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Herein, the characterization of n-doped InGaP:Si shells in coaxial not-inten-
tionally doped (nid)-GaAs/n-InGaP as well as n–p–n core–multishell nanowires
grown by metalorganic vapor-phase epitaxy is reported. The multi-tip scanning
tunneling microscopy technique is used for contact-independent resistance
profiling along the tapered nid-GaAs/n-InGaP core–shell nanowires to estimate
the established emitter shell doping concentration to ND� 3 · 1018 cm�3.
Contacts on these shells are demonstrated and exhibit ohmic current–voltage
characteristics after annealing. Application potential is demonstrated by the
growth and processing of coaxial p-GaAs/n-InGaP junctions in n–p–n
core–multishell nanowires, with n-InGaP being the electron-supplying
emitter material. Current–voltage characteristics and temperature-dependent
electroluminescence measurements substantiate successful doping of the
n-InGaP shell. A tunneling-assisted contribution to the leakage currents of
the investigated p–n junctions is verified by the sub-bandgap luminescence
at low temperatures and is attributed to radiative tunneling processes.

1. Introduction

The application of p–n junction-based semiconducting nano-
wires (NW) in electronic and optoelectronic devices is promising
due to their unique geometry. Axial or coaxial p–n junctions
in III–V NW structures are available for a number of material
systems such as InP, GaN, and GaAs.[1–3] Solar cells and light-
emitting diodes (LED) are prominent examples for well-researched

structures with homo- or heterojunctions
as active regions.[4–9] The small footprint
of the NWs and the resulting ability to com-
pensate strain by lateral expansion enables
the combination with different technology
platforms, e.g. monolithic integration on
Si.[9,10] Implementation of heterojunctions
enables bandgap engineering in NW struc-
tures by the adjustment of band discontinu-
ities to a specific device application.[5,11,12]

For GaAs-based heterostructures in partic-
ular, AlGaAs and GaAsP offer discontinu-
ities in both valence and conduction band,
whereas in InGaP the discontinuity almost
solely manifests in the valence band
making it a suitable candidate for a wide
band gap electron emitter.[11–13] GaAs/
InGaP NW LEDs on Si and GaP substrates
have been demonstrated, with InGaP:Si
cladding as the n-type region and not-
intentionally doped (nid) GaAs core as the

active region.[5] The InGaP shell can also be beneficial regarding
surface recombination of charge carriers due to a possible wide
band gap passivation. This effect is reported for various NW
devices, e.g. regarding the efficiency enhancement of GaAsP
solar cells or GaAs photodetectors.[4,14] Despite all the progress
made, the full potential of III/V NW axial and radial hetero-
structures has not been explored and limitations in NW growth,
doping, and heterostructure complexity are currently under
investigation.[15–17]

For example, until today NW devices containing one p–n
junction only have been reported, mostly.[1–8] An extension of a
single p–n structure by an additional junction allows the realiza-
tion of a bipolar transistor. The principle function of a NW hetero-
junction bipolar transistor (NW-HBT) was previously demons-
trated by our group.[18] Herein, InGaP is included in a n–p–n
core–multishell NW structure serving as a passivation and an
electron-supply material with a hole-blocking character at the
heterojunction.[13] The device performance of bipolar transistors
is strongly dependent on the layer thickness and doping concen-
tration, thus the determination of material and technological
parameters are essential. No experimental data regarding doping
concentration in n-InGaP shells have been published, so far.

The standard determination of doping concentration by Hall
measurement is challenging in NW structures because of the
small diameter and the according difficulty regarding contact
definition.[19–21] Analyses of charge carrier mobilities by Hall
measurements have been reported for various NW structures
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consisting of one material core as well as for core–shell NWs,
including the materials GaAs/InAs and InP.[19–24] Alternative
approaches, such as the commonly used transmission line
method or field effect mobility measurements, require the for-
mation of uniform semiconductor regions between ohmic con-
tacts or a homogeneous charge distribution inside the
semiconductor, which is difficult to achieve on core–shell
NWs that exhibit a tapered diameter.[25–31] One major disadvan-
tage of the techniques mentioned earlier is the requirement of
good contacts with the semiconductor, as an ohmic contact for-
mation can prove difficult and may alter the composition and
doping at the metal semiconductor interface, influencing the
measured results.[32,33] Therefore, measurement techniques
independent of contact formation are favorable.

