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Abstract

To harvest the benefits of 111-V nanowires in optoelectronic devices, the development of
ternary materials with controlled doping is needed. In this work, we performed a systematic study
of n-type dopant incorporation in dense InxGa-»P nanowire arrays using tetraethyl tin (TESn) and
hydrogen sulfide (H2S) as dopant precursors. The morphology, crystal structure and material
composition of the nanowires were characterized by use of scanning electron microscopy,
transmission electron microscopy and energy dispersive x-ray analysis. To investigate the
electrical properties, the nanowires were broken off from the substrate and mechanically
transferred to thermally oxidized silicon substrates, after which electron beam lithography and
metal evaporation were used to define electrical contacts to selected nanowires. Electrical
characterization, including four-probe resistivity and Hall effect, as well as back-gated field effect
measurements, is combined with photoluminescence spectroscopy to achieve a comprehensive

evaluation of the carrier concentration in the doped nanowires. We measure a carrier concentration



of ~1 x 10% ¢cm™ in nominally intrinsic nanowires, and the maximum doping level achieved by
use of TESn and H,S as dopant precursors using our parameters is measured to be ~2 x 108 cm?3,
and ~1 x 10'° cm?, respectively (by Hall effect measurements). Hence, both TESn and HS are
suitable precursors for a wide range of n-doping levels in InkGauxP nanowires needed for

optoelectronic devices, grown via the vapor-liquid—solid mode.

Introduction

Nanowires with their unique properties and great potential in next generation semiconductor
devices are under intensive investigation. For instance, in the field of photovoltaics, a substrate
surface covered with evenly-spaced particle-assisted-grown nanowires (i.e. a nanowire array) has
achieved a power conversion efficiency of 15.3% by covering only 13% of the substrate surface
[1]. Also, the small radial dimension of nanowires allows a variety of material combinations to be
grown, since the strain can be accommodated via radial expansion and contraction [2]. Even
material combinations with very high lattice mismatch and therefore unrealistic in planar growth,
like InSb/GaAs, have been reported in nanowires [3]. In this sense, nanowire arrays introduce a
highly interesting geometry for the production of multi-junction (tandem) solar cells. Such
structures are comprised of a combination of several p-n (or p-i-n) junctions with different band
gaps to efficiently match the solar spectrum, where the increased freedom of material combinations
in the nanowire geometry facilitates synthesis. To make full use of this potential, the growth of
ternary I11-V nanowires with controlled doping must be developed.

The control of dopant incorporation is vital for the electrical and optical performance of any
semiconductor device. Significant knowledge has been accumulated on doping of nanowires [4],

with quantitative data obtained by a wide range of methods such as field-effect transistor [5], Hall



effect [6, 7], atom probe tomography [8], photoluminescence (PL) [9], Raman [10], and
capacitance—voltage [11] measurements. However, most studies have been carried out on various
elemental or binary materials [12], and very little has been done on doping in ternary nanowires,
especially in terms of systematic quantitative studies. We are interested, at first, to achieve
controlled n- and p-type doping in nanowires of the ternary alloy InxGa(1—x)P with a band gap of
1.7 eV to be used as a top cell in a proposed InxGa(1—-x)P/InP tandem junction solar cell [13]. A
detailed study on p-type doping in this material has been reported elsewhere [14]. In the current
paper, we report on the growth of InxGa(1—x)P nanowire arrays in the right composition range

and evaluation of two different n-type dopant precursors by electrical and optical characterization.

Experimental

The InxGau-xP nanowires were grown on InP:Zn (111)B substrates. Full 2 inch wafers were
patterned by an array of Au seed particles by nanoimprint lithography and metal evaporation as
described in [15]. The resulting hexagonal pattern had a pitch of 0.50 um, with gold particles in
the form of discs with 0.19 um in diameter and 0.07 pm in height. The wafer was split into smaller
substrate pieces which were loaded into an Aixtron 200/4 metal organic vapor phase epitaxy
(MOVPE) reactor, operating at 100 mbar in a total flow of 13 I/min. Using parameters as described
in [15], a pre-anneal nucleation step was used to reduce particle displacement, followed by an
annealing step at 550 °C. Then, the reactor temperature was set to 440 °C. A series of InxGau-»P
nanowire samples were grown, based on the structure sketched in figure 1a. Here, 300 nm long
contact segments were grown at each end of the nanowire, with constant growth parameters between
all samples. In between the contact segments, a 1.6-1.7 um long segment was grown where the dopant

values were varied between samples. Before growth of the first contact segment, the growth was



