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Introduction
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The need for Dark Matter

▸ I do not need to convince you about
the presence of Dark Matter in the
Universe

▸ The dark matter puzzle remains
fundamental: dark matter is matter - it
leads to the formation of structure
and galaxies in our universe

▸ We have a standard model of CDM,
from “precision cosmology” (CMB,
LSS): however...

▸ measurement ≠ understanding

∼ 85% of matter in the universe is
of unknown nature

Figure: Large scale distribution of dark
matter, probed through gravitational lensing
HST COSMOS survey; Nature 445 (2007), 268
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What do we know about Dark Matter?

▸ Exists today and is there since the early Universe
▸ Constraints from astrophysics and searches for new particles
▸ Massive (gravitation)
▸ Long-lived (Big Bang relic)
▸ Electrically neutral (No colour charge, no electric charge, no

strong self-interaction, i.e. dark)
▸ Non-baryonic (BBN)
▸ Collisionless (Bullet cluster)
▸ Cold, i.e. dissipationless and negligible “free-streaming” effect

(Structure formation)
▸ Can’t be made of standard model particles!

Alfredo D. Ferella | The PTOLEMY-G3 experiment - IDM 2018 - July 23, 2018
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Particle Dark Matter

▸ very many candidates
▸ masses and interaction

strength span over a lot of
orders of magnitudes

▸ but we prefer one specific
class: Weakly Interacting
Massive Particles (WIMPs)

Alfredo D. Ferella | The PTOLEMY-G3 experiment - IDM 2018 - July 23, 2018
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Particle Dark Matter
Another way of looking at it

US Cosmic vision: New Ideas in Dark Matter 2017 – arXiv:1707.04591
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Nuclear or electronic recoils?
Latter for light ≲ GeV DM particles

T =
1
2

mχv2
∼ 1eV(

mχ

MeV
)

Nuclear recoil only visible until mχ ∼mN
Below...

q ∼ 2mχv , ENR =
q2

2mN
∼ 10−4eV(

mχ

MeV
)(

10GeV
mN

)

For light (≲ GeV) DM particles detection need:
▸ MeV-scale target particle (electron)
▸ eV threshold

Moreover
1. The initial state of the electron is not a momentum eigenstate
Ô⇒ kf and q are independent Ð→∆Ee = ε +

k2
f

2me
= v⃗ ⋅ q⃗ − q2

2mχ

2. There is a wavefunction suppression at large q
Ô⇒ rate maximised when ∆Ee ≲ 4 eV

(Essig, Mardon, Volansky PRD 85(2012)076007)
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2D targets for light DM detection
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2D Targets
Namely graphene

Y. Hochberg et al., Phys. Lett. B 772(2017)239

Detect “secondaries” Ð→ loose
directional information:

e.g. SuperCDMS or
Superconductor

Keep directional information if
detect primary

2D Targets: graphene
ε = Eb + φ

▸ Eb : electron binding energy
▸ φ: graphene work function (∼ 4.3 eV)

Alfredo D. Ferella | The PTOLEMY-G3 experiment - IDM 2018 - July 23, 2018
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2D Targets
Modulation signature

▸ Dark Matter stream perpendicular to the sheet
▸ Forward scattering persists
▸ Naturally gives forward-backward discrimination

Alfredo D. Ferella | The PTOLEMY-G3 experiment - IDM 2018 - July 23, 2018
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2D Targets
Directional detection

Polar distribution of the final-state electron;
assumptions:

▸ stream oriented perpendicular to the
graphene plane

▸ stream points in the ẑ direction of
cos θ = 1

▸ Eer = 1eV

Azimuthal distribution of the final-state
electron; assumptions:

▸ stream oriented parallel to the
graphene plane

▸ stream points in the ŷ direction of
φ = π/2

▸ Eer = 1(74) eV for the 10 MeV (10
GeV) masses.

Alfredo D. Ferella | The PTOLEMY-G3 experiment - IDM 2018 - July 23, 2018
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Conceptual experimental design
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What is special about Graphene?

