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Recent advances in bottom-up growth are giving rise to a range of new two-dimensional nanostructures.
Hall effect measurements play an important role in their electrical characterization. However, size con-
straints can lead to device geometries that deviate significantly from the ideal of elongated Hall bars with
currentless contacts. Many devices using these new materials have a low aspect ratio and feature metal
Hall probes that overlap with the semiconductor channel. This can lead to a significant distortion of the
current flow. We present experimental data from InAs 2D nanofin devices with different Hall probe geo-
metries to study the influence of Hall probe length and width. We use finite-element simulations to
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further understand the implications of these aspects and expand their scope to contact resistance and
sample aspect ratio. Our key finding is that invasive probes lead to significant underestimation of
measured Hall voltage, typically of the order 40-80%. This in turn leads to a subsequent proportional
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1. Introduction

The Hall effect’ has a long history, both as a source of novel
states of matter, e.g., the integer,” fractional,® and spin* Hall
effects, and as an essential characterization tool for semicon-
ducting materials.” Hall studies are particularly amenable to
the recent explosion of 2D nanomaterials that began with
graphene,®” extended into transition metal dichalcogenides,®’
e.g., MoS,,"""" MoSe,,"> WS,,"® and WSe,,"* and has most
recently moved to III-V semiconductors’*>* aiming to meet
the demand for more complex III-V nanostructure geometries
in fields such as quantum computing.>>>°

We have recently worked on one of the new 2D mor-
phologies of III-V semiconductors emerging from advances in
bottom-up growth approaches. Our selective-area epitaxy-
grown InAs 2D nanofins are rectangular—typically a few
microns long and wide, and 50-100 nm thick.'* Electrical con-
tacts for device characterization are fabricated with electron-
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overestimation of carrier concentration and an underestimation of mobility.

beam lithography and subsequent metal deposition. Hall
probes made in this way overlap with the nanostructure and
are typically a few hundred nanometres wide. This is signifi-
cant compared to the size of the nanostructure. Fig. 1a shows
a typical device.

This Hall effect geometry is far from the ideal of a high
aspect ratio (length > width), rectangular ‘Hall bar’ with
recessed, non-invasive, currentless Hall voltage probes that are
well separated from the source and drain contacts.’ Instead, in
2D nanomaterial Hall devices, the aspect ratio is low because
it is determined by the intrinsic nanostructure geometry and
is often closer to 1. Furthermore, the metal Hall probes over-
lapping the conduction channel form a parallel current path
through the nanostructure segment, which perturbs the
current density. These non-idealities influence the result of a
Hall voltage measurement but are generally ignored in the
characterization studies of new 2D nanomaterials. This can
lead to a significant misestimate of Hall voltage, and sub-
sequently, the extracted material parameters such as carrier
density and mobility. It is thus important to systematically
study and quantify the impact of non-idealities in 2D nano-
structure Hall devices to correct for their impact and enable
more accurate material characterization.

Here, we systematically investigate the impact of sample
and contact geometry for 2D nanomaterials with invasive
metal contacts on classical Hall effect measurements. We used
InAs nanofin Hall devices with multiple Hall probe pairs to
measure the effect of contact geometry on a single nanofin.
We obtained up to 2.5-fold differences in measured Hall
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Fig. 1 (a) Scanning electron microscopy (SEM) image of a typical
nanofin device with two metal Hall probes (scale bar = 500 nm). (b)
Schematic of the electrical measurement circuit. (c) Schematic of a
model approximating a nanofin device in our simulations defining the
width W, length L and height D of the 2D structure as well as the width
Wc, length Lc, and height D¢ of the probes. The gap between the Hall
probes is G¢. Note that W runs perpendicular to W and L¢ runs perpen-
dicular to L for convenience of discussion.

voltage for different contact geometries of the same device. We
extend our experimental study using finite-element modelling
to better understand and quantify the impact of sample aspect
ratio, contact resistance and the width and length of the Hall
probes.

Based on our data, we provide recommendations on how to
design devices to reduce current perturbation and how to esti-
mate a Hall voltage correction factor for non-ideal devices. We
estimate that direct Hall voltage measurements on typical 2D
nanostructure devices with invasive contacts underestimate
the real Hall voltage by around 40-80%. This leads to a pro-
portional overestimation of carrier concentration and underes-
timation of the carrier mobility.