Optical methods such as photoluminescence, Raman or optical
pump terahertz-probe spectroscopy are utilized as alternatives, as
they require no processing of contacts.[34–38] However, depending
on the crystal structure and the semiconductingmaterials used, the
data interpretation can be challenging as there might not be bulk
references. And, in core–shell NWs, depending on the excitation
energy, the shell and core materials are penetrated simultaneously,
which further complicates the analysis. Electrical analysis by
scanning probe microscopy allows for contact-independent doping
profiling of semiconductors via scanning capacitance measure-
ments and has been used for electrical NW characterization.[39,40]

Another technique is the ultrahigh vacuum (UHV) multi-tip
scanning tunneling microscopy (MT-STM), which offers the
possibility to enable contact area-independent resistance profiling
along tapered NWs when used as a four-point prober.[27,41,42] The
doping concentration can then be derived from a simple resistance
model, without the necessity to consider contact resistances.

Implementation of n-doped InGaP NW shells in coaxial p–n
devices requires high-quality ohmic contacts. Although ohmic
contacts with n-GaAs NWs have been demonstrated, there
are only few publications mentioning Ge/Au contacts with
n-InGaP NW shells, and the quality of the contacts has not been
analyzed.[4,5] Ohmic Ge/Au-based contacts with planar n-InGaP
have been used for many years.[43,44] However, to obtain a linear
I–V response with low contact resistances, usually a high anneal-
ing temperature is necessary, which allows for diffusion of Ge
into the semiconductor to narrow the potential barrier at the
metal–semiconductor interface. This is critical for contacts with
NWs with Ga-content due to the increased exchange of Ge and
Ga atoms at temperatures above 320 �C, which could affect the
NW morphology near the metal/NW interface.[45]

Herein, we report on the analysis of Si-doped InGaP NW
shells grown by metalorganic vapor-phase epitaxy (MOVPE)
regarding charge carrier concentration, ohmic contacts to these
shells, and their doping-dependent influence on the current
transport through GaAs/InGaP heterojunctions.

2. Results and Discussion

Two different NW heterostructures are grown, processed, and
analyzed in this study (details in Experimental Section 4).
Their schematic structure and cross section scanning electron
microscope (SEM) and scanning transmission electron micros-
copy (STEM) images are depicted in Figure 1a,b.

2.1. Estimation of Donor Concentration

For the estimation of the doping concentration, a simple coaxial
nid-GaAs/n-InGaP NW (see Figure 1a), hereafter referred to as
structure A, is transferred and analyzed via MT-STM to deter-
mine the contact-independent resistance of the n-InGaP shell
along the NW axis. The four-point measurement principle
with two fixed probes (1 and 4) for current injection and two
probes in between (2 and 3) for the measurement of the
length-dependent potential drop (one fixed, one moving) is
depicted by an SEM image of a contacted NW in Figure 2a
and as schematic inset in Figure 2b. In the latter, also the mea-
sured resistance values (black squares) are plotted against the
tip distance L of the probes used for the potential measurement.
As the potential measurement between probes 2 and 3 is highly
resistive and therefore current-free, a potential drop at the
probe–semiconductor interface is negligible and the measure-
ment is contact-independent.

