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The extraordinary properties of graphene have been known 
for over 15 years. However, to date, the material has not 
delivered on its potential in electronic device applications 
because of the challenges associated with how it is  
manufactured and processed. In this whitepaper, Paragraf 
explains how it has developed a process that overcomes 
these previous issues, enabling it to bring to market a series 
of graphene Hall-Effect sensors (the GHS Series) that exhibit 
truly game-changing performance.  The sensor’s ability to 
transform magnetic sensing applications is explored in this 
whitepaper, along with a glimpse into future developments.

Introduction
Hall-Effect sensors are used in many applications, from  
measuring magnetic fields and electric currents to timing the 
speed of wheels and shafts. They are small, low power devices 
which are simple to operate. However, typical Hall sensors 
have a low measurement resolution and a limited tolerance  
to extreme environments.
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Potential of Graphene in Magnetic  
Field Measurement Applications
Graphene is one of the most-widely known nanomaterials, 
partly due to its exceptional properties and, subsequently, 
the exposure it receives in the media. The potential beneficial 
properties of graphene are huge. Of all the application areas, 
the impressive thermal and electrical conductivity, chemical 
stability, mechanical strength, transparency and flexibility of 
graphene have meant that it has received significant attention 
as a revolutionary material for electronic devices.

However, significant barriers to adoption in mass-market  
electronics remain due to the availability of contamination-free, 
transfer-free, large-area graphene.

Most of the commercially produced graphene is either created 
by exfoliating graphite or depositing the graphene onto a metal 
substrate – most commonly a copper foil. While exfoliating 
graphite produces good quality graphene, the graphene 
produced is typically multi-layered, non-homogeneous and 
non-customizable; therefore, it is not suitable for electronic 
devices. Graphene that is grown on copper foil needs to be 
transferred onto an electronics compatible substrate after 
being synthesised, involving various wet and dry transfer  
processes that can affect how the graphene functions in  
an electronic device. It is also contaminated by the copper.

As silicon transistors reach the limits of their performance, 
new solutions are required, and graphene is one of the front 
runners for this paradigm shift. To date, many tier 1 companies 
such as Intel, IBM, and Samsung, have collectively invested 
billions in attempting to bring electronic devices made from 
graphene to market. 

Paragraf has developed a new method of producing graphene 
that makes it suitable for electronic devices. The unique  
and patented process uses scalable processes to allow the 
manufacturing of large-area, high-quality graphene (currently up  
to 8” diameter). This unique approach uses a modified deposition  
method that removes the need for the transfer processes  
commonly used in most graphene synthesis methods. Therefore, 
the graphene can be grown in a uniform, single layer directly on  
a wide range of substrates, including silicon, silicon-carbide 
(SiC), sapphire, gallium-nitride (GaN) and other semiconductor- 
compatible substrates, free from metallic contamination. 

Paragraf’s graphene is therefore provided in a format that can 
be directly plugged into the electronics device manufacturing 
chain. Standard semiconductor device production toolsets 
can be used to achieve large scale, volume manufacturing. 
Paragraf has developed the expertise and the knowhow required 
to apply these toolsets to its graphene-based structures.

This means Paragraf can and does manufacture the complete 
device, from initial material through to final product, achieving 
graphene semiconductor device production at commercial 
quality and scale. This represents a giant leap forward for  
the commercialisation of graphene electronics.

Using its proprietary technology, Paragraf has brought to 
market a range of graphene Hall sensors (the GHS Series) 
and accessories. These devices harness the two-dimensional 
nature, inherently low noise characteristics and robustness of 
graphene to deliver Hall sensors with performance far beyond 
the scope of any other magnetic sensing solution.

Issues associated with wet and dry graphene transfer

Various wet and dry processes are used to remove graphene sheets from copper foil. In many of these processes 
it is not possible to eradicate all copper atoms. This means that the graphene sheet is contaminated with copper, 
which affects its ability to perform in electronic devices.

Moreover, many of the wet transfer methods can introduce further contamination in addition to the copper atoms, 
arising from chemicals used to etch and transfer the graphene. Residual metallic impurities can change the 
electronic and electrochemical properties of graphene and can detrimentally impact the integration of graphene 
with silicon technologies.  Dry transfer methods can produce graphene with defects, thus significantly lowering the 
quality of the graphene. 