initiated with an approximately 0.15 pm long InP stub with trimethylindium (TMIn), and phosphine
(PHs3), at molar fractions of yrmin= 8.9 X 10, yprz = 6.9 x 103 (Fig. 1a) [14]. Thereafter, both contact
segments and the middle segment were grown using the precursors of TMIn, trimethylgallium
(TMGa) and PHs, at molar fractions of yrmin= 2.7 x 10, yrmca= 1.36 x 10, and yprs= 5.4 x 10°
8. During the nanowire growth, hydrogen chloride (HCI) was supplied in situ with a molar fraction
of ynci= 5.4 x 107 to suppress radial growth [16]. In terms of doping, the contact segments were
grown with the same TESn flow for all samples, yresn = 5.5 x 10, to provide similar Ohmic
contacts for all the nanowires studied [17]. In the middle segment on the other hand, the molar
fraction was different between samples, with the dopant precursor being either TESn or H2S. In the
sample ensemble, yTesn was varied from 3 x 10 to 5.5 x 10, and y.s was varied from 1 x 107
to 3.12 x 10°. Additionally, one sample was grown as a reference with the middle segment
nominally intrinsic (ytesnHs = 0). The nanowire length was continuously monitored in situ by an
EpiR DA UV optical reflectance setup from LayTec AG [14,18] and the growth time was adjusted
to achieve the appropriate segment lengths. After nanowire growth, the reactor was cooled down
to room temperature in a PHs ambient. A scanning electron microscope (SEM) image of a typical

nanowire sample is depicted in figure 1b.
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Figure 1. (a) Schematic of the nanowire structure. (b) Scanning electron microscope image of as-grown
InkGau-xP nanowire arrays, taken at 30° tilt. The scale bar is 1 pm.

The crystal structure of the nanowires was inspected by a JEOL 3000F 300 kV transmission
electron microscope (TEM) equipped with energy dispersive x-ray analysis (EDX) by which the
nanowire composition along its axis was measured. Three different samples, each with a unique
dopant flow, i.e. nominally intrinsic, the highest TESn flow and the highest H.S flow were chosen.
Three nanowires for each chosen sample were measured.

For electrical characterization, the nanowires were transferred from the growth substrate to a
doped Si measurement substrate covered by 100 nm SiOz and 10 nm HfO.. The measurement
substrates had predefined bond pads and markers for contact alignment. Contacts were defined to
the nanowires by electron beam lithography (EBL). The devices were etched for 15 s in Buffered
Oxide Etch (H20:HF = 10:1) to remove native oxides right before thermal evaporation of 10 nm
Tiand 150 nm Au. Lift-off was done in acetone. A typical processed nanowire is shown in figure
2. The contacts were labeled as “A” and “B” at the two ends of the nanowire, and the three pairs,
labeled as “C1”, “C2”, “D1”, “D2”, “E1” and “E2”, are perpendicular to the nanowire axis. These
contacts were designed to allow for four-probe resistivity measurements and Hall-effect
measurements with spatial resolution of the carrier concentration along the nanowire growth
direction [6,19]. The four-probe resistivity measurements were conducted at room temperature by
use of a Cascade 11000B probe station and a Keithley 4200SCS. The Hall-effect measurements

were carried out in room temperature using a custom made system [20].



Figure 2. Scanning electron microscope image of a typical device after processing, taken at 30° tilt with
respect to the normal of the plane, showing contact design for electrical measurements. The contacts
labelled as pairs “C”,”D” and “E” are at 30%, 50% and 70% of the nanowire length. The scale bar is 1 um.

For four-probe resistivity measurements, voltage sweep was done between contacts A and B
(see figure 2), and the resulting current was measured. The voltage at the different positions C, D,
and E along the device was also measured, and the electrical resistance of each segment was
calculated by dividing the voltage AV, between each contact pair C1-D1, D1-E1 and C1-E1 (same
for side 2) by the current. We refer to the measurements at pairs C-D, C-E and D-E as “base”,
“center” and “top”, respectively. In the Hall-effect measurement setup, a current of 100 pA was
applied between contacts A and B, and a magnetic field ranging from -2.0 to 2.0 T was applied
perpendicular to the substrate plane and the current direction. The Hall voltage was then measured
between each pairs C1-C2, D1-D2 and E1-E2 (referred to as “base”, “center” and “top”,
respectively). A plot of example Hall measurements is included in the Supporting Information. In
order to extract the carrier concentration from the measurements, a finite-element-method model
implemented in COMSOL Multiphysics was used to solve the current continuity equation and
simulate the carrier concentration corresponding to the measured Hall voltage in each nanowire

[6]. The input parameters were the nanowire length, diameter and contact positions.



