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 An Individual Carbon Nanotube Transistor Tuned by High 
Pressure 
By Christophe Caillier, Anthony Ayari, Vincent Gouttenoire, Jean-Michel Benoit, 
Vincent Jourdain, Matthieu Picher, Matthieu Paillet, Sylvie Le Floch, Stephen T. Purcell, 
Jean-Louis Sauvajol, and Alfonso San Miguel*
 A transistor based on an individual multiwalled carbon nanotube is studied 
under high-pressure up to 1 GPa. Dramatic effects are observed, such as the 
lowering of the Schottky barrier at the gold–nanotube contacts, the enhance-
ment of the intertube conductance, including a discontinuity related to a 
structural transition, and the decrease of the gate hysteresis of the device. 
  1. Introduction 

 During the last decade, many efforts have been devoted to inte-
grate carbon nanotubes (CNT) in nano-electronic applications. 
This means not just using nanotubes collectively in networks, 
mats or composite materials, but also using individual nano-
tubes as the central components in devices. Indeed, beyond their 
nanoscale size and their huge capacity to transport current, [  1  ]  the 
particularity of CNTs compared to other bulk material is that 
they can be seen as building blocks of more complex structures, 
each individual tube having a precise function in the system. 
For example, a metallic CNT can become a quantum wire, [  2  ]  
while a semiconducting CNT can act as a fi eld effect transistor if 
gated. [  3  ,  4  ]  The gate can even be a metallic CNT. [  5  ]  This gives rise 
to many perspectives for nanotube-based logic circuits. [  6  ,  7  ]  

 Additionally, many interesting nanotube-based electrome-
chanical devices stem from their outstanding mechanical prop-
erties [  8–10  ]  among which are high resilience, high Young’s mod-
ulus and an ability to support strong bending. As well they can 
readily be used as resonators [  11–13  ]  and their electronic properties 
can be infl uenced appreciably by strain. [  14  ,  15  ]  In carbon nano-
tube-based devices, a single nanotube can even have several 
functions at the same time; for example, a radio based on one 
single nanotube serving as antenna, tunable band-pass fi lter, 
amplifi er and demodulator has been reported. [  16  ]  

 All these nanotube properties, and thus the performances of 
their devices, can be modifi ed by stress-induced strain. In this 
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context, pressure is one of the most inter-
esting parameters, since besides a linear 
change of the electronic bandgap at low 
pressure, [  17  ,  18  ]  it also induces at least two 
different transitions involving the nano-
tube cross-section [  19  ,  20  ]  that can affect the 
CNT electronic properties. [  21–25  ]  These 
pressure-induced modifi cations of the 
electronic properties have been partially 
observed by photoluminescence on individualized nanotubes [  26  ]  
and by transport measurements on nanotube networks. [  27  ]  
Though encouraging, these results do not reveal all the inter-
esting physics of the problem because they do not take into 
account the fi nal geometry of the device, where only one nano-
tube is lying in contact with metal contacts. 

 To overcome this issue, the ideal case is thus to study the 
pressure evolution of the electronic properties on one individual 
contacted nanotube, without any surfactant, in an inert pres-
sure-transmitting medium. Here we describe a setup to achieve 
such an experiment and the obtained results on an ambipolar 
transistor made of one individual contacted nanotube.   

