Fluctuating potentials in GaAs:Si nanowires: critical reduction of
the influence of polytypism on the electronic structure
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In this work, the effects of Si doping in GaAs nanowires (NWs) grown on GaAs (111)B by molecular beam epitaxy with
different Si doping levels (nominal free carrier concentrations of 1x10%, 8x10¢, 1x10'® and 5x10'® cm?) are deeply
investigated using scanning electron microscopy (SEM), transmission electron microscopy (TEM), grazing incidence X-ray
diffraction (GID), photoluminescence (PL) and cathadoluminescence (CL). TEM results reveal a mix of wurtzite (WZ) and zinc-
blende (ZB) segments along the NWs’ axis independently of the Si doping levels. GID measurements suggest a slight increase
of the ZB fraction with the Si doping. Low temperature PL and CL spectra exhibit sharp lines in the energy range 1.41-1.48
eV, for the samples with the lower Si doping levels. However, the emission intensity increases and is accompanied by a clear
broadening of the observed lines for the samples with the higher Si doping levels. The staggered type-Il band alignment only
determines the optical properties of the lower doping levels in GaAs:Si NWs. For the higher Si doping levels, the electronic
energy level structure of the NWs is determined by electrostatic fluctuating potentials intimately related to the amphoteric
behavior of the Si dopant in GaAs. For the heavily doped NWs, the estimated depth of the potential wells is ~ 96 - 117 meV.
Our results reveal that the occurrence of the fluctuating potentials is not dependent on the crystalline phase and shows that

the limitation imposed by the polytypism can be overcome.

Introduction

The unique properties of semiconductor nanowires (NWs), such
as: large surface-to-volume ratio, possible quantum
confinement effects, NW’s diameter dependence of excitation
and emission of electronic states, give these nano-building
blocks an outstanding potential for electronic, photonic,
mechanical, biological, and energy-conversion applications3.
The NWs growth parameters influence the material
composition, doping, and crystal quality, that will tailor their
structural, electrical and optical properties which are relevant
for potential applications?. In the particular case of arsenide-
based NWs, such as GaAs NWs, one of the most troublesome
properties is the control over their crystalline structure. It is
well-known that most of these NWs are grown with polytypism
consisting of the simultaneous occurrence of zinc-blende (ZB)
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and wurtzite (WZ) crystalline structures along the NW’s axis?.
Furthermore, the WZ structure is not stable in the bulk form of
such semiconductors®. It was reported that the presence of
polytypism has a strong influence on the electronic structure of
the NWs as revealed by structural, electrical and optical
measurements®2. Doping is another crucial issue for the NW
applications. As an example, it was recently reported that the
doping in GaAs NWs, was able to increase the radiative
efficiency with an ultrashort lifetime and deliver superior room
temperature lasing performance, with respect to undoped and
surface passivated GaAs/AlGaAs heterostructure NWs.10
Indeed, n-type doping of GaAs can be realized with dopants like
Te, S and Se, whereas doping with Be and Mg is responsible for
p-type electrical conductivity®11-15, Group IV atoms can occupy
both cation and anion sites in IlI-V semiconductors, i.e., they
possess an amphoteric behaviour. They are mainly shallow
levels because their ionization energies are in the order of the
thermal energy (ksT, where kg is the Boltzmann constant)
enabling a significant ionization at room temperature. In the
case of Si in the GaAs lattice, the atoms can be incorporated on
Ga sites (Siga) acting as donors or on As sites (Sias) acting as
acceptors, depending on several factors namely the silicon
concentration, the substrate orientation, the growth
temperature and the IlI-V flux ratio®2!, The measured
ionization energies of Si in both sites of GaAs are 5.8 meV (Siga)
and 34.8 meV (Sias)2223. In the literature, several works discussed
the existence of a doping profile along the radius and along the axis
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for different types of NWs as a consequence of dopant incorporation
from the side facets and/or from the liquid droplet!824-26,

As stated above, introducing dopant atoms is able to tune the
semiconductor’s optical and electrical properties. For low
doping levels, it is possible to assume that the edges of both
conduction and valence bands are constant along the
semiconductor material. However, if the doping level is very
high, the existence of high density of dopant atoms will promote
the interaction between them?’ inducing a broadening of the
donor or acceptor levels. This effect is even increased in the
case of simultaneous occurrence of acceptor and donor states
due to the occurrence of both types of ionized defects, thus,
strongly dependent on the compensation level?8-31, The degree
of compensation of amphoteric dopants or auto-compensation
increases at high doping levels, which results in a high density
of ionized defects32. Due to the amphoteric role of Si in GaAs, a
large incorporation of this dopant can potentially create
electrostatic fluctuating potentials in the semiconductor, which
can induce tails of the density of states inside the bandgap?’.
These fluctuations correspond to a change of the edges of both
conduction and valence bands along the material. In this work,
we study the effect of Si doping on the electronic structure of
GaAs NWs grown on GaAs (111)B substrates by molecular beam
epitaxy, with four nominal Si doping levels (nominal free carrier
concentrations of 1x1016, 8x1016, 1x10'8 and 5x10'8 cm3). We
demonstrate that the presence of fluctuating potentials in the
samples with higher doping levels drastically decreases the
influence of polytypism on the electronic structure, thus
preventing the localization of charge carriers at the WZ/ZB
interface.

