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A B S T R A C T   

For biological and engineering applications, nm-thin films with high electrical conductivity and tunable sheet resistance are desirable. Multilayers of poly
dimethyldiallylammonium chloride (PDADMA) with two different molecular weights (322 and 44.3 kDa) and oxidized carbon nanotubes (CNTs) were constructed 
using the layer-by-layer technique. The surface coverage of the CNTs was monitored with a selected visible near infrared absorption peak. Both the film thickness and 
the surface coverage of the CNTs increased linearly with the number of CNT/PDADMA bilayers deposited (film thickness up to 80 nm). Atomic force microscopy 
images showed a predominantly surface-parallel orientation of CNTs. Ohmic behavior with constant electrical conductivity of each CNT/PDADMA film and con
ductivity up to 4 ⋅ 103 S/m was found. A change in PDADMA molecular weight by almost a factor of ten has no effect on the film thickness and electrical conductivity, 
only the film/air roughness is reduced. However, increasing CNT concentration in the deposition dispersion from 0.15 up to 0.25 mg/ml results in an increased 
thickness of a CNT/PDADMA bilayer (by a factor of three). The increased bilayer thickness is accompanied by a decreased electrical conductivity (by a factor of four). 
The decreased conductivity is attributed to the increased monomer/CNT ratio.   

1. Introduction 

Electrically active implants are often isolators covered by an elec
trically conducting coating [1,2]. Ultrathin organic films as coatings 
were investigated. For applications, the sheet resistance Rs of the coating 
needs to be low and adjustable. For very thin films to be sufficient, high 
electrical conductivity is required [3–7]. One way to reduce the sheet 
resistance of an organic film is to make a composite material with 
electrically conductive carbon nanotubes (CNTs). Electrically conduc
tive films of carbon nanotubes have been made many different ways. 
However, the influence of film composition on electrical conductivity is 
far from clear. We used the layer-by-layer (LbL) technique and found 
constant electrical conductivity above a certain number of layers. With 
constant electrical conductivity, it is possible to tune the sheet resistance 
within an order of magnitude by adjusting (i) the preparation conditions 
and (ii) the thickness of the film. 

In the LbL technique, films are prepared by the consecutive adsorp
tion of oppositely charged polyions [8–11]. The film thickness can be 
controlled by the number of deposition steps. To identify the 

composition of the film, absorption spectra of one component can be 
used. At first glance, the visible and near infrared (Vis-NIR) absorption 
spectrum of CNTs is complicated [12]: Depending on the preparation of 
CNTs different absorption spectra are observed, and the correlation 
between CNT absorption spectrum and other physical properties of 
CNTs is not yet established. However, we find that for a specific prep
aration procedure typical absorption peaks can be identified. 

Kotov and coworkers [13] showed that it is possible to form elec
trically conductive LbL films by using polyelectrolytes (PE) and CNTs. 
CNTs have interesting electrical properties: Due to freely moving elec
trons, the electrical conductivity of a multi-walled carbon nanotube can 
be large (∼ 107 S/m) [14]. Therefore, we use multi-walled nanotubes. 
However, even for µm-thick films consisting of CNTs only, the conduc
tivity is reduced by a factor of 10 to 100 (up to 6.7 ⋅ 105 S/m) [15,16]. 
Between CNTs, electrons are transferred by a hopping process between 
touching CNTs. Compared to a single nanotube, the charge transfer 
between CNTs reduced the conductivty of that film by one to two orders 
of magnitude [3,4]. Multilayers consisting only of organic poly
electrolytes have a low elelctrically conductivity; it is fourteen to sixteen 
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orders of magnitude smaller than that of a CNT, 10− 9 S/m to 10− 7 S /m; 
conductivity occurs by ion transport [17]. Therefore, high electrical 
conductivity in LbL films can only be achieved by CNTs which touch at 
cross-over points and allow the electrons to hop from one CNT to the 
next. 

