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Featured Application: Photodetectors based on carbon nanotube/n-silicon heterojunction can be
applied in all the technology fields where a spectral range from near ultraviolet to near infrared
and a response time of a few nanoseconds are necessary.

Abstract: Photodetector (PD) devices based on carbon nanotube/n-silicon heterojunction (NSH)
have been realized, with a linear response in a large optical power range, proving competitive
performances with respect to a recent nanostructure-based detector and those currently available on
the market. The core of these devices is a thin semi-transparent and conductive single-walled carbon
nanotubes film with a multitask role: junction element, light absorber and transmitter, photocarrier
transporting layer, and charge collector. The PD exhibits rise times of some nanoseconds, detecting
light from ultraviolet (240 nm) to infrared (1600 nm), and external quantum efficiency reaching 300%
in the VIS spectra region.

Keywords: single wall carbon nanotubes; silicon; photodetector; broadband

1. Introduction

The extraordinary properties of carbon nanotubes (CNTs) have attracted a lot of
research producing countless theoretical and experimental investigations and a large num-
ber of potential applications. One of the most significant properties of CNTs is their
one-dimensional electronic structure depending on the nanotube number of walls and
wall helicity [1]. In particular, helicity is at the origin of the single wall carbon nanotube
(SWCNT) semiconducting or metallic behavior [1]. Theoretically, individual ideal nan-
otubes exhibit a high electrical current carrying capacity (x10° A/cm?) and a ballistic
electron transport [2—-4]. However, many applications of CNTs in real devices have been
reported to deal with CNT random network films [5]. In this case, the myriad of CNT-CNT
junctions formed in the network, as well as the high number of defects of real CNTs make
the charge mobility and transport mechanism in the film different from that of the individ-
ual nanotube [6-8]. This makes the thickness of the CNT film a key parameter. Indeed, the
optical, electrical, and transport properties of the film depend on its thickness [7-9]. The
lower the film thickness, the higher its optical transparency and sheet resistance. All this
highlights the CNT network optical transparency and its conductance strong competition,
thus calling for research on the best thickness compromise in the various applications.
Among the interesting properties of the CNT films, it is worth citing its flexibility due its
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inherent network nature and the ease to be integrated into existing semiconductor device
technologies. Moreover, they are easily scalable and form rectifying heterojunctions with
semiconductors. In this scenario, the CNT film/Si heterojunction is particularly interesting
because of the prevalent use of Si in electronics. Many works reported studies devoted to
understanding the properties of the CNT/Si heterojunction and to governing its fabrication
process [10,11]. In this respect, two challenges are still under debate: how (i) to model
the SWCNT/Si heterojunction (NSH); (ii) how to establish an intimate CNT/Si contact by
avoiding or reducing chemical-structural modifications to the semiconductor. In addition,
a large number of papers reported the possibility to suitably dope the SWCNT film to
improve the NSH performances [12,13]. CNT/Si heterojunctions have been investigated
for photovoltaic cells [10,11], chemical sensors [14], and photodetectors (PDs) [15-24].
Particularly interesting are the benefits that NSHs offer with respect to the Si p-n PDs
currently dominating the market: e.g., a spectral operating range extending from near
ultraviolet (UV) to near infrared (NIR), dimensions that can be reduced, low bias voltages
to obtain high sensitivity, and fast response times [19-22]. At the same time, NSHs, dif-
ferently from other new interesting materials, promise to largely exploit the large-scale
manufacturing processes already in use for Si PDs, thus reducing the economical efforts
for the technological transfer.

In this paper, we show the main results of our work about the realization and charac-
terization of photodetectors based on the heterojunction between ultra-thin SWCNT film
and n-doped silicon and the progresses made towards an improvement in the intimate con-
tact between SWCNT network and Si substrate. Our devices operate in photovoltaic and
photoconductive mode using a three-terminal structure and they adapt well to different
types of light sources both continuous and pulsed in a large range of power and energy.

