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ABSTRACT Semiconductor nanowires are versatile building blocks for optoelectronic devices, in
part because nanowires offer an increased freedom in material design due to relaxed constraints on
lattice matching during the epitaxial growth. This enables the growth of ternary alloy nanowires in
which the bandgap is tunable over a large energy range, desirable for optoelectronic devices.
However, little is known about the effects of doping in the ternary nanowire materials, a pre-
requisite for applications. Here we present a study of p-doping of InxGaixP nanowires and show

that the growth dynamics are strongly affected when diethylzinc is used as a dopant precursor.
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Specifically, using in-situ optical reflectometry and high-resolution transmission electron
microscopy we show that the doping results in a smaller nanowire diameter, a more predominant
zincblende crystal structure, a more Ga-rich composition and an increased axial growth rate. We
attribute these effects to changes in seed particle wetting angle and increased TMGa pyrolysis
efficiency upon introducing diethylzinc. Lastly, we demonstrate degenerate p-doping levels in
InkGai1-«xP nanowires by the realization of an Esaki tunnel diode. Our findings provide insights into
the growth dynamics of ternary alloy nanowires during doping, thus potentially enabling the
realization of such nanowires with high compositional homogeneity and controlled doping for

high-performance optoelectronics devices.

KEYWORDS: Nanowire, doping, MOVPE, ternary compound, InGaP, crystal structure

There has recently been an increasing interest in using semiconductor nanowires to create
optoelectronic devices, such as light emitting diodes,! lasers,? photodetectors® and solar cells,* °
with potentially enhanced performance and lower cost. Due to relaxed lattice matching
requirements, nanowires offer an increased freedom in materials design such that nanowire
heterostructures of materials which are incompatible in planar technology can be synthesized,® and
nanowires can be integrated monolithically on foreign substrates such as Si’ and graphene.® °
Further, by tuning the composition of ternary I11-V compound nanowires, materials with bandgaps
that corresponds to the main part of the solar spectrum can be accessed and combined. This enables
the realization of nanowire-based multi-junction solar cells!® where each junction absorbs a
different part of the solar spectrum. For the successful development of such devices, a key

requirement is the ability to control material conductivity through impurity doping. However, while
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a lot of effort has been put into understanding doping of binary compound nanowires,! there is a
need for better understanding and control of the doping of ternary nanowires, where the additional
precursor is expected to introduce increased complexity in the growth dynamics.

In this Letter we present a study on the doping of InyGaixP by diethylzinc (DEZn). For InP
nanowires it has been shown that DEZn can strongly affect the nanowire growth dynamics, both
with respect to crystal structure, diameter and growth rates.'>* We show how similar effects are
present in the growth of InyGa1«P, where introducing DEZn leads to a smaller nanowire diameter
and a predominant zincblende (ZB) crystal structure. In addition we see a strong effect on the
nanowire composition, the nanowires being significantly more Ga-rich when synthesized in the
presence of DEZn. We show that this is driven by a more efficient incorporation of Ga, which we
attribute to more efficient TMGa pyrolysis in the presence of DEZn. Finally, by the realization of
an Esaki-tunnel diode we show that we are able to grow degenerately doped p-type InxGai«P,
crucial for the successful realization of nanowire based optoelectronic devices. The InsGai-xP
nanowires under study are grown in a composition range giving a direct bandgap suitable for use

in nanowire based multi-junction solar cells and red LEDs.

Nanowires were grown from arrays of Au seed particles defined by nanoimprint lithography on
full 2” InP:Zn (111)B wafers.™ The seed particles were placed in the form of gold discs (diameter
190 nm and height 65 nm) in a hexagonal pattern optimized for light absorption,'® with a center-
to-center distance of 500 nm. The hexagonal pattern ensures that all nanowires have an equal
collection area for diffusing growth precursors. For ternary compounds, such as InsGai«P, this is
expected to be especially important in order to achieve homogeneous and reliable growth, since
big differences might exist in migration length of the group 111 growth species.!” Imprinted growth