For LbL film assembly, the dispersion of hydrophobic CNTs in water 
is necessary. In the past, this was achieved by chemically modifying the 
CNTs with functional groups or by wrapping them in polyanions, usually 
poly(styrenesulfonate sodium salt) (PSS) [18,19]. LbL films prepared 
from two kinds of chemically modified CNTs (one kind of CNT was 
positively charged, the other negatively) showed a low conductivity 
(200 S/m to 800 S/m), three orders of magnitude lower than found in 
films prepared of pure CNTs [20]. LbL films made from single-wall CNTs 
wrapped in PSS and a second polyelectrolyte exhibited a somewhat 
larger conductivity: 430 S/m with CNTs and laminin [13] or 1000 S /m 
with CNTs and polyvinyl alcohol [18]. We shall show that oxidation of 
the CNTs and close packing leads to a larger conductivity. 

To complement the Vis-NIR absorption measurements, the film sur
face is imaged by atomic force microscopy (AFM) and the film thickness 
is determined by ellipsometry. We modified the CNTs (single-walled/ 
double-walled mixture; carbon nanotubes ratio > 90%, diameter 1 to 2 
nm, length 5 to 30 μm) by chemical oxidation to obtain negatively 
charged CNTs. To achieve a high packing density of the film, a strong 
linear polycation (polydimethyldiallylammonium chloride, PDADMA) 
was used. To adjust the CNT surface coverage per deposition step, the 
CNT concentration in the dispersion was varied. To influence the 
thickness per polycation adsorption layer, the molecular weight of 
PDADMA was varied by almost a factor of ten [21]. 

2. Materials and methods 

2.1. Chemical modification of CNTs 

To obtain negatively charged CNTs, they were treated with a mixture 
of concentrated acid. This process is necessary to reduce the hydro
phobicity of the CNT sidewalls and thus, to increase the dispersion of the 
CNTs in water. The acid treatment presumably leads to the formation of 
holes and oxidative etching along the walls of the CNTs [22–24]. The 
acid mixture of concentrated H2SO4 and HNO3 produces electrophilic 
groups like NO2

+, which can attack the -C = C- double bonds. This 
creates new defects. In addition, the H2SO4 molecule can attack the 
created and existing defect sites. A C-OSO2OH bond is formed which, 
when reacted with water, leads to a-OH bond [25]. 

Hydrophobic CNTs (512 mg, single-walled/double-walled mixture; 
CNT ratio > 90%, diameter 1 to 2 nm, length 5 to 30 μm, abcr GmbH, 
Karlsruhe, Germany) were treated with 50 ml of a volume/volume ratio 
(1:3) of a HNO3 (60–68%)/H2SO4 (98%) acid mixture at 80 ◦C for 3.5 h 
according to the procedure proposed by López-Oyama [22]. 

The obtained dispersion was filtered under vacuum and washed with 
deionized water until the pH of the rinsing water became neutral. The 
solvent was removed with the use of a liquid nitrogen rotary evaporator 
and modified CNTs were dried overnight via lyophilization. After the 
chemical treatment, 65 mg of dry CNTs were obtained (at ambient 
conditions), due to addition of some negative charges. This allowed the 
CNTs to be used as polyanions. For a fine dispersion in water, raw CNTs 
were put in a solution containing 2 wt% sodium dodecyl sulfate (SDS), 
purchased from Carl Roth GmbH+Co. KG, Karlsruhe, Germany. 

2.2. Film preparation 

Single side polished silica wafer (Silicon Materials, Kaufering, Ger
many) and microscope slides (76 mm × 26 mm, Carl Roth GmbH + Co. 
KG, Karlsruhe, Germany) were cleaned according to a RCA treatment 
protocol [26] and used as substrate. The polyelectrolyte multilayers in 
combination with freshly modified CNTs were prepared by the 

LbL-method [27], sequential adsorption of oppositely charged PEs and 
CNTs from solution with the help of a dipping robot (Riegler & Kirstein 
GmbH, Potsdam, Germany) and a refrigerated circulation thermostat 
(Carl Roth GmbH + Co. KG, Karlsruhe, Germany) at 20 ◦C. 