2. Materials and Methods
2.1. SWCNT Film Fabrication

The first fundamental step in the realization of a thin film based on CNTs [7] involves
their dispersion in a liquid medium. In our procedure, we used sodium-dodecyl-sulphate
(SDS) produced by Sigma-Aldrich, St. Louis, NO, USA (assay > 98.5%) as the anionic
surfactant [25], preparing a solution of distilled water with SDS, within which highly pure
CoMOoCAT single walled carbon nanotubes (Sigma-Aldrich, assay > 90%, with a diameter
of 0.7-0.9 nm and composition 10% metallic and 90% semiconductor) powder was inserted
with a concentration of 26 pug/mL. The dispersion was tip ultrasonicated (Branson, St. Louis,
MO, USA, S250A, 200 W, 20% power, 20 kHz) in an ice-bath for one hour. During this
process, the SDS molecules were arranged around the nanotubes, separating them from one
another and keeping them dispersed in water. The result was a well-dispersed suspension
which is stable for several months without the formation and the precipitation of CNT
aggregations. The next step of the SWCNT film realization is a low vacuum filtration
process [8]. Different volume aliquots of the dispersion were introduced into a filtration
system, composed in the lower part of a porous septum upon which a mixed cellulose ester
filter was placed (Pall GN6, 1 inch in diameter and with 0.45 um pore diameter). Distilled
water and a conceived solution of ethanol, methanol, and water were used to rinse the
cellulose filter after the deposition of SWCNTs to remove SDS molecules. At the end of the
process, homogeneous and stable filters were obtained, and the CNT film was deposited
onto a solid substrate.

2.2. SWCNT Film Transfer onto a Substrate

We successfully achieved the easily controlled placement of SWCNT films by dry-
transfer printing. This deposition technique we used consists in soaking the SWCNT film
on a cellulose filter with ethanol or water, to improve its adhesion and placing it on the
substrate. Effectively, the drop casting of the SWCNT films with ethanol and water is
important, as they evaporate from the SWCNT network surface, the surface tension of the
ethanol compresses the SWCNT network in the out-of-plane direction. After a few minutes,
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the dried cellulose filter is removed by peeling it, leaving the SWCNT film adhered to the
substrate.

2.3. SWCNT Film Optoelectronic Properties Characterization and Control

Optical spectroscopy with unpolarized light was performed on SWCNT films de-
posited on a glass side, in the UV-visible (VIS)-NIR range, to characterize the optical
properties of several SWCNT films. In Figure 1a, the optical transmittance (T) as a function
of the incident light wavelength, A, is shown. The optical transmittance is dominated by
the valley centered at about 283 nm due to the light absorption phenomenon of surface
plasmon resonance, which is typical of carbon-based thin films and nanostructures [26].
In the spectrum, it is also possible to identify the S35 (300-400 nm), the M1; (400-550 nm),
the Sy, (550-900 nm), and the S17 (800-1600 nm) electronic transitions between van Hove
singularities due to the 90% of semiconducting (5;;) and 10% of metallic (M;;) multi-chiral
SWCNT mixture [7]. In Figure 1b, the measured T value of SWCNT films at fixed incident
wavelength A = 550 nm vs their sheet resistance (Rs) is reported. Thinner films have higher
transmittance and are characterized by higher Rg. The variation of the transmittance of
CNT films with their sheet resistance (Rg) follows the relation

where Z = 377 () is the free space impedance, A is the photon wavelength, and ¢, and
04 are the optical and electrical conductivity, respectively. The red curve in Figure 1a,
has been obtained by fitting the Equation (1) where the only free parameter is the ratio
Oac/ 0 4. The fit returned a value for such an optical and electrical conductance ratio equal to
1.2 £ 0.1. The relationship in Equation (1) evidences that T and R are in strong competition
in PD devices: for high Rg, the charge collection is limited, while low Rg means that a
minor number of photons can reach the NSH junction. For this reason, the film realization
process is significant because by only controlling the SWCNT dispersion volume used in
the filtration process, the optical and electrical properties can be modulated, depending
on the film thickness. In the following, SWCNT films with a thickness ranging between
10 and 60 nm were used and a comparison of their performances in the NSH-based PD
reported [27].

M

2.4. Fabrication of the NSH PD

Appositely designed substrates, fabricated by Fondazione Bruno Kessler [28], were em-
ployed to obtain the NHS PD. They consist of a crystalline (100) n-doped Si region (150 pm
thick, electrical resistivity ps; = 0.53 (2 cm, number of doping atoms Np = 106 cm—3) with
an Ohmic Au/Cr contact on the back and two Cr/Pt interdigitated (not connected) elec-
trodes on the top. These metal contacts were deposited on a SiO, template layer to result
electrically isolated from the Si substrate, and they are conceived with a multifinger ge-
ometry consisting of 50 pm wide Pt/Cr combs. Three configurations of interdigitated top
contacts were investigated, each different from the other in the number of fingers N, the
distance d between them (N =3, d =950 um; N =6, d = 450 um; N = 10, d = 250 pum), and
consequently, the active area region formed by the NSH (0.087 cm?, 0.084 cm?, 0.079 cm?,
respectively). These multifinger electrode geometries were specifically designed to enhance
the charge collection by the external circuit.

