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 Three-dimensional topological insulators are characterized by the presence of a bandgap in their 

bulk and gapless Dirac fermions at their surfaces. New physical phenomena originating from 

the presence of the Dirac fermions are predicted to occur, and to be experimentally accessible 

via transport measurements in suitably designed electronic devices. Here we study transport 

through superconducting junctions fabricated on thin Bi 2 Se 3  single crystals, equipped with a 

gate electrode. In the presence of perpendicular magnetic fi eld B, sweeping the gate voltage 

enables us to observe the fi lling of the Dirac fermion Landau levels, whose character evolves 

continuously from electron- to hole-like. When  B     =    0, a supercurrent appears, whose magnitude 

can be gate tuned, and is minimum at the charge neutrality point determined from the Landau 

level fi lling. Our results demonstrate how gated nano-electronic devices give control over 

normal and superconducting transport of Dirac fermions at an individual surface of a three-

dimensional topological insulators.         
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 T
he classifi cation of crystalline solids in terms of their elec-
tronic properties as metals and insulators is one of the early 
successes of quantum mechanics. Metals are those materials 

in which a fi nite density of states at the Fermi energy enables elec-
trons to move freely, and to conduct electricity. On the contrary, 
when the Fermi energy lies in an energy gap with no electronic 
state available, electrons cannot propagate, causing the insulating 
behaviour. Remarkably, it has been recently discovered 1,2  that this 
long-established classifi cation is incomplete: topological insulators 
(TIs), realized in compounds with very strong spin – orbit interac-
tion, represent a third class of materials, possessing an energy gap 
in their bulk — similarly to insulators — and electronic states that 
remain ungapped — such as in a metal — at their surfaces. 

 Th e nature of the surface states in TIs depends on their dimension-
ality. In two-dimensional (2-D) TIs, they consist of one- dimensional 
helical modes propagating at the system edges 1,2 , whose existence has 
been revealed in transport experiments 3,4 . In the three-dimensional 
(3-D) case, the surface states are 2-D gases of Dirac fermions 5 – 9 . 
Following theoretical predictions 6,9 , Dirac fermions have been 
observed in several bismuth-based materials in angle-resolved 
photoemission experiments 10 – 12  and scanning tunnelling spectros-
copy 13,14 . Contrary to the 2-D case, however, for 3-D TIs probing 
and controlling Dirac fermions in transport measurements 15 – 19  is 
diffi  cult, because a large parallel conductance originating from bulk 
states is usually present 18,20 – 23 . Th is hinders the use of nano- fabricated 
devices based on 3-D TIs, which is essential to gain control over the 
Dirac fermions and to probe some of their most unique properties. 

 Here we study transport through thin ( ~ 10   nm) Bi 2 Se 3  layers 
exfoliated from single crystals and transferred onto (doped) Si / SiO 2  
substrates functioning as gates, and we show that the ability to 
modulate the carrier density is a powerful tool to investigate Dirac 
surface fermions. As superconductor / TI junctions are of interest 
for the investigation of so-called Majorana fermions 24,25 , the Bi 2 Se 3  
layers were contacted with two closely separated Al / Ti supercon-
ducting electrodes ( T   c   ~ 1   K;  Fig. 1 ), enabling us to investigate in a 
same device the normal state transport at high magnetic fi eld  B , and 
the possibility to gate-control induced superconductivity at  B     =    0.  

 Results  
  Gate-tuned Shubnikov-de Haas oscillations of Dirac fermions   .   We 
realized several similar devices and here we discuss data measured on 
one of them that are representative of the overall behaviour observed 
(data from the other devices are shown in  Supplementary Note 1 ). We 
fi rst discuss the dependence of the normal state resistance measured 
at  T    =     4.2   K on gate voltage  V   g   and magnetic fi eld  B , focusing on 
the qualitative aspects of the data, which are suffi  cient to conclude 
that Dirac surface fermions are present and can be gate controlled. 
Th e sample resistance is  R     =    70    Ω  and shows a 15 – 20 %  variation 
when  V   g   is swept from     −    80   V to     +    50   V, roughly symmetrical with 
respect to  V   g   

 CN    ~     −    10   V ( Fig. 2a ). Th is non-monotonic dependence 
is a manifestation of ambipolar transport involving both electrons 
and holes, and indicates that the Fermi level at the Bi 2 Se 3  surface is 
located in the gap between valence and conduction bulk bands 26,27 . 

