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1. Introduction

Due to their excellent properties,[1–3] 
CNTs are suitable for several applications, 
from fillers of composite materials[4–6] 
to chemical and biomedical sensors,[7–9] 
or to improve the electronic and optical 
properties of devices.[10–15] As other nano-
structured materials,[16–19] CNTs have been 
widely used for photodetection.[20,21]

CNT photodetectors have a high dark 
current due to the high electrical conduc-
tivity of the nanotubes. However, this issue 
can be overcome by combining the CNTs 
with semiconductors like silicon to form 
heterostructures that suppress the dark cur-
rent and lead to highly sensitive hybrid pho-
todetectors.[21–26] Moreover, the atomic-level 
interface between CNT and silicon facili-
tates charge separation and transfer due to 
few disordered states at the interface. There-
fore, these heterostructures have received 
much attention in the last several years.[27–31]

The CNT/Si heterostructures often include an insulating 
inter-layer that plays an important role in the optoelectronic 
properties of the device by eliminating the pinning of the 
Fermi level.[32–34] Indeed, it has been shown that the presence 
of an insulating interlayer affects the current–voltage (I–V) and 
capacitance–voltage characteristics of any metal–semiconductor 
structure[15] and enhances its photodetection capability.[35–40] For 
instance, Jia et al. showed that the formation of an oxide layer 
at the interface of a CNT/Si heterostructure switches charge 
transport from thermionic emission to a mixture of thermi-
onic emission and tunneling and improves the overall diode 
properties.[41] Filatzikioti et  al. fabricated a hybrid multiwalled 
CNT/Si3N4/n-Si photodetector with adequate responsivity in the 
UV and visible part of the spectrum and promising for the IR 
region due to the CNT bandgap.[42]

Besides photodetection, a CNT/Si device can be used also 
in heterogeneous logic circuits,[43] such as Boolean optoelec-
tronic circuits. Y.L. Kim et al. proposed a logic device based on 
a single-walled CNT/Si heterojunction photodiode, in which the 
optical and electrical inputs can control the output current.[44]

In this work, we use single-walled CNTs to realize a CNT/
Si3N4/Si capacitor with enhanced capacitance due to the high 
dielectric constant of Si3N4 (≈7.5). The CNT/Si3N4/Si capacitor 
is in parallel to a pre-existing Pt–Ti/Si3N4/Si structure, that 
becomes a MIS diode after electrical stress. The electric transport 
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through the entire device is investigated as a function of the 
temperature within the framework of the thermionic theory to 
extract figures of merits such as the rectification ratio, the ide-
ality factor, and the Schottky barrier height. The CNT/Si3N4/Si 
capacitor leads to the appearance of a kink in the reverse-bias 
I–V characteristics of the device, which is attributed to Fowler–
Nordheim (FN) tunneling.[34] In such a way, when used as a pho-
todetector, the device is endowed with extended functionalities 
compared to traditional photodiodes. The device shows a dif-
ferent photoresponse when light is focused on the CNT/Si3N4/
Si region or around the Pt–Ti/Si3N4/Si MIS diode. Furthermore, 
the reverse bias can change the output photocurrent, suggesting 
that the device can be tailored to different applications, from 
voltage-tunable photodetection to Boolean logic. Finally, light 
generates a photocurrent at zero voltage and a photovoltage at 
zero current, making the device a self-powered photodetector.

2. Experimental Section

The CNT/Si3N4/Si capacitor was obtained by depositing a film 
of single-wall CNTs on a Si3N4/Si substrate, endowed with  
Pt–Ti/Si3N4/Si MIS structures, using a dry transfer process.[45] 
The substrate consists of an n-doped silicon wafer (300 µm 
thickness, 2300–3150 Ωcm resistivity) with the top surface cov-
ered by a 60 nm Si3N4 insulating layer. The back of the sub-
strate is endowed with an ohmic Pt–Ti large area contact.