Experimental details
Samples

Si-doped GaAs NWs were grown on GaAs (111)B substratesin a
Riber 2300 R&D MBE reactor. The NWs growth was promoted
through Au-assisted vapour-liquid-solid growth mechanism by
drop-coating the substrate with Au colloidal nanoparticles (with
average diameter of 5.0 + 0.5 nm). The NWs growth was
performed at 615°C, with an As; beam equivalent pressure
(BEP) of 3.8x10° Torr, a Ga BEP of 7.2x107 Torr and at a nominal
growth rate of 1 monolayer (ML)/s (estimated for an epitaxial
layer). The in-situ Si doping was achieved by keeping the Si
effusion cell at the temperatures: 820, 950, 1040 and 1100 °C
for the samples A, A*, B and B*, respectively. A nominal free
carrier concentration of 1x1016, 8x10%6, 1x10® and 5x10'8 cm3
was estimated for the samples A, A*, B and B*, respectively, by
Hall effect measurements in GaAs thin films grown under the
same conditions.

PL

Photoluminescence (PL) measurements were performed using
a Bruker IFS 66v Fourier Transform Infrared (FTIR) spectrometer
equipped with a liquid nitrogen cooled Ge detector. The
samples were inserted in a helium flux cryostat that allowed
changing the temperature from 5 to 300 K. The 514.5 nm line of

an Ar* laser was used as excitation wavelength, and focused on
the sample with a long focal length lens, with a spot diameter
of ~1 mm, allowing to probe several hundred of NWs
simultaneously. The excitation power was measured near the
entrance window of the cryostat, and was changed in the range
1.25-118.00 mW for sample A, 0.46—77.80 mW for sample A¥*,
0.0013-2.01 mW for sample B, and 0.2-56.4 mW for sample B*.
In average, lower excitation power values were used for sample
B, in comparison with samples A, A* and B*, since its intense
luminescence caused the saturation of the Ge detector for
excitation power values above ~ 2 mW.

CL

Spectrally resolved cathodoluminescence (CL) was performed in
a dedicated scanning electron microscope at low temperature
(8 K) using a Si charge-coupled device (CCD) for hyper spectral
imaging and a GaAs photomultiplier tube (PMT) for
monochromatic imaging and single wavelength spectra. The
cut-off of the PMT limits the lower energy detection to ~1.36
eV. An acceleration voltage of 5 kV was used with a probe
current of 10-50 pA. The average spectra in figure 2 was
recorded with the beam scanning over an area of about 50x70
um?2, of the as grown samples using the PMT. For the
hyperspectral imaging in figure 3, NWs were transferred to Si
substrates by gently pushing the Si-substrate onto the as-grown
NW substrate. This approach gives a high density of NWs, but
low enough to allow for the selection of an individual NW for
the imaging.

TEM

The NW microstructure was assessed by High-resolution
Transmission electron microscopy (HRTEM) carried out with
Jeol-JEM 2100 80-200 kV microscope operating at 200 kV. The
specimen for TEM studies were obtained after scrapping out
mechanically the NWs from the substrate, which were then
deposited on a lacey carbon grid.

GID

The crystal structure of the samples was obtained by grazing
incidence X-ray diffraction (GID) using the Cu-Kal radiation (A =
1.540598 A) from a PANalytical X'Pert MRD (additional details
could be found in Ref.?). The GID measurements were
performed with low incidence angles (w = 0.1 to 1.5°, with steps
of 0.2 below 1°, and 0.5 above 1°) in the 26 range of 25° - 30°.

Results and discussion
Luminescence at low temperature

Figure 1 shows a comparison of the normalized PL spectra of
samples A, A*, B and B* (with nominal free -carrier
concentrations of 1x1016, 8x1016, 1x10!® and 5x10!% cm?3,
respectively) acquired under similar experimental conditions: 5
K and laser power excitation of ¥~2 mW. First, we have verified
for all samples that no measurable luminescence is recorded
from the GaAs epilayer grown beneath the NWs, which allows
us to conclude that it has no influence on the sample’s
luminescence.



The PL spectra comparison of the four samples reveal a few
changes in their luminescence. It is found that the PL intensity
of sample A is more than one order of magnitude lower when
compared to the other three samples, which is also observed
from the much higher signal-to-noise ratio for sample A.
Furthermore, the luminescence of this sample shows narrow
radiative transitions with dominant peak energies at ~¥1.418 and
~1.483 eV, and a full width at half maximum (FWHM) values of
7 and 20 meV, respectively.
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Fig. 1: Normalized PL spectra measured at 5 K of Si-doped GaAs NWs
ensemble for samples A, A*, B and B* using an excitation power of ~2 mW.

For the second doping level (sample A*), the luminescence is
dominated by the transition at ~1.483 eV, with a slight increase
of the FWHM. Thus, both samples A and A* evidence similarities
in the luminescence. On the other hand, a further increase in
the doping level shows a noticeable change in the radiative de-
excitation channels. For samples B and B*, the luminescence is
dominated by an asymmetric and broad band (FWHM higher
than 80 meV in both samples), and with peak energy in the
range ~1.40-1.42 eV. Therefore, from the point of view of
radiative recombination channels, the measured luminescence
shows roughly two sets of samples with different behaviours: i)
samples A and A* and ii) samples B and B*. Finally, it should be
mentioned that no significant luminescence is observed for all
four samples at energies below ~1.3 eV.

