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Determination of the electronic 
transport in type separated carbon 
nanotubes thin films doped 
with gold nanocrystals
M. Świniarski*, A. Dużyńska, A. P. Gertych, K. Czerniak‑Łosiewicz, J. Judek & M. Zdrojek

We report a systematic theoretical and experimental investigation on the electronic transport 
evolution in metallic and semiconducting carbon nanotubes thin films enriched by gold nanocrystals. 
We used an ultra‑clean production method of both types of single‑walled carbon nanotube thin films 
with/without gold nanocrystals, which were uniformly dispersed in the whole volume of the thin films, 
causing a modification of the doping level of the films (verified by Raman spectroscopy). We propose 
a modification of the electronic transport model with the additional high‑temperature features that 
allow us to interpret the transport within a broader temperature range and that are related to the 
conductivity type of carbon nanotubes. Moreover, we demonstrate, that the proposed model is also 
working for thin films with the addition of gold nanocrystals, and only a change of the conductivity 
level of our samples is observed caused by modification of potential barriers between carbon 
nanotubes. We also find unusual behavior of doped metallic carbon nanotube thin film, which lowers 
its conductivity due to doping.

The utilization of carbon nanotubes (CNTs) in thin-film production raised in the last couple of years, because of 
possible industrial applicability. The CNTs networks might significantly impact modern electronics and photonics 
combining the optical and electrical properties of one dimensional objects with the applicability of large-area thin 
 films1,2. The devices made from CNT thin films such as FET  transistors3,  sensors4, and transparent  electrodes5,6 
have been widely reported in recent years, but they were mostly made of a mixture of 1/3 metallic and 2/3 
semiconducting carbon  nanotubes7. When the type-separated carbon nanotubes started to be  investigated7–9, it 
was shown that the material’s electrical properties are strongly related to the type of  nanotubes10–12. The carbon 
nanotube thin film made of metallic carbon nanotubes show higher electrical conductivity than semiconducting 
films and the gate responses are different with respect to carbon nanotube  type13–16, allowing to use it accordingly 
to application  requirements17. An additional factor that influences conductivity in such materials is the structural 
arrangement of CNTs inside the system. Such metamaterials are built of a large number of randomly distributed 
interconnections between the tubes, which are seen as an additional energy gap for electrons that result in a 
decrease in conductivity. The films conductivity could be further controlled by nanotube surface  modifications18 
i.e. Au nanoparticles (NPs)19–23,  SOCl2

24–26,  PABS27, and many  others28,29. The functionalized carbon nanotubes 
show changes in conductivity either increase (Au,  SOCl2)22,24 or decrease (CdTe QD, aniline)24,30. Thus, one can 
modify the conductivity of the material by controlled doping of carbon nanotubes. The utilization of electronic 
devices, including those based on CNT films, often requires operation in a wide temperature range (− 200 to 
200 ℃). Since doping could set our conductivity to the desired value, the crucial issue is to know how it influ-
ences the electronic transport, especially in a wide temperature range.

The literature provides a vast range of research devoted to electronic transport in most of the available types 
of CNTs systems: non-separated, type-separated, thick (> 100 nm), thin (< 100 nm), doped and  undoped24,28,31,32. 
Also, various theoretical models are employed: Fluctuation Induced Tunneling (FIT)33, 3 and 2-dimensional Vari-
able Range Hopping (3D, 2D-VRH)34 and modified VRH (ES-VRH)35. However, most of the studies are focused 
on electronic transport in carbon nanotubes networks, without consideration of doping effects. On the other 
hand, when the doping effects are taken into account, they are considered usually in the view of how conductiv-
ity or transmittance are  affected22,23,29. No doping influence on the transport model has been considered before 
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and also very little attention was given to the influence of doping on the temperature-dependent conductivity 
of CNT  films20,25,26.

In this work, we present the systematic study on electronic transport of the type-separated carbon nanotubes 
thin films in a wide temperature range (77–450 K). We used an ultra-clean production method of metallic 
(mCNT) and semiconducting (sCNT) single-walled carbon nanotube thin films with and without gold nanocrys-
tals (Au NCs). We show, that the electronic transport models in higher temperatures must be modified with the 
additional high-temperature features that are related to the conductivity type of carbon nanotubes. Moreover, 
we show that the implementation of AuNCs in the whole volume of carbon nanotube thin film does not affect 
the transport model, but only changes our samples’ conductivity level by changing potential barriers between 
carbon nanotubes. The influence of p-type doping has been proved by statistical measurements with Raman 
spectroscopy, where spectra are sensitive on charge carrier concentrations. We also find unusual behavior of 
doped metallic carbon nanotube thin film, which lowers its conductivity as a result of doping.

