge-
neous hole concentration in the pure ZB segments of the
nanowires (red regions in Fig. 6), and the values are in
very good agreement with the previous analysis and Ta-
ble II.

Closer to the tip, the region correspond to mixed
phases and a WZ segment. However, the relation be-
tween the BGN and the hole concentration was deter-
mined on ZB GaAs reference layers [38]. In the region
of crystal phase mixing and in the WZ segment, the
CL characteristics are also affected by these structural
switches. The variation of doping level shown in Fig. 4
must be corrected from these effects and the values out-
side the ZB segment must be considered with caution.
Further analysis will be required to extend the determi-
nation of carrier concentration to the GaAs WZ.

V. SI-DOPED GAAS NANOWIRES

The incorporation of Si dopants is a contentious topic
in GaAs NW growth due to its amphoteric behavior. It
is normally utilized as an n-type dopant for GaAs thin
films with (001) surface orientation, and typical free elec-
tron concentration up to 7 × 1018cm−3 without dopant
compensation can be achieved in MBE systems [50].

However, the incorporation mechanism differs largely
in the presence of a liquid phase. Si-doped GaAs grown
by liquid phase epitaxy (LPE) is mainly compensated [51]
and p-type doping was observed in GaAs NWs grown by
VLS [31, 52]. On the other hand, Si doping on NW {110}
facets is believed to produce n-type conductivity [33], and
Si incorporation on (110) GaAs surface has been shown to
depend strongly on the As/Ga flux ratio. Low As/Ga ra-
tio or high growth temperature may result in highly com-
pensated n-type or even p-type conductivity [53]. Here,
we have grown Si-doped GaAs NW shells at low temper-
ature (T < 500◦C) to investigate the n-doping character-
istics by CL mapping.

Figure 7 shows SEM images of two samples (shell-4
and shell-5). Their growth parameters, geometry and
expected [Si] concentrations in the shell are given in Ta-
ble I. The presence of Si atoms during the shell growth
or/and the reduced growth temperature also causes par-
asitic growth of GaAs crystals on the SiO2 mask. The
morphology of GaAs:Si NWs is regular along most of the
wire length, except at the top where twin planes, stack-
ing faults and mixed crystal phases may be induced by
the crystallization of the Ga droplets [54, 55]. For shell-4,
the consumption of liquid Ga droplets was conducted at
higher temperature (610◦C) and lower As flux (roughly
one sixth of the value used during the VLS growth) to
suppress the defect formation at the tip [54].

Figure 8 shows SEM images, RT and low-temperature
(LT, 20 K) CL maps of Si-doped GaAs NWs. Shell-4
presents homogeneous CL characteristics (peak position
and FWHM) along the entire wire. On the other hand,
CL maps of shell-5 reveal a region (labeled B) in the top
half where the CL intensity is reduced and the CL peak
is redshifted. It corresponds probably to the core region
grown during the droplet crystallization (droplet crystal-
lization segment). The top part (labeled C) exhibits wide
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FIG. 5. (a) CL spectra of Be-doped GaAs NWs (black dots)
and fits (colored lines). CL spectra are extracted from the
middle homogeneous part of the CL maps (pure ZB segment,
rectangles in Fig. 4). Vertical bars mark the CL peak posi-
tions, and open circles mark the bandgap deduced from the
fit of the generalized Planck law. (b) Empirical relation used
to access the hole concentration from the BGN values, from
Ref. [38].

and blueshifted CL features. This part (tip segment) was
likely formed on top of the droplet crystallization seg-
ment, during the shell growth. It is worth noting that its
emission spectra shift to higher energies (beyond 1.54 eV
at LT) and are significantly broader than in the WZ/ZB
mixed phase regions. The rest of the wire (bottom to
middle part, labeled A) remains homogeneous (pure ZB
segment).

In Fig. 9(a), we compare CL spectra extracted from

3
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FIG. 6. Maps of hole concentration, determined with a pixel-
by-pixel analysis of the CL spectra. The growth direction
is from the bottom to the top of the NWs. Scale bars are
500 nm.

(a) shell-4 (b) shell-5

FIG. 7. SEM images of GaAs:Si NWs on Si(111) substrates
with a 45 degree sample tilt. GaAs NWs are composed of
undoped core and Si-doped shell without additional surface
passivation. Scale bars are 1 µm.

shell-4 and from the bottom homogeneous region (A)
and the top part (C) of shell-5. They are normalized
and shifted vertically for clarity. The low-energy peak
observed on RT CL spectra around 1.2–1.3 eV (dashed
lines in Fig. 9(a) left) is attributed to Si-related complex
defects [56–58]. The main emission peak can be fitted fol-
lowing the method developed in Ref. [38]. However, for
the two thinner luminescence peaks of shell-4 and shell-
5 (A), the electron concentration is probably below the
degeneration threshold and the electron Fermi level Efc

cannot be deduced accurately. In contrast, the top region

TABLE III. RT and LT CL characteristics of GaAs:Si NW
samples. Electron Fermi levels cannot be extracted reliably
from the luminescence lineshape at low concentrations. Ex-
perimental electron concentrations are assessed from the LT
FWHM.