2. Methods

2.1 Nanofin growth and device processing

InAs nanofins with high aspect ratio were chosen to isolate the
impact of invasive probes on Hall measurements from the
effects arising from the nanofin geometry. Full details are
given in ref. 14, but briefly, the nanofins are 1.05 pm wide and
approximately 5 um long, 70-110 nm thick and grown on an
InP(111)B substrate by metal-organic vapor phase epitaxy. The
growth was templated by pre-patterned trenches defined by
electron beam lithography and dry-etching in a SiO, mask
layer on the substrate.'* Individual nanofins were carefully
mechanically transferred to a Si device substrate with a
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100 nm SiO, layer and prefabricated alignment markers.
Electrical contacts were patterned using electron-beam litho-
graphy. The contact regions were exposed to a 30 s oxygen
plasma etch (350 mTorr, 50 W) to remove resist residue and
then to an (NH,),S, passivation solution at 40 °C for 120 s
immediately prior to contact metal deposition to remove
native oxides and improve ohmic contact formation.’® The
contact metal (Ni/Au 5/135 nm) was deposited by thermal
evaporation. Narrow probe leads can suffer discontinuities
during lift-off reducing their yield. The devices were inspected
under a scanning electron microscope (SEM) prior to electrical
characterization to confirm contact alignhment. Care was taken
to limit the electron beam exposure during SEM to avoid sig-
nificant changes in electrical characteristics.*'"**

2.2 Electrical characterization

Fig. 1b shows a schematic of the measurement configuration.
Hall voltage Vy; data were obtained using SR830 lock-in ampli-
fiers with a current I, of 77 Hz between the source and drain,
which is passed via a 10 MQ series resistor to maintain a con-
stant current of 100 nA (typical sample resistance ~5 kQ).
Measurements were performed with the device at a tempera-
ture of 20 K to prevent strong quantum conductance fluctu-
ations'* from obscuring the Hall data. We used an Oxford
Instruments Heliox VL *He system with a 2 T magnet in a
Wessington CH-120 helium dewar to achieve this.

2.3 Finite-element modelling

The simulations were performed using COMSOL Multiphysics
5.1 with the electric currents (ec) module in a stationary study.
The nanofin was modelled as a cuboid with length L = 5 pm,
width W = 1 pm and thickness D = 75 nm unless otherwise
specified. The structure was assigned the anisotropic conduc-
tivity tensor:®

1 uB
1+u*B> 1+ 2B
o = une uB 1 (1)
1+ 2B 1+ 2B
0 0 1

with carrier mobility g, carrier concentration n, electron
charge e and magnetic field B.>* We chose y = 3100 cm” (V s)™*
and n = 2 x 10" em™ as default values based on our earlier
study on InAs 2D nanofins.'® However, the effects leading to a
reduced measured Hall voltage discussed in this paper only
depend on the device geometry and the ratio of the sample
conductivity to the Hall probe conductivity, and not on the
specific values of n and x. We expect our model to hold for all
devices for which the Drude approximation, i.e., eqn (1), is valid.

Fig. 1c shows a schematic of a modelled device with one
pair of metallic Hall probes of contact length L and width W.
The gap between the two probes is Gc = W — 2Lc. The contact
height D is fixed at 100 nm. The contacts were assigned an
isotropic conductivity of 6 = 8.5 x 10° S m™" to approximate
commonly used Au contacts.>® This is approximately 5 orders
of magnitude higher than the nanofin conductivity. The finite

This journal is © The Royal Society of Chemistry 2020
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thickness of the nanofins inevitably means that the contacts
on the top surface need to step down the edges onto the sub-
strate to continue to the external circuitry. We find that the
extent of side facet coverage does not have a significant impact
on the modelled Hall voltage (see the ESI Fig. S11). We chose
the Hall probes in the simulation to extend half-way down the
side of the nanofin to account for the side facet geometry in
our InAs nanofins. Note that the reduction in Hall voltage
extracted from the simulation depends on the relative rather
than the absolute dimensions of the simulated device. This
means that the considerations presented for e.g. 5 pm x 1 pm
equally apply for 50 nm x 10 nm devices provided that all
other dimensions (e.g. Hall probes) are scaled accordingly.