Materials and methods
Carbon nanotube thin films preparation. To produce thin films, we used commercially available of 
type separated carbon nanotubes purchased from NanoIntegris Inc. The ultra-clean preparation of thin films 
requires proper dispersion of carbon nanotubes in a solution of deionized water and sodium dodecyl sulfate 
(SDS), which reduces surface tension in a further application into a vacuum filtration process. The filtered and 
dried thin films of CNTs were deposited on Si/SiO2 substrate. Carefully prepared vacuum filtration of carbon 
nanotube solution provides a thin layer (50 nm) of uniformly dispersed carbon  nanotubes36, which is presented 
in Fig. 1a. Samples with gold nanocrystals were prepared with an additional step of dispersion of the Au NCs into 
a previously prepared solution of carbon nanotubes, which further was applied to the vacuum filtration process 
(for more details please see “Supplementary Information”). This approach ensures quite uniform dispersion of 
gold nanocrystals into a whole volume of carbon nanotube thin film (see Fig. 1b and Fig. S2). For our investiga-
tions, we have prepared two sets of samples—pure metallic (mCNT) and pure semiconducting (sCNT) carbon 
nanotubes and two sets of samples with gold nanocrystals (mCNT + Au and sCNT + Au).

Electrical characterization. Next, the four 1 gold contacts (100 nm thick) were attached to the film using a 
standard e-beam lithography process followed by a lift-off step (see Fig. 1c). For electrical measurements samples 
were put into cryostat (Oxford MicrostatHe2) and using the set of Keithley 2450 SMU, Keithley 7001 switch unit 
equipped with Hall card, and National Instruments PC-4628, the four contact measurements were performed. 
The van der Pauw four contact method ensures that contact resistance is negligible in our case. The temperature 
electrical measurements were performed in vacuum conditions in the following scheme: (1) 450 K annealing for 
humidity evaporation for at least 12 h, (2) 450 K → 70 K → 450 K → 300 K. The data has been characterized by 
negligible hysteresis, which exclude the influence of the de-doping  effect26,37 (see “Supplementary Information”, 
Fig. S5).

Structural characterization. The structural parameters were evaluated with statistical Raman measure-
ments using the Renishaw InVia spectrometer. The Raman mapping was performed on an area of 40 μm × 40 μm 
with a collecting step of 4 μm (100 points) using a laser wavelength of 514 nm. To avoid heating effects we have 
used low laser power of 0.35 mW, which has been additionally defocused, resulting in laser spot size of 4 μm, as 
for our previous  invesitgation38–40. We performed statistical analysis of 100 Raman spectra for each sample, and 
fit the Lorentzian or BWF function to obtained set of parameters: position of  G+,  G−, D and 2D modes, which 
further has been used for correlation analysis.

Results and discussion
Doping effect on the structural parameters. The quality of prepared carbon nanotube thin films is 
crucial in terms of interpretation of the electrical transport. One of the most valuable methods of investigating 
the low dimensional materials quality is Raman spectroscopy. Figure 2a presents the comparison of representa-
tive spectra collected for mCNT and sCNT. The difference between the types of carbon nanotubes is seen, in 
the G mode, which in both cases are built with two main components: one peaked at ~ 1590  cm−1  (G+), and the 

Figure 1.  The SEM analysis pictures taken from the mCNT samples without (a) and with (b) gold nanocrystals 
(the white areas). The scale bars are 400 nm. (c) Photograph of the representative sample of thin carbon 
nanotube film with four contacts located at the edges of the film.
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next peaked at ~ 1570  cm−1  (G−). The metallic carbon nanotubes are characterized by lower splitting between 
the ωG+ and ωG− than semiconducting. In our case, the differences are 22  cm−1 for metallic tubes and 25  cm−1 
for semiconducting tubes. The lineshape for metallic  G− mode should be well described by Breigt–Winger–Fano 
(BWF) function, in contrast to the Lorentzian shape for semiconducting  tubes41 (see also Fig. S1 in “Supple-
mentary Information”). Moreover, the 2D mode position should be lower for metallic carbon nanotubes in 
comparison to semiconducting, which is in good agreement with our observations (ω2D = 2677  cm−1 for metallic 
and ω2D = 2682  cm−1 for semiconducting). Additional, the quality of the carbon nanotubes could be determined 
by the ratio of the intensities of D  (ID) mode and  G+  (IG)  mode41, where the lower value refers to better quality, 
and in our case, the  ID is negligible (see Fig. S3), which indicates high-quality carbon nanotubes in our thin films.