In the particular case of samples A and A*, the ones with
sharper transitions, the comparison of the peak energies with the
literature can be performed. According to Pavesi and Guzzi33, who
reported the main photoluminescence lines measured at 2 K in bulk
GaAs, the well resolved emission observed at ~1.483 eV for sample
A (and A*) can be either related to a transition from the conduction
band to a neutral Si acceptor (1.485 eV) or from a neutral donor to a
neutral Si acceptor (1.482 eV). On the other hand, Williams and
Elliott3* reported in Si-doped GaAs grown on Si(111), an emission
peak at 1.417 eV which was associated to a Sias-Vas complex. The
nature of the radiative transitions will be further discussed below.
Concerning the broader bands observed for the samples B and
B* with the highest doping levels, the previous comparison is not
possible due to the high FWHM values.

The observed differences in the luminescence, namely the
significant increase of the FWHM and the merging of the sharp
radiative transitions towards an asymmetric band by increasing
the Si doping level, are rather intriguing. For these reasons, two
issues should be addressed: i) confirm the luminescence results

using a different technique; ii) investigate if the increase of the
doping level is responsible or not for a significant structural
change in the NWs. Therefore, a deeper study is performed on
the two samples A and B, one from each set (stated above), with
rather different optical properties. Hereafter, the study will be
mainly focused on the analysis and discussion of these samples
A and B, however additional optical results of samples A* and
B* will be presented in Supplementary Information and in due
time mentioned in the text in order to support the conclusions.

In order to verify the results obtained by PL, CL measurements
were performed on samples A and B, at 8 K, for an accelerating
voltage of 5 kV and a beam current of ~25 pA (Fig. 2). The
measured CL spectra from the NWs ensemble indicate that: i)
sample A shows narrow radiative transitions with peak energies
at ~1.42 and ~1.49 eV; ii) sample B exhibits a broad
luminescence with peak energy at ~1.44 eV; iii) the CL intensity
is more than two orders of magnitude higher for sample B
compared to sample A. Therefore, PL and CL results suggest that
the radiative de-excitation channels studied by both techniques
are similar despite the different excitation mechanisms, a laser
for PLand an electron beam for CL. Similarly to PL, the influence
of the GaAs epilayer on the NWs related luminescence for both
samples must be discarded, because the luminescence from the
epilayer is observed in a different energy range (see Fig. SI1 in
Supplementary Information).

It is worth mentioning that both PL and CL spectra do not
present any significant emission related to the ZB GaAs excitonic
transition at 1.519 eV35, and that all the radiative transitions at
low temperature are occurring below ~1.5 eV.
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Fig. 2: Normalized CL spectra measured at 8 K of Si-doped GaAs NW
ensemble. The used accelerating voltage is 5 kV, while the used current is 25
pA for sample A, and 20 pA for sample B.

The observed broadening of the luminescence with the increase
of the Si doping, as seen for sample B, was previously reported
in Si-doped GaAs NWs36 and epilayers?!. A similar behaviour was
observed with other dopants, such as Te in GaAs epilayers37 and
Sn-doped shell in InP core-shell NWs38. In addition, an increase
of the PL intensity, with more than two orders of magnitude,
was demonstrated upon Zn doping of unpassivated GaAs NWs10
and obtained in the n-type segments of GaAs NWs32,



-

= o
EL 5
< @
o =2
8 <
a
0
130 135 140 145 150 155
Energy [eV]
£ (e)
—
o
30 1
E 20 ,Q
3 5
c o
=3 =
2 <
£ 10
0
55

140 145 150 1
Energy [eV]

Fig. 3: Low-temperature hyperspectral CLimages of individual Si-doped GaAs
NWs: (a-c) Sample A and (d-f) sample B. (c) and (f) are the hyperspectral
spectra of the NWs marked by the dashed yellow rectangle in (a) and (d),
where the red arrows indicate line direction. (b) and (e) are the corresponding
average spectra of the area in the yellow rectangle.

Low temperature hyperspectral CL spectra on individual NWs
were also acquired. Figs. 3 (c) and (f) represent the
hyperspectral spectra of the NWs marked by the dashed yellow
rectangle in the SEM images (a) and (d), where the red arrows
indicate line direction, and (b) and (e) are the corresponding
average spectra, for samples A and B, respectively. The
hyperspectral CL maps clearly show broader spectral and spatial
luminescence for sample B (Fig. 3 (f)) with respect to sample A
(Fig. 3 (c)). In other words, while in sample A the luminescence
is dominated by a peak with FWHM of less than 50 meV
(centered at ~1.49 eV), sample B shows a broader emission
~100 meV (centered at ~1.43 eV). These results reinforce the
previous observations from PL and CL measured on an
ensemble of NWs (Figs. 1 and 2, respectively). Furthermore, the
apparent dimensions of the emitting regions are much smaller
in sample A (width below ~500 nm) compared to sample B in
which they are of a few pm.

