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Abstract: In this work devices based on a MWCNTs-Si heterojunction were realized growing
MWCNTs, by chemical vapor deposition, on an n-type Si substrate with the top and bottom surfaces
covered by 140 nm thick Si3N4 layers. Two metal contacts, realized on the top and back of the Si
surface, were used to perform I-V measurements of the vertical heterostructure. The photocurrent
behavior, obtained by light illumination, was studied as a function of the thickness of the MWCNTs
layer. A planar quantum efficiency map of the device was obtained by I-V measure when the active
area of the device was rastered by a 1 mm diameter light spot. The thickness reduction of the
MWCNTs was realized by adhesive tape. We found that the photocurrent intensity increased when
the density of the MWCNTs layer was decreased. To check the substrate coverage by the MWCNTs,
scanning electron microscope images were taken.
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1. Introduction
Carbon nanotubes (CNT) have always been attractive to scientists due to their outstanding chemical, mechanical and electrical properties [1–6]. Their electrical properties
make them highly attractive for technological application. They are often used in combination with traditional semiconductor substrate to realize improved optoelectronic device
[7–13] and for several electronic applications like field emitters [14–16].
Chemical vapor deposition is used often to grow CNT films over silicon substrate to
obtain photodetectors [17,18]. The contact of CNT films with silicon generate a rectifying
junction and the nanotubes, due to their high electrical conductivity and optical transparency, work both as an antireflective layer and a conductive electrode for photocharge collection [19,20].
In this study, we analyze the external quantum efficiency of silicon substrate covered
by a MWCNTs film grown with CVD. We scanned the device with a focused light, and
we observed if there were any changes in the photocurrent produced by the device. We
removed some of the nanotubes grown on the devices to establish if the thickness and the
density of the MWCNTs film has some role in the photocurrent production. After this
electrical characterization we looked at the sample morphology to correlate the changes
to the nanotube distribution.
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2. Materials and Methods
The devices were realized starting from a substrate composed by a 500 µm n-type Si
layer (resistivity 1–5 Ω cm, doping ~1015 cm−3) with the top and bottom surfaces covered
by a Si3N4 layers thick 140 nm. The substrate also presented Pl-Ta film that covers all the
bottom side and two Pt-Ta pads of 1 mm2 each on the top side. The region of CNTs growth
were selected by the deposition of a 3 nm thick Ni film by thermal evaporation. After the
evaporation, the substrates were taken into a Chemical Vapor Deposition chamber and
then pumped down to a pressure lower than 10−4 Torr. Successively, the substrates were
annealed at 750 °C in the presence of NH3 gas flowing at a rate of 100 sccm for 20 min.
That process transformed the Ni film into nanoclusters, necessary for the catalysis of the
CNTs growth. To permit the growth, C2H2 was added to the ammonia flow in the reaction
chamber with a flow rate of 20 sccm for 10 min, keeping the same temperature as the
annealing process. The samples were then slowly cooled down to room temperature.
The devices were placed into a sample holder with two micrometer screw gauges
that allowed precise movements in the x and y directions (Figure 1a). The light of a LED
(λ = 380 nm, P = 71 µW from Ocean Optics) was directed on the devices using an optical
fiber that allowed the illumination of a small circular portion of the surface with diameter
of 1 mm. The electrical characterization of the devices was performed using a Keithley 236
measure unit. The measures were performed by contacting one of the top pads and the
back of the devices and acquiring the I-V characteristics in the dark and under illumination (Figure 1b). After the acquisition of the I-V characteristics, looking at the voltage interval where the photocurrent took place, an appropriate voltage (Vph) at the middle of
this interval was selected and applied to the devices. Keeping fixed the spatial position of
the optical fiber, we moved the sample along the x and y directions, and we measured
how the current changes in function of the spot position. The photocurrent Iph were calculated, using the relation: Iph = Ilight − Idark (where Ilight is the current under illumination and
Idark is the current in dark). Finally, the Quantum Efficiency of each point was calculated
using the relation Q.E. = (Iphhc)/ePλ, where P is the LED power and λ is the light wavelength. The obtained values were reported on a map.

Figure 1. (a) Experimental setup: sample holder with two micrometer screw gauge that allows the
movement along the x and y directions, and the optical fiber fixed above the sample. (b) Layout of
the device with the setup used for the electrical characterization.

The morphology of the CNTs film of the devices was analyzed using a field emission
scanning electron microscope (SEM, Zeiss Leo 1530, Zeiss, Oberkochen, Germany) at an
accelerating voltage of 5 kV.
3. Results
Figure 2 shows the I-V characteristic taken from the device. It shows that below −6 V,
in the presence of light, the reverse current starts to increase, indicating the production of
a photocurrent. The photocurrent increases linearly with the reverse bias till it reaches a
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plateau. That linear increase is due to the more efficient separation of the photocharge
done by the higher reverse bias. When all the photocharges have been separated, the current stops increasing and reaches the plateau.

Figure 2. I-V characteristic of the device in dark an under illumination. The value that we chose for
this sample is also reported.

Vph was chosen at the middle of the photocurrent interval, to avoid systematic errors
due to possible changes of the plateau interval during the measures. Figure 3a shows the
Quantum efficiency (Q.E.) map of the device. It is possible to see that the device has a
response different from zero only when the CNT film is illuminated.

Figure 3. (a) Quantum efficiency map of our device. The device presents an average value of 0.3 but
near the top and bottom edges the value increases till values near 1. (b) SEM images of the left
bottom corner of the MWCNT film. The film presents two different types of edges: that at the bottom
decreases gradually versus the substrate surface, while the other is sharper and is like a step.

The device presents an average Q.E. over the MWCNT film near 0.3. Over the top
and bottom edges, the response is much higher, with values that reach 1. In order to understand this behavior, we looked at the MWCNT film with a scanning electron microscope. From the images we noted that the higher Q.E. is associated to region where the
thickness of the CNTs film’s decrease (Figure 3b).
4. Conclusions
Photodetectors have been realized by growing MWCNTs on the surface of a n-doped
silicon substrate with the top and bottom surfaces covered with a Si3N4 layer. The photoresponse of the devices has been studied across its active surface to determine possible
differences of local Q.E. The measurements show that the photocurrent can be observed
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only if the substrate is covered by CNT. Comparing the results from the electrical measurements and the morphology of the MWCNTs film, it has been observed that a better
photoresponse is associated to a lower thickness of the nanotubes film. This suggests that
the thickness of the film needs to be reduced to obtain a better photoresponse from the
devices.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data available on request.
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