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by Using a Three-Probe Device Design
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Electrical characterization of nanowires is a time-consuming and challenging task due to the
complexity of single nanowire device fabrication and the difficulty in interpreting the
measurements. We present a method to measure Hall effect in nanowires using a three-probe
device that is simpler to fabricate than previous four-probe nanowire Hall devices and allows
characterization of nanowires with smaller diameter. Extraction of charge carrier concentration
from the three-probe measurements using an analytical model is discussed and compared to
simulations. The validity of the method is experimentally verified by a comparison between
results obtained with the three-probe method and results obtained using four-probe nanowire
Hall measurements. In addition, a nanowire with a diameter of only 65 nm is characterized to

demonstrate the capabilities of the method. The three-probe Hall effect method offers a relatively



fast and simple, yet accurate way to quantify the charge carrier concentration in nanowires and

has the potential to become a standard characterization technique for nanowires.

Despite the rapid advance of semiconductor nanowire (NW) research in recent years,
measuring the electrical properties and doping of NWs remains a challenging task. Many

6

1'® and contact-less®'®, have been

different measurement techniques, both electrica
demonstrated. However, few large-scale studies of doping of NWs have been published, likely
due to the difficulties associated with interpretation of the data and the time-consuming device
fabrication. The most widely used electrical method, field effect (FE) mobility measurements!, is
relatively simple in terms of device fabrication and measurements. However, the accuracy is

often questioned and careful methodology is necessary in order to properly calculate the gate

17-19 20,21

capacitance,!”! account for surface charge?®?! and contact resistance'*??. Furthermore, due to
the limited depletion width in a semiconductor, only thin NWs with relatively low doping
concentration can be fully characterized in a FE mobility measurement.!® In the last few years, it
has also been demonstrated that Hall effect measurements can be used to characterize NWs.>
This technique solves some of the problems with FE mobility measurements by directly probing
the charge carrier concentration in the entire cross-section of the NW and not relying on an
estimated gate capacitance. However, previous NW Hall devices have utilized a four-probe
design (fig. 1a) with one Hall voltage probe on each side of the NW, a design resembling a
traditional Hall bar structure. Fabrication of a device with such narrow and well-defined contact
gap requires advanced processing with very high accuracy. The process becomes increasingly

challenging as the NW diameter decreases, due to resolution limitations and the alignment

accuracy of the electron beam lithography process used to define the contacts.



In this work, we present a method to carry out Hall effect characterization using a three-probe
device geometry (fig. 1b). Instead of measuring the Hall voltage as the potential difference
between two contacts on opposite sides of the NW, the Hall voltage is measured as the change in
potential in a single contact as the strength of the applied magnetic field is varied. By using just
one Hall contact, we circumvent the need for high resolution lithography and instead use a spacer
layer to control the contact overlap. We discuss the extraction of charge carrier concentration
from the measurements and validate the method experimentally by showing good correlation
between results from three-probe Hall measurements and previous results obtained using four-
probe NW Hall devices on NWs from the same growth series. Due to the relaxed requirements
on alignment accuracy and resolution in the lithographic process, the three-probe method makes
it possible to characterize NWs with smaller diameter than what has been possible previously.
We show this by demonstrating Hall effect measurements on a NW with a diameter of only 65
nm.
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Figure 1. a) Four-probe NW Hall effect device. The current is fed in the x-direction, the
magnetic field is applied in z and the Hall voltage is measured in the y-direction. b) Three-probe
NW Hall effect device. The current is fed in the x-direction, the magnetic field is applied in y

and the potential difference due to the Hall effect appears in z-direction.



As a test bed for this method, a series of S (H2S) doped InP NWs grown with different dopant
molar fractions (y) were used. The NWs had diameters of approximately 200 nm and a length of
2.5 um. The NWs were grown with highly doped (y = 3.1-107%), 250 nm long segments at
each end to facilitate ohmic contact formation. NWs from this growth series have previously
been characterized with both Hall effect and FE measurements.!” For more details on the NW
growth, we refer to reference 19.