As stated above, since the optical results (from PL and CL) show
drastic modifications in the radiative de-excitation channels
induced by the increase of the Si doping, it is important to
explore if the structural properties of the GaAs NWs are also
influenced by the Si doping.

Structural characterization

Representative SEM images of all the NW samples are shown
exemplary for sample A in Supplementary Information (Fig. S12).
The NWs appear in dense regions with lengths up to several
tens of micrometers. The diameters vary along the axis from a
few hundreds of nanometers at the base to a few tens of
nanometers at the tip. The SEM images (in Fig. SI2 a) show

different orientations of the NWs with a slight predominance of
vertical NWs for the short ones and non-vertical for the longer
ones. No noticeable influence of the chemical nature of the
dopant and doping level on the morphology could be recorded.

Figure 4 shows representative TEM, selected area electron
diffraction (SAED) and HRTEM images of two single Si-doped GaAs
NWs, selected from more than ten investigated NWs from samples A
and B. Figs. 4 (a) and (b) reveal the presence of stacking faults with
the characteristic mix of ZB and WZ segments, as well as twinned ZB
segments, i.e. ZB [1,-1,0], ZB*[-1,1,0] and WZ [1,1,-2,0]640, The SAED
patterns in Figs. 4 (c) and (d) confirm the existence of atomic planes
in both crystalline phases. HRTEM images of a typical region of the
NWs are shown in Figs. 4 (e) and (f), in which the atomic segments
are represented in yellow, green and cyan for ZB [1,-1,0], ZB*[-1,1,0]
and WZ [1,1,-2,0], respectively.
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Fig. 4: TEM images (a and b), SAED patterns (c and d), and HRTEM images (e
and f), of the Si-doped GaAs NWs sample A and sample B, respectively. The
atomic segments are shown in yellow, green and cyan for ZB [1,-1,0], ZB* [-
1,1,0] and WZ [1,1,-2,0], respectively.

Polytypism commonly occurs in 1lI-V semiconductors at the
interfaces between the two crystalline phases characterized by a
step-like transition at the atomic scale as, for example, previously
reported in GaAs>4142 and InP#344, For both samples A and B, Figs. 4
(a) and (b) show a clear polytypism with no evident dependence of
the WZ/ZB fraction on the Si doping levels. The measurements
performed in different NWs from samples A and B, revealed



similar results (see Fig. SI3 of Supplementary Information).
Despite that, it should be noticed that TEM is a local technique
unable to provide a significant statistical result, since only small
regions of the NWs are probed and only a limited number of
NWs could be measured (more than ten NWs in this work).

The TEM structural analysis of the NWs was complemented with GID
measurements in order to give additional information regarding
the possible presence of both ZB and WZ crystalline phases. We
emphasize that GID measurement cannot provide information
about the presence of polytypism (i.e. width of the ZB and WZ
segments in the NWs). In order to minimize any contribution from
the epilayer underneath the NWs to the X-ray diffraction signal, GID
measurements were realized (for more details see Ref. 9). The
diffractograms are presented in Figs. 5 (a) and (b) for samples A and
B, respectively. In both cases, the patterns in the 20 range of 25° -
30° are composed of three reflection peaks: P, (26~25.8°), Py
(26~27.2°) and Py;(26~29.2°). In the studied 26 range, the available
information from the International Centre for Diffraction Data
(ICDD)* predicts the observation of: i) one peak related with the ZB
(111) planes near the P, peak, and ii) three peaks related with WZ
planes near the P, Py and Py, peaks, with relative foreseen intensities
of 999, 568 and 613, respectively. It should be emphasized that the
WZ crystal structure has never been reported for GaAs films, and was
only recorded in GaAs NWs. Therefore, P, and Py, can be assigned to
reflections from the WZ planes (10-10) and (10-11)" in the NWs,
respectively. However, for Py, both contributions from the WZ (0002)
and ZB (111) planes, should be considered”. The observation of WZ
planes other than the growth ones can be understood from the
occurrence of different growth orientations of the NWs as shown by
cross section SEM images in Fig. SI2 of Supplementary Information.

The WZ phase is only observed for GaAs NWs while the ZB phase
could originate both from GaAs NWs and/or from the GaAs epilayer
beneath the NWs. The relative intensity of peaks P, and P, assigned
to the WZ GaAs phase exhibits a very small decrease when reducing
the incidence angle, showing that the amount of WZ phase probed,
is only slightly reduced by decreasing the incidence angle w. At the
same time, the intensity of the peak P, decreases significantly,
however, its relative intensity is always higher compared to the P,
and Py WZ-related peaks, even for w= 0.1°. For such w value, the
comparison of the relative intensities of P,, P, and Py peaks with
respect to the ones predicted for the WZ crystalline phase (values
presented above), shows that the experimental relative intensity of
peak Py (higher than the ones of P, and Py;) can only be explained by
assuming the existence of ZB segments in addition to WZ in the NWs.
Indeed, in Fig. 5 we included short dash dotted lines corresponding
to WZ GaAs (0002) and ZB GaAs (111) reflections in GaAs
nanowires*®, at 27.13° and 27.30°, respectively. Although no evident
separation of the peaks is observed in our GID diffractograms (only
of ~0.17° as reported by Jahn et al.*>), our results are in accordance
with the literaturel41424546 gnd with the direct observation of both
phases in TEM (Fig. 4). Finally, it should be emphasized that peak Py
exhibits a different dependence on w for samples A and B: as w
decreases, a stronger decrease of the relative intensity of Py is
observed for sample A in comparison with sample B. This behaviour
could be interpreted a priori as a slightly lower WZ/ZB ratio in sample
B, however, further detailed and quantitative investigations of the
WZ/ZB ratio and crystallographic texture are needed.