Figure 1. Principle of the Hall-Effect
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Paragraf’s Hall-Effect Sensors
The graphene-based GHS series Hall-Effect sensors from Paragraf have a range of beneficial 
features, including lack of a planar Hall-Effect, high resolution, and the ability to be used under 
operational extremes.

The lack of a planar Hall-Effect is due to the inherent 2D nature of monolayer graphene,  
which is a single layer of carbon atoms. This means that erroneous signals originating from 
field components which are in-plane with the graphene sensing layer are not induced, as they 
are in conventional Hall sensors. This enables a clean measurement of the actual perpendicular 
magnetic field component being measured, allowing for the higher resolution mapping of magnetic 
fields and the higher precision positioning of components relative to magnetic fields. 

Paragraf’s graphene Hall-Effect sensor is the only Hall-Effect sensor on the market where 
the planar Hall-Effect does not affect measurement accuracy. In collaboration with CERN’s 
Magnetic Measurements Section, it has been determined that the PHE of the GHS sensors is, 
at most, at the 10-5 T level and can therefore be ignored/treated as negligible.

Hall-Effect Sensors  
and the Planar Hall-Effect 

The Hall-Effect sensor is a specialist sensor that measures 
the magnitude of a magnetic field. Its output voltage is directly 
proportional to the magnetic field strength.

The Hall-Effect is the production of a voltage difference (the 
Hall voltage) across an electrical conductor when a mutually 
perpendicular electric current and magnetic field are applied 
(see Figure 1). 

One of the issues with traditional Hall-Effect sensors is that 
the sensing material is inherently three-dimensional. This 
causes field components that are not perpendicular to the 
sensing direction to also be sensed, and as a result, erroneous 
signals are produced. This is known as the planar Hall-Effect.  
These erroneous measurement signals then become mixed 
with the real signals and require either extensive and complex 
data post-processing to remove or the use of signal process-
ing (e.g. spinning current) and/or clever device geometries. 
Where these techniques are employed, a small erroneous 
signal (circa 10-4 T) will always remain, significantly limiting 
the accuracy and resolution of the measurement.
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Hall sensors are typically employed where their small size, low power, wide magnetic field 
measurement range and simplicity are required. However, most Hall sensors struggle to resolve 
<100 µT changes in magnetic field. For applications requiring higher resolution sensing, more 
complex magnetic sensing technologies such as fluxgate magnetometers and NMR probes 
have to be employed. These magnetometers come with their own drawbacks, however. As well 
as their increased complexity, they are typically bulkier and more power hungry, they can only 
measure over very narrow field ranges and they are limited in terms of their capability to operate 
under environmental extremes.

Thanks to the high mobility of the charge carriers in graphene, the noise of the GHS is extremely small. 
This is ultimately what determines the smallest field change that can be resolved by the device.

In graphene, the resolution is ultimately limited by thermal (Johnson-Nyquist) noise. This can 
be calculated at different temperatures. At room temperature and under standard operating 
conditions the thermal noise floor is calculated to be 0.172 µT/√Hz (@1 kHz). This is close to 
what has been measured for the GHS (see Figure 2) and represents a potential resolution of 
100’s nT (sub-ppm).

Figure 2. Noise spectral density measurement of the GHS, showing a noise floor around 
the expected 172 nT√Hz above 1 kHz.
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Unlike other magnetic sensing technologies, it is possible  
to make such high-resolution measurements over very large 
magnetic field ranges, without saturation of the Hall Voltage. 
The GHS09CC has been extensively characterised to high fields 
and demonstrates high linearity, repeatability (no device  
hysteresis during field cycling) and high sensitivity out to > 9 T  
(see Figure 3).

This combination of magnetic field measurement range and  
resolution are unique to the GHS. Figure 4 shows the typical 
field ranges and resolutions achievable from different key 
magnetic sensing technologies. The field ranges/resolutions 
shown for NMR, fluxgate and conventional Hall sensors represent 
the performance achievable using a whole family of devices.  