 With increasing  B , the resistance also increases, reaching values 
close to 1   k  Ω  at 15   T ( Fig. 2b ). Oscillations periodic in  1 / B  are clearly 
visible ( Fig. 2c ), as it is characteristic for the Shubnikov-de Haas 
(SdH) eff ect 28  ( Fig. 2b ). Th e oscillations are gate-voltage-dependent 
and disperse in opposite directions when  V   g   is swept across  V   g   

 CN  , 
which indicates that the character of the charge carriers changes 
from electron ( V   g      >     V   g   

 CN  ) to hole ( V   g      <     V   g   
 CN  ). Th ese oscillations are 

not present when the magnetic fi eld is applied parallel to the surface 
of the Bi 2 Se 3  fl ake ( Supplementary Note 2 ). Additional information 
can be obtained if the amplitude of the oscillations is enhanced by 
looking at the quantities     −     d  2  R  /  dB  2 ( B ,  V   g  ) and     −     d  2  R  /  dV   g   

2 ( B ,  V   g  ) 
( Fig. 3a,b  respectively) or by subtracting the positive magnetoresist-
ance background ( Supplementary Note 3 ). Th e two methods give 

fully consistent results, and here we focus on the discussion of the 
second derivative, which is free from any possible arbitrariness asso-
ciated to the background subtraction.  Figure 3a  shows that — next to 
the oscillations dispersing with  V   g   — features that do not depend on 
gate voltage are also present. Th ese features are also periodic in  1 / B : 
indeed the Fourier spectrum of the data plotted versus  1 / B  ( Fig. 3c ) 
shows a peak dispersing with gate voltage as well as a peak whose 
position is  V   g  -independent. Interestingly, at  V   g      =    0   V the frequency 
of the two peaks — the one dispersing with gate voltage and the  V   g   —
 independent one — are nearly the same. 

 Th ese observations give clear indications as to the nature of 
the electronic states that are involved. Finding an electron-to-hole 
crossover that occurs in a small gate voltage range ( ~ 10   V)  — which 
corresponds to a rather small amount of accumulated charge (few 
times 10 11    cm     −    2 ) — implies that the electronic states responsible for 
the SdH oscillations cannot be in the bulk band of the material. As 
the bulk bands are separated by a gap of  ~ 300   meV 12 , crossing over 
from electron to holes would require a change in gate voltage that is 
well more than one order of magnitude larger. A continuous cross-
over from electron to hole SdH is known to occur (and has been 
observed) only in gapless systems of chiral fermions (for example, 
graphene or bilayer graphene 29 ). Indeed gapless Dirac fermions are 

P++ Si wafer

SiO2

  Figure 1    |         Electrostatically gated devices based on a 3-D TI. ( a ) Optical 

microscope image of a thin layer of Bi 2 Se 3  on a Si / SiO 2  substrate, produced 

by exfoliation of a single crystal. The thickness is estimated to be  ~ 10   nm, 

from measurements carried out with a  Keyence   microscope  equipped 

with a laser interferometer. ( b ) Optical microscope image of the same 

layer with three Al / Ti (75 / 5   nm) contacts, forming two superconducting 

junctions. The contact separation  L  is  ~ 400   nm; the width  W  of the two 

junctions is  ~ 3.2 and 2    μ m, respectively, (all data shown in this paper have 

been obtained from the junction formed between the central and the left 

electrode; the other junction shows an essentially identical behavior). Scale 

bar, 2    μ m. ( c ) Schematic representation of the complete device, with the 

degenerately doped silicon wafer functioning as a gate (the SiO 2  thickness 

is  ~ 300   nm). A family of Dirac fermions resides on each surface of the 

Bi 2 Se 3  layers, represented by the so-called Dirac cones.  
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known to be present at the surface of Bi 2 Se 3  (refs   9,12 – 14). Th e elec-
tron-to-hole crossover as a function of gate voltage that we observe 
in the SdH oscillations, therefore, is a clear indication of the pres-
ence of Dirac fermions in our devices. It also confi rms, as it was 
already concluded from the observation of ambipolar transport at 
 B    =    0    T, that the Fermi level at the surface is inside the gap of the 
bulk bands of Bi 2 Se 3 . 