AN )
ﬁ\ B, Sample A |

10000 |- (@)

WZ(0002) / ZB(111)

P

g
WZ(10-10) P

WZ(10-11)

1000

100 f—
10000

Intensity [counts]

1000

] i 1 1 3
25 26 27 28 29 30
26 ()

Fig. 5: GID diffractograms (w/26 scans) obtained for incidence angles w
ranging from 0.1° to 1.5° for samples A (a) and B (b). The indexation of each
peak to the atomic planes in each crystalline phase is also shown. Black
dashed lines indicate the position of P;, Py and Py peaks. * Short dash
dotted lines correspond to WZ GaAs (0002) (dark cyan) and ZB GaAs (111)
(green) reflections peaks from Ref.*.

PL excitation power and temperature dependences

The influence of the Si doping level on the electronic structure
of the NWs can be analysed through the investigation of the PL
dependencies on the excitation power and temperature. Due to
the contribution of different radiative transitions to the PL
spectra (Fig. 1), it is needed to perform a deconvolution of the
peaks. The deconvolution procedure and data analysis are
detailed in Supplementary Information (Fig. SI4). For sample A,
the set of PL spectra, measured as a function of excitation
power and temperature, verifies that the Gaussian components
(A1, A2, A3 and A4) can be interpreted as independent radiative
transitions. Nevertheless, the experimental results strongly
suggest the observation of only two radiative transitions for
sample B (component B4 and a transition denoted by B’).

To investigate the nature of the radiative transitions observed
for the NWs with different Si doping levels, PL excitation power
dependence was performed at 5 K. The different signal-to-noise
ratio in the PL spectra and the saturation limit of the detector
induced different excitation power ranges for both samples.
Independently of the Si doping level, the GaAs NWs were found
to exhibit an increase of the PL intensity with increasing the
excitation power as shown by the experimental points in Fig. 6.
The dependence of the integrated PL intensity (/) on the
normalized excitation power (P) can be parametrized by using
the power law*’:

[ < P™, (1)

where m is an adjustable parameter. Values of m~1 separates the
case of excitonic (free or bound) transitions (m>1) from the case of
transitions involving charge carriers with some degree of localization
(m<1) as for free-to-bound transitions, donor-acceptor pair (DAP)
recombination or type-ll transitions. The best-fit values of the m
parameters of all components are summarized in Table 1. The
obtained m values are clearly lower than 1 for sample A and closer
to 1 for sample B.



Regarding sample A, the values suggest a strong localization of the
charge carriers. The polytypism in IlI-V NWs results in a staggered
type-ll band alignment at the WZ/ZB interface. In the case of GaAs
NWs, under excitation and due to Coulomb interaction, the electrons
(holes) are located in the ZB (WZ) side of the interfacel>454849,
Consequently, the dominant radiative recombination channel should
be the spatially indirect recombination of the carriers located in the
two sides of the interface>®. For nanostructures exhibiting type-lI|
transitions, the reported m values are found to be lower than 1: 0.66-
0.83 in Si/Ge quantum dots>%-52 and 0.8 in polytypic GaN NWs33, For
sample A, the estimated m values are in accordance with a dominant
effect of the polytypism on the nature of the radiative de-excitation
channels for such low Si doping level, and are compatible with
reported values for Mg doped GaAs NWs®. Sample A* shows similar
m values as the ones for sample A (see Fig. SI5 (a) in Supplementary
Information). On the other hand, for sample B, the values of m are
significantly higher and closer to 1. In addition, the broad and
asymmetric shape of the luminescence is quite different from the
sharp transitions reported for a strong influence of the polytypism.
Therefore, such behaviour suggests that a different dominant effect,
other than polytypism, is responsible for the radiative de-excitation
channels in this sample B. Sample B* with the highest Si doping level
also shows a similar behaviour as sample B (see Fig. SI5 (a) in
Supplementary Information).
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Fig. 6: Dependence on the excitation power of the relative intensity of the
radiative transitions in Si-doped GaAs NW ensembles for samples A and B,
measured at 5 K. B’ and Ba (A1 to As) correspond to the radiative transitions
identified for sample B (A). The lines represent the fit of Eq. (1) to each set of
experimental points and the best-fit values are summarized in Table 1.

Table 1: Parameters obtained from the fit of Egs. (1) and (2) to the
experimental points obtained at 5 K, and resulting from the dependence on
the excitation power of the relative intensities and peak energies,
respectively, of the radiative transitions in samples A and B.