To estimate the doping concentration from the measurement,
Equation (1) is used to model the resistance in the NW shell
(q is the elemental charge).[46,47]

Rshell ¼
Ztip 3
tip 2

l
q · μðNDÞ · ND · Aeff ðl,NDÞ

dl (1)

(a) (b)

Figure 1. Schematic structure and cross section images (illustrated in
false colors) of the analyzed NW samples. a) Structure A with nid-GaAs
core and n-InGaP shell for material analysis. The SEM image shows the
cross section with non-symmetric hexagonal core (estimated as triangle)
and symmetric hexagonal shell geometry. b) Structure B as n-GaAs/
nid-InGaP/p-GaAs/x-InGaP/n-InGaP core–multishell NW for device
application. The hexagonal cross section is analyzed by STEM imaging.
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Although the shell resistance Rshell and the tip positions on
the NW are known from the measurement, the effective cross
section of the current transporting shell Aeff ðl,NDÞ and the dop-
ing-dependent electron mobility μðNDÞ have to be determined.
For the radial shell growth, a homogeneous doping profile with
a constant ND along the wire is assumed.

First, the NW geometry and cross section of structure A is ana-
lyzed via SEM imaging to determine the core and shell thickness
(see exemplary cross section Figure 1a). The total cross section of
the measured NW exhibits a hexagonal shape (Ahex) with a vary-
ing facet width wshell along the NW length of 21 μm, starting with
540 nm at the NW base and decreasing to 480 nm at the NW top.
The NW cores from the sample exhibit a non-symmetric hexagonal
cross section that is approximated by a triangular shape (Atri). The
cores are also tapered with a triangle-leg width wcore ranging from
370–150 nm from base to top, respectively. Both, the tapered core
and shell result in a non-linear change of the shell cross section
(Ahex � Atri) along the NW, which is included in the modeling by
averaging the shell cross section over the measured NW length.
The exact probe positions on the NW and the distance between
the probes are included in the resistance modeling to determine
an effective current transporting shell cross sectionAeff ðl,NDÞ that
is kept constant for the modeling. Here, infinitesimally thin
shell cross sections between the two probe tips 2 and 3 are
summed up and divided by the tip distance L.

Aeff ðl,NDÞ ¼
ffiffiffi
3

p

2 · L

Ztip 3
tip 2

0
@3 · ½wshellðlÞ � dsurf ðNDÞ�2|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Ahex

� 1
2
½wcoreðlÞ þ dscr,nðNDÞ�2|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Atri

1
Adl

(2)

Interface and surface depletion effects have to be considered,
which might further affect Aeff . Assuming an effective n-doping
of the outer shell, the gradient in charge carriers between the
shell and the nid-GaAs core (assumed p-type background doping
NA< 1 · 1016 cm�3) is large and a space charge region mostly
extends into the NW core (with Equation S1, Supporting
Information: dscr,n< 2 nm if ND¼ 3 · 1018 cm�3). Additional
depletion effects at the junction by traps and/or compositional
variation in the facet edges are not taken into account.

At the NW surface, depletion effects are induced by
Fermi-level pinning of surface-states and result in a lack of
free carriers, which reduce the current transporting area right
at the NW surface. Therefore, the doping-dependent surface
depletion dsurf is included in our modeling with a surface poten-
tial of φs¼ 0.2 V for InGaP (with Equation S2, Supporting
Information: dsurf< 10 nm if ND¼ 3 · 1018 cm�3).[47–49]

Additional to the position-dependent current transporting
cross section Aeff , the charge carrier mobility has to be consid-
ered for the modeling. In a first approximation, the mobility μ in
our NW structures is assumed to be similar to mobilities in
planar n-InGaP layers. In our laboratory, Si-doped InGaP layers
were grown on (100) GaAs substrates with growth parameters
matching those of n-InGaP NW shells (details in experimental
section 4), exhibiting a Hall mobility of 739 cm2 V�1 s�1 at
ND� 4 · 1018 cm�3. These values correspond well with the previ-
ously published data for MOVPE-grown n-doped InGaP
layers.[50,51] A fit function through all data points is extracted to
include the doping-dependent mobilities to be used in our NW
resistance model (see Figure S1 and Equation S3, Supporting
Information). Modeling the length-dependent shell resistance
Rshell using Equation (1) (see dotted line in Figure 2) with respect
to the NW geometry (Equation (2), S1 and S2, Supporting
Information) and the doping-dependent layer mobilities
(Equation S3, Supporting Information) leads to an estimated
donor concentration of ND� 3 · 1018 cm�3� 2.3 · 1018 cm�3.
Here, the uncertainties of the dimensional determination via
SEM imaging, the maximum deviation of the mobility fitting,
as well as the uncertainty of the resistance measurement are taken
into account to estimate the error limit. The modeled curve passes
through the origin of the diagram, as expected for a resistance
measurement independent of contact resistances. The established
doping concentration is already useful, since the realization of
Si-doped InGaP NW shell growth with ND in the mid-1018 cm�3

range is a prerequisite for the implementation as an electron-
supply shell in NW devices.