The Raman spectroscopy is also sensitive to changes in carriers concentration in carbon nanotubes caused 
by  doping41,42. Firstly, for the doped samples mCNT + Au and sCNT + Au we observed a decrease in the intensity 
(Fig. 2a), which is probably caused by lowering the number of electrons that are involved in the Raman scattering 
process by an acceptor  (Au3+)  doping41. Secondly, the concentration-sensitive modes  G+ and 2D, which change 
their positions as a result of doping-induced concentration changes. The ω2D redshifts are identified as an accep-
tor doping, while ωG+ shift indicates doping  itself43. Figure 2b presents the statistical correlation of position of 
doping sensitive modes ω2D (ωG+). In both cases mCNT + Au and sCNT + Au we observe position shifts, which 
indicates the acceptor doping by  Au3+ ions. The shifts for metallic carbon nanotube thin film (ΔωG+ = 0.14  cm−1, 
Δω2D = 0.24  cm−1) are lower compare to shift for semiconducting thin film (ΔωG+ = 0.33  cm−1, Δω2D = 0.98  cm−1) 
(see Fig. S2), which are reflected in the relative changes in conduction. The inset in Fig. 2b shows normalized 
conductivity at 300 K (σ300K/σ300K+Au) as a function of ωG+. For sCNT samples, the conductivity increased by 83%, 
as a result of an increase of major charge carriers concentration by acceptor doping. For mCNT conductivity 
decreased by 21%, which is rather unusual behavior for the metallic carbon nanotubes. This suggests, that the 
initial doping of mCNT was n-type, and after injection of an acceptor dopant, the concentration of major charge 
carriers is lowered. The relative changes of conduction correlate with changes of concentration, which proves 
that observed structural changes visible in Raman spectra are the result of doping by Au NCs. The structural 
investigations also agree with previous investigations, where sCNT is more sensitive to charge carrier concentra-
tion than  mCNT26,28.

Electrical transport investigation. The temperature dependence of the conductivity of the carbon nano-
tube thin films with its modifications by doping leads to a better understanding of the nature of the electrical 
transport in carbon nanotube thin films. The carbon nanotubes films are highly disordered systems, which could 
be modeled as randomly distributed conducting wires—this crucial fact has been noticed by Alan B. Kaiser by 
comparing CNTs thin films to conducting  polymers44. The electronic transport in our samples has been tested by 
four common theoretical models: Fluctuation Induced Tunneling (FIT)33, 3- and 2-dimensional Variable Range 
Hopping (3D-, 2D-VRH)34, and modified VRH by Efros–Shklovskii35, which takes into account Coulomb inter-
actions (ES-VRH). The determination of the electronic transport model is challenging, because of two issues: (1) 
the simple models do not follow the experimental data within the whole temperature range (they fail in higher 
temperatures range), (2) in certain temperature range all model gives reasonable fitting results (see Fig. S3 in the 
“Supplementary Information”), even though much different physics is found behind each one. Here, we show 
some new insight.

Figure 3 presents how the electrical conductivity evolves with temperature for both types of carbon nanotube 
thin film. The data has been characterized by small uncertainty, which is not visible on the Fig. 3. The uncertainty 
has been discussed in “Supplementary Information”, section The data collection and error discussion. Since all 
tested models should produce an increase of the conductivity in a wide range of the temperature as it is presented 
as a dashed line in Fig. 3 (for FIT model) and in Fig. S3 (for VRH models). We noticed an interesting behavior 
especially for the mCNT and mCNT + Au data, where the slope (∂σ(T)/∂T) changes its sign above 260 K (Fig. 3a). 
A similar phenomenon was measured in non-separated  Buckypapers45–47, where the high-temperature factor 