 2. Results and Discussion 

 A scheme of the experimental setup is shown in  Figure    1   a . The 
substrate for the nanotube-device fabrication was a p +  +  doped 
silicon wafer, with a thermally grown silicon oxide layer of 
300 nm. Gold electrodes were deposited by photolithography. 
The gold patterns were 300 nm thick and contained eight elec-
trodes of 3  μ m width separated by 1  μ m. Carbon nanotubes 
were then grown directly on this substrate by chemical vapour 
deposition (CVD), with nickel particles as catalysts. As con-
fi rmed by more in-depth studies, this growth method gener-
ally gives individual nanotubes with few walls. [  28  ]  Here we will 
present the results obtained on one particular individual nano-
tube, which we will show to be at least double walled. A scan-
ning electron microscopy (SEM) image shows the typical result 
(Figure  1 c). However, no SEM was done on the present sample 
to avoid contamination. Instead, the presence of the nanotube 
was checked with a probe station, and its individual character 
was confi rmed by atomic force microscopy (AFM; Figure  1 d). 
Once the presence of the contacted nanotube was confi rmed by 
its transport properties, the chip was fi xed to the sample holder 
of the pressure chamber. Electrical contacts were made by gold 
wires and conductive epoxy polymerized at 120  ° C. The nano-
tube was contacted in a transistor geometry with two contacts 
on the source-drain electrodes (voltage  V  sd ), where the nanotube 
m Adv. Funct. Mater. 2010, 20, 3330–3335
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      Figure  1 .     a) Scheme of the experimental setup to measure the transport properties of an individual carbon nanotube under high gas pressure (see text 
for details). b) Picture of the pressure cell featuring the body of the cell (center), the plug with the capillary tube (left) and the plug with the electrical 
feedthroughs and the contacted sample holder (right). c) Typical SEM image of the central part of a gold electrodes pattern with nanotubes grown on 
top. d) AFM image of the studied nanotube, crossing the inter-electrode gap (horizontal valley). No other nanotubes were observed crossing the gap 
elsewhere. Some particles, likely inactive catalysts, are visible inside the gap. e) Profi le across the nanotube in the middle of the inter-electrode gap 
(black line in d). From this profi le the diameter of the nanotube is estimated to about 4 nm.   
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was lying and one contact on the p +  +  doped silicon substrate 
for the gate voltage ( V  g ).  

 The pressure was applied by an automated three-stage gas 
compressor Unipress GCA-10, with argon as the pressure-
transmitting medium. The sample holder was introduced inside 
a Cu–Be cylindrical pressure cell, connected to the gas com-
pressor by a capillary tube at one of its extremities, and having 
electrical feedthroughs at the other extremity (Figure  1 b). The 
pressure was measured from ambient pressure to 9.8 kbar by a 
manganin pressure gauge with a precision of about 50 bar. The 
experiment was carried out at ambient temperature. 

 The transport measurements were carried out using an auto-
mated computer program, with a National Instruments DAQmx 
6211 to apply voltages with a precision of 0.5 mV and to measure 
the current ( I  sd ) fl owing through the tube. The current was given 
by a transimpedance amplifi er Keithley 427. For the present 
sample, the current  I  sd  was proportional to the source-drain 
voltage  V  sd  for all the gate voltages  V  g . Therefore the interesting 
results were the  I  sd – V  g  characteristics for a given  V  sd . 

 The principal experimental results are shown in  Figure    2  . At 
ambient pressure (Figure  2 a), we observe an almost ambipolar 
© 2010 WILEY-VCH Verlag GmbAdv. Funct. Mater. 2010, 20, 3330–3335
ransistor characteristic with a current that is non-zero in the 
iddle of the gap. The pressure ( P ) dependence of the transport 
easurements are shown in Figure  2 b, which shows a strong 

nd monotonous dependence of the  I  sd ( V  g ) curve on  P  from 1 to 
.8 kbar. We observe a global increase of current and a symmetri-
ation of the curves. It should be noted that this evolution is almost 
erfectly reversible, as later shown in Figure  2 c and Figure  2 d.  

 In order to quantify and understand this evolution, we 
ust consider the nature of the tube that is measured. Using 
FM (Figure  1 d and 1.e), carried out after the pressure experi-
ent, the nanotube diameter was estimated to  approximately 

 nm. From this diameter, we conclude that the gap of the tube 
s either around 220 meV if it is a semiconductor (estimated 
rom tight-binding calculations [  29  ] ), or less than 2.5 meV if it 
s metallic, because of curvature effects. [  30  ]  Since 2.5 meV is 
mall compared to  kT   =  25 meV, the metallic hypothesis cannot 
xplain the strong variation of current with  V  g  observed in 
igure  2 a. On the other hand, the curves are compatible with 
 gap of about 220 meV if we assume the presence of an inner 
etallic tube to account for the non zero current at  V  g   =  1 V. 