2.2. n-InGaP Shells in Core–Multishell NWs

To investigate the implementation of the n-InGaP shells in
transistor devices, the following experiments are performed on
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Figure 2. a) SEM image of contacted NW in a MT-STM with four tungsten
tips. b) Measured and modeled length-dependent resistance of the
n-InGaP shell. The schematic inset demonstrates the measurement
principle, with two current-injecting probes 1 and 4 (fixed position) and
probes 2 (fixed) and 3 (moving) for the distance-dependent potential
measurement along the NW.

www.advancedsciencenews.com www.pss-b.com

Phys. Status Solidi B 2020, 257, 1900358 1900358 (3 of 9) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



coaxial n–p–n NW-HBT structures, where the outer InGaP
shell serves as an electron emitter (see Figure 1b). The
n-GaAs/nid-InGaP/p-GaAs/x-InGaP/n-InGaP core–multishell
NW HBTs, referred to as structure B in the following, are ana-
lyzed comprehensively regarding contact formation with the
outer n-InGaP shell, and regarding the electrical and electro-
optical behavior of the outer p-GaAs/x-InGaP/n-InGaP junction.
Here, x symbolizes a varying IV/III ratio during shell growth,
resulting in a step-graded doping profile of the outer InGaP shell.

2.2.1. Ohmic Contacts to n-InGaP shells

For the implementation of the n-doped InGaP shells in devices, it
is necessary to deposit high-quality metallic contacts, which
exhibit ohmic behavior at low bias and low specific contact resis-
tance. To analyze the contact quality in our n–p–n devices, an
annealing experiment is done using two samples with trans-
ferred NWs from the same epitaxial run (structure B). First, four
individual Ge/Ni/Ge/Au contacts were deposited onto the outer
n-InGaP shell of each NW and the contacted NWs from the two
samples were investigated by four-point measurements between
each neighboring contact pair. Altogether, three NWs from the
first sample and six NWs from the second sample are analyzed,
resulting in a total of 27 I–V measurements (three measure-
ments per NW). After the first I–V measurements, the two sam-
ples are annealed in a rapid thermal annealing system under
nitrogen atmosphere for 30 s at 320 �C (sample 1) and 30 s at

340 �C (sample 2), respectively, and then measured again. To
include the influence of annealing time in our analysis, the
320 �C sample is annealed for a second time with the same
parameters, and then measured for a third time.

To compare the data before and after contact annealing, the
measured I–V curves are analyzed by linear fitting (see
Figure S2, Supporting Information). To identify a measured
I–V characteristic as ohmic, we assume a strong correlation of
the linear best fit to the measured data (R2> 0.99). To account
for the quality of the fitting, the corresponding correlation coef-
ficients of the linear best fit (R2¼ 1 for perfect fit) are depicted as
box plots in Figure 3a. Non-annealed Ge/Ni/Ge/Au contacts are
known to form Schottky barriers at the semiconductor–metal
interface with non-linear I–V characteristics. Therefore, for
the non-annealed samples the quality of the linear fitting to
the I–V curve is poor, with a mean correlation coefficient
R2� 0.86 and a range of R2� 0.6 – 0.98. These data are taken
as a reference point for the degree of improvements by anneal-
ing, causing a linearization of the I–V characteristics. After
annealing, the overall quality of the linear fit improves for all
samples, most likely due to a reduction in the Schottky barrier
width caused by Ge diffusion into the semiconductor. For the
sample annealed for 30 s at 320 �C, a fraction of 50% of the mea-
sured I–V characteristics show ohmic behavior and most meas-
urements exhibit R2 values in the range of 0.97–0.99. A second
annealing of the first sample with the same parameters further
improves the fit quality, with 67% of the I–V curves exhibiting
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Figure 3. Analysis of the annealing set of Ge/Ni/Ge/Au contacts with n-InGaP NW shells before and after annealing at 320 and 340 �C. The diagrams
show boxplots of a) the correlation coefficient R2 of the corresponding linear fit, b) the extracted and normalized total resistances Rtot (shell and contacts)
between two contact pairs before annealing and c) Rtot after annealing. d�f ) show SEM images of annealed contacts with n-InGaP after different
annealing temperatures T and times t.
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ohmic behavior. To account for the influence of the annealing
temperature, a second sample is annealed for 30 s at 340 �C.
Here, 67 % of the I–V plots are ohmic and nearly 85% of the
fits show R2> 0.98.