substrates cleaved into approximately 0.6 x 0.6 cm? sizes were placed in a laminar flow MOVPE
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reactor (Aixtron 200/4), which used H; as a carrier gas, a total gas flow of 13 I/min and a working
pressure of 100 mbar. Prior to growth, the substrates were subjected to an in situ pre-anneal
nucleation scheme!® at 280 °C. This reduces Au seed particle displacement during the following
10 minute annealing at 550 °C performed in a PHa/Hz-ambient to desorb surface oxides. The
growth chamber was then cooled to the growth temperature of 440 °C. The nanowires were
nucleated with an InP segment grown for one minute, using phosphine and trimethylindium (TMiIn)
at precursor molar fractions of ypusz = 6.9x10° and yrmin = 8.9x10°. After 15 seconds HCI was
added to the gas mixture at a molar fraction of ywci = 4.6x10° to suppress radial growth.*®° After
one minute of InP growth, growth of InyGa:1«P was initiated by adding trimethylgallium (TMGa)
at a molar fraction of yrmca= 4.0x10, changing the TMIn flow to ytmin=5.2x107, and increasing
HCIto ynci = 5.4x107°. Growth was terminated by switching off all precursor gas flows except PHs
and cooling the reactor in a PH3/H2 gas mixture. This procedure to grow InyGaixP nanowires was
the same for all samples under study here.

To properly assess the complex influence of adding DEZn to the precursor flow, two different
doping schemes were applied together with the standard growth procedure. First, a barcode
structure with a sequential variation between nominally intrinsic (yoezn = 0) and highly p-doped
(ypezn = 4.3x10°) material was grown. The first segment was nominally intrinsic and a total of 5
alternating i-p segments were grown sequentially. The growth time for each nominally intrinsic
and p-doped segment was 140 s and 110 s, respectively. Second, six samples of homogeneously
doped nanowires were grown with a constant DEZn molar fraction through the nanowire. This was
varied in the range ypezn= 0 to 4.3x107 between the different samples.

The heterostructured p-InyGaixP/n-InP nanowires containing an Esaki tunnel diodes were grown

at 440 °C to a total length of ~2 um. On top of an initial InP segment, grown for one minute as



described previously, the 1 um long p-InyGaixP segment was grown using the same molar fractions
as in the standard growth procedure described above, with ypezn = 8.3x107°. Thereafter, the 1 um
long n-InP segment was grown using molar fractions of ypuz = 6.9%103, yrmin = 5.9%107, yzs =
0.2x107° and ynci = 4.6x107°. For the ~30 nm of the p- and n-segments closest to the heterojunction,
dopant molar fractions were increased to ypezn = 11.7x107° and yn2s = 1.6x107°, respectively.
During growth, a LayTec EpiR DA UV optical reflectometry system attached to the Aixtron
reactor was used to monitor the nanowire length and growth rate in-situ.}* We used wavelengths in
the range between 500 and 700 nm to calculate the nanowire length, giving us on average 2-3
datapoints per second. As in ref.14, an effective refractive index (see Supporting Information) was
used for the length calculations, determined empirically as an average from calibration runs where
InP nanowires were grown using the same pattern of catalyst particles. The use of this effective
refractive index also for InyGai-xP nanowires was validated on the homogeneously doped InxGai-
«P nanowires by comparing optical reflectometry length data with average lengths measured by
scanning electron microscopy (SEM) after growth. For all samples the lengths obtained by the two
methods was within 5% (most within 3%), similar to what is seen for growth of pure InP nanowires.
Further, no trends were seen in the data as a function of nanowire composition when it comes to
accuracy of the used refractive index, indicating that the effective refractive index of the nanowire
array does not change substantially within the composition range studied here. This is to be
expected, since the difference in refractive index between InP and GaP in our wavelength range is
small.2’ Additionally, the effect of the nanowire refractive index is limited, since the reflected light
travels through an array consisting mostly of ambient gas, as confirmed by the determined effective

refractive index being close to 1 (see Supporting Information).



After growth, the nanowires were examined using SEM and transmission electron microscopy
(TEM). For high resolution TEM (HRTEM) investigations, nanowires were transferred to a holey
carbon TEM grid by sliding the grid gently over a portion of the center of the grown sample. Energy
dispersive x-ray spectroscopy (XEDS) was used in the TEM to gather information about the
nanowire composition. Before transferring some of the nanowires to the TEM grid, the composition
of a larger nanowire ensemble on each sample was assessed by x-ray diffraction (XRD). The
nanowire composition was extracted from the XRD peaks by assuming Vegard’s law, and the full-
width-at-half-maximum (FWHM) was taken as a measure of the compositional variation.

For electrical measurements, nanowires were broken off from the growth substrate and deposited
on a degenerately doped Si substrate which had a thermally grown SiO> layer on top. After the
deposition, metal contacts were defined to single nanowires by electron beam lithography, metal
evaporation and lift-off. The metal contact layers used were Ti/Zn/Au (5/20/150 nm nominal
thickness) to p-InxGaixP segments and Ti/Au (5/20 nm nominal thickness) for n-InP segments. All

electrical measurements were performed in a probe station.