Figure 2.  (a) The representative spectra collected from mCNT, mCNT + Au, sCNT and sCNT + Au. (b) 
Correlation of 2D mode and  G+ mode positions with an inset consisting of normalized changes of conductivity 
versus  G+ mode position.
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was interpreted as a characteristic phonon scattering in 1D  conductor11,12 or as a result of the concentric expan-
sion of the tubes (radial breathing), which constantly change the distance between tubes and reduce the tun-
neling  probability41,48. This effect could be also related with the de-doping  effect26,37, but in our case we excluded 
this by proper annealing before measurement (see Fig. S5). Moreover, we also noticed a change of slope for 
sCNT and sCNT + Au, which were previously documented, up to date, only in the semiconducting ultra-thin 
film (0.8–2 nm) by Itkis et.al.31 and interpreted as a high-temperature band-like transport. To the best of our 
knowledge, there is no report where such behavior in 50 nm pure carbon nanotube films was observed. Here, 
an additional high-temperature factor has been implemented in order to fully determinate the transport model. 
The formula with high-temperature components are described below:

where A and B are preexponential factors (A, B =  fA,B ρA,B, where f is geometrical  factor44). Equation (1) presents 
modified Fluctuation Induced Tunneling (modified FIT), where  Tt is related to barrier height for electrons,  TS 
is the temperature below which elastic scattering  dominates33. The “Ea” refers to two additional formulas, “−  Ea” 
for phonon scattering (1D transport along CNT) in mCNT and “+  Ea” for band-like transport in sCNT.

The metallic carbon nanotubes thin films are rare in literature in the scope of the electronic transport inves-
tigations, but it seems that the simple Fluctuation Induced Tunneling (in Eq. (1), B = 0) is the predominant 
transport model reported in metallic carbon nanotube  Buckypaper26 and simulated thin  film14. For the semi-
conducting carbon nanotube thin films, the situation is more complicated. One can find the simple FIT model 
for ultra-thin  film31, 3D-VRH for drop-casted  film49, and ES-VRH for semiconducting CNT  Buckypaper13. 
Thus, the literature information might be misleading in proper transport model determination. To show this, 
we analyze how the ratio of the experimental data and theoretical fit changes in the given temperature range. 
All different models have been fitted and compared (Fig. S3), which leads us to conclude that the Fluctuation 
Induced Tunneling with the addition of high-temperature components (solid line in Fig. 3) is the most suitable 
transport model in mCNT and sCNT samples.

Interestingly, the implementation of the additional nanocrystals in the whole volume of the investigated thin 
films did not change the electronic transport model of our samples. In Fig. 3 and Fig. S3, we have noticed that 
the predominant transport model for mCNT + Au and sCNT + Au is still FIT, but the conductivity is different 
(Table 1).

Table 1 presents energies obtained from fitting the FIT model to our data. The mCNT + Au is characterized by 
lower conductivity, which we previously connected with the differences of the initial doping of mCNT (n-type) 
(Fig. 2b inset). We observe that  Tt energy is slightly decreased in mCNT + Au, which could indicate that the 
potential barriers between tubes are lower. But the  Ea, which in the case of mCNT describes the transport limit-
ing factor due to acoustic phonon scattering or reducing tunneling probability because of the radial breathing 
of the tube. The activation energy is higher after doping, which suggests that an additional mass on the tubes 
could increase the energy, which limits the conductivity. The sCNT + Au is characterized by higher conductiv-
ity, which is related to the initial doping of the tubes as p-type. While the relative changes of conductivity are 

(1)σ
−1(T) = ρ(T) =

(

A exp

[

Tt

T + Ts

]

+ B exp

[

±
Ea

kBT

])−1

,

Figure 3.  The conductivity dependence from temperature for electronic transport evaluation. (a) mCNT and 
mCNT + Au comparison with fitted Fluctuation Induced Tunneling model with (solid line) and without (dashed 
line) high-temperature components. (b) sCNT and sCNT + Au comparison with the fitted FIT model with (solid 
line) and without (dashed line) high-temperature components. All collected data has been characterized by 
uncertainty less than 1% (see “Supplementary Information”).
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higher for sCNT + Au (Fig. 2b inset), we also observe a higher change of  Tt energy from 26.8 to 19.2 meV, which 
suggest lowering the potential barriers between the tubes, and the activation energy  Ea is decreased indicating 
that additional acceptors shift the Fermi level toward valence band, which results in higher conductivity. Thus, 
the additional factor should be related to the intrinsic nature of semiconducting carbon nanotube. In our case, 
the average diameter of used semiconducting tubes is 1.5 nm, which should correspond to an energy gap of 
0.6 eV, but our high-temperature factor indicates that the energy gap is around 0.3 eV. The difference is prob-
ably caused by the complexity of the thin film, where transport is ruled mostly by the connection between the 
carbon nanotubes.