RT LT

sample peak FWHM peak FWHM exp. electron conc.

eV meV eV meV cm−3

shell-4 1.430 42 1.505 19 3.6 × 1017

shell-5 (A) 1.431 54 1.508 22 4.5 × 1017

shell-5 (C) 1.468 191 1.549 165 9.2 × 1018
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FIG. 8. SEM images, RT and LT CL maps of Si-doped GaAs NWs. For each CL measurement, maps of the integrated CL
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axis in the right column. Most of the excess carriers are generated in the shell (depth ∼70 nm). The growth direction is from
the bottom to the top of the NWs. Scale bars are 500 nm.

(C) of shell-5 exhibits a broad, blueshifted CL spectrum,
which is consistent with a high electron concentration in
this region. The crystal phase mixing and defect lumi-
nescence cannot explain such a large blueshift of the CL
peak (peak position 40 meV higher than the RT undoped
GaAs bandgap). The main emission peak (RT) is nicely
fitted with Eg = 1.364 eV, Efc=0.152 eV, γ = 29 meV,
and kT = 38 meV. An effective higher carrier temper-
ature is reflected from the slower decrease of the high-
energy tail of the CL spectrum, as compared with the

two other CL spectra. This may be related to the k-
conservation in the radiative recombination of electrons
above the degenerate Fermi level with holes that are not
thermalized to the band edge [59]. The electron Fermi
level of 152 meV corresponds to an electron concentration
of 5.1×1018 cm−3 [38].

To provide a more accurate assessment of the carrier
density, CL measurements of the same NWs have been
performed at LT. Their spectra are shown in Fig. 9(a)
(right), and the luminescence characteristics (peak po-
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FIG. 9. (a) Room-temperature (RT, left) and low-
temperature (LT, right) CL spectra of Si-doped GaAs NWs.
CL spectra of shell-5 are extracted from the bottom and the
top of the NW (regions A and C, respectively, rectangles in
Fig. 8). The RT CL spectrum of shell-5 top (C) is fitted
(solid curves) to extract the bandgap (open circle) and the
electron Fermi level (open square). (b) Empirical relation
used to access the electron concentration from LT FWHM of
CL spectra, from Ref. [38].

sition and FWHM) are summarized in Table III. The
electron concentration is estimated using the LT FWHM
and the empirical relation established in Ref. [38], see
Fig. 9(b). We find an electron concentration around
4 × 1017 cm−3 for shell-4 and shell-5 (pure ZB segment,
region A). The FWHM maps in Fig. 8 demonstrate the
excellent homogeneity of the doping in the pure ZB seg-
ment. For the tip segment of shell-5 (region C), we find
an electron concentration of 9.2 × 1018 cm−3. We note
that this value may be slightly overestimated due to low-
energy luminescence from the defects. Comparing with
the fit of the RT CL spectrum, we infer a high carrier
density of n = 5–9× 1018 cm−3 at the top of shell-5.

We notice a discrepancy of nearly one order of magni-
tude between the target doping levels (Table I) and the
values deduced from CL measurements (Table III). Low-
ered doping efficiency in the NW shell was also observed
in Te-doped GaAs NWs [60]. Surface depletion [33] or
Si dopant compensation due to (110) surface orienta-
tion [53] may be responsible for the observed lower car-
rier density determined by CL. Growth issues such as
inhomogeneous distribution of molecular beam or shad-
owing effect [61] may also hinder the incorporation of Si

dopants. Indeed the NW sidewalls are vertical. Since the
substrate rotates during shell growth (2.5 s period), these
facets are not constantly and simultaneously exposed to
Ga, As and Si fluxes. In particular, with the effusion
cell configuration of our MBE chamber, Si and Ga fluxes
impinge a vertical facet when the As flux on this facet
is shadowed. This situation is favorable to the incorpo-
ration of a part of Si impurities as acceptors [53] and
may result in a high degree of compensation. This is not
the case at the NW tip, which receives the three fluxes
simultaneously at any angle of sample rotation. This
may explain the much higher carrier density measured
in the tip segment of shell-5. Further understanding of
microscopic crystal growth mechanisms in various con-
figurations will be required to improve the NW growth
conditions for device applications.