50 nm

Figure 1 Adding DEZn to the precursor flow induces a change in crystal structure
towards more zincblende. (a) Scanning electron microscope image of as-grown InGaiP
nanowires with a barcoded DEZn doping scheme. (b) High-resolution transmission electron
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microscopy image (obtained along the [1-10] zone axis) taken at the interface between two
segments in the barcoded structure, grown without (top part, high magnification in (c)) and with

(bottom part, high magnification in (d)) DEZn.

We take a first step to understand the growth dynamics of our Zn-doped InGai-«P nanowires by
studying their morphology and crystal structure. SEM images of the nanowires grown with a
barcode doping scheme shows that the nanowires have a diameter just below 200 nm and a length
of about 2 um (Figure 1a). For all samples grown we achieved a high yield of more than 99 %
vertical InyGaixP nanowires in our dense pattern (see Supporting Information), critical for
implementation into nanowire array optoelectronic devices. The crystal structure of the nanowires
was investigated by HRTEM (Figure 1b-d), and we observed that adding DEZn to the precursor
flow induces a change in crystal structure towards more zincblende (ZB), similar to results on p-
doping of binary InP and GaP nanowires using DEZn by Algra et al.'> 2! In the homogeneously
doped nanowires we also observe a diameter decrease from 198 + 2 nm for the nominally intrinsic
nanowires to 187 + 2 nm for the highest doped (ypezn= 4.3x10°), as measured by SEM (see
Supporting Information). These two effects are related since the wetting angle of the Au particle
(which affects the diameter) is directly linked to the crystal structure.'? 3 2223 \We note that the
barcoded nanowires show a somewhat less pronounced diameter change than the homogeneously
doped nanowires, with diameters measured to 196 = 2 nm and 191 + 2 nm for the nominally
intrinsic and the p-doped segments, respectively. We now turn our attention to the effect of DEZn

on group Il incorporation.



VLS-growth of ternary 111-V nanowires is a complex processt’ 1% 2427 and for InyGai«P
nanowires the relative efficiency of Ga and In incorporation is governed by several factors which
are interdependent. Both the relative decomposition efficiency of group Il precursor molecules
and relative group 11l adatom migration lengths on the substrate surface and nanowire sidewalls
are expected to affect the composition of the solid,?” and may result in inhomogeneous materials
composition along the nanowire. Additional complexity is added by gas phase diffusion of partially
decomposed precursor molecules between nearby nanowires.?® The commonly seen variation in
ternary nanowire composition from competition between axial VLS growth and radial vapor-solid

growth 22 is less relevant here since HCI effectively suppresses radial growth (Figure 1a).

—~
Q
o
©
a
1

©
o

i _

L

L 1 1 1
0 1x10° 2x10° 3x10° 4x10°
DEZn molar fraction Distance (um)

Indium content [%)]
D N N o
a O o O O
T
B
1 1
X-ray counts

D
o
T
1

Figure 2 Composition changes to more Ga-rich InyGaixP nanowires when adding
DEZn. (a) Composition extracted from x-ray diffraction (XRD) from an ensemble of
homogeneously doped InyGaixP nanowires, at different DEZn molar fractions. Error bars indicate
full-width-at-half-maximum of the XRD-peak. For XRD raw data, see Supporting Information. (b)
Energy dispersive x-ray spectroscopy scan of a barcoded InxGaixP nanowire. The nanowire
composition changes in a reversible fashion to more Ga-rich when growing in the presence of

DEZn.



The addition of DEZn to the growth chamber leads to more Ga-rich nanowires (Figure 2). At our
growth temperature (440 °C), the longer surface migration length of In-species'’ combined with
the lower decomposition temperature of TMIn?® as compared to TMGa,* result in more efficient
In than Ga incorporation. This is reflected in our XRD data of the homogeneously doped nanowires
(Figure 2a), where a gas phase precursor ratio of ytmin /(ytmcatyT™in) = 0.12 gives almost pure InP
nanowires (x = 0.92 + 0.03) for the nominally intrinsic InyGaixP nanowires. The Ga to In
incorporation changes as more DEZn is added to the precursor gas flow, observable in our
experiments for ypezn> 0.8x10™ (Figure 2a), reaching x = 0.69 + 0.07 when ypezn= 4.3x10°. As
revealed by XEDS scans of a barcoded nanowire (Figure 2b), this effect is reversible; the
composition switches back and forth following the on/off switching of the DEZn flow.