A 10 nm layer with an isotropic conductivity of ocr < o was
placed between the metal contact and the semiconductor
structure to model contact resistance (blue in Fig. 1c).
However, we considered no contact resistance, ocg = o¢, as our
default case unless specified otherwise. The two surfaces at
the ends of the nanofin were modelled as electrical terminals
with the source supplying a constant current I, = 100 nA and
the drain set at 0 V. The outer side of each Hall contact was set
as a floating potential to extract the Hall voltage (shaded area
in Fig. 1c). We used B = 0.1 T unless otherwise indicated and
the simulations were computed to a relative tolerance of 107°.

2.4 Clarification of terminology

In this paper, we discuss three different Hall voltages. The
‘real’ Hall voltage V¢ is calculated analytically from the input
parameters Ip, B, n, and D:°

real __ IpB
H nDe

(2)

This is the Hall voltage value that, by definition, yields the
correct carrier concentration. We use it to normalise our other
two Hall voltages V5™ and V4P for clearer analysis. The second
is the Hall voltage V§i™ extracted from the simulations. The
model simulates a measurement where V5™ is the difference
in the electrical potential of two Hall probes. Some models in
section 3.2 and 3.3 do not have Hall probes. Here, V§i™ corres-
ponds to the potential difference between two points at the
modelled sample’s edge. The third Hall voltage is the
measured Hall voltage V;;”, which is obtained directly from the
experimental measurements performed on real samples. If a
measurement or simulation is ‘ideal’, then we obtain V§im/yzeal
= Vi /v = 1. Deviations from 1 indicate non-ideality. Ri™,
R;" and R are the corresponding Hall coefficients.

3. Results and discussion
3.1 Hall effect measurements in practice

Sample and Hall-probe geometry can both vary widely in the
characterization of 2D nanostructures. The high aspect ratio of
our selective-area epitaxy-grown nanofins (5 pm x 1 pm) allows
the placement of multiple Hall probes with differing probe
gap G¢ and width Wc. This enables us to measure V' for

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) SEM image of a nanofin device with four independent pairs of
Hall probes for testing the effect of probe gap Gc (scale bar = 1 um). (b)
Negative of the measured Hall coefficient —R;® vs. Gc for three
different devices represented by different colours (device from (a)
shown in orange). (c) SEM image of a nanofin device with two indepen-
dent pairs of Hall probes for testing the effect of contact width W¢
(scale bar = 1 um). (d) —R}® vs. Wc for two different devices (device
from (c) shown in orange). The data point width is equal to the uncer-
tainty in Gc and W, respectively.

different probe geometries without the effect of sample-to-
sample variations. Fig. 2a shows a device with four Hall
probes. All contacts are ~350 nm wide but the gap between the
probes G¢ varies between 120 and 840 nm. For an ideal Hall
device, all the probes should measure the same Hall voltage.
Fig. 2b shows that this is not the case. The absolute value of
the measured Hall coefficient —Ry" = —Vi;* D/(IpB) is signifi-
cantly smaller for the probe pairs with smaller gaps across all
three devices (different colour data points in Fig. 2b).

Fig. 2c shows a device with probe pairs of different width
We. The measured Hall coefficients for different W are shown
in Fig. 2d. The magnitude of R’ is almost three times larger
for the narrow probe pair in both measured devices, despite
the contact gap G¢ being the same. This would yield a nearly
three-fold difference in extracted carrier concentrations for the
same sample. The measurements demonstrate that probe geo-
metry has a significant impact on the outcome of a Hall
measurement. In the following sections, we use finite-element
modelling to investigate the impact of contact and sample geo-
metries on probed Hall voltage.

3.2 Sample geometry

Fig. 3 gives an overview of how different sample and contact
geometries influence the simulated Hall voltage V5™ at the
probes. All extracted Hall voltages were normalized to Vil such
that an ideal modelled Hall device would return V§im/vieal = 1,
Geometry A is a ‘contactless’ 5 pm x 1 pm rectangular sample
with V§im extracted directly from the electrical potential differ-
ence between the two points at the centre of the side surfaces.
We obtain V5im = V¢l here, as expected. We obtain the same

Nanoscale, 2020, 12, 20317-20325 | 20319
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Fig. 3 Simulation of the Hall voltage V™ for different device and
contact geometries: high aspect ratio nanofins with ‘ideal’ contactless
probes (A), a classic Hall bar (B), wide recessed Hall probes (C), device
with short metal probes (D), long metal probes (E), wide metal probes
(F), low aspect-ratio nanofin with ‘ideal’ contactless probes (G), and inva-
sive contacts (H). V§im is normalized to the ‘real’ Hall voltage Vi$2.

