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Abstract

A systematic study of the optical response of photodetectors based on carbon nanotube/Si heterojunctions is
performed by measuring the responsivity, the detectivity and the time response of the devices with different
contact configurations. The sensors are obtained by dry transferring single walled carbon nanotube films on the
surface of n-doped Si substrate provided with a multifinger contact geometry. The experimental data show a
consistent improvement of the photodetector parameters with the increase of the number of fingers without
affecting the carbon nanotube film thickness for increase its optical transmittance as in previous experiments.
The role of the electrical resistance of the carbon nanotube film is discussed. The obtained results confirm the
method and suggest new perspectives in the use of nanostructured materials as part of semiconducting optical

devices.
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1. Introduction

Single walled carbon nanotube (SWCNT) thin films present some interesting features as electrical
conductivity (Snow et a. 2003; Salvato et al. 2008; De Nicola et al. 2017; Tian et al. 2017) and optical
transparency (De Nicola et al. 2017; Blackburn et al. 2008; Tian et al. 2017) which made them suitable for
photovoltaic applications over a broad spectral range from the Ultra-Violet (UV) to the Near Infrared (NIR) (De
Nicola et al. 2016; Li et al. 2010). Moreover, SWCNT can be easily integrated with conventional silicon
electronics to provide hybrid devices with superior characteristics with respect to the constituent materials (An et
al. 2013; Wang et al. 2014). With this perspective SWCNT thin films are used as semitransparent conducting
window covering the active area of a light sensor representing a competitive alternative to the most commonly
used transparent oxides (Tune et al.2014; van de Lagemaat et al. 2006). In fact, the deposition of a SWCNT thin
film on a crystalline silicon wafer produces a carbon nanotubes-silicon heterojunction (NSH) where the electric
field established at the interface between the two materials acts as the driving field for the photogenerated
charges (van de Lagemaat et al. 2006; Jia et al. 2008). Therefore, the whole photodetector (PD) device consists
of just two materials, Si and SWCNT film, where the former is the sensitive part where the charges are mainly
generated after light absorbing and the latter plays the double role of semitransparent window and charge
collector in contact with metallic electrodes of the external circuit (Jia et al. 2008). Since the NSHs can be
obtained at room temperature using a dry transfer mechanism for SWCNT deposition on the Si surface
(De Nicola et al. 2017), the fabrication process results easy and cheap thus opening new perspectives in
reducing costs and saving time with respect to the conventional semiconductor based PD production
where multiple steps, at high temperature and in high vacuum conditions, are adopted.

Recently we have presented new PD devices based on NSH operating in the region from near UV to near IR
without the use of a power supply, where the SWCNT film thickness was tuned to obtain responsivity £ and
detectivity 2 values comparable to commercial Si photomultipliers (Salvato et al. 2017). Since the charges are
mainly photogenerated inside the Si substrate and collected by the SWCNT film in contact with metallic
electrodes, the PD performance depends on the optical transmittance and the electrical resistance of the SWCNT
film (Tune et al.2014; Tune et al. 2013). These are two competitive parameters because the increase of the
optical transmittance can be obtained by a reduction of the film thickness which implies an increase of its
electrical resistance (Blackburn et al. 2008; Tune et al.2014). Nevertheless, the reduction of the thickness of the
SWCNT film below a certain value can be detrimental for the homogeneity of the NSH because of the intrinsic
porosity of the SWCNT film (Salvato et al. 2017). For these reasons, we investigated the possibility to improve
the PD response by acting only on the upper contact configuration and fixing the SWCNT film thickness to an
optimal value for optical transmittance. With this purpose, multifinger electrode geometries were specifically
designed to enhance the charge collection by the external circuit without increasing the SWCNT thickness and,
as a consequence, without reducing its transparency. Multifinger contact geometry was routinely used in CNT
based devices for transport measurements (Salvato et al. 2008), field effect study for radiofrequency
(Schroter et al. 2013) and detector applications (Li et al. 2003). In most of the cases, interdigitated
electrodes were designed to better collect the charge carriers which have to be delivered to the external
circuit. This is crucial in the case of high sensitive photodetectors where a small number of photogenerated
charges have to be collected inside a distance comparable to the charge diffusion length (Sze 2002).

Nevertheless, the use of interdigitated electrodes becomes much more useful in the case of printed CNT
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films where the contact resistance between the CNTs and the metallic electrodes is high (Jackson et al.
2009). On this regard, the use of multifinger geometries, instead of a simple two electrode configuration,

increases the possibility for collecting electrical charges and improve the device performances.