he nanotube is thus at least double walled, which in fact is the 
H & Co. KGaA, Weinheim 3331wileyonlinelibrary.com
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      Figure  2 .     a) Current vs. gate voltage characteristics of the measured nanotube transistor at 1 kbar, with 10 mV as source-drain voltage. This curve is 
the average on  V  g  of the two hysteresis branches that are visible in Figure 3a. The transistor is ambipolar since both conduction with electron (positive 
gate voltage) and holes (negative gate voltage) are observed. This characteristic suggests that the CNT is a double wall nanotube (DWNT) in which 
the current is carried by two components: a metallic inner tube (M) and a semiconducting outer tube (S). This would be in agreement with the AFM 
measurements (Figure  1 ). See text for details. b) Pressure evolution of this characteristic from 1 kbar to 9.8 kbar. c) Pressure evolution of the resistance 
arising from the metallic component, i.e., resistance obtained by dividing the minimum current of (b) by the 10 mV source-drain voltage. A transition is 
observed at about 4.5 kbar. This transition is associated with a change of the nanotube cross-section evolution, as explained by the schemes and in the 
text. d) Pressure evolution of the semiconducting component, which is the curve of (b) minus its minimum. The transistor characteristic becomes more 
symmetric with pressure. This is confi rmed by the decrease of the curve asymmetry (difference of current between  V  g   =   + 10 V and  V  g   =  –8 V) plotted in 
inset. e) Simple scheme of the contacted nanotube indicating the path of electron fl owing in the external semiconducting nanotube and in the internal 
metallic nanotube. f) Scheme of the equivalent circuit for the two nanotubes conducting in parallel. At the minimum of conduction ( V  g  close to 1 V), the 
resistance of the semiconducting nanotube ( R  S ) is supposed to become infi nite compared to that of the metallic tube ( R  M ). g) Diagram of the electronic 
bands of the semiconducting nanotube near the gold contact. The energy difference between the conducting band of the nanotube and the Fermi level 
of the contact is the Schottky barrier height. The pressure causes this Schottky barrier height to decrease, resulting in the changes observed in (d).  
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most expected morphology for a 4 nm diameter nanotube. [  31  ]  
Actually, in this side-contacted geometry, possible inner shells 
would not play a major role in the electronic transport because 
of the inter-shell resistance. [  32  ]  This also suggests that the 
metallic tube is inside the semiconductor, as it explains the low 
metallic contribution compared to the semiconducting one. 

 With this reasoning, we fi rst studied the current fl owing 
through the metallic nanotube at different pressures by following 
the minimum of the curves in Figure  2 b. Figure  2 c shows the 
resulting resistance  R  tot  vs. the applied pressure. Following the 
schema in Figure  2 e and simple model in Figure  2 f, and since 
the semiconducting tube is not conducting at the minimum, 
 R  tot  is the sum of  R  Au–NT  ( gold–nanotube contact),  R  NT–NT  
(inter-shell resistance), and  R  M  (the intrinsic resistance of the 
metallic tube). We observe a strong, nonlinear decrease of 
the resistance, which reaches a value more than three times 
smaller at 9.8 kbar than at 1 kbar. This resistance reduction is 
divided into two regimes separated by a clear break. From 1 to 
4.5 kbar, the decrease is exponential, as shown by the straight 
line in the semi-log plot. From 4.5 to 10 kbar, the coeffi cient of 
the exponential decay is much lower. It can be approximated 
by a simple linear decrease of about  −  3.1% kbar −1 , comparable 
© 2010 WILEY-VCH Verlag Gmileyonlinelibrary.com
to the resistivity decrease obtained along the graphite  c -axis. [  33  ] . 
The observed resistance decrease differs considerably from that 
of an individual metallic tube (unpublished data), which allows 
us to exclude the possibility that the system studied here corre-
sponds to a small bundle. The observed behavior is fully revers-
ible on pressure release, as seen in Figure  2 c. 