The last step for the manufacture of the device involves the deposition of the SWCNT
film, through the dry transfer printing method described above, in the upper part of the
substrate so that it adheres to the n-doped Si region and to the Pt/Cr interdigitated elec-
trodes. An etching with hydrofluoric acid was performed before the SWCNT film transfer
to remove native oxide on the Si surface. Therefore, this top-down type of realization
scheme provides a PD which has three external controls that are the gate electrode (G),
forming an Ohmic contact with Si, and the multi-finger source (S) and drain (D) electrodes
in contact with the SWCNT film. A scheme of the devices is reported in Figure 1c.
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The present devices have two operating configurations that can be exploited in light
detection: photovoltaic (PV) and the photoconductive (PC) modes. In the former, the pho-
togenerated charges, crossing the NSH, are collected by the bottom and the top electrodes
(i.e., G and the short-circuited S and D contacts). In the latter, charges travel across the
SWCNT film and are collected by the S and D electrodes.

0.8
0.7

= I

" 0.6

=

: L

3 os

® L

0

B 0.4

o

o

= 03

O
0.2

| 1 1 1 1 1 1
200 400 600 800 1000 1200 1400 1600

Wavelenght (nm)

0.8[
(c) : :
\ v
0-7 |
w I mmmi deposited
= 0.6 . P
§ i Y
= 05|
©
L i
2 04l
o I
N 03|
0.2
SWCNT film
PR ] O oy G A i A LIS S e WP el ML Sl et L AR St | 2o
0 250 500 750 1000 1250 1500 1750 Interdigitated
electrodes

Rs (Csq)

Figure 1. (a) Optical transmittance (T) of single wall carbon nanotube (SWCNT) films as a function of the incident photon
wavelength, A. (b) Optical transmittance (T) of SWCNT films at fixed incident wavelength A = 550 nm vs their sheet
resistance (Rg). The red curve is a fit obtained following the Equation (1). The free parameter in the fit is the ratio o4 /0 4,
which is found to be equal to 1.2 & 0.1. (c) Top panel: Sketch of the device. In order to better display the multifinger top
electrode, the SWCNT film is artificially reported lifted with respect to the active area. Red arrows indicate where the
SWCNT film was deposited through the dry-transfer printing process. Bottom panel: a picture of the device. Note the high
transparency of the SWCNT film that allows to still see the interdigitated contacts.

2.5. Set-Up for Experimental Characterization of SWCNT Film and NSH PD

The current as a function of voltage, (I-V) measurements were acquired using a
Keithley 2602A source/meter directly connected to the PD electrodes with coaxial cables
through a special reading card, realized and purposely printed for the NSH PDs, which
allows the insertion of the sample inside it. All the external controls are adapted to 50 )
without the use of any filter or amplifier.
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The external quantum efficiency (EQE) signal was acquired by an Ametek (Berwyn, PA,
USA) 7265 lock-in amplifier upon the device active area illumination through a monochro-
matic light modulated by a Thorlabs (Newton, NJ, USA) MC 1000A optical chopper system
(operating modulation frequency 22 Hz). The incident radiation is obtained by using a
monochromator (LOT (Darmstadt, Germany) MSH-300, wavelength range 300-1000 nm)
after a LOT LSE 140 Xenon lamp.

The optical spectroscopy measurements were carried out using a Perkin—-Elmer
Lambda 19 spectrophotometer with unpolarized light acquiring the transmitted opti-
cal signal from 200 to 3000 nm. The sheet resistance was measured through the van der
Pauw method recording the typical I-V curves in the four-contact geometry.

For fast switching signal acquisition, a 30 GHz Tektronix oscilloscope directly con-
nected with the device reading card was used without any support electronics. The light
sources used to illuminate the sample in the measurements shown are manifold: a LOT-
Oriel solar simulator AM 1.5 G spectral illumination of 100 mWem ™2 (1 sun), a light emitter
diode (LED Kingbright L-7113QBC-D, emission spectrum peaked at A = 460 nm) and a
ultra-fast laser system consisting of a regenerative amplifier, seeded by a Ti:Sa oscillator,
coupled with an Optical Parameter Amplifier (OPA) which produces a 35 femtoseconds
laser pulse at 1 kHz of repetition rate and in a wavelength range that goes from 240 nm to
20 pm [29,30].