2. Materials and Methods

For the NSH-based PDs, substrates specifically designed and provided by the Fondazione Bruno Kessler
(Bagolini et al. 2015) were used. They consist of a gold bottom ohmic contact, an n-doped Si region and
terminate with platinum top contacts (figure 1a). The crystalline (100) Si region (150 um thick) has an electrical
resistivity psi = 0.53 Q-cm due to Np = 10 cm™ doping atoms. The top contacts are conceived with a multi-finger
geometry consisting of 50 pm wide platinum combs, deposited on 300 nm thick SiO, template, distant d from
each other. As shown in figure 1b three different configurations of multi-fingers top contacts have been realized:
i) which has 1 finger on one side and two on the other side (d; = 950 um), ii) with three fingers per side (d;; = 450
pm) and iii) with five fingers per side (di = 250 pm). The corresponding active areas, i.e. the top n-Si surface
free from the Pt electrodes, are Ai=0.087 cm?, A;=0.084 cm? and A;;=0.079 cm? respectively.

The SWCNT films fabrication process is detailed elsewhere (De Nicola et al. 2015). A powder consisting of
metallic (10%) and semiconducting (90%) SWCNTs (Sigma-Aldrich, assay 90%, diameter 0.7-0.9 nm)
was dispersed in an aqueous solution (26 pg/ml) with 2% concentration of sodium-dodecyl-sulfate (Sigma-
Aldrich, assay>98.5%) anionic surfactant (SDS). After a sonication process by using distilled water to
dissolve the surfactant, the water dispersed SWCNTs were dripped on a mixed cellulose ester filter
inserted in a test tube for low vacuum filtration. After the filtration, a SWCNT film covers the cellulose
filter surface which is printed on the substrate surface allowing the transfer of the SWCNT film. The
thickness, the optical and the electrical properties of the obtained SWCNT films depend on the quantity of
aqueous solution dripped on the cellulose filter. Therefore, some SWCNT films were deposited on glass
substrates for morphological characterization, optical transmittance and sheet resistance measurements
(De Nicola et al. 2015, 2016). For the present study, SWCNT films with an optical transmittance of 49%
at a wavelength of 550 nm and a sheet resistance Ryt = 274 Q/sq, measured using the van der Pauw
method (van der Pauw 1958), were selected. Using the same transfer method, the selected SWCNT films
were deposited on the Si substrates bridging the fingers and becoming in contact with the n-Si top surface.
The NSH is built by the contact between the SWCNT film and the n-Si substrate surface free from the Pt
contacts. Figure 1c shows a schematic band diagram of the NSH which is assumed to be of Schottky type as
demonstrated in (Salvato et a. 2017). Electron-hole pairs generated inside n-Si after light absorption
diffuse in the depletion region formed at the interface. Here they are decoupled by the junction potential
which drives electrons towards the n-Si region and the holes towards the SWCNT films where they are
collected by the metallic multifinger contacts. The electrical measurements were performed by connecting the
bottom contact to one terminal and one or both sides of the top contacts to the other terminal of a Keithley
2602A digital multimeter/power supply or of a Tektronix TDS 2022C oscilloscope (figure 1a). In this way, each
substrate can be used for multiple finger configurations. The substrate i) in figure 1b, for example, can be used as
a 1, 2 or 3 finger configuration if top contacts 1, 2 or both are terminated to the external circuit respectively. This

allows to use the same SWCNT thickness and the same NSH in a PD terminated with different number of fingers
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(N) for the photogenerated charge collection. A commercial calibrated light emitter diode (LED Kingbright L-

7113QBC-D, emission spectrum peaked at A=460 nm), has been used as light source.

3. Results and Discussion

Electrically, the equivalent circuit of the NSH PD devices can be sketched as an ideal current generator in
parallel with a diode (see figure 1d) (Sze 2002). However, to take into account real power dissipation, a series
resistance Rs=Rswent+R+Rsi (Jackson et al. 2009) must be included which originates from the SWCNT film
resistance (Rswent), the contact resistance (R.) between the SWCNT film and the Pt contacts and the Si substrate

(Rsi)- The PD current-voltage (I-V) characteristic curve is then described by the following equation (Sze 2002):

