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Graphene Field-Effect Transistors on Undoped
Semiconductor Substrates for Radiation Detection
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Abstract—The use of a graphene field-effect transistors (GFETs)
to detect radiation is proposed and analyzed. The detection mechanism used in the proposed detector architecture is based on the
high sensitivity of graphene to the local change of electric field that
can result from the interaction of radiation with a gated undoped
semiconductor absorber (substrate) in a GFET. We have modeled
a GFET-based radiation detector, and discussed its anticipated
performance and potential advantages compared to conventional
detector architectures.
Index Terms—FET, graphene, graphene devices, semiconductor
radiation detectors.
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I. INTRODUCTION
IGH-PERFORMANCE sensors for electromagnetic radiation such as light, X-rays, and γ-rays, and for particles
such as energetic electrons and neutrons, are important for a
multitude of scientific, commercial, and security applications.
Among the major challenges in the development of radiation
sensors for energetic ionizing radiation such as γ-rays and neutrons is achieving high-energy resolution at room temperature.
We propose the utilization of the exceptional electronic properties of graphene (a single atomic layer of graphite) [1] to develop
graphene-based radiation sensors.
We present the principles of operation for a graphene-based
radiation detector (GRD), which utilizes an undoped absorber,
with a focus on detection of γ-rays. Such detectors are of particular interest for detection of special nuclear material (SNM),
one of the most important tasks for nuclear security. The modeled device architecture is a graphene field-effect transistor
(GFET) [2], consisting of graphene on a radiation-absorbing,
electrically gated, undoped semiconductor absorber, separated
from graphene by a thin dielectric buffer layer. The technical
approach is to utilize the sensitive dependence of the electrical
conductivity of graphene on a local electric field, which can be
abruptly changed by charge carriers produced by radiation in
the underlying absorber material. This dependence, sharp even
at room temperature, provides a unique opportunity to deploy
graphene in conjunction with a variety of absorbers, with relaxed
purity, carrier mobility, and lifetime constraints.
In our modeling work, we focus on the detection of γ-rays.
Using Monte Carlo simulations (MCNP-Polimi [3]), the interactions of γ-rays with a thin Si absorber are modeled. The
energy deposited and the location of energy deposition are
calculated in configurations resembling common GFET devices. For the dominant mode of first interaction (Compton
scattering), transport of energetic Compton electrons in the absorber is subsequently modeled using Monte Carlo Simulation
of Electron Trajectory in Solids (CASINO) code [4]. The calculated ionized charge distribution is used as an input into a
COMSOL Multiphysics model [5] to calculate the change in
electric field, which results in the modulation of conductivity of graphene. Absorber material and dimensions used in the
simulations discussed here are chosen to match current commonly fabricated GFETs (except that the substrates here are
undoped, whereas the substrates used in conventional GFETs
are doped) to emphasize the proof of principle. The simulation framework developed here can be extended to optimize the
detector performance for specific applications, such as SNM
detection.
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Fig. 1. Graphene exhibits a sharp peak “Dirac point” in resistance as a function
of the electric field. The curve shown is based on representative experimental
data measured in a GFET (see Fig. 2, with doped Si (101 9 carriers/cm3 ) as
substrate and 300-nm-thick SiO2 as buffer layer) at room temperature.

Fig. 3. When the undoped absorber acts as an insulator, the gate voltage V G
drops across both the absorber and the buffer layer, resulting in a relatively small
electric field near graphene.

supply the current through the graphene and are used to measure the resistance of the graphene. The local electric field at
graphene determines its resistance via the field effect, with this
dependence most sensitive when the graphene is near its “Dirac
point” (see Fig. 1) [2], [6].
III. DETECTING THE PRESENCE OF RADIATION
WITHOUT CHARGE DRIFT
A. Principle of Operation: Ionization-Induced Change of the
Electric Field
Fig. 2. A GFET consists of a gated undoped absorber (semiconductor), with
an insulating buffer layer which serves as a gate dielectric. V G is the gate voltage
applied to the sample. Current is supplied across the graphene sample, and the
voltage is measured to obtain the resistance of the graphene layer. Dimensions
labeled are those typical of GFET devices commonly fabricated.