VI. CONCLUSION

In this paper, we have investigated Be-doped and Si-
doped GaAs NWs grown by MBE in different condi-
tions, and with different target doping concentrations.
CL mapping allows to identify defective regions in sin-
gle NWs and to extract spectra from homogeneous re-
gions for further analysis. For Be-doped GaAs NWs, CL
spectra progressively broaden and redshift with increas-
ing Be flux. The bandgap narrowing is determined by
fitting RT spectra with the generalized Planck law, and
used to assess quantitatively the hole concentration. It is
found to be in very good agreement with expected dop-
ing levels, and a pixel-by-pixel analysis provides high-
resolution maps of the hole concentration and demon-
strates the excellent homogeneity of the doping. For
Si-doped GaAs NWs, increased doping concentration in-
duces a blueshift and spectral broadening related to the
well-known Burstein-Moss effect. In the homogeneous
region in the middle of the NWs, we infer electron con-
centration of 3×1017 to 6×1017 cm−3 from LT FWHM of
CL spectra. Luminescence from a defect band at lower
energies indicates Si dopant compensation, which may
be induced by the inhomogeneous fluxes on the vertical
facets of NWs during the growth. We also unveil signa-
tures of higher electron concentrations (5–9×1018 cm−3)
at the tip of NWs, providing a route to overcome the
doping limitation of previous Si-doped GaAs NWs.

In conclusion, we have shown that high-resolution CL
mapping and spectral analysis provide useful informa-
tion for contactless assessment of carrier densities at the
nanoscale. This technique can be extended to other semi-
conductor and applied to numerous nanostructures and
devices. In addition, in a single high-resolution CL map-
ping experiment, one can obtain other insights about sur-
face passivation, carrier lifetime and diffusion length, and
the composition of a wide variety of ternary or quater-
nary compound semiconductors.
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Appendix

During the growth of self-catalyzed GaAs nanowires
(NWs), the consumption of Ga droplets may create NW
segments with different crystal structures. Here, we
present NWs grown using the same conditions as samples
shell-1, -2, and -3 of the main text for the core and for
the catalyst consumption, and we analyze their structure
by transmission electron microscopy (TEM). Figure 10

shows the bright-field TEM (TEM-BF) and dark-field
TEM (TEM-DF) images of a typical NW dispersed on a
TEM grid. Four segments can be identified: (1) the NW
foot with a twinned cubic (ZB) structure, (2) the main
NW segment with a near twin-free ZB crystal structure,
(3) a mixed phase segment with both cubic, twinned cu-
bic and an extended hexagonal (WZ) section, (4) the final
NW tip with cubic and twinned cubic phases.

The presence of the hexagonal wurtzite (WZ) phase in
segment (3) is consistent with the shrinking of the Ga
droplet exposed to As4 flux during the droplet consump-
tion step, thus reducing its contact angle. It is widely
reported that the cubic zinc-blende (ZB) phase is stable
for large and low contact angles, while a narrow inter-
val near 90◦ favors the nucleation of the WZ phase [62].
Similar extended WZ segment of sandwiched between
twinned ZB sections have been reported during the cat-
alyst crystallization of self-catalyzed GaAs NWs in the
literature [39, 40].
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son, M. Rask, Dan Hessman, L. Samuelson, and J. Ohls-
son, Monolithic GaAs/InGaP nanowire light emitting
diodes on silicon, Nanotechnology 19, 305201 (2008).

[5] K. Tomioka, J. Motohisa, S. Hara, K. Hiruma, and
T. Fukui, GaAs/AlGaAs Core Multishell Nanowire-
Based Light-Emitting Diodes on Si 10.1021/nl9041774
(2010).

[6] N. Guan, X. Dai, A. Messanvi, H. Zhang, J. Yan, E. Gau-
tier, C. Bougerol, F. H. Julien, C. Durand, J. Eymery,
and M. Tchernycheva, Flexible White Light Emitting
Diodes Based on Nitride Nanowires and Nanophosphors,
ACS Photonics 3, 597 (2016).

[7] X. Dai, S. Zhang, Z. Wang, G. Adamo, H. Liu, Y. Huang,
C. Couteau, and C. Soci, GaAs/AlGaAs Nanowire Pho-
todetector, Nano Letters 14, 2688 (2014).

[8] R. R. LaPierre, M. Robson, K. M. Azizur-Rahman, and
P. Kuyanov, A review of III–V nanowire infrared pho-
todetectors and sensors, Journal of Physics D: Applied
Physics 50, 123001 (2017).

[9] G. Mariani, Z. Zhou, A. Scofield, and D. L. Huffaker,
Direct-Bandgap Epitaxial Core–Multishell Nanopillar
Photovoltaics Featuring Subwavelength Optical Concen-
trators, Nano Letters 13, 1632 (2013).

[10] J. Wallentin, N. Anttu, D. Asoli, M. Huffman, I. Åberg,
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