The slope of the linear fit functions before and after anneal-
ing gives additional information about the total resistance,
which consists of the contact resistances of the contact pair
and the path resistance of the shell material in between.
The extracted Rtot (normalized to 1 μm NW length) for each
measurement are depicted as boxplots in Figure 3b and c.
Before annealing, the estimated resistance values by linear
fitting are spread over three orders of magnitude between
3750Ω μm�1 and 2.5� 106Ω μm�1, with a median of
36 kΩ μm�1 (Figure 3b). Annealing shifts the extracted values
for all samples to lower resistances (Figure 3c). In conjunction
with the higher fit quality, this indicates improved contacts,
particularly for the samples with higher annealing temperature
or longer annealing times, where the median drops down to
� 90Ω μm�1. Longer annealing times or higher annealing tem-
peratures seem beneficial for the formation of ohmic contacts to
n-InGaP. However, while beneficial Ge diffusion into the semi-
conductor increases with rising annealing temperature or time,
simultaneously part of the Ga outdiffuses from the NW into the
metal contact. Due to the NW geometry, the semiconductor
thickness below the deposited contacts is small, and increased
Ga diffusion can lead to severe damage of the NW, including
damage to the underlying p–n junction.[45] In Figure 3d–f three
SEM micrographs of annealed contacts to n-InGaP NW shells
are depicted. Although the NW surface of samples annealed at
≤320 �C for 30 s (Figure 3d) did not exhibit remarkable change,
a second annealing at the same temperature (Figure 3e) or
higher annealing temperatures (Figure 3f ) resulted in a degra-
dation of the NW regions near the contacts: the semiconducting
material between the contacts has deteriorated, while simulta-
neously the contacts are broadened in the region above the NW.
Although annealing at 320 �C for 60 s provides the best electri-
cal results, the effects on the NW morphology cannot be
neglected and lower annealing temperatures or times are
advised. Low temperatures are especially important, if thin
NW shells are contacted, due to the diffusion coefficient’s tem-
perature relation.[52]

2.2.2. Doping Dependent p–n Junction Characteristics

The established n-doping in InGaP NW shells and ohmic
contacts to these, facilitate the use as wide band gap electron-
supplying material in a p–n junction. NWs with structure B
are used to analyze the outer p-GaAs/x-InGaP/n-InGaP junction
(p–n junction þ cap shell, see Figure 1b). A step-graded doping
profile is introduced by variation of the ditertiarybutylsilane
(DitBuSi) flow during growth of the x-InGaP shell to analyze
the influence of doping on the current density J when bias is
applied. The maximum DitBuSi flow in these experiments
(hereafter referred to as 100 %) corresponds to a IV/III-ratio
of 9.4 · 10�3, resulting in the estimated doping concentration
ND� 3 · 1018 cm�3 (section 2.1). Four samples were grown
and processed with 100% (24 NWs), 50 % (23 NWs), 10 %
(27 NWs), and 0% (25 NWs) DitBuSi flow during x-InGaP shell
growth, respectively. Semi-logarithmically scaled J–V character-
istics of exemplary NWs of the four different samples are
depicted in Figure 4a. All other material parameters (thickness
and doping) remain constant for all the samples. For the analysis
of the outer p–n junction, the x-InGaP/n-InGaP shells on the
upper half of the wires are selectively wet etched to access the
p-material in the intermediate shell. The wires are then
transferred to insulating substrates and individual contacts are
deposited onto the p-GaAs and n-InGaP shells. An exemplary
SEM image of a contacted NW p–n junction is shown in
Figure 4b. After annealing, the contacts are assumed to be ohmic
and J–V characteristics are measured, with positive bias applied
to the p-contact and the n-contact grounded.