II. GRAPHENE FIELD EFFECT TRANSISTORS
Graphene is a monolayer of graphite with unique electronic
properties [1]. Graphene has a high carrier mobility, reaching
10 times or greater than that of Si at room temperature [2].
Graphene is a low-noise electronic material and has a resistance,
which is very sensitive to local change of carrier density when
graphene is near the charge neutrality point (see Fig. 1), or
“Dirac point”. This feature has been exploited to detect the
adsorption/desorption of a single molecule on graphene [6]. It is
proposed that the sensitivity of resistance to small changes in the
electric field can be exploited to sense radiation. The sharpness
of the resistance response of the graphene to the change of the
external electric field suggests the possibility for its use as a
high-gain preamplifier integrated into a GRD.
In our simulation of a prototype GRD based on a GFET, the
graphene is coupled to a 500-μm-thick-gated undoped Si radiation absorber through a 300-nm-thick insulating buffer layer
of SiO2 (see Fig. 2). While one can use four metal electrodes
on the graphene for accurate four-terminal resistance measurements, two-terminal measurements can be employed in many
practical situations. An electric field is produced by applying
a gate voltage between the back side of the absorber and one
of the electrodes on graphene. The source and drain electrodes

The most common substrate used in a conventional GFET is
a Si wafer with a thin-SiO2 overlayer, where the Si is doped
and used as the backgate. In the simplest scheme of employing
a GFET to detect radiation, we instead use an undoped, gated
absorber, so the electric field at the graphene can be significantly
altered by the change of the conductivity of the absorber upon
interaction with radiation. In general, using an undoped insulating (at sufficiently low temperature) semiconductor as the
absorber, the gate voltage drops across both the absorber and
the buffer layer (see Fig. 3, where the electric field is generated
by a back-gate voltage).
Radiation interacting with the absorber results in ionization,
which can increase the conductivity of the absorber, resulting
in an electric field increase across the buffer layer (see Fig. 4).
The change in electric field is indirectly sensed by measuring the
resistance of graphene. This transient change in resistance could
be used to detect the presence of radiation interacting with the
absorber, and the magnitude of resistance change is related to
both the total energy (ionized charges) deposited in the absorber
and the location of the ionized charges (see Section III-C).
B. Monte Carlo Modeling for Radiation Interaction
We used the absorber material (Si, except being undoped) and
dimensions of common GFETs (see Fig. 2) for our simulations.
Using MCNP-PoliMi [3], we modeled the irradiation of a GFET
with a 1-MeV γ-ray source located 1 cm from the bottom of the
absorber, and centered on the axis defined by graphene. The
energy deposited and the position of interaction were calculated
in the simulation. From the energy deposited, we modeled the
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standard wafer thickness (500 μm) once they reach energies
above ∼400 keV.
C. COMSOL Model for Electronic Response
In conjunction with the MCNP modeling, finite element
method (FEM) simulations were conducted in order to estimate
the electric field distribution in a model of the proposed GRD.
The FEM platform utilized in the simulations was COMSOL
Multiphysics 3.5a in the “conductive media dc” mode for two
dimensions. Laplace’s equation was solved in the model
Fig. 4. The incoming radiation ionizes the undoped semiconductor to create
a conducting absorber. The gate voltage V G is now effectively “transferred”
through the absorber and drops across the buffer layer. This results in an increased electric field which is detected by graphene via the field effect (see
Fig. 1) and is signaled by a corresponding change in resistance. In the simplistic
schematic shown here, the entire absorber is assumed to be ionized. In practice,
the ionization is generally spatially nonuniform and the change of electric field
depends on the amount and location of ionized charges.

Fig. 5. CASINO simulation of a beam of 400-keV electrons being emitted
normal to a Si wafer (thickness = 500 μm in typical devices presently fabricated), representative of Compton electrons generated from γ-ray interactions
in the absorber. The red tracks are the trajectories of electrons which have been
backscattered out of the absorber. The origin (0,0) marks the entry point of the
electrons.

Compton electron trajectories within the Si absorber using the
CASINO code [4]. CASINO simulation shows a wide variation
in electron trajectories characteristic for electron stopping (see
Fig. 5).
As a first-order approximation, we assume that the electron
track is straight and split each electron track into two ionization regions with constant, but different specific ionizations. The
first ionization region represents the beginning of the electron
track, while the second ionization region represents the vicinity
of the Bragg peak, with a peak-to-tail specific ionization ratio calculated from CASINO. The CASINO simulations show
a significant fraction of electrons escaping the Si absorber of