 Th e conclusion that Dirac fermions are responsible for the  V   g  -
dependent SdH oscillations also explains the presence of SdH oscilla-
tions with a  V   g  -independent frequency. In fact, Dirac fermions are not 
only present on the bottom surface of the Bi 2 Se 3  fl ake but also on the 
top surface. As this top surface is further away from the gate electrode, 
it is electrostatically screened by carriers that are accumulated on the 
bottom surface and by states that are present in the  ‘ bulk ’  of the fl ake 
(see below). Accordingly, sweeping the gate voltage does not lead to a 
change in the carrier density on the top surface, and the frequency of 
the SdH oscillations associated to these carriers is constant. Th e fi nd-
ing that at  V   g      =    0   V, the  V   g  -independent and the  V   g  -dispersing oscil-
lations have roughly the same frequency can be explained naturally, 
as when no gate voltage is applied the two surfaces of the Bi 2 Se 3  fl ake 
host approximately the same carrier density. Th is fi nding could not be 
explained if the two families of SdH oscillations had diff erent origin. 
We conclude that the presence of surface Dirac fermions at the sur-
face of Bi 2 Se 3  explains all the qualitative aspects of our observations —
 continuous evolution from electron to hole SdH, the presence of two 
families of SdH with diff erent response to the gate voltage and hav-
ing the same frequency at  V   g      =    0   V, and the observation of ambipolar 
transport. No other known scenario can account for these fi ndings.   

  Bulk contribution to the magnetoresistance   .   Having established 
the presence of Dirac surface fermions from qualitative aspects of 
the data only is important, because it ensures that this conclusion 
does not depend on any specifi c assumption that needs to be made 
to interpret detailed aspects of the data quantitatively. To proceed 
with such a more quantitative analysis, we fi rst note that in our 

devices another transport channel in parallel to the surface states 
is present, which gives a dominant contribution to the meas-
ured conductance. Indeed, the device resistance — approximately 
70    Ω  — is much smaller than what can be expected from the pres-
ence of surface Dirac fermions alone. To estimate the conductivity 
of Dirac fermions, a carrier mobility   μ   of 1000 – 2000   cm 2    Vs     −    1  can 
be taken, corresponding to the best values reported in the literature 
for Bi 2 Se 3  (refs   26, 27; see also below). We then fi nd that, at high 
gate voltage, the parallel conductivity is almost 10 times larger than 
the surface conductivity ( Supplementary Note 4 ). Th e surface Dirac 
states therefore coexist with other states in the system present inside 
the Bi 2 Se 3  fl ake, at the same energy (that is, inside the gap between 
bulk conduction and valence band). We attribute the origin of these 
states to the presence of an impurity band 21  caused by the disorder 
present in Bi 2 Se 3 , which is known to be large even in the best crys-
tals. Indeed, a rather large density of states inside the gap, coexisting 
with the surface Dirac fermion states, is reproducibly seen in scan-
ning tunnelling spectroscopy experiments 14,30 . 

 Th e density of states  �   Bulk   coexisting with the Dirac surface states 
can be estimated by comparing the density of charge extracted 
from the SdH frequency  B   F   with that obtained from the known 
capacitance to the gate voltage. At  V   g      −     V   g   

 CN      =        −    70   V, for instance, 
the frequency of the SdH oscillations corresponds to a density  n    = 
B   F   e / h     =    1.05 × 10 16    m     −    2 , whereas  C(V   g      −     V   g   

 CN  )    =    5.1 × 10 16    m     −    2 . Th e dis-
crepancy is only apparent, because with changing  V   g   charge is accu-
mulated near the surface on a depth given by the Th omas – Fermi 
screening length (  λ    TF   ~ 3 – 4   nm) and the occupation of states in the 
impurity band reduces the density of Dirac fermions  n   Dirac  ( V   g  ) to (only 
a fraction of the accumulated charge occupies Dirac fermion states):  
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      Figure 2    |         Gate voltage and magnetic fi eld dependence of the normal state resistance. ( a ) Gate voltage dependence of the normal state resistance. 