I =1,exp(e(V + IR, )/(nk,T))— ¢ (1)

where |, is the diode inverse saturation current, e is the elementary charge, kg is the Boltzmann constant, T the
temperature, n is the diode ideality factor and Isc is the short circuit photocurrent which is zero in dark
conditions. figure 2a shows the current density J (/=J-4) crossing the active area A;; vs. the polarization voltage V
of the device using the substrate ii) sketched in figure 1b, once using three fingers as the top contact (full black
line), and then using six fingers (full red line), measured in dark condition. The two curves are indistinguishable
in the inverse polarization region (V<0) and in direct polarization at least for low voltage. At high positive
voltage the curves separate with a high current driven by the device with a larger number of fingers. The series
resistance R can be estimated fitting the experimental data of figure 2a in the high current region (Sze 2002) by

using the expression

1dV _ nkgT
dl e

~R, @

obtained by eq. (1). The values of R, calculated with this method, are reported in the main panel of figure 2b for
all the analyzed samples and show a reduction of Ry with N down to a value of about 2 Q3 for N=5, followed by a
constant behaviour. This result suggests that the main contribution to Ry comes from Rsywcnt Which is the only
term in the expression of R that is expected to decrease with N. Increasing N, in fact, the distance between the
fingers decreases and, as a consequence, the length of the SWCNT film constrained between two adjacent fingers
decreases as well. Since Rswent=pPswentd/t (Where pswent 1S the resistivity of the SWCNT film, t its thickness
and d the distance between the fingers), the reduction of d implies a reduction of Rgywcnt. On the contrary, R,
is expected to increase with N because more contacts between the SWCNT film and the multifinger electrodes

are formed (Jackson et al. 2009). Finally, the last term R, = p,; di; /A~ 0.1Q (where ds; is the Si thickness and A

the active area of the PD) is independent on N. Therefore, the data in figure 2b indicate that the SWCNT film can
be made more conductive without affecting its thickness but operating on the contact configuration. Furthermore,
the constant behaviour of Rs vs. N suggests that a possible increase of R, balances the further decrease of Rsycnt
for N>5 leaving R unchanged and limited to a value of few Ohms. In the inset of the same figure, Ry is reported
as a function of the distance d between the electrodes. The linear dependence indicates that Rg, and as a

consequences Rswent, has an Ohmic behaviour and can be properly considered as a uniform electrical resistance



as sketched in figure 1c (Jackson et al. 2009). The intercept of the fitting line gives the residual resistance R=1.8
Q.

These observations suggest that the reduction of Rgwent @S @ consequence of the increase of N favours the
photogenerated charge collection improving the response of the PDs. In order to confirm this consideration, a
measure of the responsivity «, the detectivity 2 and the noise equivalent power 969 was performed starting by

the expressions (Durkop et al. 2004):

- tsc—lo ®)

In these expressions Isc#0 and 1g=0 are the short circuit currents of the PD under illumination and in dark
conditions respectively, Pqy is the incident light power, A is the active area and BW is the bandwidth of the
optical device. lsc present into eq. (3) is measured by acquiring the 1-V characteristics for all the PD under
illumination. These are reported as dashed lines in the inset of figure 2a for the PDs obtained using the substrate
ii of figure 1b. The effect of the photogenerated charges is clearly evidenced by the shift of the curves towards
higher values (in absolute value) of current and voltage with respect to the dark condition (Sze 2002). Here we
emphasize that Jsc of the PD with six fingers (red dashed line) is higher (in absolute value) than that of the PD
with three fingers (black dashed line) as better evidenced by the blow-up of the data in the same figure.
Furthermore, since Jsc is measured at V=0 all the PD parameters dependent on this quantity are indicative of the
non polarized PDs.

R and 9, as given by eq. (3) and (4), are related to the input-output gain and to the ability of the PD to detect
small signals respectively. These quantities are measured as a function of Py, and shown in figures 3a and 3b
respectively. For all the samples, values of & in the range 0.3-0.8 A/W and values of 9 in the range 3-7-10%
Jones are obtained. These values are comparable to the commercial Si based PDs (see for example Hamamatsu
Catalog at http://hamamatsu.com/sp/hg/catalogs_en.html) and are remarkable if one considers that our devices
consist of a single junction without any protective layer and the PDs were unbiased (V=0). The data in figures 3a
and 3b also show the interesting feature that both &2 and 2 increase with N. Since the SWCNT film thickness is
maintained constant for all the PDs, its transparency remains the same for all the investigated devices. Therefore,
the observed increase of £ and 2 with N can be ascribed only to the reduced electrical resistance of the SWCNT
thin film due to the reduction of the distance between the fingers.