Photoluminescence (PL) measurements were performed on single nanowires, which were
mechanically transferred to silicon substrates. The samples were placed in a continuous-flow
liquid-helium-cooled cold finger cryostat for measurement at around 4K. The sample was excited
by a frequency-doubled YAG laser, and the photoluminescence from the sample was then
collected by a microscope objective, dispersed by a monochromator and finally analyzed by a CCD
camera. By comparing the high energy tail of a PL spectrum, which contains information about
Fermi level, with the high energy tail of the conduction band density of occupied states, the Fermi
level and Fermi temperature can be extracted. The extracted values are then used to solve a Fermi-

Dirac integral numerically, resulting in a carrier concentration value [21].

Results and discussion
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Figure 3. HRTEM images for three different molar fractions in the middle segments: (a) nominally intrinsic
yresnzs = 0, (b) highest TESN flow, yresn = 5.5 10, and (c) highest H,S flow, yuzs = 3.12x 107

As depicted in figure 3, the nominally intrinsic In,Gau-x»P nanowires show dislocation-free

Zincblende crystal structure with twin planes, and the most highly Sn doped nanowires contain



similar crystal structure. Thus, we did not identify any effect of using TESn as a dopant precursor
on the crystal structure, similar to results on Sn doped InP nanowires [22]. In contrast, the middle
segments of the most highly S doped nanowires show a mixed crystal structure, consistent with

observations in InP nanowires where HS induces more Wurtzite structure [23,24].
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Figure 4. Energy dispersive x-ray (EDX) point scans along the In,Gag-«P nanowires of three representative
samples: nominally intrinsic, the highest TESn flow and highest H,S flow. The five points are along the
middle segment of the nanowire, where 1 represents the point closest to the nanowire top, and 5 represents
the point closest to the nanowire bottom.

The incorporation of S into the seed particle changes the surface energy of the particle [24]. It
is believed that S is usually a surface passivator of liquid metal particles and reduces the liquid-
vapor surface energy yLv. S also increased the wetting of In which means the liquid—solid energy
yLs is also lowered. When both yLv and y.s are decreased, the solid—vapor interface would play a
more important role at the triple phase boundary where the formation of Wurtzite structure can
happen [23].

The averages of the EDX data taken (plotted in figure 4) show that the overall compositions
for all three samples are fairly similar, in the range of 0.63 < x < 0.71. This agrees with ensemble

measurements by XRD (not shown), which indicated no clear trends in composition as a function



of doping. However, for the nominally intrinsic and Sn doped samples, the EDX data indicate a
relatively large composition gradient along the nanowire axis (about 6% - 7% points), with more
Ga rich composition at the top of the nanowires. This is due to a lowered incorporation of surface-
migration-limited In along the length of the nanowire [14]. In contrast, the S doped nanowires are
more homogenous in material composition (For the highest y+.s, the composition gradient is less
than 1% point). Relating to this, we observe an increasing nanowire growth rate with increased
YH2s (See Supporting information figure S1 for a plot of nanowire length vs. growth time for
different yH.s). The increased growth rate can be attributed to S passivation of the nanowire side
walls and substrate surface [24], leading to an increase in the adatom surface migration length, in
accordance with our previous study on S doped InP nanowires grown from the same seed particle

pattern [20]. This can also explain the improvement in axial material composition homogeneity.
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Figure 5. Spatially resolved four-probe resistivity along the length of Sn and S doped InyGa-xP nanowires.
The dashed lines are guides for the eye.

The spatially resolved resistivity extracted from four probe measurements is shown in figure
3 as a function of ytesn and yn2s. The data from Sn and S doped samples are indicated in red and

blue, respectively. In the Sn doped nanowires, the resistivity decreases as the dopant flow is



increased. In contrast, the S doped nanowires show a change in trend when increasing the dopant
flows beyond a certain value, as indicated in figure 5; the resistivity decreases for y.s < 7x 107,

then increases for yp,s > 3.5x 10°°.
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Figure 6. Dependence of carrier concentration measured by Hall-effect measurements on dopant molar
fractions. The dashed lines are guide for the eyes. Also included are carrier concentrations extracted from
Fermi tail fitting of the PL spectra for the two highest dopant molar fractions of H,S and TESn. Results are
shown from measurements at two different excitation powers to indicate that there is no strong state filling
effect.