To better understand the effects of DEZn on nanowire composition we employed in-situ
monitoring with optical reflectometry’* while growing our structures. Figure 3a shows the
barcoded nanowire length as a function of growth time (see Supporting information for a zoom-in
of two neighboring segments, including linear fits). The growth rates are plotted in Figure 3b, as
extracted for each segment by linear fits to the data in Figure 3a. A small but clear increase in axial
growth rate of about 10-15 % is observed when adding DEZn, accompanying the compositional
change (Figure 2b). In Figure 3c, volume growth rates for the “InP” and “GaP” components of
each segment is shown (see Supporting Information for details on calculation). Two observations
can be made by comparing Figure 3b and 3c. First, we observe an overall decreasing trend in axial
growth rate for both the p- and the i-segments (Figure 3b), which stems from a steadily decreasing
incorporation of In as the nanowire length increases (Figure 3c). Thus, the incorporation of In is

limited by surface migration of In species on the substrate and nanowire sidewalls. Second, the
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higher axial growth rate in the p-segments (Figure 3b) originates from an increased incorporation

of Ga (Figure 3c).
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Figure 3 Axial InyGai1xP nanowire growth rate increases when adding DEZn, due to an
increased Ga-incorporation. (a) InsGaxP nanowire length vs growth time extracted from in-situ
optical reflectometry data, for a barcoded doping scheme. Lengths extracted during growth of
nominally intrinsic material and p-doped material are indicated by shaded and non-shaded areas,
respectively. Linear fits to the length vs growth time data in each segment is shown by blue and
red lines, for the nominally intrinsic and the p-doped segments respectively. (b) Average growth
rate for each nominally intrinsic (shaded area) and p-doped (non-shaded area) segment, extracted
by the linear fits to length vs growth time data in (a). Error bars indicate one standard error in the
fit. (¢) Volume growth rates for the “InP” (blue squares) and “GaP” (green diamonds) components
of each nominally intrinsic (shaded area) and p-doped (non-shaded area) segment. The volume
growth rate was calculated from three input parameters: composition, axial growth rate, and
diameter. The error bars indicate the maximum and minimum values possible within the errors of

the input parameters (see Supporting Information for details on determination of input parameters).

In the following we consider several possible explanations to the increased Ga incorporation.
First, DEZn changes the interface energies in the system (as evidenced by the change in diameter
and crystal structure) which could be thought to block or enhance the uptake of In or Ga,
respectively. However, we observed that the growth rate was strongly dependent on the precursor
flows, which indicate that Ga and/or In uptake in the particle or at the growth front is not limiting
the growth. Another possibility is that the change in crystal structure induced by DEZn (Figure 1b)
could result in changed surface migration lengths which affect both growth rates and composition.
This option must however be discarded due to the reversibility of the process as shown by the

barcoded structure (Figure 2b). A more likely explanation is then a change in surface migration
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lengths due to surface passivation effects, which has been used to explain nanowire growth rate
changes both for Zn'* and other dopants.3! 32 However, the constant trend in Ga incorporation rate
for both the p- and i-segments with increasing nanowire length (Figure 3c) indicates that the Ga
incorporation is not limited by adatom migration. Further, a passivated surface should affect
migration of both In- and Ga-species, and cannot be used to explain the higher growth rate which
we observe is predominantly driven by increased Ga incorporation. Instead we attribute the
composition and growth rate changes to an enhanced pyrolysis efficiency of TMGa when adding
DEZn. While TMIn is fully pyrolyzed at our growth temperature of 440 °C,%33 this is not the case
for TMGa.®® Methyl radicals have been proposed to react with the H, ambient and create H-radicals
attacking the TMGa molecule, thereby increasing its pyrolysis rate.% ** We speculate that the extra
ethyl radicals added from pyrolyzed DEZn® % could have a similar effect, since the ethyl and
methyl radical reactions with Hz have comparable activation energies (values ranging from ~ 40 to
60 kJ/mol have been reported for both®*37). The methyl groups released from additional pyrolyzed
TMGa could further enhance the process through a chain reaction.®® An increased efficiency of
TMGa pyrolysis would lead to a higher supply of Ga atoms at the growth front, and in a reversible
fashion result in more Ga-rich material and an increased growth rate.

It should be noted that effects of DEZn on group Il incorporation have been seen in several
studies of ternary and quaternary compound layer growth, as summarized by Li et.al.® These
results were obtained at significantly higher growth temperatures (> 550 °C) where the group Il
precursors are fully pyrolyzed and were explained with a decreased efficiency of In incorporation
due to increased In desorption at high temperature and competition between In and Zn
incorporation to the group 111 position in the lattice.®® Zn competes more easily with In atoms than

Ga atoms because the binding energy of Ga-P is much higher than that of In-P. In contrast to the
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results on layer growth, for kinetically limited nanowire growth we find that DEZn increases the
incorporation efficiency of Ga, which we explain by enhanced pyrolysis of TMGa related species.