The top Pt–Ti pads (20 nm Ti/100 nm Pt) of the pre-existing 
MIS structure are used to contact the CNT film, which is pat-
terned in a T-shape (see Figure 1). A 3D schematic view and 
a cross-section of the device are reported in Figure  1. The  
Pt–Ti/Si3N4/Si and CNT/Si3N4/Si heterostructures, after that 
the Si3N4 underneath the Pt–Ti pad had been broken by elec-
trical stress, can be modeled as a MIS diode in parallel to a MIS 
capacitor, with a resistance in series (see Figure 1b). Indeed, the 
repeated electrical stress between the top Pt–Ti pad and the Si 
substrate makes the nitride barrier thinner, so that tunneling 
can occur, letting us model the Pt–Ti/Si3N4/Si structure as a 
stable MIS diode.[34,45–49]

Henceforth, we will refer to Pt–Ti/Si3N4/Si structure as the 
MIS diode and to CNT/Si3N4/Si structure as the MIS capacitor, 
while the parallel combination of the MIS diode and capacitor 
will be designated as the CNT–Si device.

The CNT film was obtained by filtering a liquid solution of 
CNTs through a filter membrane, in low vacuum. The liquid 

solution was made of CNT powder diluted to 80 µg mL−1 with 
distilled water and sodium dodecyl sulfate (SDS, 2% solution 
weight ratio), which surrounds the CNTs and prevents their 
aggregation and precipitation. The mixture was then tip-ultra-
sonicated for 1 h and left for about 10 h to let the bundled nano-
tubes precipitate, which is removed until getting a stable mix-
ture without any kind of further CNT precipitation (it requires 
several months). Once we obtained a stable mixture, it was 
deposited on a filter membrane (Durapore PVDF, pore size  
0.22 µm, diameter 47 mm) using vacuum filtration and rinsed 
with a solution of ethanol, methanol, and water (15%–15%–70%)  
to remove all the surfactant from the CNT film.

After the CNT filter was dried, we started the transfer pro-
cess. The transfer is accomplished by placing a piece of CNT 
film over the substrate, wetting the membrane with water 
and ethanol, and then pressing it to improve the adhesion 
of the film to the substrate. After few minutes, the dried 
membrane was peeled off and the CNT film was left over the 
substrate.

The electrical measurements were realized in a Janis 500 high  
vacuum cryogenic probe station connected to a semiconductor 
parameter analyzer Keithley 4200-SCS. The photoresponse was 
investigated using a super continuous light source (1 mm2 spot) 
with a wavelength in the 450–2400 nm range (SuperK compact 
by NKT photonics) as light source, which was focused either 
around the Pt–Ti pad or over the CNT film.

The morphology of the film was checked using a field-emis-
sion scanning electron microscope (Zeiss LEO 1530) using an 
acceleration voltage of 5 kV. Figure 2a shows the border of the 
CNT film above the silicon nitride surface (clearly visible on the 
bottom of the image). The film is homogeneous and does not 
present visible holes. Figure 2b shows the film at higher mag-
nification, revealing that the nanotubes are randomly oriented 
and form a network that covers completely the substrate.

The film was analyzed with an X-ray photoelectron spec-
troscope (PHI 1257, using Al Kα radiation) to get informa-
tion about its chemical composition and with micro-Raman 
(LABRAM, λ = 633 nm) to estimate the quality and the nature 
of the nanotubes. Figure  2c shows an XPS survey spectrum 
acquired on the film. The only observable signals came from 
the carbon, due to the nanotubes, and oxygen, that can be 
attributed to atmospheric contaminant above the film. Silicon 
signals are not observable, indicating once more the high level 
of coverage of the film. Figure  2d shows the Raman spectra 
acquired on the film. In the high-frequency region, we can 

Figure 1.  a) 3D schematic view and b) cross-section of the device under study.
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observe the D and G bands typical of carbon materials, while in 
the low-frequency region are the radial breathing mode (RBM) 
of the single-walled CNT. The D band, that is due the pres-
ence of amorphous carbon and crystallographic defects, is less 
intense than the G band. This highlights the good quality of the 
nanotubes used for the film.

Using the frequency of the RBM we estimate the diameter of 
the nanotubes using the following relation:

ω ( )( ) =
−−nm

234

cm 101
d

	 (1)

The evaluated diameter allowed us to determine the chiral 
vector index and the type of the nanotubes (Table 1).