For the sample with the 100 % DitBuSi flow during x-InGaP
shell growth, the current density under reverse bias is higher
than under forward bias, resulting in a rectification ratio <1
(dotted curve in Figure 4a). The same effect was observed before
in planar GaAs diodes with donor concentrations in the mid- and
upper-1018 cm�3 range and can be associated with increased
tunneling currents under reverse bias due to a larger electric field
inside the junction.[53] With decreasing doping of the intermedi-
ate x-InGaP shell, the reverse current density decreases signifi-
cantly. Comparing the highly doped sample (100 %) with the nid-
sample (0 %), the drop in reverse current density amounts to
almost three orders of magnitude at V¼�1 V. The current

Figure 4. Analysis of coaxial p-GaAs/x-InGaP/n-InGaP heterojunctions with varying DitBuSi flow during x-InGaP growth. a) Semi-logarithmically scaled
absolute current density J versus applied voltage V. b) SEM image of a contacted NW. c) Boxplot of extracted ideality factors.
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density under forward bias also decreases slightly with lower
dopant flow during growth. The change in current density under
forward and reverse bias affects the rectifying behavior of the
junction resulting in a rectification ratio>100 for the nid-sample
at absolute bias of |V|¼ 1 V. But, even for this sample the current
blocking under reverse bias is poor: a reverse current density of
J� 0.02 A cm�2 at bias V¼�1 V was measured and the reverse
saturation current density was estimated from the forward J–V
characteristics as J0¼ 1.5 · 10�5 A cm�2. In planar GaAs/InGaP
base emitter junctions with an emitter doping concentration
ND� 3 · 1017 cm�3, J0 is much smaller and is in the range of
10�18 A cm�2.[54] As the doping concentrations in the base
and emitter of the analyzed NW are smaller, compared with
the planar device, and the saturation current densities exceed
those in the planar system by many orders of magnitude, addi-
tional transport mechanisms are considered. From the data,
there is clear evidence for doping-dependent current transport
mechanisms occurring in the outer p–n junction under forward
and reverse bias, which are attributed to tunneling processes pre-
viously observed in planar GaAs diodes.[53]

The analysis of the ideality factors can provide further insight
into possible tunneling mechanisms in the analyzed structures,
as ideality factors >2 can be associated with tunneling currents
through defect levels.[55] In planar InGaN/AlGaN LEDs, ideality
factors of 6.8 are reported and linked to the tunneling pro-
cesses.[56] In general, core–shell NW can suffer from high defect
densities or inhomogeneous composition, especially in the edges
of the hexagonal facets of ternary material (see cross section in
Figure 1b), which can promote tunneling processes.[55,57,58]

The extracted ideality factors n plotted in Figure 4c show for
all samples values larger than 2, which is beyond the model
of Shockley–Read–Hall recombination. Comparison between
the differently doped samples shows a tendency of smaller n with
lower dopant flow. Here, the mean n drops from 4.7 (100%) to
3.9 (0 %). It is suggested that the current through the diode is a
superposition of a thermionic and a tunneling contribution and
this decrease in n is attributed to a reduction in tunneling pro-
cesses through the junction. However, even for the nid-sample
the values are >2 and tunneling processes are likely to occur.
These tunneling processes can severely limit the current gain
in possible NW-HBTs and need further investigation.