Conclusions
We showed that the electronic transport in type-separated carbon nanotubes can be described by a modified 
Fluctuation Induced Tunneling model completed with the high-temperature factors, which originates in the 
nature of the carbon nanotube type. The metallic carbon nanotube thin films are characterized by the peak of 
the conductance, due to scattering involving acoustic phonon or concentric expansion of the tubes. The semi-
conducting carbon nanotubes are characterized by a more rapid increase of conductivity in higher temperatures 
due to the thermal activation of charge carriers from the valence to the conduction band. The doping with gold 
nanocrystals results only in a change of conductivity not affecting the transport model, which is important in 
the view of future utilization of carbon nanotube devices. The predictable (stable) conductivity can be modified 
by proper volume doping, which allows us to set the conductivity to the required level and know how it behaves 
with temperature.

Data availability
The data that support the findings of this study are available from the corresponding author M.S., upon reason-
able request.

Received: 28 April 2021; Accepted: 9 August 2021

References
 1. Cao, Q. & Rogers, J. A. Ultrathin films of single-walled carbon nanotubes for electronics and sensors: A review of fundamental 

and applied aspects. Adv. Mater. 21, 29–53. https:// doi. org/ 10. 1002/ adma. 20080 1995 (2009).
 2. Zhang, M., Atkinson, K. R. & Baughman, R. H. Multifunctional carbon nanotube yarns by downsizing an ancient technology. 

Science 306, 1358–1361 (2004).
 3. Lau, P. H. et al. Fully printed, high performance carbon nanotube thin-film transistors on flexible substrates. Nano Lett. 13, 

3864–3869. https:// doi. org/ 10. 1021/ nl401 934a (2013).
 4. Roh, E., Hwang, B. U., Kim, D., Kim, B. Y. & Lee, N. E. Stretchable, transparent, ultrasensitive, and patchable strain sensor for 

human–machine interfaces comprising a nanohybrid of carbon nanotubes and conductive elastomers. ACS Nano 9, 6252–6261. 
https:// doi. org/ 10. 1021/ acsna no. 5b016 13 (2015).

 5. Jackson, R. K., Munro, A., Nebesny, K., Armstrong, N. & Graham, S. Evaluation of transparent carbon nanotube networks of 
homogeneous electronic type. ACS Nano 4, 50. https:// doi. org/ 10. 1021/ nn901 0076 (2019).

 6. Yu, L., Shearer, C. & Shapter, J. Recent Development of Carbon Nanotube Transparent Conductive Films. Chem. Rev. 116, 13413–
13453. https:// doi. org/ 10. 1021/ acs. chemr ev. 6b001 79 (2016).

 7. Liu, C. & Cheng, H.-M. Controlled growth of semiconducting and metallic single-wall carbon nanotubes. J. Am. Chem. Soc. 138, 
6690–6698. https:// doi. org/ 10. 1021/ jacs. 6b008 38 (2016).

 8. Arnold, M. S., Green, A. A., Hulvat, J. F., Stupp, S. I. & Hersam, M. C. Sorting carbon nanotubes by electronic structure using 
density differentiation. Nat. Nanotechnol. 1, 60–65. https:// doi. org/ 10. 1038/ nnano. 2006. 52 (2006).

 9. Ghosh, S., Bachilo, S. M. & Weisman, R. B. Advanced sorting of single-walled carbon nanotubes by nonlinear density-gradient 
ultracentrifugation. Nat. Nanotechnol. 5, 443–450. https:// doi. org/ 10. 1038/ nnano. 2010. 68 (2010).

 10. Yao, Z., Kane, C. L. & Dekker, C. High-field electrical transport in single-wall carbon nanotubes. Phys. Rev. Lett. 84, 2941–2944. 
https:// doi. org/ 10. 1103/ physr evlett. 84. 2941 (2000).

 11. Park, J.-Y. et al. Electron−phonon scattering in metallic single-walled carbon nanotubes. Nano Lett. 4, 517–520. https:// doi. org/ 
10. 1021/ nl035 258c (2004).

 12. Chen, Y. F. & Fuhrer, M. S. Electric-field-dependent charge-carrier velocity in semiconducting carbon nanotubes. Phys. Rev. Lett. 
95, 1–4. https:// doi. org/ 10. 1103/ physr evlett. 95. 236803 (2005).

 13. Yanagi, K. et al. Transport mechanisms in metallic and semiconducting single-wall carbon nanotube networks. ACS Nano 4, 
4027–4032. https:// doi. org/ 10. 1021/ nn101 177n (2010).

 14. Topinka, M. A. et al. Charge transport in interpenetrating networks of semiconducting and metallic carbon nanotubes. Nano Lett. 
https:// doi. org/ 10. 1021/ nl803 849e (2009).

Table 1.  The comparison of the conductivity changes at 300 K and FIT model parameters.