▸ Geim et al. in 2004 noted
gaphene sensitivity to a single
electric charge (added or
removed) in a Field-Effect
Transistor configuration - here at
room temperature

▸ It is a semimetal: Dirac point
provides a resistivity spike at a
single gate voltage and the
height is set by the inverse of the
mobility

▸ Mobility increases by an order of
magnitude at cryogenic
temperatures

▸ Small band gap ( meV) induced
in Graphene could provide clean
on/off transitions

NATURE NANOTECHNOLOGY | VOL 5 | JULY 2010 | www.nature.com/naturenanotechnology 491

REVIEW ARTICLENATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2010.89

MOS channels can be made with a proper choice of the gate dielec-
tric and optimization of the deposition process.

These mobility numbers are impressive, but they require closer 
inspection. The high mobilities mentioned above relate to large-area 
graphene, which is gapless. A general trend for conventional semi-
conductors is that the electron mobility decreases as the bandgap 
increases, and a similar trend has been predicted for carbon nanotubes 
(CNTs)56,57 and graphene nanoribbons58–61 (Fig. 5a). This means that 
the mobility in nanoribbons with a bandgap similar to that of silicon 
(1.1 eV) is expected to be lower than in bulk silicon and no higher than 
the mobility in the silicon channel of a conventional MOS device58. 
The mobilities measured in experiments—less than 200 cm2 V−1 s−1 
for nanoribbons 1–10 nm wide26,62 and 1,500 cm2 V−1 s−1 for a nanori-
bbon 14 nm wide45 (which is the highest mobility so far measured for 
a nanoribbon)—support the theoretical results (Fig. 5b). Therefore, 
although the high mobilities offered by graphene can increase the 
speed of devices, they come at the expense of making it difficult to 
switch devices off, thus removing one of the main advantages of the 
CMOS configuration—its low static power consumption.

High-field transport. In the days when FETs had gates several 
micrometres long, the mobility was the appropriate measure of the 
speed of carrier transport. Strictly speaking, however, the mobility 

describes carrier transport in low electric fields; the short gate lengths 
in modern FETs result in high fields in a sizeable portion of the chan-
nel, reducing the relevance of mobility to device performance. To 
illustrate this, let us consider a FET with a gate 100 nm long and a 
drain–source voltage of 1 V. If we assume a voltage drop of 0.3 V across 
the series resistances, the average field in the channel is 70 kV cm−1. 
At such high fields, the steady-state carrier velocity saturates, and this 
saturation velocity becomes another important measure of carrier 
transport. Figure 5c shows plots of the electron velocity versus the 
electric field for conventional semiconductors, and simulated plots for 
large-area graphene63,64 and a carbon nanotube57. For graphene and 
the nanotube, maximum carrier velocities of around 4 × 107 cm s−1 are 
predicted, in comparison with 2 × 107 cm s−1 for GaAs and 107 cm s−1 
for silicon. Moreover, at high fields the velocity in graphene and the 
nanotube does not drop as drastically as in the iii–v semiconduc-
tors. Unfortunately, there is at present no experimental data available 
on high-field transport in graphene nanoribbons and in large-area 
graphene. However, other measurements65 suggest high-field carrier 
velocities of several 107 cm s−1 in graphene. Thus, regarding high-field 
transport, graphene and nanotubes seem to have a slight advantage 
over conventional semiconductors.

Finally, it is worth noting that reported mobilities for graphene 
devices need to be interpreted carefully because there are several 

Table 2 | Does graphene have a bandgap?