The maximum at  V   g   ~     −    10   V, provides a fi rst indication of ambipolar transport. The  V   g   dependence originates from the modulation of the conductivity of 

the surface close to the gate, and can be quantitatively described as   δ    σ ( V   g  )    =     n   Dirac  ( V   g  ) e μ   ( n   Dirac  ( V   g  ) is given by  equation (1 ) with   μ      =    2500   cm 2    Vs     −    1  (inset 

of panel ( a ): the yellow line corresponds to the calculated  δ   σ ( V   g  )). ( b ) Full dependence of the resistance on  V   g   and magnetic fi eld  B  (the measurements 

are performed by sweeping  V   g   at fi xed  B , for different values of  B ). As a function of  B  the resistance increases approximately linearly, exhibiting clear 

oscillations that are enhanced by deriving the data with respect to either  V   g   or  B . ( c ) Oscillations in     −     d  2  R  /  dB  2  ( V   g      =        −    62   V), periodic in  1 / B  as it is typical 

for the SdH effect (for small oscillations superimposed on a slowly varying background     −     d  2  R  /  dB  2  has the same phase as the oscillations in the resistance 

itself). All data shown in this fi gure were measured at 4.2   K.  
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  with  n   Tot      =     C | V   g      −     V   g   
 CN  | /  e  and  �   F      =    5 10 5    m / s ( Supplementary Note 5 ). 

By imposing that at  V   g      =        −    80   V  n   Dirac  ( V   g  ) coincides with the den-
sity extracted from the fan diagram, we obtain  �   Bulk   λ   TF      =    3.6 
10 13    cm     −    2    eV     −    1 , corresponding to  �   Bulk   ~ 7 10 19    cm     −    3    eV     −    1 , comparable 
to literature estimates for similar crystals 21 . We can then use  equa-
tion (1)  to calculate the frequency of the SdH oscillations for all 
values of  V   g  ,  B   F  ( V   g  )    =    ( h  /  e ) n   Dirac  ( V   g  ), and we fi nd quantitative agree-
ment with the position of the peak in the Fourier spectrum with no 
adjustable parameters (blue line in  Fig. 3c ).  Equation (1)  also natu-
rally reproduces the  V   g   dependence of the conductivity (  δ    σ ( V   g  )) 
at  B     =    0. Th e inset of  Fig. 2a  shows that   δ    σ ( V   g  )    =     n   Dirac  ( V   g  ) e μ   is in 
excellent agreement with the measured data with   μ      =    2500   cm 2    Vs     −    1 . 
Th is value is comparable, but slightly higher, than what has been 
reported previously for Bi 2 Se 3  surface states 26,27 ; when inserted in 
the criterion for the occurrence of SdH oscillations,   ω    c    τ      =      μ B  ≥ 1 
(ref.   28), it gives  B  ≥ 4T, which agrees with experiments (oscillations 
due to top- surface Dirac electrons start at approximately half this 
fi eld — implying   μ   ~ 5000   cm 2    Vs     −    1  — probably because contact with 
SiO 2  slightly reduces   μ   at the bottom surface).   

  Landau levels for Dirac fermions   .   We now proceed to discuss the 
indexing of the Landau levels responsible for the SdH. For massless 
Dirac fermions, when  n    =    (N    +    1 / 2) B / (h / e) , the  N   th   LL is completely 
fi lled and the Fermi energy is located in between the  N   th   and the 
( N    +    1)   th   LLs (here  n  is the density of surface Dirac fermions,  N  the 
integer LL index and  B / (h / e)  is the LL degeneracy 29 ). A quantitative 
interpretation of the data measured in our samples, however, 
requires an assumption to be made: it is  a priori  unclear whether 
maxima or minima of the measured oscillations correspond to hav-
ing completely fi lled LLs at the surface, because both conductance 