3. Results
3.1. Photovoltaic Configuration

In PV mode, the PD operates as a two-terminal device: an electric current passing
through the junction is measured. The typical device I-V characteristic in dark conditions
is reported in Figure 2a as a blue line which establishes the rectifying properties of the NSH
heterojunction. Lighting the junction with 100 mW/cm? white light (Figure 2a, red curve),
a downshift of the curve in reverse polarization (V < 0) is shown due to the photocurrent
generation. This downshift highlights the potentialities of this device for PD applications.
A typical NSH PD external quantum efficiency (EQE) measurement is shown in the inset
of Figure 2a. The high efficiency in the UV-VIS-NIR range indicates the goodness of the
junction in charge generation and collection. Moreover, the shape of the EQE, mainly
reflecting the typical Si p-n junction behavior, highlights that the main photogeneration
process in this spectral region is due to photon absorption and electron (e)-hole (k) pair
formation in the Si substrate [31].

Responsivity (R), detectivity (D), and noise equivalent power (N EP) are important
figures of merit to quantify the performances of a PD and to make a comparison among
detectors. The former gives a measurement of the light/dark gain, the last two evaluate the
smallest optical signal, competing with the noise, that can be revealed. They are defined by
the following equations:

r = lsc—h
P, pt

| A

Nep = YALS

D

where Iy and Isc are the diode inverse saturation current and the short circuit photocurrent,
respectively, A is the area of the junction, e is the electron charge, and Af ~ 0.35 7; [32] is the
signal bandwidth, with 7, rise time of the detector. In particular, NEP provides the smallest
detectable signal independently on the active area of the PD, allowing a comparison among
different PD technologies. Indeed, the signal bandwidth scales inversely with the PD
active area.
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Figure 2. (a) Current versus voltage characteristics acquired in dark conditions (dark) and under illumination (light).

Inset: typical external quantum efficiency of n-silicon heterojunction (NSH) photodetector (PD) sample; (b) PD response
under dark and light conditions (frequency 10 Hz) when the junction is lightened with different LED light power (green
curve: 1.4 mW/cm?; turquoise curve: 1.8 mW/ cm?; violet curve: 2.2 mW/cm?; yellow curve: 2.5 mW/ cm?; red curve:
2.8 mW/cm?); (c) responsivity (closed symbols, left axis) and detectivity (open symbols, right axis) of the three different
samples with different optical transmittance at A = 550 nm T = 63% for red symbols, T = 44% for green symbols, and T = 42%
for blue symbols; (d) responsivity as a function of Py for PDs with different numbers of fingers N. Here the SWCNT film
optical transmittance at A = 550 nm is T = 49%. Data reported in (a—c) have been adapted from [19] and those in (d) from [20].

In order to quantify such parameters, we measured the device response under illumi-
nation with a number of calibrated LED in VIS range (A = 460 nm), supplied by a 10 Hz
variable frequency on—off voltage at different power in short circuit condition V = 0. Typical
PD responses for increasing incident light power are reported in Figure 2b.

Since the SWCNT film thickness determines its sheet resistance and transparency,
we evaluated the PD performances as a function of the SWCNT film transparency, T.
We considered three different thicknesses characterized by a Rg value no greater than
1 kO and T of 42%, 44%, and 63% at 550 nm. Figure 2c shows the responsivity and
detectivity as a function of the optical power of the incident monochromatic LED light,
Pgpt, for the three different PDs. The best R, D, and NEP values are obtained for the
most transparent SWCNT film (T = 63%) which shows R ~1.6 AW~!, D ~ 10 Jones,
and NEP ~5 x 10715 WHz /2 at Popr =1 mW/cm?, resulting as the best carbon-based
detectors [18]. The higher the film transparency, the higher the R and D values and,
correspondingly, the lower the NEP. In order to understand such a behavior of the
PD performances with the SWCNT transparency and to handle the tools for PD design
optimization, a deeper insight into the operation principle of these NSH-based PDs is
necessary.