∇ · (σ∇V ) = 0

(1)

where σ is conductivity and V is voltage. The specific simulation results here are obtained assuming an electron mobility
μe of 1413 cm2 /V/s, a hole mobility μh of 470 cm2 /V/s, and
a value of conductivity for Si of 5.1 × 10−10 S/m (which can
be obtained, for example, in a lightly doped Si at 10 K with
phosphorus doping of ND = 1015 cm−3 ). The insulating oxide
layer has a conductivity value of 1 × 10−12 S/m. Si is chosen
in this example as it is the type of substrate material used in
most currently fabricated GFETs [2]. Similar results based on
the same operational principle are expected for other undoped/
lightly doped semiconductor absorbers with sufficiently low
background conductivity, achieved either at low temperatures,
or using wider bandgap semiconductors, in which case low temperatures may not be needed for operation.
Our 2-D device model consists of a square Si absorber, measuring 500 μm × 500 μm (width × thickness), with a rectangular
SiO2 buffer layer, measuring 500 μm × 300 nm. The backgate
of the GFET structure is located on the bottom of the Si absorber,
while the graphene region is modeled as the grounded top portion of the insulating SiO2 layer. We use insulating boundary
conditions and continuity across interfaces in our model. A triangular mesh of approximately 2 × 104 elements is generated
for the simulation.
The simulation investigates the modulation of the electric
field due to the generation of charges in the undoped Si absorber following a 400 keV of energy deposition. Carrier concentration data generated by the MCNP-Polimi and CASINO
simulations are used to determine the conductivity of the ionized
regions in the model. The conductivities of ionization regions
are 266 × 10−3 and 58 × 10−3 S/m for the beginning and end
of the ionization track, respectively. The backgate is biased at
10 V in the model. Fig. 6 illustrates the effect of the presence of
ionization regions on the distribution of the equipotential lines
in the Si absorber for a representative energy deposition profile
with two different starting locations.
In the simulation, the change of electric field strength in the
SiO2 just below the graphene and above the ionized absorber
region can be on the order of 107 V/m for the energy deposition profile and magnitude used in the model. An electric field
change as large as that suggested by the simulation is capable
of modulating the number of charge carriers in graphene to produce a measurable change of resistance (see Fig. 1), on the order
of 100Ω–1 kΩ.
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Fig. 7. (a) COMSOL simulation of the field lines created with a gate voltage of
V G = −100 V, applied from the electrode on the bottom of the absorber to the
graphene (taken to be 2-μm wide in this simulation). The field lines, shown as
red arrows, reveal the path of the drifted electrons (note that the electron velocity
is opposite to the arrows), which converge under the graphene, independent of
their initial position. (b) The line plot shows the electric field strength 5-nm
below the SiO2 layer, about the graphene center axis.

Fig. 6. (a) and (c) Calculated potential and (b) and (d) electric field profile 1
nm below the SiO2 top surface (near graphene) for two examples of ionization
regions that differ only in position. (a) and (b) Representative energy deposition
profile reaches the Si/SiO2 interface; (c) and (d) it starts from the back surface
of the substrate and terminates 50 μm below the surface. The backgate is biased
at 10 V, while the top SiO2 layer is at a ground potential. The uniform thickness
of 10 μm and profile of the ionization region are selected for ease of simulation.
Realistic ionization tracks would have more complicated profiles (see Fig. 5).

IV. DETECTION WITH ENERGY RESOLUTION:
DRIFTING CHARGES
A. Principle of Operation
While the simple scheme described above could be used to
detect the presence of radiation, in many applications such as
SNM detection it is paramount to accurately measure the energy of the radiation deposited in the absorber. In single-event
radiation sensing, the absorber is ionized nonuniformly, and the
spatial distribution of charge deposition is highly random (see
Section III, Fig. 5). As a result, the electric field change near
graphene has a poor correlation with the energy deposited in
the absorber, which would compromise the ability to measure
deposited energy through the change of resistance. An example can be seen in Fig. 6, where the same amount of energy
deposited in different locations would lead to very different responses in graphene. This issue can be addressed by drifting the
charge to the top surface of the absorber, effectively normalizing the position of each interaction to the layer with a constant
distance (the thickness of the SiO2 buffer layer) from graphene.
This drift can be accomplished by applying the electric field be-

tween the electrically biased back-gate electrode (at the back of
absorber) and the top electrode (graphene). In a typical GFET,
the back surface gate electrode is much larger than the graphene,
creating curved electric field lines, with electric field magnitude
increasing with reduced distance to the graphene (see Fig. 7).
The field lines “funnel” electrons created by the radiation in the
absorber to the location directly under the graphene, resulting
in an electric field response independent of where these ionized
charges are originally produced in the absorber (see Fig. 8).
The net change of the electric field applied to graphene is now
dependent only on the amount of charge, effectively correlating
it with the deposited energy.
In the GRD described above, the insulating SiO2 layer prevents the drifted electrons from flowing into the graphene. Since
the electrons accumulate under the buffer layer, the final and
maximum change in electric field experienced by the graphene
(after all electrons created in one radiation interaction event are
drifted under the graphene), will be measured by the change
of graphene resistance, and is directly related to the number of
electrons created. If “reset” of the sensor is required in preparation for subsequent measurements, the electrons can be drained
through the auxiliary source and drain electrodes.
Consider a GRD which has a graphene with an area of
100 μm2 and an absorber with an area of 1 cm2 and thickness ta of 500 μm. Such a large aspect ratio (ratio of width to
thickness) of the absorber results in a significant variation of the
strength of the electric field throughout the absorber. We found
that the variation in electric field strength results in a difference
in carrier drift times of ∼6 orders of magnitude between the
centerline and the outer edge of the absorber (see Fig. 9).
For electrons starting at x ≈ 2ta , the recombination probability is ∼0.1%, given a recombination time of 10−3 s and
back-gate voltage of −100 V. When the starting position is increased up to x ≈ 4ta , recombination occurs for ∼1% of the
electrons (see Fig. 10). This suggests that it is desirable that