of the Dirac fermions and parallel conductance depends on mag-
netic fi eld. As the background conductance is 10 ×  larger than the 
conductance of the surface states, its contribution to the oscillations 
is likely to dominate. We therefore assume that the dominant con-
tribution to the magnetoresistance oscillations is due to the back-
ground conductance itself, which is modulated by the formation 
of surface LLs. Specifi cally, with the fl ake being only 10   nm thick, 
carriers responsible for the background conductance are strongly 
coupled to the surface states (this is indicated by the fact that the dif-
fusion constant of these carriers and of the Dirac surface fermions 
is approximately the same, as discussed in  Supplementary Note 4 ). 
When the Fermi level at the surface is inside (in between) LLs, the 
density of states at the Fermi energy associated to the surface LLs 
has a maximum (minimum), so that carriers responsible for the 
background conductance have maximum (minimum) probability to 
scatter, and the background resistance is also maximum (minimum; 
in other words, the formation of surface LLs modulates the diff usion 
constant of the carriers responsible for the background conduct-
ance). On this basis, we index the LLs by taking resistance minima 
in the oscillations (as illustrated by the white dashed lines in  Fig. 3a ) 
and plot the index  N  as a function of  1 / B . For massless Dirac fermi-
ons  N nh e B= −/ 1 1

2
  , that is, the LL index  N  scales linearly with 1 /  B , 

and extrapolates to  – 1 / 2 for  1 0B →   . 
 Th e analysis of the value of  N  extrapolated from the actual data 

through a linear fi t  N a bB= +1    is shown in  Fig. 4 , for all values of gate 
voltage for which the quality of the SdH oscillations is suffi  cient to 
perform the quantitative analysis ( V   g   between     −    80 and     −    40   V for 
holes and between     +    15 and     +    50   V for electrons  ). For the diff erent 
values of  V   g  , we fi nd that the extrapolation  b  indeed fl uctuates close 
to  – 0.5, and the average of  b  over the entire gate voltage range is 
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      Figure 3    |         Fan diagram of Landau levels of Dirac electrons and holes. ( a ) Plot of     −     d  2  R  /  dB  2  (in arbitrary units) as a function of  B  and  V   g   (fan diagram). 

The features dispersing with  V   g   originate from the formation of Landau levels of Dirac fermions on the bottom surface of the Bi 2 Se 3  crystal. Features 

with a  V   g  -independent position are associated to Landau levels on the top surface. The white dashed lines (and the numbers indexing the LLs) indicate 

the condition for the Fermi level to fall between two Landau levels for holes on the bottom surface (see discussion in the main text). They correspond 

to  B n h e N= +( )( )( / ) /1 1
2

   ( n  is the density of Dirac holes), as expected for Dirac fermions. A similar indexing also works for electrons (i.e., positive gate 

voltage). ( b )     −     d  2  R  /  dV   g   
2  plot showing dispersing features corresponding to those observed in the     −     d  2  R  /  dB  2  plot (the  V   g  -independent features disappear 

when taking the  V   g   derivative). An asymmetry between electrons and holes at high magnetic fi eld — already visible in the —  d  2  R  /  dB  2  plot — is present, which 

is likely to originate from the opening of a small Zeeman gap 16 , which shifts the position of the zero-energy LL to either positive or negative energies 

depending on the sign of the  g -factor. ( c ) Fourier spectrum of     −     d  2  R  /  dB  2 , as a function of  V   g   and frequency  B   F  . From the position maxima in the spectrum we 

extract the density of carriers according to the relation  n     =     B   F   e / h . Again, the features dispersing with  V   g   originate from Landau levels of Dirac fermions on 

the bottom surface, and the  V   g  -independent features (pointed to by the red arrow), from states on the top surface. At  V   g       =     0   V, the peaks of the dispersing 

and non-dispersing features occur approximately at the same frequency, implying that the density of electrons on the two surfaces of the crystal are also 

the same. The blue line is the frequency of the SdH oscillations calculated using  equation (1)  ( B   F       =    n   Dirac   (V   g   )h / e ) with no free parameter, in good agreement 

with the gate dependent position of the (broad) peak in the Fourier spectrum.  
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 〈  b  〉     =        −    0.4    ±    0.1 as expected for massless Dirac fermions 29 . Despite 
requiring an assumption (that is, that the oscillations are dominated 
by the conductance in parallel to that of the Dirac fermion states), 
this analysis is important because it shows that a simple physical 
scenario exists that is based on what has been established about our 
system (presence of surface Dirac fermions and of a large parallel 

conductance) and is capable of accounting for our observations 
quantitatively, in an internally consistent way.   