Since 969 depends on the BW of the devices, a measure of the time response 7 was performed by
measuring the rise time for all the analysed samples. This was done measuring the time between 10% and 90% of
the full signal amplitude after on-off light excitation using a LED as light source and recording the output voltage
of the PD as a function of time. In the inset of figure 3c 7 is reported for one of our PDs with N=5 measured
using the LED source pulsed at a frequency of 10 kHz with P,,=8 mW/cm’. The measured values of 7 are

shown in the main figure as a function of N and are in the range 7 us-10 ps for all the investigated samples. The
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7 vS. N dependence shows that the larger N the faster is the PD response. The measure of 7 allows estimating the
operation BW by the expression BW = 0.35/7, (Sze 2002) which, substituted inside the expression (5), gives

the data reported in figure 3d as a function of P for all the investigated samples. The experimental data clearly
show a reduction of the noise with the increase of N.

The measurement of the time response 7, of the PD allows to make some further considerations about the role
of the SWCNT film resistance. In a separate experiment (Salvato et al. 2018) the mobility () of one of the PDs
(the one with 5 fingers) was determined by measuring the current between the two top contacts while a gate

voltage was applied to the bottom contact (Durkop et al. 2004). The obtained value was £=5-10° cm?V-s which
gives a charge diffusion length L = /k Tuzr, /e ~7 mm (Sze 2002; Durkop et al. 2004). Comparing this value

with the thickness dg; of the Si substrate and the distance d between the electrodes, we find L>d+dg; for all the
present devices. This result confirms that all the charges collected by the SWCNT film in any point of the PD
surface diffuse towards the electrodes. Therefore, Rswent behaves as a uniform electrical resistance crossed by
the photocurrent as assumed in the PD equivalent circuit (figure 1d). This is a further confirmation of the ohmic
behaviour of Rgwcnt as already stated considering its linear dependence on d.

All the experimental data acquired for ®, 2, 7 and 9069 are consistent with the consideration that the
reduction of Rgwent gives an improvement of the PD performances. & and 2 increase with N while 9z62and
decrease indicating that fast low noise devices with high responsivity and detectivity can be obtained acting on
the contact configuration. The improvement of the PD response appears as a direct consequence of the reduction
of the distance between the fingers which favours the photogenerated charge collection because of a shorter path
to be travelled after reaching the SWCNT film. On this respect, the reduction of the active area, as a
consequences of the increase of N, seems to affect the PD performances at a lower rate if compared to the
enhancement due to the decrease of Rswent at least in the range of our investigation. Nevertheless, a
threshold should be expected when the fingers completely cover the active area (N>>10) preventing the

light absorption in Si substrate.

5. Conclusion

In conclusion, the experimental data show that a significant improvement in the PDs response is obtained by
increasing the number of contacts. Apart from the high responsivity and high detectivity values obtained, which
are comparable to the commercial Si based PDs, the method allowed to collect a greater number of
photogenerated charges without operating on the SWCNT film thickness to increase its optical transmittance.
This allows to fabricate NSH PDs, maintaining the homogeneity of the junction along the whole active area and

opening new perspectives in the use of nanostructured carbon materials for photo and nano-electronic devices.
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Figure Captions

Fig. 1 a) Schematics of the PD and the measurement system. The |-V measurements were performed polarizing
the sample between the bottom and one or both top contacts; b) multifinger geometry top view schematics of the
devices: the numbers on each contact indicates the number of fingers used when this contact is connected to the
external circuit; ¢) schematic of the band diagram of the SWCNT/n-Si heterojunction; d) electrical equivalent
circuit where the current generator, the diode and Rs represent the photogenerated charges, the NHS and the

series resistance respectively.

Fig. 2 a) J-V characteristics of two PDs obtained using the same substrate with N=3 (black line) and N=6 (red
line) acquired in dark conditions; inset: J-V characteristics of the same samples acquired in dark condition (full
lines, same as the main panel) and under illumination (dashed lines) with Pq,=100 mW/cm?; b) series resistance
Rs vs. the number of fingers N for all the investigated samples. Inset: R, vs. the distance between the fingers. The

straight line is a fit to the data.

Fig. 3 a) responsivity and b) detectivity as a function of P,y for PDs with different N; c) rise time vs. N for all the
investigated samples. Inset: output voltage of a PD under on-off light excitation. The arrows indicated the 10%
and 90% of the maximum voltage value for rise time calculation; d) noise equivalent power vs. Py for PDs with
different N.
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