A cross-section schematic, an overview scanning electron microscopy image and a FIB cross-
section of a device can be seen in figure 2. The devices were fabricated by first transferring NWs
to a measurement substrate (Si, 100 nm SiO2, 10 nm HfO») with predefined bond pads. Next, a
polymer spacer layer (Shipley S1805:PGMA, 1:1) was spin coated on the sample at 3000 rpm for
60 s. The deposition parameters and ratio of the polymer mix was optimized to form a spacer
with about the same thickness as the diameter of the NWs. The polymer layer was permanent
baked at 200 °C for 10 minutes and then reactive ion etched (RIE) in O2 plasma for 25 s in order
clear the top facet of the NWs from resist. The polymer thickness and the RIE process controls
how much of the NW perimeter will be contacted with metal. The central angle of the circular
sector that is covered with metal will be referred to as the contact angle, a (fig. 2a). Contacts
were then defined to the NWs using electron beam lithography (EBL) and metal (10 nm Ti
followed by 100 nm Au) was deposited using thermal evaporation. This resulted in a lateral NW
device with a contact angle of approximately 90°. Note that two separate Hall probes were
defined at different positions along the NW, enabling two points of spatial resolution in the Hall

measurement and also four-probe resistivity measurements.
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Figure 2. Three-probe NW Hall device. a) Schematic of the device in cross-section. The contact
angle, a, is indicated. b) Scanning electron microscopy image of a device. Note that two Hall
probes were used in this case, enabling two points of spatial resolution in the Hall measurement
and four-probe resistivity measurements. Inset: FIB cross-section through contact and NW. Tilt

angle 52°, scale bar 100 nm.

In a traditional four-probe Hall effect measurement, the Hall voltage is measured as the
potential difference between two contacts on opposite sides of the sample, thereby canceling
potential fluctuations that may occur if the resistance of the NW device fluctuates during the
measurement. In the three-probe geometry, the Hall voltage is instead measured as the change in
potential in a single contact (with respect to ground) as the strength of the applied magnetic field
is varied. Since the potential is measured at a number of different magnetic fields sequentially,
the measurement will be sensitive to drift in the NW potential, e.g. caused by fluctuations in the
surface properties, charging effects or unstable contacts. It is therefore necessary to design the
measurement so that drift effects can be separated from the actual Hall voltage. This was done by
randomizing the order in which the magnetic fields were applied and by taking reference
measurements at 0 T between each magnetic field (fig. 3a). To reveal magnetoresistance effects,

the magnetic field sweep was centered around O T. The three-probe Hall voltage was then



extracted from the measurements as the difference between the measured potential at a certain
magnetic field and the reference level, defined by a linear fit between the two surrounding 0 T
reference measurements (fig. 3). The voltage was measured 300 times at each applied magnetic

field. The current sourced through the NWs was 100 pA. All measurements were taken at room

temperature.
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Figure 3. A representative three-probe NW Hall measurement. a) Measured potential in the Hall
probe as function of time. Each cluster of data points contains 300 voltage measurements. The
applied magnetic field is printed next to the data points. The red lines are linear fits between the
closest 0 T reference measurements. b) Extracted Hall voltage as function of magnetic field.
Here, the Hall voltage for each magnetic field is extracted as the difference between the
reference level and the mean value of the 300 voltage measurements, with the errorbars showing

the standard deviation. The dashed line is a linear fit to all the voltage measurements, before

averaging.

Next, we discuss how to extract the carrier concentration from a three-probe Hall
measurement. Again, the Hall voltage (V) is usually described as the voltage between the

contacts on opposite sides of the sample. In a three probe measurement, only half of this voltage



is measured, since the change in potential is measured on just one side of the sample. The three

probe Hall voltage is thus given by the equation

IB
VH,3p = > (eq 1)5

nnqr
where [ is the current through the NW, B, is the magnetic field, n is the charge carrier
concentration, q is the carrier charge and r is the radius of the NW. Note that eq. 1 is simply the
Hall voltage in a cylinder reduced by a factor of 2 and that this kind of analytic expression is
valid only if the contacts can be considered point-like. In a real NW device this is rarely the case,
and more careful analysis is necessary to investigate the validity of the model. To this end, a 3D
finite element method (FEM) model implemented in COMSOL Multiphysics (R) was used. The
potential and current in the NW was simulated by solving the current continuity equation and
accounting for the Hall effect with an anisotropic conductivity tensor.” To simulate a non point-
like metal contact, the Hall probe potential was defined as the electric potential in an iso-
potential area on a metal layer. The boundary condition of the iso-potential was that the
integrated current density over the contact area is zero, allowing current to enter the contact at
one point and leave it somewhere else. Contact resistivity (p.), was defined as a resistive
boundary at the metal/semiconductor interface. In the simulations, the electrical dimensions were
assumed to be equal to the physical dimensions and the carrier mobility was fixed to 1000
cm?/(Vs), based on experimental data from previous measurements. The fixed mobility does not
affect the magnitude of the Hall voltage developed in the NW. It does have an effect on the
magnitude of current shunting through the contacts, but for reasonable mobility values the
difference is negligible. It is important to note that if the NW radius is comparable to the carrier
screening length, i.e. in thin NWs with low doping level, diffusion currents will counteract the

charge build-up and limit the Hall voltage.?> The model used in this work only considers drift



current and is thus only valid when the NW radius is considerably larger than the screening
length, which is the case for the doping levels and NW radii considered in the simulations
presented here. Using the method from reference 23, the reduction in Hall voltage due to
diffusion currents was calculated to be less than 10% for all the simulated devices.