  Gate-tuned supercurrent through surface states   .   Measurements at 
 B     =    0 and  T     =    30   mK, with the Al / Ti electrodes in the superconduct-
ing state ( T   c   ~ 1   K), show that the ability to gate-control the device 
is also essential to establish that the Dirac fermions contribute to 
mediate the superconducting correlations induced by the con-
tacts. In the measured diff erential resistance, a large suppression 
is observed when the bias is decreased below twice the supercon-
ducting gap ( Fig. 5a ), a distinctive signature of Andreev refl ection, 
indicating the high transparency of the contacts 31 . At zero bias, a 
supercurrent is present ( Fig. 5b ), with critical current  I   c   ~ 200   nA. 
It is apparent that the critical current depends on the gate voltage, 
and that it has a minimum in correspondence of the charge neutral-
ity point extracted from the LL fan diagram. Th is fi nding shows the 
ambipolar character of the supercurrent, and makes clear directly 
from the experimental data that at least part of the supercurrent is 
carried by either Dirac electrons or holes at the bottom Bi 2 Se 3  sur-
face (and not only by the carriers in the bulk states). By enabling 
to separate the contributions of the surface and bulk channels to 
superconducting transport, gate control of supercurrent certainly 
provides an eff ective tool for the investigation of proximity eff ect 
in 3-D TIs (whose complete understanding — for example, the very 
small  R   n   I   c   product,  ~ 15    μ V    �    2 Δ   / e   ~ 300    μ V —  Fig. 5c  — goes beyond 
the scope of this paper).    

 Discussion 
 Our experiments clearly show how the use of a gate electrode to 
tune the surface density of charge carriers is a very eff ective tool to 
identify and explore the contribution to transport of surface Dirac 
fermions in devices based on 3-D TIs. Th e possibility to tune the 
carrier density electrostatically, for instance, enables the observa-
tion of Dirac electron and hole transport in a single device, mak-
ing it possible to control the fi lling of their Landau levels. It also 
allows the identifi cation of transport properties associated with the 
two opposite material surfaces, owing to their diff erent electrostatic 
coupling to the gate electrode. Finally, it is crucial to establish that 
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and     +    15   V, the oscillations are not suffi ciently pronounced to perform the 

analysis). The data show that  b  fl uctuates close to      −    1 / 2  (and not around 

 0 ). Consistently, the average of  b  over gate voltage is  〈  b  〉     =        −    0.4    ±    0.1.  
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    Figure 5    |         Gate-tunable supercurrent. ( a ) Differential resistance of the junction in the superconducting state ( B     =    0,  T     =    30   mK), as a function of bias 

voltage  V  ( V   g      =        +    50   V). A large decrease is seen upon lowering  V  below 2 Δ   / e   ~ 300    μ eV, due to Andreev refl ection (the sharp feature around  V     =    0 

originates from the presence of the supercurrent; the origin of the split peak at  V  ~ 2 Δ   / e  is currently unknown). ( b ) Junction  I-V  curves showing a gate-

tunable supercurrent. The critical current exhibits a minimum at  V   g   ~     −    10   V, corresponding to the  V   g   value at which the maximum of the normal state 

resistance occurs. ( c )  R   n   I   c   product of the junction obtained using for  R   n   the measured normal state resistance. Its value ( ~ 15    μ eV) is about 20 times smaller 

than expected ( R   n   I   c   ~ 2 Δ  /  e  ~ 300    μ eV).  
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Dirac fermions are capable of mediating superconducting correla-
tions induced by the contacts, a conclusion drawn directly from the 
experimental data that — in the presence of a large parallel contri-
bution to transport — would be diffi  cult to draw in any other way. 
It appears from our experiments that the quality of the BiSe-based 
3-D topological materials currently available would greatly benefi t 
from considerable improvements, which should aim at decreasing 
the amount of states present in the bulk bandgap of the crystals and 
at increasing the carrier mobility. Nevertheless, even with the quality 
of the existing materials, performing new and interesting transport 
experiments, to investigate the physics of Dirac surface fermions is 
certainly possible. Th ese experiments should address, among other, 
the detailed behaviour of the Dirac fermions as a function of the 
crystal thickness 32,33  — where ARPES experiments have shown an 
interesting dimensional crossover to occur 34  — and the nature of 
proximity eff ect 24,25 , both of which currently remain phenomena 
virtually unexplored experimentally.   