3. Results and Discussion

We measured the current–voltage characteristic of the single-
walled CNT film using the two Pt–Ti pads over the Si3N4/Si 
connecting CNT film (Figure 1a) as the anode and the cathode, 
respectively. Figure 3a shows a linear behavior and a resistance 
of 177 kΩ suggesting the formation of good ohmic contacts 
between the pads and the CNT film.

Conversely, Figure 3b shows the semilogarithmic plot of the 
I–V characteristic, measured between a top Pt–Ti pad and the 
back of the substrate, in dark at 300 K and atmospheric pres-
sure. The I–V characteristic, which refers to the CNT–Si device 
consisting of the MIS diode and MIS capacitor in parallel, 
exhibits a rectifying behavior with a rectification ratio of about 
103 at V = ±4 V. Such a curve was obtained after a series of elec-
trical stresses that broke the Si3N4 underneath the Pt–Ti pad 
that was used to force the voltage.

To evaluate the MIS diode parameters, like the ideality factor 
and Schottky barrier height (SBH), we measured the output 
characteristics at different temperatures. To understand the role 
of the CNTs, we also studied a similar device (Ag–Si device), 
obtained by substituting the CNT layer with an Ag film. The 
corresponding I–V characteristics are displayed in Figure 4. 
The plots show that for both the CNT–Si and Ag–Si devices, 
comprising of the CNT or the Ag MIS capacitor in parallel to 
the MIS diode, there is a suppression of both the forward and 
reverse currents at low temperature, as predicted by the thermi-
onic theory. However, the reverse current of the CNT–Si device 
shows a step up around V = −7 V at any temperature, that is not 
seen in the Ag–Si device.

A possible explanation is that the CNTs, due to their aspect 
ratio, can locally enhance the electric field and activate FN tun-
neling through the Si3N4 layer in the CNT-device capacitor.[48,50,51] 
The transition to the FN regime (corresponding to Zone II in 
Figure 4) occurs at any temperature when the reverse voltage is 
less than -7 V. Such a regime is not observed in the Ag–Si device 
because there is no field amplification and carriers might not be 
able to tunnel. The current saturation in the Zone II of Figure 4b 
is caused by the lump series resistance, due to substrate, con-
tacts, and wires, which limits the current at higher bias.

Figure 2.  a) SEM image of the CNT film above the substrate at low magnification. b) Single-walled CNT film at high magnification. c) XPS survey 
spectrum and d) RAMAN spectrum of the CNT film.

Table 1.  Frequency of the main RBM with the evaluated diameter, chiral 
vector index (n,m), and type of nanotubes.

ω [cm−1] d [nm] (n,m) Type

189.5 1.303 (14,4) Semiconductor

267.7 0.908 (8,5) Metallic

Adv. Electron. Mater. 2023, 9, 2200919
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Figure 5a shows the rectification (on/off) ratio at V = ± 4 V for 
both devices as a function of the temperature. The decreasing 
trend with the rising temperature is due to the increased 
thermal generation that enhances the reverse current at higher 
temperatures. We note that the CNT–Si device shows an on/off 
ratio higher than the Ag–Si device, demonstrating that the use 
of a CNT film enhances the diode performance.

The I–V curves at different temperatures can be used to 
extract the SBH, ideality factor, and series resistance following 
Cheung’s method.[52] We consider an ideal diode (MIS diode) 
with a resistance in series, as shown in Figure  1b. Then, the 
forward current can be expressed as

=
−

−






exp

( )
10

sI I
q V R I

nkT 	 (2)

which, for V − RsI ≫ nkT/q, provides:

( )
= +

ln
s

dV

d I
R I

nkT

q
	 (3)

where Rs is the series resistance and n is the ideality factor. From 
the fit of Equation 3, we can evaluate Rs and n. With n known, we 
can estimate ϕB, that is the Schottky barrier height, form a linear 
fit of the H(I)−I plot, where the function H(I) is defined as

ϕ( ) = − 





 = +∗ln

2 s BH I V
nkT

q

I

SA T
R I

n

q 	 (4)

Figure  5b–d shows the results obtained by applying Cheung’s 
method. The temperature dependence of the ideality factor in 

Figure 5b shows a decreasing trend for increasing temperature. 
This feature indicates that deviations from the ideal thermionic 
behavior of the diode occur mainly at lower temperatures when 
thermionic emission is suppressed, and tunneling or diffusion 
might become comparatively relevant. Also, as expected, the 
ideality factor of both devices is almost the same. The forward 
current, indeed, is due, in both cases, to the MIS diode formed 
by the Pt–Ti/Si3N4/Si structure.