result for the traditional Hall bar geometry with currentless
recessed contacts (Geometry B). In contrast, Geometries D-F
feature invasive metal contacts overlapping the semiconductor
channel. Here, the simulations show that V™ is significantly
smaller than V&l The reduction is particularly pronounced
for the wide contacts in Geometry F where V§i™ is less than
15% of Vi3, This would lead to an underestimation of carrier
concentration by a factor of >6 in a real measurement. Note
that recessed probes also become invasive if the probes are
sufficiently short and wide relative to the sample dimensions
(Geometry C). Such geometries are relevant to, e.g., nanocross
devices®”*> and are discussed in section 3.5 and in detail in
the ESI S2-S3.}

In Geometries G and H, we consider the effect of reducing
the aspect ratio L/W, which further lowers Vim. We find a 30%
reduction in Hall voltage even without invasive probes (G) for a
sample with an aspect ratio of 1. In the following subsections,
we will examine the factors causing the reduction in Hall
voltage more closely.

3.3 Sample aspect ratio

Probing of the Hall voltage too close to the source and drain
contacts leads to an underestimate of the Hall voltage.”*° This
is why the Hall probes are separated from the source and drain
probes by at least four times the width of the sample in ideal
Hall bar devices.”?*® Good geometric control is often not
achieved in many 2D nanostructures. This leads to measure-
ments with low aspect ratio and poor probe separations being
used. A quantitative estimate of the reduction in Hall voltage
due to a reduced sample aspect ratio is thus necessary to
correct these measurements.

Fig. 4a shows the electrical equipotential lines of samples
with different aspect ratios L/W in a simulated Hall measure-
ment at a magnetic field B = 0.75 T. The source and drain con-
tacts force the interface at both ends to be at a fixed potential
(0 V and Vgp, respectively). Here, the electric field E is parallel

20320 | Nanoscale, 2020, 12, 20317-20325
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— equipotential lines

Fig. 4 (a) Equipotential lines for four different L/W aspect ratio samples
at magnetic field B = 0.75 T. The red dashed line indicates an equipoten-
tial line corresponding to the Hall angle of Vi$2. (b) Transverse voltage
drop VM at the sample’s centre normalized to Vi3 vs. sample aspect
ratio L/W.

to the current density j and both are perpendicular to the
contact interface. The equipotential lines gradually turn as one
moves closer to the sample centre until E is at the Hall angle ©
= tan™'(uB) relative to j in the middle of the Hall bar. The Hall
voltage at any position x along the sample is the transverse
potential difference between the two edges at x. The red
dashed line indicates an equipotential line corresponding to
the Hall angle of V<l If V$i™ is probed too close to the source
and drain contacts, then V5™ is significantly smaller than Vi3,
This matters for low aspect ratio samples because the length is
insufficient for E to align with the ‘real’ Hall angle at the posi-
tion x where the contacts are located. In Fig. 4b, we plot the
ratio V§im/viedl using the potential difference between opposite
edges at x = L/2 to identify the aspect ratio where non-ideality
becomes significant. We find that the expected Hall voltage
V5im is within 1% of V@ for an aspect ratio L/W above 3.3 and
within 10% for aspect ratio above 1.8. The reduction in V5™ is
more than 30% for aspect ratios below 1, i.e., samples with L <
W. The effect can be further compounded by the effect of
metal probes as we see in section 3.4. The simulations in the
following sections will focus on samples with high aspect ratio
of 5 to isolate the effects of invasive probes from those of
sample geometry.

3.4 Invasive metal contacts

A homogeneous current density is assumed when evaluating a
Hall measurement. Recessed, currentless Hall probes are used
in traditional Hall bars to ensure that the voltage probes do
not interfere with the sample current. Fig. 5a shows the mod-
elled current density (red arrows) through a traditional Hall
bar confirming there is no significant current perturbation.
This is not the case for ‘invasive’ metal probes that overlap the

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Simulation of current density (red arrows) in (a) a classic Hall bar,
(b) sample with ‘invasive’ low contact resistance metal probes, and (c)
sample with high contact resistance metal probes. (d) Schematic of the
two competing current paths through the sample and the contact in the
probed segment. Rcr is the contact resistance and Rs is the resistance of
the segment below the contact. (e) Vim/Vis2! for different contact 2Rcr/
Rs ratios.