 Methods  
  Growth of Bi 2 Se 3  single crystals   .   Single crystals of Bi 2 Se 3  were grown by a 
fl oating zone method. Bismuth and selenium were weighted in stoichiometric 
ratio and sealed under vacuum ( ~ 10     −    3    mbar) in quartz ampoules. According to 
the Bi – Se phase diagram, Bi 2 Se 3  has a congruent melting point at 705    ° C 35 . To 
synthesize the compound, the mixture of elements was heated up to 750    ° C, kept 
at this temperature for 12   h and then quenched to room temperature. To assure 
a better mixing of the elements, during the isothermal time in the liquid state, 
the ampoule was shaken and rotated. Th is procedure was repeated three times. 
Finally the ampoule was heated up to 820    ° C for 24   h and slowly cooled down to 
room temperature. At the end of this procedure, the sample was already formed by 
large single domains of good quality, suggesting a high growth rate for Bi 2 Se 3 . Th e 
sample was then crushed into small pieces and sealed inside a quartz ampoule with 
5   mm of inner diameter and a conical bottom, which was vertically mounted in a 
homemade 2-lamp furnace. Th e sample was moved downwards through the hot 
zone at a speed of  ~ 0.33   mm   h     −    1 , starting from the apex of the conical tip. In this 
way a single crystal started to grow in the tip. Th e ampoule was kept rotating all 
the time to avoid lateral thermal gradient. Th e advantage of the fl oating zone over 
other growth techniques consists in the large temperature gradient at the growth 
interface, the low travelling velocity, and the fact that the growing composition is 
prevented from local fl uctuations in the melt composition. Th ese diff erences can 
account for a diff erent structural quality of the crystals — and in particular a lower 
density of defects — as compared with that of existing materials grown by diff erent 
techniques. Large (1 – 10   mm size) crystals were cleaved from the solid rod formed 
inside the quartz. Th e high crystalline quality of the crystals was confi rmed by 
X-ray diff raction that shows a single phase, single index diff raction pattern and 
narrow rocking curves. Th e cell parameters were found to be in good agreement 
with those reported in the literature.   

  Device fabrication   .   Th in layers of Bi 2 Se 3  were obtained by exfoliation of single 
crystals using an adhesive tape, while monitoring the process under an optical 
microscope, similarly to what is carried out to extract graphene from graphite 36 . 
Th e layers were transferred onto a degenerately doped Si substrate (functioning 
as a gate electrode) covered with a 300-nm layer of thermally grown SiO 2  (gate 
insulator), simply by pressing the adhesive tape onto the substrate. Most layers 
produced in this way appeared to be shiny when observed under the microscope, 
corresponding to a large thickness (several tens of nanometres or more). In few 
cases, however, thinner layers (characterized by a darker colour) were also found 
(the thinnest layer that we observed had a thickness of approximately 4   nm). Th ese 
thinner layers were selected for the fabrication of devices. Compared with graph-
ene, producing very thin Bi 2 Se 3  layers is considerably more diffi  cult because Bi 2 Se 3  
is more brittle than graphite, and the material tends to easily break into very small 
pieces during the exfoliation process. Devices were fabricated by conventional 
nano-fabrication techniques: electron-beam lithography was used to generate the 
contact pattern, and electron-beam evaporation followed by lift -off  was used to 
defi ne the Al / Ti (75 / 5   nm) electrodes.   

  Electrical measurements   .   Th e devices were cooled down using either a  Kelvinox  
 400 dilution refrigerator  or a He3 insert, mounted into a cryostat equipped with 
a 15   T superconducting magnet, and measured in the range between 30   mK and 
250   K. Th e dilution refrigerator contained copper powder fi lters at the mixing 
chamber stage, necessary to observe a fi nite supercurrent (all wires were also  π -
fi ltered at room temperature). Th e electrical characteristics were measured using a 
lock-in technique (magnetotransport), dc I-V curves (supercurrent measurements) 
or a combination of the two (bias dependent diff erential resistance measurements). 
Th e charge density in the devices was controlled by applying a gate voltage to the 
p-doped silicon substrate.   