Radiative
transition Energy (eV) m B (meV)
Al 1.418 0.50+0.03 0.740.1
A2 1.442 0.5740.05 0.740.1
Sample A
A3 1.472 0.70+0.06 0.5+0.1
A4 1.483 0.5440.03 0.240.1
B’ 1.417 0.9440.01 16.3+0.2
Sample B
B4 1.451 0.85+0.03 6.5+0.5

Normalized PL spectra as a function of excitation power are shown
in Fig. 7. When the excitation power increases by two orders of
magnitude, radically different behaviours are observed for the two Si
doping levels. For sample A (Fig. 7 (a)), no apparent shift is observed
for all radiative transitions, while for sample B (Fig. 7 (b)), the broad
luminescence blue-shifts by ~123 meV in the studied excitation
power range (0.0013-2.01 mW) with no significant change of the
broadening. The apparent blue-shift of the broad luminescence for
sample B cannot be related to a change of the relative intensities of
the different transitions, as demonstrated in detail by the Gaussian
component fits performed in all PL spectra as a function of the
excitation power (see Fig. SI6 in Supplementary Information). Again,
these results suggest a quite different nature of the radiative
transitions in the NWs as a function of the different Si doping levels.

If the polytypism explanation is assumed, it is expected that an
increase of excitation power results in a blue-shift®. However, the
shift of ~123 meV observed for sample B is much higher than the one
expected for type-ll radiative transitions. It was recently reported
that the increase of the Mg doping in GaAs NWs results in a deviation
from a polytypic-related behaviour of the radiative transitions>*.

In order to quantify the blue-shift and further investigate the
radiative de-excitation channels, the peak energies of the radiative
transitions versus the excitation power are presented in Fig. 8 (a) for
both samples. The dependence on the excitation power of the peak
energy (E) of a transition can be described using>5-57:

E=8.In (Pi) (2)

where S is a coefficient describing the energy shift and Py a fitting
parameter. The best-fit values of [ parameter of the different
components are shown in Table 1. It is found that the energy shift
values obtained for all radiative transitions in sample A are below 1
meV. Similar values were obtained for sample A" (see Fig. SI5 (b) in
Supplementary Information). These values show the localization of
carriers®5, which is also compatible with type-Il transitions. Regarding
sample B, the estimated S values are much higher than 1, namely
~16 and ~6 meV for the transitions B’ and By, respectively. In the case
of sample B, the estimated B value (7.81+0.2 meV) is clearly higher
than 2 meV (see Fig. SI5 (b) in Supplementary Information). S values
of the same order of magnitude were reported by Yu in Be, Zn, Cd
and Mg-implanted GaAs substrates for high carrier concentrations
and high degree of compensation®®. For lightly doped and relatively
uncompensated GaAs, the value of f was found to be < or =2 meV.
Another way to estimate the energy shift as a function of the
excitation power is to use the shift per decade. Indeed, we have
found values of ~¥38 and ~15 meV/decade, for B’ and B4, respectively.
These values are comparable with the blue-shift of 24 meV/decade
reported by Svavarsson et al.2° for Si-doped GaAs films. Similar high
B values are commonly reported in other semiconductors used in
solar cells applications, such as Cu,ZnSn(S,Se)4 and Cu(In,Ga)Se;31.56-
62, These materials are characterized by electrostatic fluctuating
potentials created by very high doping and compensation levels,
inducing a strong influence on the radiative de-excitation channels
which are different from the ones observed in lightly doped
semiconductors?’.



(a) Sample A [ (b) SampleB ]

118 mW

M TN 2.01 mwW

s —— . g S
———/-’\ 1.06 mW

L e A 403 mW B

A L s S
[ ; ]
e e\ 16 amw | f .

Normalized PL intensity

0.031 mW
0.0013 mw

1.25 mwW

14 15 13 14 15
Energy (eV) Energy (eV)

Fig. 7: Dependence on the excitation power of the normalized PL spectra of
Si-doped GaAs NW ensembles for samples A (a) and B (b). The spectra are
vertically shifted for clarity.

It is known that a shift of the peak energy depends on the type of
band line-up alignment present in the system. It was demonstrated
that for type-l heterostructures, the exciton transition energy is
independent of the excitation power®3 or presents a blue-shift6465,
However, type-ll transitions show a blue-shift of the peak energy as
a function of the cubic root of the excitation power 26667

E o p1/3 (3)

Several reports demonstrated that the above blue-shift is compatible
with type-Il transition at the WZ/ZB interface of GaAs59:68.69, |np43,68
and GaN>3 NWs. In order to tentatively evaluate which observed
radiative transitions are compatible with type-II transitions, the peak
energies are plotted against the cubic root of the excitation power in
Fig. 8 (b). As mentioned in the Experimental Details section, we
remind that the used excitation power ranges are different for both
samples, therefore resulting in non-superimposed experimental data
points in Fig. 8 (b). Despite the very small blue-shift (below 1 meV) of
the four radiative transition peak energies for sample A, the values
show a linear dependence on P/3 in accordance with eq. (3). This
result is compatible with type-Il transitions. Nevertheless for sample
B, a huge non-linear blue-shift is observed for B’ and Ba.
Consequently, for sample B with high Si doping, the electronic energy
levels structure is not strongly affected by the polytypic structure of
the NWs. Indeed, we notice that while the structural study by TEM
suggests the occurrence of abrupt interfaces created by twins,
stacking faults, and WZ/ZB alternated segments along the axis of the
NW, the optical study suggests, on the contrary, some other
dominant influence on the electronic structure that blurs the
staggered type Il band alignment at the WZ/ZB interface. Our results
are in accordance with a recent report on Te-doped GaAs NWs’0. The
obtained high blue-shift values for sample B are typical for highly
doped and strongly compensated semiconductors. It is also
compatible with the observed shape of the emission: broad and
asymmetric. A similar shape described by a quasi-exponential
increase at the low-energy side and a steeper decrease at the high-
energy side, was reported for different semiconductors, namely Cu-
poor chalcopyrites and kesterites®¢-60.7172  Ge2?, GaAs2, and ZnO
NWs73. The shape of the band for sample B will be further discussed
below.