2.2.3. Electroluminescence of p-GaAs/n-InGaP NW Junctions

To gain further insight into the recombination behavior of the
previously discussed junctions with doping-dependent J–V char-
acteristics, electroluminescence (EL) measurements at room and
cryogenic temperatures are conducted on a NW with highly
doped x-InGaP (100 %). Here, the reverse currents and ideality
factors are the highest, and tunneling is assumed as the domi-
nant current transport mechanism. For the measurements, the
NW sample is glued and wire-bonded to a ceramic chip carrier.
In Figure 5a, temperature-dependent EL spectra are depicted.
All spectra are measured at constant external forward bias of
V¼ 2.4 V.

In the spectrum measured at 300 K, a pronounced GaAs band
gap luminescence (Eg¼ 1.42 eV) is apparent due to the large
valence band discontinuity at the heterojunction, which prevents
holes flowing from p-GaAs into the n-doped shell such that
recombination only occurs in the p-doped GaAs and accordingly
no luminescence signal is measured in the energy range of the
band gap energy of InGaP around 1.9 eV.

The low-temperature spectra measured in the temperature
range 79 K≤ T≤ 210 K give further insight into the low-energy
portion of the EL spectrum. With lower temperatures, the inten-
sity of the band gap luminescence decreases significantly and
shifts to higher energies, as described by the Varshni relation
(see arrow in Figure 5a).[59] Below T¼ 210 K, no band gap lumi-
nescence is detected. Simultaneously, underlying peaks at the
low-energy side increase in intensity and shift to lower energies.
Pronounced sub-bandgap EL has been observed in heavily
doped GaAs p–n-homojunctions in layers and axial NWs and
was reported in compositionally graded planar GaAs/AlGaAs
heterojunctions previously.[60–66] This luminescence is linked
to radiative tunneling mechanisms, such as band-filling or
photon-assisted tunneling. The former is based on the recombi-
nation from filled band-tail states on the p-side with electrons
from the n-side, whereas the latter is strongly dependent on
the displacement of the quasi Fermi levels with respect to each
other.[61,64,67] Both mechanisms can occur in p–n junctions
biased forward below the diffusion voltage (V<Vdiff ), where
tunneling into the bandgap is possible. Due to the high resistive
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Figure 5. EL spectra of a NW with 100 % DitBuSi flow during x-InGaP growth. a) Temperature-dependent EL intensity versus energy at bias V¼ 2.4 V.
b) Voltage-dependent EL intensity versus energy at T¼ 79 K.
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nature of NWs, we assume that the internal diffusion potential of
the p–n junction is not reached at the applied bias (V¼ 2.4 V),
although currents in the lower μA range are flowing. The
band-edge emission itself is based on an increased occupation
of the states above the Fermi level with rising temperature, there-
fore thermal injection is possible even below Vdiff.

[64] Similarly,
the broadening of the sub-band gap emission peak with higher
temperatures is attributed to an increased energy distribution of
free carriers.

To further substantiate the assumed tunneling processes,
low-temperature EL measurements with varying bias are con-
ducted at a fixed temperature T¼ 79 K. The resulting spectra
are displayed in Figure 5b. As previously observed for radiative
tunneling processes in abrupt p–n-homojunctions, the maxi-
mum peak intensities shift to higher energies with increasing
excitation current, and the low-energy side of the spectrum is
saturated while the peak itself broadens with rising cur-
rent.[64,66,68] The observed sub-band gap EL at low temperatures
and its shift with applied bias are strong indications for dominant
radiative tunneling currents through the p–n-heterojunction
under forward bias. However, the detected EL at room tempera-
ture is a verification of the successful formation of the p-GaAs/
n-InGaP heterojunction with a hole-blocking character.