Figure 5c shows that the SBH, which is around 0.7 eV at room 
temperature, decreases with the decreasing temperature. We note 
that the obtained barrier is consistent with other works using 
similar devices.[53,54] The Schottky barrier height of the CNT–Si 
device is slightly lower than the Ag–Si device, but this can be attrib-
uted to the natural device-to-device fluctuations. Furthermore, the 
temperature behavior is a well-known effect when there is a spa-
tial barrier inhomogeneity.[55–57] At low temperatures, the reduced 
thermal energy makes the carrier cross the barrier mainly in the 
positions where the SBH is lower, thus resulting in a reduced 
average SBH. Finally, Figure 5d shows the temperature behavior 
of the series resistance, which is almost constant over the explored 
temperature range. The lower series resistance of the CNT–Si 
device highlights another advantage of using the CNT film.

We tested the optical response of the CNT–Si device under 
illumination by a supercontinuum white source (8 mW cm−2 
intensity) with the light spot focused over the MIS capacitor or 
over the MIS diode at room temperature. Figure 6a shows the 
resulting I–V characteristics in the dark and under the light. 
When the light is focused on the MIS diode, a high photocurrent 
due to photogeneration in the depletion region of the MIS 
diode appears already at low voltages (Zone I). At higher reverse 
voltages (Zone II), the photocurrent shows a further increase due 

Figure 3.  a) I–V characteristic of the CNT layer. b) Semilogarithmic plot of the I–V characteristic of the CNT–Si device.

Figure 4.  a,b) I–V characteristics at different temperatures for the Ag–Si device (a) and the CNT–Si device (b).

Adv. Electron. Mater. 2023, 9, 2200919
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to FN tunneling of charge photogenerated in the MIS capacitor 
region. Vice versa, when the light spot is on the MIS capacitor, 
the photocurrent mainly increases in Zone II, and is due to FN 
tunneling of the charge photogenerated in the area below the 

CNT capacitor. The total photocurrent is lower when the light 
spot is over the CNT MIS capacitor because of the thicker Si3N4 
layer (the Si3N4 layer under the Pt–Ti pad is broken after the elec-
trical stress).

Figure 5.  a) On/off ratio at V = ± 4V, b) ideality factor, c) Schottky barrier height, and d) series resistance, as a function of the temperature for the 
CNT–Si device (labeled as CNT, black) and the Ag–Si device (labeled as Ag, red).

Figure 6.  a) CNT–Si device I–V characteristics under illumination on the MIS diode (green curve) and the MIS capacitor (red curve). b) Extracted 
photocurrent at different biases and in different configurations. c) CNT-device and d) Ag-device photocurrent maps.

Adv. Electron. Mater. 2023, 9, 2200919
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We point out that Zone I and II represent voltage ranges 
with two different output photocurrents. This behavior allows 
the photosensor to be operated in two different current regimes 
according to the requirement of the specific application.

Remarkably, Figure  6b, that shows the photocurrent at dif-
ferent negative biases, confirms that the photoresponse is faster 
than the limit of 500 ms set by our measurement setup, no 
matter if the light is focused around the Pt–Ti pad or the CNT 
film.

Figure  6c,d shows the photocurrent maps of the CNT–Si 
and the Ag–Si devices in Zone II (at V  =   − 12.5 V) and fixed 
wavelength and incident power (λ  =  640 nm;   Pλ =  1.2 µW). 
The CNT film enhances the photoresponse of the device, 
extending the photosensitive area to the entire “T”, while the 
Ag paste shuts out the light under the “T”, thus resulting in 
suppressed photocurrent (even with increased light incident 
power, Pλ =  22.3 µW).