For NMR for example, only small field ranges can be measured 
per probe – typically 5 probes would be needed to measure 
a 0-1 T field range. The GHS is unique, in that one sensor can 
measure the entire range plotted in Figure 4. 

Figure 4 shows that the GHS performance extends far  
beyond that which is possible with other Hall sensor  
devices and encroaches significantly onto the measurement 
capabilities offered by more sophisticated devices. These 
performance benefits open up opportunities for new and 
emerging technologies.

For example, one exciting application area for the GHS is  
in battery testing. The currents inside battery cells produce  
magnetic fields in the µT to the mT range. This is a sweet  
spot in the resolution/measurable field range of the GHS,  
and which is not fully measurable using other types of  
magnetic sensor (as indicated by the region in the middle  
of Figure 4, where there is no overlap with any of the other 
sensing technologies shown). The GHS has therefore enabled 
isolated, non-destructive analysis of the local current density/
resistivity inside battery cells, at the cell tabs and at the bus-
bars feeding the cells. This provides valuable supplementary 
data for battery R&D and could provide a useful inspection/
quality control tool as well as an in-service health monitoring 
tool. Paragraf has developed the GHS01AT sensor and GHS 
Array Starter Kit to facilitate these measurements. For more 
information, see our website.

Figure 3. Paragraf graphene Hall-Effect sensor working  
in high magnetic fields with 0.1 mA drive current.

https://www.paragraf.com/graphene-hall-effect-sensors/


10110-110-210-310-410-510-610-710-1210-13

100000

10000

1000

100

10

1

0.1

0.01

FIELD (T)

RE
SO

LU
TI

O
N

 (p
pm

)

NMR PROBES

GRAPHENE 
HALL SENSOR

CONVENTIONAL 
HALL SENSOR

FLUXGATE

Delivering the unique properties of graphene into magnetic field sensing applications

Another significant benefit that sets Paragraf Hall-Effect sensors 
apart from others is their robustness to environmental extremes.

Firstly, their wide operating temperature range provides 
advantages for use at cryogenic extremes. The sensors can 
be used at extreme cryogenic temperatures in conditions well 
below -271 °C (<1.8 K). Their robustness to thermal shock and 
low temperature cycling has also been demonstrated. 

Figure 5 shows how the sensitivity of the GHS09CC sensor more 
than doubles as it is cooled to 1.8 K. This boosts the potential 
measurement resolution and allows the sensors to be operated 
using extremely small currents (6 orders of magnitudes less 
than other Hall sensors) while still producing a useable signal. 
This equates to a power dissipation in the pW range.

The sensors are therefore of significant interest where  
temperatures down to the mK regime are being employed, 
since the negligible heat dissipation means these tightly  
controlled cryogenic environments are not disturbed. The  
sensors become especially attractive tools where high- 
resolution magnetic measurement and positioning are  
desirable under such cryogenic extremes.

The GHS09CC is being used in applications such as  
superconducting/cryo-cooled magnet calibration and  
mapping, in situ field verification and precise sample stage  
positioning in ultra-low temperature materials, as well as 
quantum research and for superconducting materials  
research, testing and quality control.

Figure 4. Comparison of the measurable field ranges and  
resolutions achievable using different magnetic sensing  
technologies & the GHS.
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At the opposite end of the scale, high temperature GHS variants are also being developed in  
collaboration with CSAC, Rolls Royce and TT Electronics. Graphene itself can tolerate temperatures 
into the 100’s °C, so the challenge in producing a high temperature Hall sensor lies mostly in the 
engineering of the sensor’s construction and packaging. The ongoing DER collaboration is already 
demonstrating excellent sensor performance up to 180 °C, with the project aiming for a stretch 
target of 250 °C operation. Once developed, the sensor will be incorporated into current sensors 
which can be placed into e.g. the electric starter generators of aerospace engines where more 
precise, higher frequency measurement can be employed in locations exposed to high temperatures.  
This will aid in the drive towards the development of more efficient and higher performance electric 
motors key to the electrification of future green technologies.

As well as being resistant to thermal shock, graphene is phenomenally resilient to high voltages,  
which is largely due to its intrinsically high mechanical strength. The GHS is a four terminal analogue 
device, so when connecting to the pins on the package you are connecting directly to the graphene itself. 