When light impinges on the device active area, most of the incident photons pass
through the CNT semi-transparent film, reaching the underlying region of n-doped Si
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where they are absorbed, generating e-h pairs. The built-in electric field formed at the
carbon nanotube/Si interface separates the e-h pairs, driving the electrons in the silicon
towards the G electrode and injecting the holes into the CNT film where they are collected
by the interdigitated electrodes. The CNT film therefore assumes not only the role of an
optical window, but it is also necessary as junction constituent material: without it, the
photogenerated e-h pairs in the Si substrate would not be separated. Moreover, it takes the
part of hole extracting and the transporting layer up to the interdigitated electrodes, thanks
to its good electrical conductivity characteristics [19].

This means that the higher the CNT film transparency, the higher the number of
photons reaching the Si substrate, and as a consequence, generating charge carriers that can
be collected at the electrodes. At the same time, the device series resistance plays another
fundamental role.

I-V dependence is well approximated by the expression valid for both metallic/
semiconductor (M/S) and semiconductor/semiconductor (S/S) junctions [32]:

I — Ioee(VfR[)/'rlkBT _ ISC

where kg is the Boltzmann constant, T is the temperature, # is the diode ideality factor
and R is the diode series resistance, which can be defined as R = Rg 4+ R¢ + Rg;, where
Rc is the film top contact resistance, Rg; is the Si bottom contact resistance, and Rg is the
SWCNT film resistance. Iy and Isc are the diode inverse saturation current and the short
circuit photocurrent, respectively. Through a detailed analysis of Iy, n and the height
of the potential barrier ¢g, on a large series of samples characterized by different film
thicknesses of CNT, we demonstrated that the interface Schottky junctions formed by
metallic SWCNT/Si govern the device conduction mechanism in dark conditions while
under radiation, all the SWCNTs in contact with the n-Si surface take part in the hole
collection and transport [19].

In this case, the photogenerated hole current passes through a larger number of
junctions with respect to the dark case, resulting in high values of R and D. Moreover,
as shown in the R and D measurements, the PD samples realized with thinner CNT
films allow a greater absorption of radiation and charge generation; however, as seen in
Figure 1a, the thinner films with a higher T are also characterized by a greater electrical
resistance Rg, and consequently, the collection of the photogenerated charges is affected.
However, we can play with Rg by suitably designing the upper contacts, thus decreasing
its value while keeping the transparency of the SWCNT film as high as possible. Indeed,
we designed and fabricated a number of samples with the same characteristics as regards
the CNT film but which differ only in the upper interdigitated electrode, which varied
in the number of fingers N from 1 to 10, leaving the size of the active area of the device
unchanged. In such a way, the distance, d, between fingers increases by reducing the N
value. This means that, for each SWCNT film with same resistivity pg (i.e., with the same
T at 550 nm), the resistance lowers, since Rs = pg d/t, where t is the film thickness. At the
same time, the top metal contact resistance R increases, due to the greater size of metal
electrodes. Nevertheless, in [20], we demonstrated that Rs reduction is more important
than the Rc increase, resulting in an overall device resistance decrease of about one order of
magnitude. This directly reflects on the performances of the PDs. In Figure 2d, responsivity
is reported as a function of Py for PDs characterized by N =1, 2, 3, 5, 10, when lit by the
calibrated blue LED. For all the samples, we obtained values of R in the range 0.3-0.8 A/W,
with an increase of R with the number of fingers. This is due to Rs lowering and to the
higher probability to collect hole carriers for closer fingers.