 Let us here consider the pressure-induced mechanical transi-
tions expected for CNTs of approximately 4 nm diameter that 
may be the cause of transition in the transport behavior. Calcu-
lations [  19  ,  34  ,  35  ]  and experiments [  20  ,  36  ]  agree that the carbon nano-
tubes follow two consecutive transitions under hydrostatic com-
pression. The fi rst corresponds to a modifi cation of the carbon 
nanotube cross-section from circular to oval (called “ovalization” 
in the following). The second corresponds to the deformation 
of the carbon walls into a peanut-like cross-section, where both 
sides of the tubes are attracted to each other, leading in par-
ticular to a strong hysteresis when the pressure is released. 
This second transition, usually called “collapse,” implies a dis-
continuity in the fl attening process. Both transitions are pre-
dicted to take place at pressures that scale as 1/ d  3 , where  d  is 
the diameter of the tube, and they were actually observed in 
bundled nanotubes of 1.35 nm diameter at 23 kbar (2.3 GPa) 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 3330–3335
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      Figure  3 .     Analysis of the gate voltage hysteresis under pressure. a) Plot of 
the primary gate voltage characteristics at 1 and 9.8 kbar. This shows the 
two hysteresis branches that were averaged to obtain Figure  2 . The dis-
tance between two minima ( Δ  V  g,min ) of each curve quantifi es the hyster-
esis amplitude. b) Plot of the hysteresis amplitude ( Δ  V  g,min ) with respect 
to pressure showing a linear and almost reversible decrease.  
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and 140 kbar (14 GPa), respectively. [  20  ]  From these values and 
the 1/ d  3  law, we can predict ovalization and collapse transition 
pressures for the exterior 4 nm tube of around 0.8 and 5.4 kbar, 
respectively. In a DWNT these transitions should be pushed to 
higher pressures due to an additional mechanical support by 
the inner tube. [  37–39  ]  This supporting effect depends on the dis-
tance between the inner and outer tube. On the other hand, the 
interaction of a tube of 4 nm diameter with its substrate should 
lead to a reduction of the ovalization onset. [  40  ]  The absence of 
hysteresis during pressure release (see Figure  2 c) allows us to 
exclude the collapse of the CNT as an explanation for the transi-
tion observed at 4.5 kbar. We can then reasonably consider two 
scenarios: i) ovalization takes place at 4.5 kbar, or, ii) the initial 
inter-tube distance at ambient conditions was larger than the 
graphitic one, so as to justify an ovalization of the outer tube 
at very low pressures ( around 0.8 kbar). In such a case, the 
transition can be interpreted as the result of contact between 
the outer tube and the inner tube. Such a process is also known 
to explain the two-step pressure evolution of the G Raman 
band evolution for a double walled nanotube with a large inter-
shell distance. [  41  ,  42  ]  Moreover ovalization can explain the strong 
decrease of the resistance before 4.5 kbar through the rapid 
decrease of the intertube minimal distance. 

 From a practical point of view these results show that we 
can sensitively tune the current fl owing in the inner tube by 
applying pressure. The high sensitivity of the effect,means that 
it is of interest for pressure sensing applications, though its 
calibration may require nanotubes of determined diameters. 

 Next, in order to study the -pressure evolution of the outer sem-
iconducting shell alone, we can again plot the  I  sd – V  g  curves after 
subtraction of the metallic component. This is done in Figure  2 d, 
where we clearly see that the effect of pressure is to reduce the 
p conduction channel and enhance the n channel. This effect is 
quantifi ed in the inset of Figure  2 d, where the difference between 
the p type current and the n type current decreases from 8.5 to 
3.5 nA with a slope of  − 0.6 nA kbar –1 . The characteristic of the tran-
sistor thus evolves from rather p type to a more ambipolar type. 

 An opposite change of mobility for electrons and holes is 
excluded since their strain evolution is similar. [  43  ]  An improve-
ment of the physical contact with pressure, as described in 
Ref. [  44  ]  is also not expected since it should enhance both n and 
p channels. Instead we suggest an evolution of the height of the 
Schottky barrier that is present between the nanotube and the 
gold contacts. [  45  ,  46  ]  The decrease of the p channel (hole current) 
and the increase of the n channel (electron current) is then con-
sistent with a decrease of the Schottky barrier. 