conduction channel and are used in the characterization of
many 2D nanostructures; see Fig. 5b, where the metal contacts
are traced in yellow for clarity. The simulation shows a clear
reduction in current density between and beneath the metal
contacts. This occurs because the contacts themselves provide
the lowest resistance path through this sample segment. The
resulting perturbation of the current density significantly
reduces V5im,

In our simulation, we use the 10 nm thin interface layer
between the nanofin and the metal contact to simulate contact
resistance. This enables us to vary the resistance of the current
path through the contact. A simplified model of the two
current paths through the probed nanofin segment is shown
in Fig. 5d. We estimate the contact resistance Rcr as the resis-
tance of the 10 nm layer with conductivity ocg and area Acg so
that Rcg = 10 nm/(ocr-Acr). We compare this to the resistance
Rs = W¢/(une-Lo-D) of the sample segment immediately below
the contact. Fig. 5e shows Vsim/veal yersys 2R /R, providing a
rough estimate of the ratio of the resistances of the two
current paths. The reduction of the Hall voltage is the largest
when Rcr < Rs. This means that the current path through the
contact is the path of lowest resistance (see Fig. 5b). The Hall
voltage increases as 2Rcr/Rs approaches 1 and saturates for

This journal is © The Royal Society of Chemistry 2020
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Rcr > Rs, where current no longer flows through the Hall
probes. This case is shown in Fig. 5c. In this regime, the poten-
tial sensed by each voltage probe is the average electric poten-
tial at the nanofin-probe interface. The probed Hall voltage
Vi? or V3 is then the potential difference between the two
Hall probes. The real Hall voltage Vi can therefore be esti-
mated using:

: G
yreal o yep/sim /(g 5 2C ) 3
H w05+ 3)

We find that the measured Hall voltage is approximately
50% of Vi for low to moderate contact resistances and just
over 70% for high contact resistances for this particular geo-
metry (W = 300 nm, G = 400 nm). In other words, high
contact resistance probes make the Hall voltage measurement
more accurate and easier to interpret because Vi can be esti-
mated using eqn (3). The contact resistances are generally very
low in a material with a prominent surface accumulation layer
like InAs.*” Thus, the resulting current distortion effects need
to be taken into account. The impact of the current distortion
effects on the Hall measurement is not straightforward and
depends on multiple parameters—most significantly on probe
width and length as we will discuss in section 3.6.

3.5 Recessed Hall probes

We saw in Fig. 5a that the use of recessed Hall probes in classi-
cal Hall bar devices eliminates the current perturbation effect.
In this case, the recessed contact length Ly is large compared
to the recessed contact width Wgc. Furthermore, Wy¢ is much
smaller than the device dimensions L and W. Some nanoscale
devices such as nanocrosses>”*> feature recessed contacts but
do not always fulfil the conditions above. Here, Lgc may be
less than W and Wyc & W. In this case, current perturbation
effects can occur as we observed above for metal contacts that
overlap the semiconductor channel. Fig. 6a and b show the
simulations of current density for two 5 pm X 1 pum Hall
devices with 0.5 and 0.1 um long and 1 pm wide recessed Hall
probes with metal contacts (yellow) at the end. The current
density is significantly reduced at the device centre for the

a Cc v T
10 ™ .......onoou-
B
2 .
£ .
° T °
> °
b
05F -
2 1 2
0 1
Lgc (Mm)

Fig. 6 Simulated current density for a 5 pm X 1 pm nanofin with 1 pm
wide and (a) 0.5 pm and (b) 0.1 pm long recessed contacts. (c) Vim/Visa
vs. recessed contact length Lrc for this device geometry.
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device with Lgc = 0.1 pm as current is diverted through the
contacts. Fig. 6¢ shows that this leads to a reduction in V5™, as
we saw for metal contacts that overlap the channel. The resis-
tance of the current path through the contacts rises as Lrc is
increased and the current perturbation is reduced. For this
particular geometry, V§i™/Vi€al & 0.98 for Lgc = 1 pm. A more
comprehensive discussion of recessed contacts and the simu-
lations of a range of device geometries are provided in the
ESL.T Overall, recessed Hall probes give significantly more
accurate Hall voltage measurements than metal probes with
channel overlap. However, current perturbation effects should
be considered in samples with 2Lzc < Wi and where Wi is of
the order of Wand L.