Sample σ (mS/sq) at 300 K

Modified-FIT 
(meV)

Tt TS Ea

mCNT 4.69 5.0 8.4 121

mCNT + Au 3.75 4.6 7.5 135

sCNT 0.01 26.8 5.8 143

sCNT + Au 0.02 19.2 5.2 106

https://doi.org/10.1002/adma.200801995
https://doi.org/10.1021/nl401934a
https://doi.org/10.1021/acsnano.5b01613
https://doi.org/10.1021/nn9010076
https://doi.org/10.1021/acs.chemrev.6b00179
https://doi.org/10.1021/jacs.6b00838
https://doi.org/10.1038/nnano.2006.52
https://doi.org/10.1038/nnano.2010.68
https://doi.org/10.1103/physrevlett.84.2941
https://doi.org/10.1021/nl035258c
https://doi.org/10.1021/nl035258c
https://doi.org/10.1103/physrevlett.95.236803
https://doi.org/10.1021/nn101177n
https://doi.org/10.1021/nl803849e


6

Vol:.(1234567890)

Scientific Reports |        (2021) 11:16690  | https://doi.org/10.1038/s41598-021-96307-6

www.nature.com/scientificreports/

 15. Zhou, X., Park, J. Y., Huang, S., Liu, J. & McEuen, P. L. Band structure, phonon scattering, and the performance limit of single-
walled carbon nanotube transistors. Phys. Rev. Lett. 95, 1–4. https:// doi. org/ 10. 1103/ physr evlett. 95. 146805 (2005).

 16. Dehghani, S., Kazem Moravvej-farshi, M. & Hossein Sheikhi, M. Compact formulas for the electrical resistance of semiconducting 
and metallic single wall carbon nanotubes. Fullerenes Nanotubes Carbon Nanostruct. 23, 899–905. https:// doi. org/ 10. 1080/ 15363 
83x. 2015. 10387 82 (2015).

 17. Yang, S. B. et al. Recent advances in hybrids of carbon nanotube network films and nanomaterials for their potential applications 
as transparent conducting films. J. R. Soc. Chem. https:// doi. org/ 10. 1039/ c0nr0 0855a (2011).

 18. Kim, K. K., Kim, S. M. & Lee, Y. H. Chemically conjugated carbon nanotubes and graphene for carrier modulation. Acc. Chem. 
Res. 49, 390–399. https:// doi. org/ 10. 1021/ acs. accou nts. 5b004 41 (2016).

 19. Rima, P. & Mitra, A. K. Synthesis and study of optical and electrical characteristics of single-wall carbon nanotube/gold nanohybrid. 
J. Nano Res. 17, 27–33 (2012). https:// doi. org/ 10. 4028/ www. scien tific. net/ jnanor. 17. 27.

 20. McAndrew, C. F. & Baxendale, M. High electrical conductance enhancement in Au-nanoparticle decorated sparse single-wall 
carbon nanotube networks. Nanotechnology https:// doi. org/ 10. 1088/ 0957- 4484/ 24/ 30/ 305202 (2013).

 21. Cox, N. D. et al. Spatially selective au nanoparticle deposition and Raman analysis of ion-irradiated single-wall carbon nanotubes. 
J. Phys. Chem. C 118, 14031–14038 (2014).

 22. Yang, S. B., Kong, B. S., Kim, D. W., Baek, Y. K. & Jung, H. T. Effect of Au doping and defects on the conductivity of single-walled 
carbon nanotube transparent conducting network films. J. Phys. Chem. C 114, 9296–9300 (2010).

 23. Tsapenko, A. P. et al. Highly conductive and transparent films of HAuCl4-doped single-walled carbon nanotubes for flexible 
applications. Carbon N. Y. 130, 448–457. https:// doi. org/ 10. 1016/j. carbon. 2018. 01. 016 (2018).

 24. Skákalová, V., Kaiser, A. B., Dettlaff-Weglikowska, U., Hrnčariková, K. & Roth, S. Effect of chemical treatment on electrical con-
ductivity, infrared absorption, and Raman spectra of single-walled carbon nanotubes. J. Phys. Chem. B 109, 7174–7181. https:// 
doi. org/ 10. 1021/ jp044 741o (2005).

 25. Blackburn, J. L. et al. Transparent conductive single-walled carbon nanotube networks with precisely tunable ratios of semicon-
ducting and metallic nanotubes. ACS Nano 2, 1266–1274. https:// doi. org/ 10. 1021/ nn800 200d (2008).