To investigate the response rate and explore the feasibility of the realized devices for
practical applications as ultra-fast PDs, the NSH area was illuminated by a 35-fs pulsed
laser used as light source. In Figure 3a, the time dependence of the photocurrent value,
I, is reported after the junction is illuminated by a single laser pulse tuned at A = 800 nm
at different energies showing the high sensitivity of our photodetectors. I,;;, measured
by taking the difference between maximum and minimum in PD response peaks for
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A =800 nm in energy scale is shown in Figure 3b. The data are well approximated by a
power law y = x* with & = 0.82 £ 0.4 confirming the possibility to use the device as a linear
detector. Similar results are obtained for several incident A from the UV (240 nm) up to
the IR (1600 nm). For a given laser intensity, the measured photocurrent depends on the
incident light wavelength. This dependence is shown in Figure 3¢ where I, is reported
as a function of A for E =100 nJ. I, increases up to 800 nm and then decreases following
the absorption spectrum of Si (as reported in EQE spectra Figure 2a) but presenting a tail
in the NIR region. From these measurements, the ability of the NSH PD in absorbing and
responding to a wide spectral range, operating in a large incident optical power range
without any need to be powered, was proved. The Si p-n junction PDs do not operate
in the IR spectral region because the optical absorption is limited by the Si band gap
energy around 1060 nm. On the other hand, SWCNT films were proven to absorb and
photogenerate electrical charges ascribed to the presence of van Hove singularities in their
electronic density of states of CNT [10,31,33,34]. These optical transitions in SWCNTs
are present both for wavelengths in the visible and in the IR range [35]. Therefore, our
experimental results highlight that the SWCNT film not only acts as a transparent window,
heterojunction constituent, and collector of photogenerated charges in Si, but the SWCNTs
actively behave as photocurrent generators. However, given the high transparency of
the film, we can note this contribution only in the IR range (in our case for A= 1300 and
1600 nm), where there is no signal from the optical absorption of Si, predominating the
electrical response of the device up to about 1060 nm. Further, normally, a typical Si p-n
junction PD also does not operate in UV spectral region despite the Si absorption coefficient
in this region being very high. This is because UV radiation is mostly absorbed very close to
the surface where charge recombination is very important, thus preventing photo charges
from reaching the junction, usually several pm from the surface. In our NSH PD devices,
the photogenerated charges can instead safely reach the junction which is very close to the
Si surface thanks to the small thickness of CNT film. The rise time, T, measured as the time
difference between the 90% and 10% of the current peak value, is shown in Figure 3d as a
function of A at E = 100 nJ. From this figure emerges the ability of our NSH PD to detect a
fast multicolor signal, responding fast (some tens of nanoseconds) to a fs laser pulse, with
results comparable to those reported for commercial PDs [22]. Interestingly, T, increases for
higher wavelengths due to lower absorption coefficient and different penetration depth and
diffusion length inside the device. A detailed analysis and explanation of this mechanism is
reported elsewhere [36] for a similar PD device based on graphene/silicon heterojunction.

The reported device performances in terms of noise dark current, responsivity, and
rise time can be further improved by acting on the quality of the nanotubes/Si interface.
For this purpose, a new type of structure for the upper interdigitated contact was conceived
and designed. The new generation of substrates is realized with the fingers of the top
contact hollowed inside the n-Si region to form a smooth surface without protuberances
due to the electrodes (Figure 4a, bottom panel). In the following, this configuration is
referred to as the hollowed finger (HF) one, while the usual device design is referred to as
the top finger (TF) one (Figure 4a, top panel). In Figure 4b, the I-V features acquired in dark
conditions and under 100 mW /cm? white light illumination for two different devices are
reported. The straight lines correspond to the hollowed fingers device, while the dashed
lines correspond to the device with the top electrodes evaporated on top of the Si region.
Both devices are realized with the same SWCNT film, with the same optical (T ~ 50%) and
electrical properties (R;), and have 10 interdigitated fingers (five per side). This means
that the differences in I-V curves are only due to the difference in the geometry (hollowed
or not) of the fingers. From the dark characteristic, the decrease of about one order of
magnitude in the saturation current Iy can be noticed, decreasing from 25.6 nA to 3.4 nA in
the new generation device. Moreover, using the previous reported equation for modelling
the NSH junction, the series resistance Rg and the ideality factor n, which reduces by
almost 50%, passing from 8.78 () to 4.96 () and from 8.2 () to 4.4 (), respectively, were
extrapolated. Besides, when illuminated, the device performances using the new design
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concept improve; in fact, the short circuit current density (Jsc) increases by more than 100%,
going from 10.4 to 21.0 mA/ cm?, and also the open circuit voltage (Voc) grows from 0.35
to 0.51 V. In addition, there is also an increase of the responsivity, the detectivity, and the
NEP, obtained by illuminating with EQE on-off cycles of several power 475 nm LED.
All these improvements can be ascribed to the fact that in the devices with the electrode
hollowed in Si, when the nanotube film is deposited on the top surface touching both the
n-Si region and the electrode metal region, it finds a flat surface and is able to settle more
effectively without leaving empty or uneven spaces. In fact, being a few tens of nanometers
thick, while the evaporated electrode is 150 nm thick, the SWCNT film in the previous
substrates must follow the metal profile on the Si surface, probably creating areas where
the intimate contact between the SWCNT film and the Si active area is not reached.
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Figure 3. (a) Photocurrent response of the PD to a 35-fs pulsed laser at different beam energy, tuned to photon wavelength,

A =800 nm. (b) Photocurrent difference, I,;;, between maximum and minimum in PD response peaks vs the laser light

pulse energy for A = 800 nm; in red, the curve obtained by fitting the experimental data with a power function is shown,

highlighting a linear behavior; (c) I, as a function of photon wavelength measured with an incident fs laser light pulse

energy, E = 100 n] and (d) rise time acquired as a function of photon wavelength of an incident 35 fs laser pulse at energy

E=100n].