3.6 Metal probe geometry

Fig. 7a shows the simulations of V§i™/Vi€d! for 5 pm long
samples as a function of Hall-probe gap G. normalized to the
sample width W of 1 um. We first consider contacts with
limited invasiveness. The 300 nm wide probe pair with high
contact resistance (red, ocg = 10 S m™') and the 10 nm wide
probe pair (yellow) both start at V§i™/val ~ 1 for Go/W = 0 and
linearly decrease to V§im/viedl ~ 0.5 at Go/W = 1. This behaviour
is approximated well by eqn (3), which is plotted as a grey line.
Wider invasive contacts exhibit a different behaviour (green
We = 0.3 pm, blue Wg = 1 pum). V§im/vial is significantly
smaller than 1 for Go/W = 1, where the Hall probes only
contact the side walls of the sample. This is due to the current
perturbation effect discussed in section 3.4. We will examine
this more closely in Fig. 7b.

Fig. 7b shows V§im/vieal ag a function of probe width We.
The Hall voltage should not depend on contact width in
devices with non-invasive probes. This is consistent with the
modelling of high contact resistance probes, where we obtain
only a weak dependence on W (red G¢ = 0.4 pm). In stark con-
trast, V§im/vredl for invasive probes shows a strong dependence
on W even for very short Hall probe lengths (yellow Lc =
10 nm). This is because wider Hall probes draw more current,
reducing the current density at the centre of the sample. For
short probe pairs, V§i™ decreases by approximately 50% at W
~ W, and even more for longer probe pairs (green G¢ = 0.8 pm
and blue G¢ = 0.4 pm). This is particularly relevant for Hall
measurements on nanowires where the channel width is often
equal to or smaller than the probe width.?'?33%:39

Taking the insights gained through the simulations, we can
now revisit the experimental data from the devices in section
3.1. Fig. 7c shows the experimentally obtained Hall coefficients
R;® (circles) together with data from simulations R$™ (tri-
angles). The model geometry for the simulations is based on
the dimensions of the real devices extracted from SEM and
atomic-force microscopy (AFM). The model for the device from
Fig. 2a is shown in Fig. 7e with a plot of the current density.
Note that all probes are included in the model. This is impor-
tant because the absolute position along the channel and posi-
tion relative to other probe pairs can impact V™ (see the ESI
S4t). For our study, it was important to use multiple Hall
probe pairs on the same nanofin to isolate the effect of Hall
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Fig. 7 (a) Vim/Viea vs. probe gap per sample width Gc/W for 1 pm
(blue), 0.3 um (green), and 10 nm (orange) wide probes with no contact
resistance and 0.3 ym wide probes with high contact resistance (red).
The grey line follows eqn (3). (b) V{im/Vi$2 vs. contact width per sample
width Wc/W for different Go/W: 0.4 ym (blue), 0.8 um (green), and
0.98 um (orange) with no contact resistance, and 0.4 ym with high
contact resistance (red). (c) Measured and simulated Hall coefficients
Ry® and R§im for different probe gaps Gc from the device presented
in Fig. 2. Different devices are represented in different colours. The
experimental and the corresponding simulated datapoints are con-
nected by a dashed line for clarity. The carrier concentration for the
simulations n = 1.32 x 102 m™ (red), n = 2.78 x 10 m™ (blue) and n =
2.08 x 10%* m™ (orange) are based on the least-squares method for the
best match of R;® and R{i™. (d) REP/RI$™ vs. Gc/W where R is based
on the carrier concentrations obtained in (c). Error bars are based on the
average difference between R;® and R{i™ in (c). (e) Simulation of current
density for the device depicted in Fig. 2a. (f) Rj;Pand R{i™ for devices
with different probe widths Wc. R{i™ is based on n = 1.77 x 10%* m~>
(blue) and n = 1.54 x 10%* m~® (orange). (g) Corresponding R{;P/Ris. (h)
Simulation of current density for the device shown in Fig. 2c.