Furthermore, the photocurrent dependent on the voltage 
bias and the light spot position leads to a device for Boolean 

logic applications. Indeed, we can associate a binary variable 
(x) to the applied voltage Vbias (for instance, with value “0” for 
−8 V < V < −6 V and “1” for −14 V < V < −12 V), and a second 
variable (y) to the position of the incident light spot (“0” for the 
light spot over the MIS capacitor, “1” for the light spot over the 
MIS diode). Figure 7 shows that the device can operate as an 
exclusive OR (XOR). Indeed, when the photocurrent is in the 
range 10−5 A < I < 10−4 A, the output is assumed to be “1”, while 
elsewhere it is considered as a “0”. We remark that the position 
of the light spot as a variable for a Boolean device is an original 
approach in our study.

We completed the optoelectronic characterization of the 
CNT–Si device, investigating the spectral response in the  
500–1100 nm wavelength range by sampling the spectrum of the 
supercontinuum source in intervals of 50 nm with 20 nm band-
width at room temperature. Figure 8a reports the responsivity 
of the device, defined as the ratio of photocurrent to the  

incident power, =
−

λ

light darkR
I I

P
, along with the external quantum 

Figure 7.  CNT–Si device suitable for optoelectronic Boolean logic application, working as a XOR.

Figure 8.  a) Responsivity and external quantum efficiency, b) noise equivalent power, c) photocurrent at 0 V, and d) photovoltage at 0 A of the CNT–Si 
device.
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efficiency, 
λ

=EQE
Rhc

e
 (Ilight/dark is the current under illumina-

tion or in dark and Pλ  is the incident optical power, λ is the 
wavelength, h is the Plank constant, c the speed of light and e 
the electron charge) at the applied voltage of V = −14 V (Zone 
II) and with light focused on the MIS diode. Figure 8a shows a 
peak in EQE around 50% for 800 nm < λ < 1100 nm suggesting 
that photoconversion occurs mainly in Si. The weaker photore-
sponse for λ < 800 nm can be attributed to the increased elec-
tron–hole recombination rate. High energy light is absorbed 
closer to the Si/Si3N4 interface where the high concentration of 
intragap states and the lower mobility favor the recombination 
of photogenerated electron–hole pairs. As an additional figure 
of merit, Figure  8b shows the noise equivalent power (NEP) 
that indicates the minimum detectable power. As expected, the 
higher quantum efficiency corresponds to the lower detection 
power. The obtained EQE is on the low side of the distribution 
of values typically reported in the literature.[58,59]

Setting the voltage to V = 0 V, we performed a series of meas-
urements exposing the CNT–Si device to light, with the beam 
spot focused on the MIS diode. The device reacts to light with 
fast and repeatable photocurrent (Figure  8c). Furthermore, at 
zero current, we also observed a photovoltaic effect as reported 
in Figure  8d. Figure  8c,d shows that under illumination, the 
device generates both a current and a voltage, specifically 40 nA 
at 0 V and 20 mV at 0 A, when illuminated by white source at 
8 mW cm−2 intensity, thus resulting in a photocurrent respon-
sivity of 4.5 µA W−1 and a photovoltage responsivity (defined as 

=
−

λ

light darkR
V V

P
) of 2.5 V W−1. Hence, the device can be operated 

in a self-powered mode.[60–62]

4. Conclusions

We fabricated a photodetector with a CNT/Si3N4/Si MIS capac-
itor in parallel with a Pt–Ti/Si3N4/Si MIS diode. The whole 
device shows rectifying I–V characteristics after electrical stress 
corresponding to the breakdown of the Si3N4 layer of the Pt–Ti/
Si3N4/Si MIS. The electric characterization shows an increasing 
current with the raising temperature, consistently with the 
thermionic emission theory. The temperature behavior high-
lights a decreasing rectification ratio and ideality factor, and an 
increasing Schottky barrier. The CNT film increases the perfor-
mance of the MIS diode and enhances the photosensitive area 
of the photodetector. More importantly, it enables two different 
current regimes in reverse bias. The bias-dependent output 
photocurrent makes the photodetector suitable to different 
applications, such as voltage bias tunable photodetector or opto-
electronic Boolean logic circuits. Finally, under illumination the 
device generates both a current and a voltage, therefore it can 
be operated in self-powered mode.
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