Graphene type Size Bandgap Remarks Ref.
SL graphene on SiO2 LA No Experiment and theory 1, 5
SL graphene on SiO2 GNR Yes Experiment and theory; gap due to lateral confinement* 24–29

BL graphene on SiO2 LA Yes Experiment and theory; gap due to symmetry breaking by 
perpendicular interlayer field

30–33

Epitaxial SL LA Unknown Controversial discussion 34

Yes Experiment and theory, gap due to symmetry breaking 35, 36
No Experiment and theory 37, 38

Epitaxial BL LA Yes Experiment and theory 32, 38, 39
Epitaxial SL, BL GNR Yes Theory 39
Strained SL† LA Yes Theory; gap due to level crossing 40

No Theory 41

SL: single-layer; BL: bilayer; LA: large-area; GNR: graphene nanoribbon. *The origin of the bandgap in nanoribbons is still under debate: in addition to pure lateral confinement28, it has been suggested that the 
Coulomb blockade42,43 or Anderson localization29 might be responsible for the formation of the gap. †Theorists disagree about the existence of a bandgap for strained SL graphene.
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Figure 4 | Properties of graphene and graphene nanoribbons. a, Schematic of an armchair (ac) graphene nanoribbon (GNR) of length Lac and width Wac. 
The nanoribbon shown here has N = 9 carbon atoms along its width and thus belongs to the 3p family, where p is an integer. b, Band structure around 
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steps occurred but predominantly in the opposite direction (red curve). For finer control of adsorption/desorption 
rates, we found it useful to slightly adjust temperature while keeping the same leak rate. The characteristic size δR of 
the observed steps in terms of Ohms depended on B, the number of graphene layers and, also, varied strongly from 
one device to another, reflecting the fact that the steepness of ρxy-curves near NP (see Fig. 1a) could be different for 
different devices [6-9]. However, when the steps were recalibrated in terms of equivalent changes in Vg, we found that 
in order to achieve the typical value of δR it always required exactly the same voltage changes ≈1.5mV, for all our 
1µm devices and independently of B. The latter value corresponds to ∆n ≈108cm-2 and translates into one electron 
charge e removed from or added to the area of 1x1µm2 of the Hall cross (note that changes in ρxy as a function of Vg 
were smooth, that is, no charge quantization in the devices’ transport characteristics occurred – as expected). As a 
reference, we repeated the same measurements for devices annealed for 2 days at 150C and found no or very few 
steps (green curve).  

The curves shown in Fig 3a clearly suggest individual adsorption and desorption events but statistical analysis is 
required to prove this. To this end, we recorded a large number of curves such as that in Fig. 3a (≈100 hours on 
continuous recording). The resulting histograms with and without exposure to NO2 are plotted in Fig. 3b,c (histogram 
for another device is shown in Supplementary Information). The reference curves exhibited many small (positive and 
negative) steps, which gave rise to a “noise peak” at small δR. Large steps were rare. On the contrary, slow adsorption 
of NO2 or its subsequent desorption led to many large, single-electron steps. The steps were not equal in size, as 
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Figure 3. Single-molecule detection. (a) – examples of changes in Hall resistivity observed near the neutrality point (|n| <1011cm-2) during 
adsorption of strongly diluted NO2 (blue curve) and its desorption in vacuum at 50C (red). The green curve is a reference – the same device 
thoroughly annealed and then exposed to pure He. The curves are for a 3-layer device in B =10T. The grid lines correspond to changes in ρxy 
caused by adding one electron charge e (δR ≈2.5 Ohm), as calibrated in independent measurements by varying Vg. For the blue curve, the 
device was exposed to 1 ppm of NO2 leaking at a rate of ≈10-3 mbar⋅l/s. (b,c) - Statistical distribution of step heights δR in this device without 
its exposure to NO2 (in helium) (b) and during a slow desorption of NO2 (c). For this analysis, all changes in ρxy larger than 0.5 Ohm and 
quicker than 10s (lock-in time constant was 1s making the response time of ≈6s) were recorded as individual steps. The dotted curves are 
automated Gaussian fits (see Supplementary Information). 
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We have been able to prepare graphitic
sheets of thicknesses down to a few atomic
layers (including single-layer graphene), to
fabricate devices from them, and to study
their electronic properties. Despite being
atomically thin, the films remain of high
quality, so that 2D electronic transport is
ballistic at submicrometer distances. No
other film of similar thickness is known to
be even poorly metallic or continuous under
ambient conditions. Using FLG, we demon-
strate a metallic field-effect transistor in
which the conducting channel can be
switched between 2D electron and hole gases
by changing the gate voltage.