We note that the XRD peaks (Figure 2a and Supporting Information) indicate a certain
compositional variation in the measured nanowires, which increases as more DEZn is added to the
growth chamber (the nanowires become more Ga-rich). By studying the XEDS scan shown in
Figure 2b, we see that the nanowire composition gets significantly more Ga-rich towards the top
of the nanowire. Comparing this with Figure 3c, we conclude that the Ga content increases towards
the top of the nanowires due to a decreased incorporation of In, limited by surface migration, and
that the width of the XRD peaks is mainly due to a variation in composition along the length of the
nanowire. Further, in both the p- and the nominally intrinsic segments, we observe almost a
doubling of the Ga-content from the bottom to the top segment (Figure 2b). Since the Ga-content
near the bottom of the nanowire is much higher in the p-segment than in the nominally intrinsic
segment, the increase in Ga-content along the nanowire is significantly larger in absolute numbers
for the p-doped segments. This translates to a broader XRD-peak and larger compositional
inhomogeneity in the homogeneously doped nanowires with increasing DEZn (Figure 2a). Such
compositional variation along the length of the nanowires can be suppressed by in-situ tuning of

the group 111 precursor flow during growth.*

Our results demonstrate the complex nature of ternary I11-V nanowire growth and doping. To
further progress towards real devices, control and knowledge of actual doping levels are needed.
In order to evaluate zinc doping levels in our InsGai«xP nanowires, single homogeneously doped
nanowires were contacted for electrical measurements. Due to challenges in forming Ohmic

contacts to p-type InkGai.«P nanowires, similar to what has been seen for p-type InP nanowires,3!
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40 the 1-V curve obtained from such devices was dominated by the poor contacts for all measured
nanowires, regardless of DEZn molar fraction. Poor gate response was observed in gate dependent
measurement, preventing accurate assessment of the carrier concentration, even though p-type
behavior was seen. Taking another trail, nanowires with a p-InxGaixP / n-InP axial heterojunction
were grown and contacted with the aim to form an Esaki tunnel diode (Figure 4). The materials
composition of the p-In,Gai P segment in this heterojunction was determined by XRD after growth

to be x = 0.69 £ 0.03.
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Figure 4 Realization of a nanowire Esaki diode demonstrate degenerate p-doping in
InyGaixP nanowires. (a) Top-view SEM image of a contacted p-InxGai«P / n-InP Esaki diode
nanowire. As indicated in the figure, the bottom segment (~ 1 um) is InyGaixP doped with DEZn,
while the top segment (~ 1 um) is InP degenerately doped by use of H»S. The Esaki diode is formed
at the InyGaixP / InP heterojunction, indicated by the dotted line. The extra perpendicular contacts
were added to give the ability to electrically characterize each segment separately. Scale bar is 500

nm. (b) I-V sweep of a p-InxGaixP / n-InP nanowire Esaki diode.

Despite poor contact characteristics at the p-type InxGai«P side, the I-V curve of a typical p-
InxGaixP /n-InP nanowire still shows clear negative differential resistance (NDR) region, revealing

the existence of a tunneling effect (Figure 4b shows the best device measured). Based on our
15



previous doping evaluation study,*! the n-type InP side was degenerately doped. p-doping by use
of DEZn up to degenerate level was thus demonstrated in our InGaixP nanowires. Detailed

investigations of InyGai«P / InP nanowire Esaki diodes will be reported elsewhere.

In summary, we have systematically studied the effect of p-doping InxGai«xP nanowire by use of
DEZn as a dopant precursor. By combining HRTEM, SEM and in-situ optical reflectometry we
observe that the presence of DEZn during synthesis changes the growth dynamics of the InyGai-xP
nanowires and induces a smaller nanowire diameter and ZB crystal structure, an increased axial
growth rate and a more Ga-rich composition. We attribute the changes in nanowire diameter and
crystal structure to changes in the wetting angle of the Au seed particle, similar to what has been
observed for InP nanowires. The increased axial growth rate and the more Ga-rich composition can
be explained by an enhanced pyrolysis of TMGa in the presence of ethyl radicals from decomposed
DEZn. Finally, by realizing InyGai«P /InP nanowire Esaki diodes we demonstrate that high p-
doping is possible in InxGaixP nanowires by use of DEZn. These results provide a stepping stone

towards harvesting the full potential of ternary compound nanowires in optoelectronic devices.
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