3. Conclusion

The electrical and electro-optical properties of n-doped InGaP
NW shells in radial GaAs/InGaP NWs are investigated. By mea-
suring and modeling the length-dependent shell resistance in a
nid-GaAs/n-InGaP core–shell structure via MT-STM technique,
we estimated the Si donor concentration in the InGaP shell to
ND� 3 · 1018 cm�3. Subsequently, these InGaP shells were imple-
mented as the outermost shell in a GaAs/InGaP NW-HBT struc-
ture. The possible formation of ohmic Ge/Ni/Ge/Au contacts
with n-doped InGaP shells at annealing temperatures ≥320 �C
is demonstrated. However, depending on the annealing tempera-
ture and time, excessive morphological alterations of the NW sur-
face are possible, demonstrating a trade-off between the desired
high contact quality and structural intactness of the NW. Appli-
cation of the Ge/Ni/Ge/Au contacts to p-GaAs/n-InGaP NW
junctions was demonstrated by the electrical and electro-optical
characterization of the said junctions via DC and EL measure-
ments. Radiative tunneling currents through the junctions are
observed under forward bias and relate to high defect densities
and doping concentrations. These leakage currents limit the appli-
cability in devices, especially in those sensitive to leakage currents
such as HBTs, as tunneling currents in the base emitter diode are
expected to contribute to the base current and thus limiting the
possible current gain of the device. A deeper understanding of
the tunneling currents in these coaxial diodes is a prerequisite
to realize and improve current amplifying NW transistor structures.

4. Experimental Section

NWGrowth: Coaxial GaAs/InGaP NWs were fabricated in an AIX200 RF
MOVPE reactor via vapor–liquid–solid and vapor–solid growth mode. As
growth catalysts, Au particles with a size of 100 nm were randomly depos-
ited on a Si-doped (111)B GaAs growth substrate via spin-coating of a

colloidal solution. For the GaAs core growth of both, structure A and
structure B, the precursors tertiarybutylarsine (TBAs) and trimethylgallium
(TMGa) were used (V/III¼ 2.5) at a growth temperature of T¼ 450 �C
resulting in a growth rate of approximately 3 nm s�1. As the dopant for
the n-GaAs core of structure B, tetraethyltin (TESn) was supplied 5min
before and during the growth (IV/III¼ 0.08) to achieve homogenous dop-
ing of ND,GaAs¼ 1 · 1018 cm�3.[45,69]

For all NW shells, growth occurred at growth temperatures T¼ 650 �C.
The nid- and n-doped InGaP shells were grown using tertiarybutyl-
phosphine (TBP) and trimethylindium (TMIn) along with TMGa. The
V/III-ratios were 26.4 (nid) and 30.1 (n), respectively. The n-doping
was achieved by adding DitBuSi with the IV/III-ratios 9.4 · 10�3 (defined
as 100% DitBuSi flow), 4.7 · 10�3 (50% DitBuSi flow), and 9.4 · 10�4

(10% DitBuSi flow). TMGa and TBAs were used as precursors for the
p-doped GaAs shell in structure B (V/III¼ 4.9) with tetrabrommethane
(CBr4) as dopant (IV/III¼ 0.3) which resulted in an acceptor concentration
NA,GaAs¼ 2.5 · 1018 cm�3.

NW Processing: The samples with structure B were height-controlled,
embedded in photoresist, and selectively wet etched with a process scheme
described earlier.[18] For the characterization of the different structures, all
NWs were transferred to insulating substrates and embedded in an insu-
lating polyimide (Fujifilm Durimide 7500) to overcome the topology differ-
ence. Subsequently, individual contacts onto p- and n-regions were defined
via electron-beam lithography.[18] The native oxide at the NW surface
was removed with HCl:H2O (1:4), followed by evaporation of Pt/Ti/Pt/Au
(50/100/100/4000 nm) and Ge/Ni/Ge/Au (2/20/50/400 nm) as multilayer
contacts onto the p- and n-doped NW regions, respectively.

MT-STM Technique: By using four independently movable tungsten
tips, which were controlled via piezoelectric nanopositioners, the NWs
were electrically characterized non-destructively in a UHV chamber. The
tips were sputtered before measurement to remove their oxide coverage.
The electrical investigations were performed by using transimpedance
amplifier and custom-built electronics for each tip. This setup enabled
the switching between low-impedance current measurements and high-
impedance voltage probing.[70] An integrated SEM enabled the visualiza-
tion of the tips and NWs.
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