Our graphene films were prepared by
mechanical exfoliation (repeated peeling) of
small mesas of highly oriented pyrolytic
graphite (15). This approach was found to
be highly reliable and allowed us to prepare
FLG films up to 10 6m in size. Thicker films
(d Q 3 nm) were up to 100 6m across and
visible by the naked eye. Figure 1 shows
examples of the prepared films, including
single-layer graphene Esee also (15)^. To
study their electronic properties, we pro-
cessed the films into multiterminal Hall bar
devices placed on top of an oxidized Si
substrate so that a gate voltage Vg could be
applied. We have studied more than 60
devices with d G 10 nm. We focus on the
electronic properties of our thinnest (FLG)
devices, which contained just one, two, or
three atomic layers (15). All FLG devices
exhibited essentially identical electronic
properties characteristic for a 2D semimetal,
which differed from a more complex (2D
plus 3D) behavior observed for thicker,
multilayer graphene (15) as well as from
the properties of 3D graphite.

In FLG, the typical dependence of its sheet
resistivity D on gate voltage Vg (Fig. 2)
exhibits a sharp peak to a value of several
kilohms and decays to È100 ohms at high Vg

(note that 2D resistivity is given in units of
ohms rather than ohms ! cm as in the 3D
case). Its conductivity G 0 1/D increases
linearly with Vg on both sides of the resistivity
peak (Fig. 2B). At the same Vg where D has its
peak, the Hall coefficient RH exhibits a sharp
reversal of its sign (Fig. 2C). The observed
behavior resembles the ambipolar field effect
in semiconductors, but there is no zero-
conductance region associated with the Fermi
level being pinned inside the band gap.

Our measurements can be explained
quantitatively by a model of a 2D metal
with a small overlap &( between conductance
and valence bands (15). The gate voltage
induces a surface charge density n 0 (0(Vg/te
and, accordingly, shifts the position of the
Fermi energy (F. Here, (0 and ( are the
permittivities of free space and SiO2, respec-
tively; e is the electron charge; and t is the
thickness of our SiO2 layer (300 nm). For

typical Vg 0 100 V, the formula yields n ,
7.2 ! 1012 cmj2. The electric field doping
transforms the shallow-overlap semimetal
into either completely electron or completely
hole conductor through a mixed state where
both electrons and holes are present (Fig. 2).
The three regions of electric field doping are
clearly seen on both experimental and
theoretical curves. For the regions with only

electrons or holes left, RH decreases with
increasing carrier concentration in the usual
way, as 1/ne. The resistivity also follows the
standard dependence Dj1 0 G 0 ne6 (where
6 is carrier mobility). In the mixed state, G
changes little with Vg, indicating the substi-
tution of one type of carrier with another,
while the Hall coefficient reverses its sign,
reflecting the fact that RH is proportional to

Fig. 1. Graphene films. (A) Photograph (in normal white light) of a relatively large multilayer
graphene flake with thickness È3 nm on top of an oxidized Si wafer. (B) Atomic force microscope
(AFM) image of 2 6m by 2 6m area of this flake near its edge. Colors: dark brown, SiO2 surface;
orange, 3 nm height above the SiO2 surface. (C) AFM image of single-layer graphene. Colors: dark
brown, SiO2 surface; brown-red (central area), 0.8 nm height; yellow-brown (bottom left), 1.2 nm;
orange (top left), 2.5 nm. Notice the folded part of the film near the bottom, which exhibits a
differential height of È0.4 nm. For details of AFM imaging of single-layer graphene, see (15). (D)
Scanning electron microscope image of one of our experimental devices prepared from FLG. (E)
Schematic view of the device in (D).