Fig. 9 represents the dependence on temperature of the PL peak
energy, measured at excitation power values of 100 and 2 mW for
samples A and B, respectively. The temperature dependence of the
bandgap energy of ZB GaAs, also shown in Fig. 9, was calculated using
an equation proposed by Pdssler and the corresponding ZB GaAs
related parameters’. It can be seen that for sample A, all the
radiative transitions roughly follow the trend of the bandgap energy
of ZB GaAs. It is worth noting that the luminescence is only observed
up to 60 K. On the other hand, for sample B, the two transitions shift
to lower energies at a higher rate than the trend of the bandgap
energy of ZB GaAs. Furthermore, their thermal quenching occurs for
higher temperatures reaching up to ~110 K for the dominant
transition. The two behaviours observed for both samples reinforces
the differences regarding the nature of the radiative transitions for
the low and high Si doping levels.
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radiative transition peak energy of the Si-doped GaAs NW ensemble for
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(b). The best-fit values of Fig. 8 (a) are summarized in Table 1.
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It is known that fluctuating potentials can cause a red-shift of the PL
due to the particular processes of charge carrier localization in tails
or acceptor levels?728, Contrarily to DAP transitions which usually
exhibit a blue-shift with increasing temperature’17275, transitions
involving fluctuating potentials can exhibit a blue-shift and/or a red-
shift27,31,

Discussion

The structural and optical analysis of GaAs:Si NWs mainly
demonstrated the following results: i) independently of the Si doping
level, the NWSs have the characteristic polytypism of the
simultaneous occurrence of WZ and ZB segments; ii) the radiative de-
excitation channels observed for the low Si doping levels are
compatible with type-II transitions; iii) for the higher Si doping levels,
no influence of the staggered type-Il band alignment is observed on
the radiative de-excitation channels. Therefore, these results
evidence that the staggered type-ll band alignment is not the
dominant effect determining the electronic structure in the highly
doped GaAs NWs, as it is the case for low doping levels. A possible
explanation of our results is proposed below.

Itis well known that Siis an amphoteric dopant in GaAs. By increasing
the doping level, a higher density of ionized defects will be present
in the material?’”. Actually, the observed dependence on the
excitation power and temperature of the peak energy of the
radiative transitions for sample B is typical for highly doped and
strongly compensated materials®>. The longer luminescent segments
observed in CL suggest a similar amphoteric behaviour of Siin ZB and
WZ GaAs. For these materials, depending on the density of ionized
defects, a strong interaction occurs for Nag® > 1, where N is the
doping concentration of each type of defects, donors or acceptors,
and ap is the Bohr radius of the donor or acceptor states,
respectively. Since the effective mass of the electrons is usually lower
for electrons than for holes, the Bohr radius is larger for donor states
in comparison with acceptor states. Thus, the interaction between
donors have a higher influence on the creation of electrostatic
fluctuating potentials in comparison with acceptors376, These
fluctuations correspond to a change of the conduction and
valence band edges along the material. Due to the differences
in the interaction between the two types of defects, electrons

can be bound in potential wells of the conduction band but not in
discrete donor energy levels, whereas holes can be bound in
potential wells of the valence band as well as in acceptor energy
levels that follow the edge of the valence band?’. Thus, the dynamics
of charge carriers is strongly influenced by these electrostatic
fluctuating potentials. This behaviour should be the same for both
types of segments, WZ or ZB. Thus, such high density of ionized
defects create electrostatic fluctuating potentials in both the WZ and
ZB segments. This type of fluctuations keep the same bandgap
energy inside a segment of a particular phase, and are associated
with the appearance of tail states inside the bandgap. The root-
mean-square depth of the potential wells created by the density of
ionized defects is given by 27:

v = V2= [Nrs?, (a)