Finally, it is important to highlight that in PV mode, the measurements are all carried
out in the absence of polarization V = 0, i.e., no energy must be spent to power the device
that works without any associated electronics, (signal amplifiers, power supplies, control
cards, filters, etc.). Indeed, the electrical signal is directly transmitted by the PD electrodes
to coaxial cables that can be connected to any current or voltage reading system. In this
way the signal does not lose its characteristics such as speed or power, undergoing as few
manipulations as possible. Another advantage of this approach is the fact that this small
device is very light, and since it does not need other associated devices to operate, it can
be used in situations where small dimensions and low weight are essential, such as in
space applications.
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Figure 4. (a) Sketch of the devices used: in the top panel the one with the Si active area at a lower level with respect to the
metal multifinger electrodes (henceforth, named TF); in the lower panel, the one with the Si active area at the same level of
the multifinger metal contacts (hereafter, called HF); (b) Current-voltage curves acquired in dark (solid lines) and under
100 mW /cm? white light illumination (dot-dashed curves) conditions for the TF (red) and HF (blue) devices; (c) responsivity
(open circles) and detectivity (solid circles) as a function of the 475 nm LED light power for the TF (red) and HF (blue) PDs;
(d) noise equivalent power as a function of the 475 nm LED light power for the TF (red) and HF (blue) PDs.

3.2. Photoconductive Configuration

In PC configuration, the PD acts as a 3-terminal device: the output current signal is
recorded between the interdigitated S and D electrodes, connected by the SWCNT film,
while the G electrode on the bottom side of the Si substrate is used as an external input
control providing an electric potential V at the ends of the heterojunction. V is applied
relative to the source electrode, S. In Figure 5a, the Isp-versus-V feature at different values
Vsp of the voltage applied to the SWCNT film in dark conditions is shown. The curves
are representative of a typical trend of a 3-terminal device: at low V the current flowing
inside the CNT is constant, but from V; = 15V it starts to increase, due to an avalanche
effect, and rapidly intensifies as V¢ = 20 V. The beginning of the avalanche region starts off
at a noticeable low voltage value compared to commercial PDs which need even a 100 V
bias to reach the same operating point [37]. In this configuration, when V; = 0 and the
device is in the dark, the current measured between the interdigitated electrodes is linear
with respect to Vsp, and the Isp-versus-Vgp characteristics represent the resistance of the
CNT film. If the device is illuminated, a higher current value at the same Vpg has been
measured: now, there are more free charges available in the film, as the minority positive
charges (holes), photogenerated mainly in the Si region, crossed the potential barrier of
the junction and flowed into the CNTs thanks to the junction potential V}; generated at the
nanotubes/n-Si interface. If a V¢ > 0 is applied, the junction is reverse polarized, and a
higher injection of holes occurs inside the CNT film, driven in this case not only by V;,
but also by Vi, while for Vg < 0 and Vg > Vy,;, the NSH is directly polarized, and the
majority charges (electrons) flow inside the SWCNT film. A detailed explanation of the
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voltage doping mechanism in our detectors has been recently reported in [21]. Here, we
report only the improvements in the performance of our devices when a positive voltage
was applied to the gate electrode because usually in photodiode devices, the operation
involves a reverse bias of the junction which is more easily controllable and tunable by
the gate voltage. A hole mobility w, =5 x 10° cm?/V-s was obtained from the PC I-V
measurements [21] resulting in some orders of magnitude higher than other CNT-based fast
switching devices [38]. To support the 3-terminal photoconductive proposed mechanism of
photodetection, measurements of the EQE collected between S-D terminals were performed
in the wavelength range 300 nm—-1000 nm. The results reported in Figure 5b point out
that for V = 0 the EQE shape is similar to that of a Si p-n junction and very close to the
EQE acquired in PV mode (Figure 2a) [39]. This occurs because the current flowing in the
CNT film comes mainly from the minority photocarriers generated in the n-Si substrate
injected by V;. It is worth noting that EQE values measured for V = 0 in PV configuration
are higher than the ones obtained in the PC mode. This is due to the fact that in the PV
mode, the ¢ and & photocharges are both separated by V}; at the SWCNT/Si interface,
while in PC mode, the collected photocharges are just holes driven through the junction by
the same built-in potential. However, as shown in Figure 5b, for V > 0 the EQE hugely
increases, exceeding 100%, since the number of holes collected by the CNT in the PC mode
are enhanced by the action of V driving the junction in the avalanche regime, thus giving
rise to a voltage doping of the PD.