Fig. 2. Field effect in FLG. (A) Typical
dependences of FLG’s resistivity D on
gate voltage for different temperatures
(T 0 5, 70, and 300 K for top to bottom
curves, respectively). (B) Example of
changes in the film’s conductivity G 0
1/D(Vg) obtained by inverting the 70 K
curve (dots). (C) Hall coefficient RH
versus Vg for the same film; T 0 5 K. (D)
Temperature dependence of carrier
concentration n0 in the mixed state
for the film in (A) (open circles), a
thicker FLG film (squares), and multi-
layer graphene (d , 5 nm; solid circles).
Red curves in (B) to (D) are the
dependences calculated from our mod-
el of a 2D semimetal illustrated by
insets in (C).0
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definitions for the MOSFET channel mobility and they are difficult 
to compare66. Furthermore, the techniques used to measure mobil-
ity are only vaguely described in some papers. Most frequently, the 
field-effect mobility, μFE, is measured (Table 1). However, the effect 
of the source and drain series resistances must be eliminated from 
the measured characteristics to determine this quantity, and it is not 
always clear that this has been done.

An additional complication lies in the interpretation of data from 
top-gated graphene MOSFETs, which involves arriving at a value for 

the gate capacitance, CG. Frequently CG is approximated by the oxide 
capacitance per unit area, as Cox = εox/tox, where εox is the dielectric con-
stant of the top-gate dielectric and tox is the thickness of this dielectric. 
However, when tox is small, the quantum capacitance, Cq, must be taken 
into account67,68 because it is connected in series with Cox, making the 
overall gate capacitance CG = CoxCq/(Cox + Cq). The overall gate capaci-
tance can be significantly smaller than Cox, particularly close to the 
Dirac point (the point of minimum drain current), so neglecting the 
effect of Cq will lead to an underestimate of the field-effect mobility.
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Figure 5 | Carrier transport in graphene. a, Electron mobility versus bandgap in low electric fields for different materials, as indicated (from left to right, 
iii–v compounds are InSb, InAs, In0.53Ga0.47As, InP, GaAs, In0.49Ga0.51P, and GaN). The mobility data relates to undoped material except for the Si MOS 
data. Also shown are mobility data for carbon nanotubes (CNTs; simulation56,57), graphene nanoribbons (simulation58,59) and graphene (experiment and 
simulation47–50). b, Carrier mobility versus nanoribbon width at low electric fields from simulations60,61 and experiments (open62 and full45 stars). Data for 
large-area graphene are also shown1,47,48. c, Electron drift velocity versus electric field for common semiconductors (Si, GaAs, In0.53Ga0.47As), a carbon 
nanotube (simulation57) and large-area graphene (simulation63,64).

Figure 6 | Structure and evolution of graphene MOSFETs. a, Schematics of different graphene MOSFET types: back-gated MOSFET (left); top-gated 
MOSFET with a channel of exfoliated graphene or of graphene grown on metal and transferred to a SiO2-covered Si wafer (middle); top-gated MOSFET 
with an epitaxial-graphene channel (right). The channel shown in red can consist of either large-area graphene or graphene nanoribbons. b, Progress in 
graphene MOSFET development1,52,69,73 compared with the evolution of nanotube FETs78,98–100.
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PTOLEMY-G3
Detector configuration

DM 

Graphene  
FETs 

~100 V 

Microcal 
(for big hops) 

Electron 
Trajectory 

(in vacuum) 

E-Field 
vDM ~220 km/s 

xy

z

FET-to-FET hopping 
trajectory 

▸ Scaling up ∼mm to ∼cm
▸ Stacked planar arrays of

G-FETs
1kg ∼ 1010cm2 ∼ 109 cm3

Individually vacuum-sealed
wafers
Cryogenically cooled (4.2K)
Cryopumping of gas
contaminants on G3 surface
- no line-of-sight trajectories
Low mass substrates with
ALD dielectric
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PTOLEMY-G3
Readout

▸ Switched Capacitor Array
Readout (DRS-style)

▸ G-FET “capacitors” compared
against threshold,
time-multiplexed in a token ring
and digital output barrel shifted
out

▸ Caps are reset following each
read

▸ Number of transistors in
PTOLEMY-G3 comparable to a
single Intel G4 processor

xy

z

Reset 

Comp 

Clock 
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PTOLEMY-G3
Backgrounds

▸ With an area per plane of 106 cm2, the overburden of cosmic-ray
muon flux is an important concern for dead-time associated with
a cosmic-ray veto Ð→ move to Gran Sasso (LNGS)

▸ “Any incident particle with sufficient energy to eject a valence
electron can in principle pose a background” Ð→ high
radio-purity wafer-level fabrication

▸ Low background contamination lithography has been
demonstrated, e.g. Jastram et. al, 2015. NIM A: 772:14-25.