4TET,

where € is the dielectric permittivity of the semiconductor, 1y the
screening radius, and N the total concentration of ionized donors and
acceptors. The fluctuations are observed in the real space since the
density of ionized defects is a function of the space coordinates. In
Fig. 10 (a), a model describing the electrostatic fluctuating potentials
in a highly doped and compensated NW is presented, in which the
NW growth direction is considered along the Z axis. Perpendicularly
to the Z axis of a particular segment (ZB or WZ), the fluctuating
potentials occur similarly to bulk materials, as illustrated in Fig. 10 (a)
for an arbitrary radial direction, R. Due to the fluctuating potentials
occurring inside each of the ZB and WZ segments, the band
alignment at the WZ/ZB interface is no longer well defined as for
lightly doped materials (see Fig. 10 (b)). Furthermore, the effect of
band alignment is only to shift the overall fluctuations in one
segment relatively to the other, therefore the assumption of type-II
transition is no longer applicable in this case. For clarity sake, in Fig.
10 (a), we only represent a very small interface region along the axis
of the NW. Nevertheless, for a large enough thickness of the
segments (ZB or WZ) along the Z axis, fluctuating potentials should
also be present in that direction. Thus, with the occurrence of
fluctuating potentials inside the segments, the effect of the band
alignment expected from the polytypism in the NWs disappears.
From the point of view of electronic structure in highly doped and
compensated NWs, the alternation of ZB and WZ segments
(polytypism) represents another (small) contribution to the
occurrence of fluctuating potentials but is not the dominant effect
for the creation of fluctuating potentials. In the case of the presence
of a doping profile along the radius or the axis of the NW, the
depth of the potential wells should change accordingly in such
directions, which could be reflected in Fig. 10 (a). However, the
experimental data presented in this work do not give any hint
about a possible doping profile.

An additional issue must be discussed. In the literature, the reported
offsets of the conduction and valence bands at the WZ/ZB interface
are in the range ~50 - 120 meV77-73, Our results imply that the
staggered type Il band alignment is softened by the fluctuating
potentials. This can be accomplished if the depth of the fluctuating
potentials is high enough. In order to confirm this hypothesis, we
performed the fit of the broad band luminescence intensity in the
low energy side using equations corresponding to different types of
radiative transitions?7.80.81, This energy region is only related with the
radiative transition B’ (see Fig. SI4 in Supplementary Information).
The obtained best-fit model, represented in Fig. 11, corresponds to a
band-tail type transition, for which the energy dependence is
described by?0:



2y?

I(E) (E;'—iE)% exp (— (EH_E)Z), (5)

where y is the depth of the fluctuating potentials and Ej is the
bandgap energy of the doped semiconductor. It is known that the
exact WZ GaAs bandgap is still controversial, and could be equal or
different® from the ZB GaAs bandgap. Furthermore, the E; values
depend on the doping level'4. Therefore, in order to estimate the
depth of the fluctuating potentials in sample B using eq. 5, we have
assumed that the E; value is the one of undoped ZB GaAs (1.519 eV
at low temperature). The estimated y value for sample B is 96 + 1
meV, which is in accordance with our assumption that the depth of
the fluctuating potentials is high enough to soften the staggered type
Il band alighment created by the polytypism. The best-fit model
obtained for sample B* is presented in Fig. SI7 in Supplementary
Information, and the estimated y value is 117.3 + 0.4 meV, which is
higher than the one for sample B, and compatible with larger
electrostatic fluctuating potentials, in agreement with its larger
doping level.

Fig. 10: Electronic structure for highly doped and compensated (a), and lightly
doped (b) NW materials. Z represents the growth direction of the NW
whereas R is an arbitrary radial direction perpendicular to Z axis. AEc and AE,
are the conduction and valence bands offsets at the WZ/ZB interface,
respectively, in the lightly doped NW.
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Fig. 11: Estimation of the depth of the fluctuating potentials for sample B, y =
96 + 1 meV. The PL spectrum was measured at 5 K (presented in Fig. 1) and
the red solid line represents the fit with eq. (5) in the range 1.31-1.39 eV.

Having fluctuating potentials inside each segment, the relative
importance of the band offsets at the WZ/ZB interface decreases and
the localization of charge carriers at that interface is no longer the
dominant contribution determining the electronic energy levels
structure of the NW. The doping represents a possible approach to
overcome the limitations in their electrical and optical properties
introduced by the occurrence of polytypism in NWs. We must note
that, even with the existence of fluctuating potentials, some types of
semiconductors like chalcopyrites and kesterites, used as absorber
layer in solar cells, allow competitive device performance in
comparison with similar devices based on mono and poly-crystalline
Si, CdTe, etc, which are actually references in the photovoltaic
market. Thus, the occurrence of fluctuating potentials is not a
fundamental obstacle for applications of such highly doped GaAs
NWs, but at the opposite, can represent a step towards the IlI-V NW
optoelectronic applications.

Conclusions

In summary, the effect of Si doping in GaAs NWs on the structural
and electronic properties, was deeply investigated for different Si
doping levels (nominal free carrier concentrations of 1x10%6, 8x1016,
1x1018 and 5x1018 cm3). With the increase of the Si doping level,
a remarkable increase of the luminescence intensity was
observed as well as an apparent decrease of the WZ/ZB fraction
ratio. We have found that ZB/WZ polytypism only affects the
electronic energy levels structure of the NWs with low Si doping
levels. In the face of the amphoteric behaviour of Si in the GaAs
lattice, a high doping results in high density of ionized defects
which create electrostatic potential fluctuations in the
conduction and valence band edges as well as tails of the
density of states inside the bandgap. The radiative and non-
radiative de-excitation channels change accordingly and the
polytypism is no more the dominant effect determining the
charge carriers dynamics. The estimated depth of the
fluctuationsis in the range 96-117 meV. The electronic structure
of highly Si-doped GaAs NWs as well as the increase of the
luminescence intensity open up new optoelectronic
applications based on IlI-V NWs.
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