FOXE et al.: GRAPHENE FIELD-EFFECT TRANSISTORS ON UNDOPED SEMICONDUCTOR SUBSTRATES FOR RADIATION DETECTION

585

To adapt the proposed architecture to larger thicknesses and
different absorbers, the voltage applied may have to be altered
for two reasons. First, the increased thickness of the absorber
may require additional voltage to maintain the same electric
field. Second, absorbers that are desirable for other reasons may
have different electron and hole mobilities and recombination
lifetimes, thus, requiring a change in electric field for the same
drift time and percentage of recombined electrons.
B. Energy Resolution

Fig. 8. (a) We consider a GRD, where the typical size of the graphene electrode
is smaller than the size of the underlying absorber. Electric field lines are
generally curved and direct the electrons toward the location directly under the
graphene. With all electrons accumulated under the buffer layer, the electric field
change measured by the change in graphene resistance is directly proportional
to the number of electrons created by ionization. (b) shows the crosssection of
a GRD showing electrons both before and after they are drifted. The electron
trajectories are along the electric field, whose direction is represented by the
dashed lines.

Fig. 9. As the starting position of the electron moves away from the axis
defined by the graphene, the drift time increases exponentially. The drift time
varies by 6 orders of magnitude over a radial distance of 5 mm for a 500-μmthick Si absorber. The electron starting position is y = 10 μm, with the graphene
surface at y = 500 μm (here y-direction is perpendicular to graphene and the
back surface of absorber is at y = 0). This simulation is performed for a backgate
voltage is −100 V and a graphene size of 10 μm × 10 μm.

the absorber (for a given graphene size) have a low aspect ratio
(width/thickness) to achieve high-energy resolution and speed
(see Section IV-B). For example, with an aspect ratio of ∼2, the
electron drift time for the GRD simulated above is no more than
∼200 ns, resulting in a maximum operating speed of 5 MHz.
To reduce the aspect ratio, one may increase the thickness of
the substrate or decrease the available lateral size of the detector
(eg. using etching to segment the detector).

Energy resolution is the key performance parameter when
considering the use of a GRD in γ-ray spectroscopy such as that
needed for SNM detection. Contributions to the finite energy
resolution of the GRDs include both the intrinsic (Poissonian)
fluctuation of the number of charge carriers produced for a given
deposited energy, and the limitations of the detector architecture,
including the effects such as charge trapping [7], loss of charge
to auxiliary electrodes, and the noise in the measurement of
graphene resistance.
A simple estimate of the expected maximum energy resolution in a GRD with a Si absorber is provided, and the relevant
contributions to the resolution limit are illustrated in Fig. 11 for
an example with representative parameters. The energy resolution is calculated for all contributions to the finite energy resolution, and the total energy resolution is calculated by adding
each contribution in quadrature multiplied by 2.35, given that
each contribution is Gaussian.
Poisson statistics governing
 the ionization process results in
an energy resolution of F/N , where N is the number of
charge carriers in the absorber given a W -value of 3.65 eV [8],
and the Fano factor of Si, F = 0.115 [9]. Assuming an electron
mobility and lifetime product (μe τe ) > 1, and charge trapping
to be a linear function of distance [10], we do not include charge
trapping in the energy resolution calculations. The energy resolution due to recombination is assumed to be proportional to the
fraction of electrons lost through recombination; to achieve a
recombination contribution to the resolution of 0.01%, an aspect
ratio of ∼1 is required. The error increases to ∼0.1% when the
aspect ratio is increased to 2. To calculate the energy resolution
due to noise associated with the measurement of graphene resistance, we assume that each electron generated in the absorber
corresponds to one induced in the graphene, and use the correlation between the charge carrier density induced in graphene and
graphene resistance. The relation between graphene’s charge
density and resistance can be obtained from Fig. 1, and the relationship between the E-field and carrier density can be obtained
from
r o
=n
(2)
E tb
q tbuﬀer
where E is the electric field, tb is buffer layer (SiO2 ) thickness,
r is the relative permitivity of SiO2 , o is the permitivity of free
space, q is the electron charge, and n is the charge carrier density
of graphene. With NR = δR2 /R2 estimated to be 15 × 10−8 ,
based on prior measurements [11], we calculate the associated
maximum charge density error by dividing the error in resistance
measurement by the derivative of the Dirac curve (δR/δn) at
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Fig. 10. Probability of an electron born at the given location within the absorber to undergo recombination. A recombination time of 10−3 s and back-gate
voltage of −100 V are used for this calculation, and a graphene layer with a lateral size of 10 μm is centered at (0 and 0.5 mm). If electrons are produced at ∼2
times the wafer thickness (1 mm) away from the detector vertical centerline, recombination occurs for 0.1% of the electrons. At ∼4 times, the thickness (2 mm)
away from the detector vertical centerline, recombination occurs for 1% of the electrons.