 26. Barnes, T. M., Blackburn, J. L., van de Lagemaat, J., Coutts, T. J. & Heben, M. J. Reversibility, dopant desorption, and tunneling 
in the temperature-dependent conductivity of type-separated, conductive carbon nanotube networks. ACS Nano 2, 1968–1976. 
https:// doi. org/ 10. 1021/ nn800 194u (2008).

 27. Bekyarova, E. et al. Electronic properties of single-walled carbon nanotube networks. J. Am. Chem. Soc. 127, 5990–5995. https:// 
doi. org/ 10. 1021/ ja043 153l (2005).

 28. Puchades, I. et al. Mechanism of chemical doping in electronic-type-separated single wall carbon nanotubes towards high electrical 
conductivity. J. Mater. Chem. C 3, 10256–10266. https:// doi. org/ 10. 1039/ c5tc0 2053k (2015).

 29. Oh, H. S. et al. The p-type doping in SWCNT transparent conductive films by spontaneous reduction potential using Ag and Ni. 
Chem. Phys. Lett. 548, 29–33 (2012).

 30. Teague, L. C. et al. Effects of ozonolysis and subsequent growth of quantum dots on the electrical properties of freestanding single-
walled carbon nanotube films. Chem. Phys. Lett. 442, 354–359. https:// doi. org/ 10. 1016/j. cplett. 2007. 05. 097 (2007).

 31. Itkis, M. E., Pekker, A., Tian, X., Bekyarova, E. & Haddon, R. C. Networks of semiconducting SWNTs: Contribution of midgap 
electronic states to the electrical transport. Acc. Chem. Res. 48, 2270–2279. https:// doi. org/ 10. 1021/ acs. accou nts. 5b001 07 (2015).

 32. Tian, X. et al. Effect of atomic interconnects on percolation in single-walled carbon nanotube thin film networks. Nano Lett. 14, 
3930–3937. https:// doi. org/ 10. 1021/ nl501 212u (2014).

 33. Sheng, P. Fluctuation-induced tunneling conduction in disordered materials. Phys. Rev. B 21, 2180–21995 (1980).
 34. Mott, N. & Davis, E. Electronic Process in Non-crystalline Materials (Clarendon Press, 1971).
 35. Efros, A. L. & Shklovskii, B. I. Coulomb gap and low temperature conductivity of disordered systems. J. Phys. C Solid State Phys. 

8, L49–L51. https:// doi. org/ 10. 1088/ 0022- 3719/8/ 4/ 003 (1975).
 36. Duzynska, A. et al. Phonon properties in different types of single-walled carbon nanotube thin films probed by Raman spectroscopy. 

Carbon N. Y. 105, 377–386. https:// doi. org/ 10. 1016/j. carbon. 2016. 04. 064 (2016).
 37. Kim, S. M. et al. Role of anions in the  AuCl3-doping of carbon nanotubes. ACS Nano 5, 1236–1242. https:// doi. org/ 10. 1021/ nn102 

8532 (2011).
 38. Wroblewska, A., Gordeev, G., Duzynska, A., Reich, S. & Zdrojek, M. Doping and plasmonic Raman enhancement in hybrid single 

walled carbon nanotubes films with embedded gold nanoparticles. Carbon https:// doi. org/ 10. 1016/j. carbon. 2021. 04. 079 (2021).
 39. Gertych, A. et al. Complexity of temperature-dependent Raman spectra and phonons properties on the example of carbon nano-

tubes thin films. J. Raman Spectrosc. https:// doi. org/ 10. 1002/ jrs. 5930 (2020).
 40. Świniarski, M., Wróblewska, A., Dużyńska, A., Zdrojek, M. & Judek, J. Kinetics of the thermal reduction process in graphene oxide 

thin films from in-situ transport measurements. Mater. Res. Express 8, 015601. https:// doi. org/ 10. 1088/ 2053- 1591/ abdc50 (2021).
 41. Dresselhaus, M. S., Dresselhaus, G., Saito, R. & Jorio, A. Raman spectroscopy of carbon nanotubes. Phys. Rep. 409, 47–99. https:// 

doi. org/ 10. 1016/j. physr ep. 2004. 10. 006 (2005).
 42. Jorio, A., Dresselhaus, M. S., Saito, R. & Dresselhaus, G. Raman spectroscopy. In Graphene Related Systems (eds Jorio, A. et al.) 

(Google Books, 2011).
 43. Das, A. et al. Monitoring dopants by Raman scattering in an electrochemically top-gated graphene transistor. Nat. Nanotechnol. 