Two main mechanisms can be identified to cause deviation from the ideal case described by
the analytic expression (eq. 1), both stemming from shunting effects of the metal contacts. First,
by placing metal contacts on the NW, the contact forms a potential iso-surface on the NW and
the Hall voltage cannot be considered to be probed only in a single point at the top where it is the
largest. The Hall voltage is thus shunted in the vertical direction (z-direction in fig. 1b). The
second deviation is due to the formation of an alternative longitudinal (x-direction in fig. 1b)
current path when a metal contact is placed on the NW. When current is shunted through the
metal, the current density in the NW underneath the contact is reduced, causing a decrease in the
Hall voltage.

The effects of voltage shunting in the vertical direction and current shunting in the longitudinal
direction are vital in understanding the simulation results presented in fig. 4 (normalized with eq.
1). First (fig. 4a), we examine the effect of contact angle for the case when the contact resistivity
is relatively large (p, = 107> Qcm?). Here the current shunting effect is small due to the large
resistance of the shunt path. Instead, voltage shunting in the vertical direction is the main reason
for the increasing deviation from eq. 1 (i.e. normalized Hall voltage deviating from 1) as the
contact angle (@) is increased. The Hall voltage deviates only slightly from eq. 1 for small
contact angles and it is also interesting to note that Hall voltage can be observed even when a =
180°, meaning that the spacer layer may not be strictly necessary if the contact is deposited from

the top, e.g. by thermal evaporation. The voltage shunting is further illustrated in the supporting



information (fig. S1), where the potential distribution in the center cross-section of a device with
contact angle 180° is shown.

Second, we examine the effect of contact resistivity (p.) on the Hall voltage. In fig. 4b, the
normalized Hall voltages for different contact angles are shown as function of p.. It can be seen
that the Hall voltage decreases when the contact resistivity becomes smaller, which can be
explained by the decreasing resistance of the shunt path causing more current to be shunted
through the metal contact. A device with a contact width (w,) of only 50 nm (compared to 100
nm for the other simulated devices) is also included in fig. 4b. Since the low resistance metallic
shunt path is shorter in this device, the effect of current shunting is correspondingly less
pronounced. It would therefore be desirable to design the Hall devices with very narrow contacts,
however this is associated with fabrication challenges.

Third (fig. 4c), we investigate the effect of the NW carrier concentration on the normalized
Hall voltage. It can be seen that the dependence of contact resistance is more pronounced for
lower carrier concentrations, since the current shunting effect is not only dependent on the
contact resistance, but rather on the ratio between the resistance of the NW and the resistance of
the shunt path.

Finally, we observe that the reduction of Hall voltage due to current shunting is larger for NWs
with small radii (fig. 4d) because of the increase in NW resistance and the on average shorter
vertical distance to the contact, giving a lower average resistance for the current to reach the
shunt path. This, in combination with the diffusion current effect, may be limiting factors for
how small NWs can be characterized using Hall effect measurements.

It should be noted that the shunting effects are not only present in three-probe NW Hall

devices, but also in four-probe devices. The effect was discussed by Barbut et al.?*, but without



consideration of the resistance at the semiconductor-metal interface. It is also interesting to note
that in some cases magnetoresistance effects could be observed in the simulations. If the
resistance in the NW increases when a magnetic field is applied, the potential in the voltage
probe increases (assuming a constant current). Since this magnetoresistance effect is symmetric
around O T, the effect manifests as a curvature in the Hall voltage with respect to magnetic field.
This effect was only observed in simulations of short devices with very high mobility, and the
experimental data showed no such effects.

To summarize the simulation results, we see that to characterize a NW with Hall effect
measurements, it is desirable to keep the contact angle small and the resistance of the shunt path
high compared to the NW resistance. It should be noted that for most III-V materials it is very
challenging to reach contact resistivities on the low end of the range simulated here.”> The
simulations presented in fig. 4 can be used as a guide for device design and provide correction
factors for eq. 1 when extracting charge carrier concentration from measurements. For the
devices measured in this work, the contact resistance was high enough (> 1077 Qcm?) that the
current shunting effect could be deemed negligible. Therefore, to extract the carrier
concentrations presented next, the only correction made to eq. 1 was for voltage shunting caused

by the 90° contact angle in our devices (fig. 4a).
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Figure 4. Simulated reduction of Hall voltage in three-probe NW Hall devices caused by non-
point-like contacts. The simulated Hall voltage, normalized with eq. 1, is plotted: a) as function
of contact angle for a device with large contact resistance. Vertical voltage shunting is the
dominating effect and the Hall voltage deviates only slightly from eq. 1 for small contact angles.
b) for different contact angles, plotted as function of contact resistivity. The current shunting
increases with decreasing contact resistivity and severely affects the Hall voltage for p. <
10~7 Qcm?. For the device with w, = 50 nm, the shunting effect is reduced. c) for different
charge carrier concentrations. The current shunting effect is larger for lower carrier

concentrations due to the larger ratio between the resistance of the NW and the resistance of the
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shunt path. d) for different NW radii. The shunting effect is more prominent for smaller NW

radii.