graphene, the electric field curvature pattern in the absorber and
the dynamic range of the GRD can be altered, with a concomitant change in the graphene energy resolution due to recombination fraction and resistance measurement error. With chemicalvapor-deposition-based graphene fabrication [12], [13], the size
of graphene can be optimized for a variety of energy ranges and
detector sizes, with promise for achieving high-energy resolution with large-area GRDs.

Fig. 11. Calculated GRD energy resolution as a function of deposited energy,
with a Si absorber and an initial electric field of 2 × 105 V m−1 . Total energy
resolution (black solid) is obtained by quadrature addition of the component of
energy resolution due to Poisson statistics (red dotted), the component of energy
resolution due to graphene resistance noise (blue dashed), and the component of
energy resolution due to carrier recombination (orange long-dashed) of 0.01%
for an aspect ratio of ∼1 (see Fig. 10).

the calculated resistance for complete energy deposition
δn Ag
=η
U/W
where


δn =

δR2
R2
δR
δn

(3)

R
(4)

R is resistance calculated for charge density due to U/W electrons, n is charge carrier density of graphene, Ag is area of
the graphene (100 μm2 ), W = 3.65 eV for Si, U is the energy
deposited, and η is energy resolution associated with resistance
measurement noise in graphene. Two competing effects affect
the predicted energy resolution of the GFET operating on the
negative slope of the Dirac curve (see Fig. 1). As the deposited
energy increases, the graphene resistance is reduced, thus, decreasing the error in the resistance measurement. On the other
hand, as the deposited energy increases, the slope of the Dirac
curve decreases, resulting in a greater error in the measurement
of charge density for the same error in resistance. For energies
above ∼50 keV, the dominant effect determining the total energy resolution is the Poissonian fluctuation in the number of
ionized charges.
While the above calculations are made for a representative
graphene size of 10 μm × 10 μm, by changing the size of the

V. DISCUSSION AND CONCLUSION
Graphene-based sensors have a potential to provide a novel,
unique mechanism for detection of radiation. The sharp change
in resistance as a function of the external electric field allows the
graphene to act as a built-in preamplifier. We can also view the
GRD as an (indirect) photoconductor with high gain of transconductance due to the sharp field effect in graphene. Compared
with more conventional detector architectures based on charge
sensing, the effective decoupling of the detector (graphene) and
the absorber (substrate) in the GRD could offer potential benefits by allowing more flexibility in the choice of the absorber
material, and its size in designing GRDs.
In addition, the proposed GRD utilizes the unique material
properties of graphene to provide several potential operational
advantages over conventional MOSFET (which can also be utilized as radiation sensors). Graphene exhibits an ultralow electrical noise, which can otherwise limit the sensitivity of conventional detectors [6]. Graphene’s high electrical conductivity
and pristine crystallographic nature allow for the reduction of
Johnson and pink (1/f ) noise [6], [14] from degrading acquired
signals. Low noise is retained throughout graphene’s conductivity range, including “Dirac point”, where resistivity is at a
maximum (but finite, while a conventional MOSFET resistance
would diverge when depleted), as well as during ambipolar operation in n-type or p-type regimes [1].
GRD also brings the potential of very high-speed operation. Dual-gated GFETs have been shown to produce cutoff
frequencies as high as 300 GHz, much higher than the cutoff
frequency obtainable in Si MOSFETs of comparable size [15],
[16]. Graphene can be deposited or transferred on a number of
absorbers, allowing for the incorporation of a variety of semiconductors in the device architecture with less stringent requirement on the absorber purity or carrier mobility and lifetime.
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