3, 210–215. https:// doi. org/ 10. 1038/ nnano. 2008. 67 (2008).
 44. Kaiser, A. B. Electronic transport properties of conducting polymers and carbon nanotubes. Rep. Prog. Phys. 64, 50 (2001).
 45. Skákalová, V., Kaiser, A. B., Woo, Y.-S. & Roth, S. Electronic transport in carbon nanotubes: From individual nanotubes to thin 

and thick networks. Phys. Rev. B 74, 085403. https:// doi. org/ 10. 1103/ physr evb. 74. 085403 (2006).
 46. Kaiser, A. B., Skákalová, V. & Roth, S. Modelling conduction in carbon nanotube networks with different thickness, chemical 

treatment and irradiation. Phys. E Low-dimensional Syst. Nanostruct. 40, 2311–2318. https:// doi. org/ 10. 1016/j. physe. 2007. 10. 038 
(2008).

 47. Ravi, S., Kaiser, A. B. & Bumby, C. W. Charge transport in surfactant-free single walled carbon nanotube networks. Phys. Status 
Solidi 250, 1463–1467. https:// doi. org/ 10. 1002/ pssb. 20130 0033 (2013).

 48. Jorio, A. et al. Structural (n, m) determination of isolated single-wall carbon nanotubes by resonant Raman scattering. Phys. Rev. 
Lett. 86, 1118–1121. https:// doi. org/ 10. 1103/ physr evlett. 86. 1118 (2001).

 49. Han, Z. J. & Ostrikov, K. Controlled electronic transport in single-walled carbon nanotube networks: Selecting electron hopping 
and chemical doping mechanisms. Appl. Phys. Lett. 96, 233115. https:// doi. org/ 10. 1063/1. 34491 18 (2010).

Author contributions
M.S. performed the measurements and wrote the manuscript. A.D. fabricated samples. M.S., J.J. and K.C.-Ł. 
Analyzed electrical data. M.S., J.J. and A.P.G. analyzed Raman data. M.Z. contributed to writing the manuscript. 
All of the authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

https://doi.org/10.1103/physrevlett.95.146805
https://doi.org/10.1080/1536383x.2015.1038782
https://doi.org/10.1080/1536383x.2015.1038782
https://doi.org/10.1039/c0nr00855a
https://doi.org/10.1021/acs.accounts.5b00441
https://doi.org/10.4028/www.scientific.net/jnanor.17.27
https://doi.org/10.1088/0957-4484/24/30/305202
https://doi.org/10.1016/j.carbon.2018.01.016
https://doi.org/10.1021/jp044741o
https://doi.org/10.1021/jp044741o
https://doi.org/10.1021/nn800200d
https://doi.org/10.1021/nn800194u
https://doi.org/10.1021/ja043153l
https://doi.org/10.1021/ja043153l
https://doi.org/10.1039/c5tc02053k
https://doi.org/10.1016/j.cplett.2007.05.097
https://doi.org/10.1021/acs.accounts.5b00107
https://doi.org/10.1021/nl501212u
https://doi.org/10.1088/0022-3719/8/4/003
https://doi.org/10.1016/j.carbon.2016.04.064
https://doi.org/10.1021/nn1028532
https://doi.org/10.1021/nn1028532
https://doi.org/10.1016/j.carbon.2021.04.079
https://doi.org/10.1002/jrs.5930
https://doi.org/10.1088/2053-1591/abdc50
https://doi.org/10.1016/j.physrep.2004.10.006
https://doi.org/10.1016/j.physrep.2004.10.006
https://doi.org/10.1038/nnano.2008.67
https://doi.org/10.1103/physrevb.74.085403
https://doi.org/10.1016/j.physe.2007.10.038
https://doi.org/10.1002/pssb.201300033
https://doi.org/10.1103/physrevlett.86.1118
https://doi.org/10.1063/1.3449118


7

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16690  | https://doi.org/10.1038/s41598-021-96307-6

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 96307-6.

Correspondence and requests for materials should be addressed to M.Ś.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021, corrected publication 2021

https://doi.org/10.1038/s41598-021-96307-6
https://doi.org/10.1038/s41598-021-96307-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Determination of the electronic transport in type separated carbon nanotubes thin films doped with gold nanocrystals
	Materials and methods
	Carbon nanotube thin films preparation. 
	Electrical characterization. 
	Structural characterization. 

	Results and discussion
	Doping effect on the structural parameters. 
	Electrical transport investigation. 

	Conclusions
	References