probe geometry from sample-to-sample variations in carrier
concentration. We found the best agreement between simu-
lations and experiments occured when using no contact resis-
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tance, confirming that the metal probes on InAs are strongly
invasive. The carrier concentrations were adjusted in the simu-
lations to match the amplitude of R;;*. We obtained n = 1.32 x
10** m~> (red), n = 2.78 x 10** m™? (blue) and 7 = 2.08 x 10**
m™* (orange) using the least-squares method. The modelling
fits the experimental data well. The average relative difference
between the experimental and simulated datapoints is 16%.
We attribute the discrepancy to two main factors. First, the
shape of the metal contacts in the real devices is slightly irre-
gular with rounded edges and a slightly rugged outline (see
Fig. 2a). Second, the simulation assumes a perfectly uniform
carrier concentration. In reality, surface accumulation layers™°
and variations in potential landscape, e.g., due to charge
trapping®"** and polytypism**** likely lead to a more complex
carrier distribution in InAs nanostructures. Overall, the data
are in good agreement, validating the modelling. This allows
us to estimate the ratio of the measured R;;* and the real Hall
coefficient RI$, with the latter analytically calculated using the
carrier concentrations above. Fig. 7d shows R;" /R versus G/
W, with error bars based on the average difference between
R" and Ri™ in Fig. 7c. We find that R;" is 60-70% of R for
large probe gaps and as low as 25% for the narrowest probe
gaps. The latter would correspond to a four-fold overestimate
of carrier concentration and an underestimate of mobility.
Specifically, for the device shown in Fig. 2a, we estimate that
the real mobility is approximately 2000 ecm* V' s™*. Without
correction, we would obtain between 500 and 1250 cm? V™' s™*
depending on which probe pair was used.

We obtain similar results for the two samples with probe
pairs of different width Wc. Fig. 7f shows the experimentally
obtained data with simulations for n = 1.77 x 10*> m~> (blue)
and n = 1.54 x 10*> m ™~ (orange). The corresponding estimates
for R;"/RI are shown in Fig. 7g and give Ri;"/R% as low as
0.25 for wide contacts. The effect of invasive contact width is
well illustrated by the simulated current density in Fig. 7h. The
current density is significantly diminished between the wide
contacts whereas it remains relatively unperturbed for the
narrow contact pair.

4. Discussion and conclusion

We have shown that compact sample geometries and invasive
metal contacts significantly reduce the measured Hall voltage.
This can lead to a substantial overestimate of the nano-
structure’s carrier density. For a typical 1 pm x 1 pm nanofin
with 300 nm x 300 nm overlapping Hall probes, the measured
Hall voltage is only ~20% of V3! (H in Fig. 3). We identified
three contributions to the reduction in Hall voltage: (i) the
rotation of the electric field vector to the Hall angle relative to
the current density is not completed in low aspect ratio
samples, leading to a reduction in Hall voltage; (ii) contacts
that draw no current but overlap the conduction channel will
measure the average electrical potential of the probe-semi-
conductor interface, which always yields Vi;" < Vieal; (iii) metal
contacts with low to moderate contact resistance draw current
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and distort the current density in the nanostructure, which
leads to further reduction in measured Hall voltage.

The contribution of (i) only depends on the sample aspect
ratio L/W and can therefore be estimated from the simulations
provided in Fig. 4. We recommend aiming for devices with an
aspect ratio no smaller than 2 to keep the reduction of V§;® to
below 10%. Only one pair of Hall probes should be used at the
centre of the device. Multiple Hall probe pairs are convenient
for four-probe measurements; however, they often lead to Hall
probes just fractions of W away from the source and drain
contacts.’®?® This alone can lead to an underestimate of the
Hall voltage by around 50%. The underestimate can be in
excess of 80% when the invasiveness of the contacts is also
taken into account. The contribution of (ii) only depends on
the contact gap G compared to the sample width W and can
be estimated using eqn (3). Estimating the contribution of (iii)
is significantly more complicated because the current pertur-
bation strongly depends not only on contact width and length
but also on contact and sample resistance and even sample
thickness. Here, eqn (3) can be used as a lower bound in esti-
mating a correction factor because the reduction in measured
Hall voltage will always be larger for invasive contacts. We
provide a table of V§im/vi¢dl values for various sample geome-
tries to help estimate the reduction in Hall voltage in the ESL.f
Regardless, contact length and width should be decreased as
much as possible to reduce the effect. Additionally, engineer-
ing probes to have higher contact resistance could reduce the
current perturbation.

Overall, we find that Hall measurements even with invasive
contacts, are a suitable way to characterize 2D nanostructures.
However, care should be taken to minimize and correct for the
associated reductions in measured Hall voltage. While the con-
siderations in this paper focussed on III-V nanostructures, we
expect them to be relevant for measurements on other 2D-
nanostructures such as graphene® and transition metal
dichalcogenides'® with similar device geometries.
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