The devices have been connected to 3000 V without damaging the graphene at all. No electrostatic 
discharge (ESD) protection is therefore required to handle the sensors, making them easier to 
handle in industrial environments. 

Finally, the GHS is showing great promise for use in high radiation environments. In collaboration 
with the National Physical Laboratory, the GHS has been tested under extremely high levels of 
gamma and neutron irradiation. Graphene is considered to be impervious to the effects of radiation - 
being only one atom thick radiation should fly straight through it, and having no bandgap means 
there is nothing to absorb it. The testing has shown that the graphene itself is not affected by the 
radiation and there is very little sensor performance change before and after exposure, paving 
the way for the development of rad hard GHS variants and opening up applications in space and 
nuclear applications.

Figure 5. Demonstrating 
GHS09CC sensor performance 
from room temperature down 
to cryogenic extremes.
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Future Sensor Developments
Paragraf’s Hall-Effect sensor has already demonstrated its versatility and performance in a range of magnetic 
field measurement applications, and this is set to continue in the coming years.

As well as extending the device operating capabilities to higher temperatures under the DER grant and under high 
radiation environments following the NPL collaboration, future developments will target higher field sensors, smaller 
sensors and 3-axis sensors. These developments will extend the usability of the GHS, allowing it to perform 
measurements in smaller gaps or with greater spatial resolution, for example, or facilitating the simultaneous 
analysis of both field strength and vector.

The potential for the 3-axis GHS technology is being explored as part of an Innovate UK grant, alongside NEMA 
Ltd, and Deva Technologies Ltd, for developing a commercial electromagnetic flux scanner (EMFIS) for use in 
electric aircraft. This scanner will allow the non-destructive mapping of the magnetic fields of the rotors and 
stators of electric motors, helping to verify field models, check for defects and allowing heritage motors to be 
reverse-engineered without requiring deconstruction. The 3D sensor and mapper prototype is already producing 
striking results. Figure 6 shows a map produced of the field strengths and vectors of the outside of a Halbach 
array, revealing that the array consists of 16 repeating magnetic cells. The system can resolve magnetic field 
features down to <0.3° and < 1mm in size.

Signal processing and interfacing circuitry are also being investigated to understand how far the device resolution 
and performance can be pushed and to develop supporting electronics for ease of GHS implementation.
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Conclusion 
This whitepaper has demonstrated how 
graphene has great potential in many areas, 
and that it is the frontrunning material for 
sensing and measuring magnetic fields.  
The Paragraf Hall-Effect sensor has a huge 
range of applications. In addition, Paragraf  
can tailor the sensors to meet custom  
application requirements.  

To discuss specific requirements, contact 
hallsensors@paragraf.com

Figure 6. Magnetic field strength (colour) and vector (black arrows) map produced of the field around the outside of a Halbach array 
as part of the EMFIS project, using a prototype 3D GHS and mapper. From this map, it is revealed that the Halbach array consists of 
16 repeating magnetic cells.



About Paragraf
Paragraf has developed and patented a process for  
manufacturing single-atom thick, two-dimensional materials,  
including graphene, directly onto silicon, silicon-carbide, 
sapphire, gallium-nitride and other semiconductor-compatible 
substrates. The contamination-free technology is scalable 
and compatible with existing electronic device manufacturing 
processes.

Serving the sensor and solid state device markets, Paragraf 
has developed its own Hall-Effect Sensors for measuring  
magnetic fields in demanding environments. It is now  
partnering with electronic device makers to enable them  
to take advantage of the unique properties of graphene.

Based near Cambridge, U.K., Paragraf is a spin-out from  
the Centre for Gallium Nitride group of Professor Sir Colin 
Humphreys, in the Department of Materials Science at  
Cambridge University. For more information, please visit: 
www.paragraf.com

Follow us on and

Contact

Paragraf 
West Newlands Industrial Park, 
Somersham, 
Cambridgeshire PE28 3EB UK

Tel: +44 (0)1223 739782 
email: hallsensors@paragraf.com 
web: www.paragraf.com
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