  Temperature dependence of the resistance   .   As characterization of the Bi 2 Se 3  
crystals used in our experiments, we have measured the temperature dependence 
(from 250 to 4.2   K) of the resistance for two devices fabricated as described in 
Section 2, and compared the results to measurements reported in the literature. 
Th e two devices were fabricated using nearby layers ( ~ 100    μ m apart) found on a 
same substrate, implying that they originate from a same region of the starting bulk 
Bi 2 Se 3  crystal. Th e thickness of one of the layers was  ~ 4   nm (as estimated using a 
Keyence microscope equipped with a laser interferometer) and that of the other 
was  ~ 10   nm. Th e temperature dependence of the resistance is shown in  Supple-
mentary Figure S1  (unfortunately the 4-nm device broke early aft er starting the 
experiments). Although both layers were rather highly conducting (  ρ   ~ 1   m Ω  cm, 
in the range reported in the literature 20 – 23 ), the thinnest one was found to exhibit 
a weak insulating temperature dependence (resistance slightly increasing with 
lowering  T ), whereas in the thicker one the resistance decreased with lowering 
 T . Th is diff erence may indicate the opening of a gap in the surface states due to 
hybridization of the Dirac bands on opposite surfaces, which for a 4-nm thickness 
should lead to a gap of about 10   meV (for a 10-nm thickness the gap is predicted to 
be negligible). 

 Th e large conductivity observed in nominally undoped Bi 2 Se 3  is usually attrib-
uted to the presence of unintentional electron doping 21 , which pins the Fermi level 
inside the bulk conduction band. Our gate-dependent studies, which exhibit the 
charge neutrality point at only approximately     −    10   V, show that our devices are also 
slightly electron doped. Nevertheless, the gate voltage dependence of the resistance 
also indicates that, contrary to what is most frequently reported in the litera-
ture 20 – 23 , in our thin layers, the Fermi level at the surface is not located in the bulk 
conduction band, but is located inside the gap. Note that from the Fourier trans-
form of the SdH oscillations we can conclude that the density of surface carriers 
at  V   g      =    0   V is approximately the same on the two surfaces (see main text), implying 
that the Fermi level is inside the gap of the bulk bands also at the surface far away 
from the gate. As the Th omas – Fermi screening length is not much smaller than the 
thickness of the crystal, we conclude that the Fermi level is inside the gap through-
out the thickness of our devices. Note that, even though the observed behaviour 
is diff erent from that reported from studies of transport through bulk crystals, it 
is in line with the observation reported by Steinberg  et al.  26  who studied transport 
through gated exfoliated fl akes; their devices are comparable but somewhat thicker 
than ours — the thinnest fl ake reported in (ref.  26 ) is approximately 16   nm thick). 

 As in our devices the Fermi level is located in the bulk gap, the electrical 
conductance that we measure is mediated by both the surface Dirac fermions, and 
by carriers occupying states in the impurity band inside the gap, whose presence is 
established in the literature. Th e impurity band originates from defect states with a 
large Bohr radius — about 4 – 5   nm, owing to the large relative dielectric constant of 
the material;  ε  ~ 110 (ref.   21). Th is large radius causes a strong overlap of the impu-
rity states, as well as a strong overlap of the impurity states with the surface Dirac 
fermion states (the Bohr radius of the impurity states is also comparable to the 
Bi 2 Se 3  layer thickness), resulting in a high conductivity in the impurity band. Th e 
large value of   ε   also suppresses Coulomb eff ects, which are usually the dominant 
mechanism lowering the conductivity of impurity bands, and tends to cause a more 
insulating-like behaviour through the opening of a Coulomb gap. 

 Finally, note that the density of bulk impurity band states that we have 
extracted from the data,  �   Bulk   ~ 7 × 10 19    cm     −    3    eV     −    1  (see main text), is comparable to 
the density of states of the impurity band that forms in degenerately doped silicon. 
For silicon, an impurity band (that causes the material to be conducting at very low 
temperature) develops at doping concentrations of a 3 – 4 × 10 19    cm     −    3  (ref.   37). Th e 
states responsible for this impurity band are close to either the valence or the con-
duction band (depending on the sign of the dopants), and they are distributed in a 
fraction of 1   eV (corresponding to the gap of silicon). Th e resulting density of states 
(equal to the concentration divided by this energy range) coincides with the value 
that we estimated for Bi 2 Se 3 . As mentioned above, the conductivity in the impurity 
band is much larger in Bi 2 Se 3  as compared with silicon, because of the much larger 
dielectric constant, which suppresses Coulomb gap eff ects.                                                          
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