Extracted carrier concentration values from Hall-effect measurements for different samples
are shown in figure 6. For the S doped nanowires, the measured carrier concentration initially
increases with dopant molar fraction, until the carrier concentration saturates at around 1 x 10'°
cm™ for ynos > 1.3 x 108, The onset of saturation happens at dopant flows close to the minimum
resistivity in figure 5, indicating that the increase in resistivity values seen for higher dopant flows
(figure 5) is due to a decrease in electron mobility, possibly due to increased scattering from defects
such as S clustering, S-complex formation and donors. For Sn doped nanowires, although not as

clear as for samples doped with S, the data suggest carrier concentration saturation at around 2 x

10



108 cm3, after an initial increase in carrier concentration upon increased dopant molar fraction.
The Vapor-Liquid-Solid mechanism for nanowire growth is very different from that of planar
growth. S has a low solubility in the Au particle and is mainly incorporated via the transportation
from the nanowire sidewalls, i.e. a vapor-solid route [25]. By contrast, Sn has a high solubility in
the Au particle and the main route for its incorporation is via VLS mechanism. The different
incorporation routes can give different maximum doping level. Additionally, S has shown a much
larger segregation coefficient (0.5) compared to that of Sn (0.02) in thin film InP growth [26],
which can increase the saturation doping level of S compared to Sn.

It has been observed that carrier concentration levels might vary axially in nanowires, even
when the dopant flow is kept constant during growth [27]. For instance, in InP nanowires with a
similar design as the InxGau-xP nanowires studied here, we have previously measured axial
variation in carrier concentration levels of more than one order of magnitude [19]. In comparison,
the spatially resolved Hall effect measurements (figure 6) indicate an axial variation in carrier
concentration levels in our In,Ga-xP nanowires of less than a factor of two for all samples, with
most samples showing variation below 50%. The small spatial variation in measured resistivity
values (figure 5) further supports this picture. For the nominally intrinsic InyGau-xP nanowire
sample (ytesnH2s = 0), we were not able to perform Hall-effect measurements because the Hall-
contact properties were too poor. Instead, we performed four-probe resistivity and nanowire FET
measurements and obtained a background doping of 1.1 x 10 cm?. This is similar to the
background doping of 1.8 x 10 cm™ measured by the same method on the nominally intrinsic

InP nanowires grown from the same seed particle pattern [20].

11



w
o

N
o

N
=}

AH2s = 2.0x10°
_XTESn =55,10°

N
o

LY tEsn = 4.0 <107 1

Offset, normalised PL Intensity
& o

i XH2s, TESn = 0 : . ]
3 14 15 16 17 18 19
Energy (eV)

o
Y=}

Figure 7: PL at 4K at low excitation power, comparing intrinsic NW sample to Sn and S doped samples.
The data shown are for one single wire for each molar fraction value.

PL measurement is a rapid method for measuring carrier concentration, which requires no
prior processing and provides good agreement with Hall-effect measurements [21]. By fitting the
high energy tail of the spectrum (example spectra shown in figure 7), a carrier concentration can
be extracted. The carrier concentrations extracted in this way are plotted in figure 6 together with
the Hall data for the two highest dopant flows of TESn and H>S. The carrier concentration for the
highest S doped sample was estimated from PL to be 1.3 + 0.1 x 10*® cm, agreeing well with the
Hall-effect measurements (doping saturation at ~1 x 10 cm?®). Taking Hall-effect and PL
measurements together, it is clear that the highest S doped InyGau-xP nanowires have reached
degenerate doping. For the highest Sn doped sample, the carrier concentration obtained from PL
measurements was estimated to 3.7 + 0.5 x 108 cm™, roughly a factor of 2 higher than the Hall-
effect measurements result (1.9 x 10 cm®). By interpolation of the parameters of binary
components, degenerate n-doping levels for InyGag-xP can be estimated to 6.1 x 107 - 6.5 x 10Y
cm™ [28] (Interpolation method is described in the supporting information). Taken together with

an observed blue shift of the high energy side of the spectra in the highest Sn doped samples (figure

12



7), our data indicate that close to degenerate doping levels in the InyGag-xP nanowires are possible

also when using Sn as a dopant.

Conclusions

We have demonstrated in situ n-type doping of In,Gag-xP nanowires by using TESn and H>S
as dopant precursors and evaluated the carrier concentration by combining electrical and optical
measurements. Using both TESn and H»S, we observe an increase in carrier concentration levels
for increasing dopant molar fraction, until the carrier concentration saturates. This saturation
occurs at lower dopant molar fraction and at higher carrier concentration levels for H.S than for
TESn. We measure a carrier concentration of 1 x 10%® cm in nominally intrinsic nanowires, and
the maximum doping level achieved by use of TESn and H-S as dopant precursors is measured to
be ~2 x 10 cm?3, and ~1 x 10'° cm?, respectively (by Hall effect measurements) under our
parameters. The carrier concentration levels extracted by use of Hall-effect and PL measurements
agree well.

Our data indicate that both TESn and H.S can be used as precursor for high control over n

type doping in InyGag-xP nanowires intended for solar cells and other optoelectronic devices.
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