 This pressure decrease of the Schottky barrier can actually be 
quantifi ed from our results. At ambient pressure, the Schottky 
barrier at the gold–nanotube interface can be estimated to 
300  ±  100 meV from the difference of work functions between 
gold (5.1 eV) and nanotubes (4.8  ±  0.1 eV). [  47–49  ]  Then, if we 
extrapolate the decrease obtained in the inset of Figure  2 d, we 
obtain a perfect ambipolar characteristic ( I  p   =   I  n ) at 15.4 kbar. 
At this point, the Schottky barrier is half the energy band gap of 
the nanotube, which itself is 220 meV, plus or minus 60 meV 
for its possible pressure evolution. [  17  ]  We would thus obtain a 
Schottky barrier of 110  ±  30 meV at 15.4 kbar. With this extrap-
olation, we can deduce [  50  ,  51  ]  the Schottky barrier pressure deriv-
ative in our pressure range: d  ϕ  /d P   =   − 12  ±  8 meV kbar –1 . This 
© 2010 WILEY-VCH Verlag GAdv. Funct. Mater. 2010, 20, 3330–3335
large uncertainty comes mainly from the diffi culty of perfectly 
controlling the metal-nanotube interface at the nanoscale. Such 
a stress dependence of the Schottky barrier has already been 
reported in other materials, especially in silicon nanowires as 
an explanation for their piezo-resistive effect. [  52  ]  Consistently, 
it has been predicted that the Shottky barrier at the gold–
nanotube contact should decrease with pressure. [  53  ]  The invoked 
mechanism is a hybridizing of the electronic states of gold and 
the nanotube, resulting in an equalizing of the local work func-
tions at the contacts. Our results thus support this prediction. 

 More generally, these measurements show that a pressure 
of 1 GPa can strongly change the characteristics of a transistor 
made of one individual nanotube, which can be of real interest 
for applications. In fact, 1 GPa is much less than the pressure 
that is predicted to be induced by Van der Waals interactions at 
an inter-tube cross-junction at ambient conditions. [  54  ]  Therefore, 
this kind of effect may take place in some devices and alter the 
transistor type, especially when a nanotube transistor is almost 
ambipolar, i.e., based on a small gap semiconducting nanotube. 

 As a last point, we can study the observed variation with pres-
sure of the gate hysteresis. In  Figure   3 a we plot the two hysteresis 
mbH & Co. KGaA, Weinheim 3333wileyonlinelibrary.com
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branches of the  I  sd – V  g  curve at low and high pressure. The evolution 
of the hysteresis is quantifi ed in Figure  3 b by plotting the differ-
ence of  V  g  between the minima of the two hysteresis branches 
vs. pressure. We observe a decrease of the hysteresis with pres-
sure, increasing again on pressure release. The hysteresis effect is 
mainly supposed to arise from charge trapping in the surround-
ings of the nanotube. [  55  ,  56  ]  For oxidized silicon substrates, as in 
our case, the formation of silanol groups on the surface through 
hydroxylation ( Si–O–Si  +  H 2 O  →  Si–O–H  +  Si–O–H) has been 
proposed as a source of protons and electrons screening the gate 
voltage. [  55  ]  If the silanol hypothesis proves to be correct, we might 
expect the pressure to reverse the equilibrium of the hydroxylation 
reaction, as observed between silica particles under pressure. [  57  ]  
The pressure will thus tend to restore a clean silica surface (even 
if wet) and so reduce the hysteresis. The remaining adsorbed 
water can then explain the reversibility on pressure release.    

 3. Conclusions 

 In summary, we have probed the pressure effects on an ambi-
polar transistor made of one individual carbon nanotube that 
proved to be at least double walled, with a semiconducting 
outer shell and a metallic inner shell. The observed effects of 
pressure are: i) a strong increase of the current coming from 
the inner metallic tube, with a change of slope associated to 
the cross-section transition of the outer tube; ii) a symetriza-
tion of the  I  sd  –V  g  curve, attributed to a local equalizing of the 
work functions of gold and the nanotube at the contact; and, 
iii) a decrease of the gate hysteresis. All these effects are almost 
fully reversible, and we suggest that they can be used to design 
sensitive pressure sensors based on one individual nanotube. 
In particular, the possibility of using the tube cross-section 
transition to develop pressure sensors is now experimentally 
proven, even though not exactly as expected. [  25  ]  We also give evi-
dence that pressure can have a strong effect on the transistor 
type, which may be taken into account even for ambient pres-
sure devices because of the Van der Vaals-induced pressure at 
the contacts. Finally, we propose a scenario for the pressure-
induced hysteresis decrease that may confi rm the role of silanol 
groups in the hysteresis. To our knowledge, this is the fi rst time 
an individual contacted nanotube has been probed under high 
hydrostatic pressure, or more generally that transport is done 
through any individual nanosystem under pressure. All these 
results confi rm the interest of combining transport and pres-
sure experiments at the individual level. This new technique 
may also be useful to study a chirality dependence of the nano-
tube electronic and mechanical properties under pressure.  
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