@) S0 T T qov’ T T T Y
25 | 0.5V .~
.—A—A—A—A—A—A—A—A—A—A—A—‘—A—L—‘_‘_-
— E a1
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Figure 5. (a) Source-drain current Ipg vs gate voltage V acquired in dark conditions for different
values of Vpg; (b) External quantum efficiency measured between S and D terminals as a function of
the wavelength for different values of the gate voltage V.

The NSH PD ability to detect ultra-fast signals in PC mode was tested lighting the
device with the fs laser source. Figure 6a reports the photocurrent response for a single
laser pulse (A = 275 nm) with incident photon energy of 100 n] in absence of voltage doping
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(Vg = 0). The measured rise time is T, = (4.7 £ 0.1) ns. In Figure 6b the rise time vs. A
at Vg =0 and E = 100 nJ is shown. As in the case of the PV mode, T, increases with
increasing wavelength ranging from 4.7 ns in the UV region to about 10 ns in the IR region,
suggesting a similar mechanism in the two different configurations [40]. Nevertheless,
the PDs operating in the PC mode appear faster in their response to the light pulse with
respect to the PV configuration. In the PC mode, in fact, the signal measured by the external
circuit is composed only of the holes mostly photogenerated in the Si substrate close to
the SWCNT/Si junction and injected into the CNT film. This hole current takes less time
to reach the top metal contacts than the current of electrons and holes generated in the
PV mode. In this last case, indeed, electrons have to move through all the Si substrate’s
thickness to be collected at the G electrode [22]. The PD response can be further improved
by applying a V; > 0 which means directly polarizing the junction. This is shown in Figure

6¢, where T, is reported as a function of V for A = 275 nm: for Vg =20V, 7, reaches the
minimum measured value of about 1.5 ns. Similar results are obtained for all the other
wavelengths investigated from UV (A = 240 nm) to IR (A = 1600 nm). This means, therefore,
that voltage doping, induced by Vg, not only increases the photocurrent thanks to an
avalanche mechanism, but also increases the drift velocity of the photogenerated charges
which take less time to reach the electrodes and be collected.

Rise Time = 4.7 ns

Py i 1 1 1
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time (ns)
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Figure 6. (a) Response to a single 35-fs laser pulse of NSH PD for incident light energy of 100 nJ
and wavelength of 275 nm. The arrows indicate the 10% and the 90% of the pulse height used as a
criterion for the rise time estimation; (b) rise time, T, versus wavelength under 35 Lfs pulsed laser
source for incident light energy of 100 nJ; (c) rise time, T;, measured at A = 275 nm as a function of
the gate voltage, V.
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4. Conclusions

The main characteristics of the carbon nanotubes/silicon heterojunction-based pho-
todetectors were shown, highlighting the great potential of these devices in many different
applications thanks to their adaptability to different types of measurements. The carbon
nanotube film was obtained by devising a very simple, inexpensive, scalable, fast, and low-
environmental-impact method that allows to modulate and tune the optical and electrical
properties of the device by only controlling the amount of SWCNT dispersion used. The
top—down configuration was realized with all the electrical contacts already set up before
the film was deposited, so that once the substrates were created in the foundry, it was no
longer necessary to work in situations of particular attention to pressure, temperatures, or
cleaning to fabricate the detector. It was shown that the NSH detectors, working in the two
different modes, the photovoltaic and the photoconductive one, are able to detect a light
signal in a large and wide incident spectrum ranging from 240 to 1600 nm, responding fast
with rise times of a few nanoseconds with excellent sensitivity and detectivity comparable
to commercial devices currently available. It was also shown that the carbon nanotube
film can be used in field effect devices thanks to the possibility of varying its electronic
properties through the injection of charges by means of a back-gate voltage doping. This is
possible thanks to the conceived structure of the device which takes the advantage of the
incredible optical and electrical properties of single walled carbon nanotubes.
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