Figure 5 shows the measured charge carrier concentrations as function of the dopant molar
fraction during growth for both four-probe NW Hall effect measurements (as presented
previously in ref '°) and three-probe Hall effect measurements. The correlation is good, giving
experimental evidence that the charge carrier concentration can be accurately measured in the
three-probe Hall geometry. No clear spatial dependence was found for the measured carrier
concentrations, so all measured values are treated as individual data points. The diameters of the
investigated nanowires range from 190-240 nm. The measured Hall mobility is presented in the

supporting information (fig. S2).
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Figure 5. Comparison of measured charge carrier concentration between four-probe NW Hall
effect measurements and three-probe NW Hall effect measurements. The data points show the
average charge carrier concentration of the measured devices as function of the dopant gas molar
fraction at growth, with the errorbars showing the standard deviation of the measured values. The
total number of measured carrier concentrations was 28 for four-probe Hall and 21 for three-

probe Hall.

12



The main drawback of the three-probe method compared to four-probe Hall measurements, is
the previously discussed sensitivity to drift in the NW potential. It is necessary to design the
experiment so that a drift in potential cannot be misinterpreted as a Hall voltage and it should be
noted that for devices more prone to drift, more sophisticated drift correction methods than the
ones used in this work could be necessary. For high accuracy, it is also important to design the
devices as to minimize the shunting effects, i.e. to make the contacts as point-like as possible.
Even though this can be accounted for in a simulation, it adds an uncertainty to the
quantification.

A significant advantage of the three-probe Hall method, compared to four-probe NW Hall
effect measurements, is that it removes the lithographic constraints on the NW diameters
accessible for characterization. Previously, NW Hall devices have been demonstrated by
DeGrave et al.?® with a NW (Si) diameter of 100 nm and by Storm et al.’> with a NW (InP)
diameter of 80 nm. However, no measurement data was presented for these devices. In fig. 6a
we present a three-probe Hall device with a 65 nm diameter NW (Sn doped InP, growth details
in supporting information). Hall effect measurements on the device (fig. 6b) and charge carrier
concentration extraction using a correction factor from fig. 4a (a = 120°, p. > 1077 Qcm?)
determined the charge carrier density to 2-10'® cm?. If the diffusion current reduction
presented in ref 23 is considered, this value is reduced by 10%. This measurement shows the
potential of the three-probe Hall method to characterize thinner NWs than what has been

possible previously with post-processed four-probe Hall contacts.
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Figure 6. Hall effect characterization of a NW with a diameter of only 65 nm. a) Top view
scanning electron microscopy image of the device. b) Hall voltage as function of magnetic field.
Each data point is an average of 200 voltage measurements, with the errorbars showing the

standard deviation. The dashed line is a linear fit to the data.

We note that although the carrier concentration could be measured successfully, conducting
measurements on thinner NWs proved more challenging than on the thicker NWs. The measured
carrier concentrations were more scattered and there was significantly more drift in the
measurements. In addition to fabrication challenges and the shunting effects discussed
previously, there are also other factors making Hall effect measurements on thinner NWs more
challenging. A thinner NW is more susceptible to external perturbations such as surface charges,
environment and influence from the contacts. E.g. a Schottky contact deposited on a low doped
NW can significantly alter the potential structure and charge carrier concentration locally. The
Hall voltage in thin NWs with low doping levels will also be limited by diffusion currents. It is
certainly possible to account for these effects through simulations, although it requires

experimental data that are not always easily attainable. The topic warrants further investigation.
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In summary, we present a simple three-probe device to measure Hall effect in NWs. The
device design significantly relaxes the requirements on nanofabrication precision compared to
previous four-probe NW Hall devices and allows characterization of thinner NWs. We discuss
extraction of charge carrier concentration data from the measurements and show good correlation
between the three-probe method and previous four-probe NW Hall measurements on NWs from
the same growth series. The three-probe Hall method offers a relatively fast and simple, yet
accurate way to quantify the charge carrier concentration in NWs and has the potential to

become a standard characterization technique for nanowires.
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