▸ Main irreducible background: 14C decay in the graphene
▸ Ultra-low ratio 14C/C graphene growth Ð→ Push forward on the

landmark work done for Borexino (source identified)
▸ Litherland et. al, 2005. “Low-level 14C measurements and

Accelerator Mass Spectrometry” in AIP Conference Proceedings,
vol. 785, p. 48. http://dx.doi.org/10.1063/1.2060452
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2D Targets
Rates

▸ Sensitivity exceeds an equivalent mass target of low noise (5 e-
threshold) germanium

▸ With a modest, small-scale deployment of PTOLEMY-G3, a
fiducialized volume of 103 cm3 will search down to σ ∼ 10−33 cm2

at 4 MeV in one year, uncovering a difficult blind spot
inaccessible to current experiments

Differential rate for a 100 MeV DM particle
scattering off an electron in graphene with
σe

Background-free 95% C.L. sensitivity for
graphene 1-kg-year (black) and 103 cm3

(104 cm2) (orange)
Alfredo D. Ferella | The PTOLEMY-G3 experiment - IDM 2018 - July 23, 2018
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Current status
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G-FET fabrication

PMMA	
Graphene	

SiO2/P++Si	
E-beam	lithography		
pattern	metal	contacts	

Graphene	

SiO2/P++Si	

Graphene	

SiO2/P++Si	

Ti/
Au	

Ti/
Au	

Metal	Evaporation		 Negative	E-beam	resist		
lithography	pattern	GNs	

Graphene	

SiO2/P++Si	

Negative	E	beam	resist	

Graphene	

SiO2/P++Si	

Graphene	

SiO2/P++Si	
Oxygen	Plasma	
etch	graphene	

50nmX3.5um	
GN	

E-beam	lithography	process:	

GNs	array:	
10nm	to	100nm	 10	GNs	(50nm)	
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G-FET characterisation

Graphene	Nanoribbon	bottom	gate	FETs	are	
fabricated		on	SiO2/Si	(p++).		
GN	width:	sub	10nm,	20nm,	30nm,	50nm,	
80nm.	
GN	FETs	are	measured	under	room	
temperature,	77K,	and	4K.	

S	 D	

GN	properties	measurement	setup	
Electronic	Engineering	Department,	Princeton	Uni		

Alfredo D. Ferella | The PTOLEMY-G3 experiment - IDM 2018 - July 23, 2018



21

PTOLEMY
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The PTOLEMY experiment
Cosmological Neutrino Background (CNB) direct detection

Phase program:
1. Move the “PTOLEMY Prototype” from Princeton to LNGS and run it to test the

technology
2. Build and run PTOLEMY in “Dark Matter mode” while preparing the tritium source
3. Run the full PTOLEMY experiment for the CNB program

Alfredo D. Ferella | The PTOLEMY-G3 experiment - IDM 2018 - July 23, 2018
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Conclusions
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Conclusions
... and perspectives

▸ Single-electron sensitivity Graphene FETs has the potential to
open new possibilities for light DM scattering experiments

▸ R&D for PTOLEMY lends itself to develop a “null”
low-background high Graphene capacity experiment to explore
light DM with a unique sensitivity to directionality and therefore
modulation of the DM signal

▸ The PTOLEMY phase strategy will allow this soon: space
already allocated at LNGS (waiting for final approval)

▸ First G-FET fabrication and characterisation tests successful
▸ Other R&D on the PTOLEMY technology are ongoing.
▸ Plan to move the prototype to LNGS after the summer and start

commissioning right after its (quick) re-assembly
▸ 2019 will be THE YEAR!
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