As polycations poly(ethylenimine) (PEI, branched, Mw = 750kDa,
PDI = 12.5) and PDADMA (Mw = 44.3kDa and 322kDa, PDI =

2.19) were used. As polyanions we used PSS (Mw = 666kDa,
PDI < 1.2) and modified CNTs. PEI was purchased from Sigma Aldrich 

Chemie GmbH (Steinheim, Germany), PDADMA and PSS from Polymer 
Standards Service (Mainz, Germany). For the polyelectrolyte solutions, 
the composition of the adsorption solution was 1 mM PE with respect to 
the monomer concentration solved in 100 mM NaCl (Merck KGaA, 
Darmstadt, Germany). The modified CNT concentration was 0.15 mg/ml 
and 0.25 mg/ml suspended in ultrapure water. The adsorption time for 
each deposition step was 30 min with three subsequent washing steps 
(each step 1 min) with ultrapure water (nominal conductivity of 0.054 
μS/cm, Sartorius arium advance, Göttingen, Germany, followed by 
Millipore purification system, Molsheim, France) to remove the loosely 
bond polycations or polyanions. For all films the first adsorbed layer was 
PEI followed by a PSS layer. Then the PDADMA and the CNTs were 
absorbed in an alternating sequence. Therefore, the overall film struc
ture is PEI/PSS/PDADMA/(CNT/PDADMA)N, abbreviated as CNT/ 
PDADMA film. 

2.3. Atomic force microscopy 

Surface morphology was determined with a DI Multimode AFM using 
NanoScope IIIa software from Veeco (Santa Barbara, CA, USA). As 
cantilever a RTESP-300 model (BRUKER, Billerica, MA, USA) was used 
with a tip radius < 10 nm. All measurements were done in the AFM 
tapping mode with dry samples at ambient conditions. At least 3 
different positions of each sample were imaged with a scan size of 5 µm 
× 5 µm. For data analysis, the NanoScope Analysis (version 1.90, 32 bit) 
software from BRUKER (Billerica, MA, USA) was used. Beside imaging 
AFM is also used to quantify sample surface roughness, which is calcu
lated via root mean square (RMS) deviation from measured height 
profiles. 

AFM scratch images for comparison with ellipsometric measure
ments were recorded with JPK NanoWizzard 3 (JPK Instruments, Berlin, 
Germany) using OMCL-AC160TS cantilever (Oxford Instruments, 
Wiesbaden, Germany) with measured spring constant 61.8 N/m and 
sensitivity 29.7 nm/V. 

2.4. Vis-NIR absorption spectroscopy 

Vis-NIR spectra of the dry films were recorded with a Lambda 900 
UV–Vis spectrometer from Perkin-Elmer (Wiesbaden, Germany), at 30% 
r.h.. The films were measured directly with the microscopic slides (76 
mm × 26 mm, Carl Roth GmbH + Co.KG, Karlsruhe, Germany) at 
ambient conditions (≈ 21◦C and relative humidity ≈ 30%). The slide 
was covered at both sides due to preparation conditions. To obtain the 
absorbance of one film, the obtained values were divided by two. The 
determination of the extinction coefficient was done with a CNT sus
pension in a cuvette (Rotilabo®-single-use cells, 4 ml, Carl Roth GmbH 
+ Co. KG, Karlsruhe, Germany). According to the Beer-Lambert law the 

absorbance is given by A = − log
(

I
I0

)

= ε ⋅d⋅c. The incident intensity is 

I0 (at a particular wavelength), I is the transmitted intensity after passing 
through a sample with a thickness d, containing a concentration c of the 
absorbing species with a wavelength-dependent extinction coefficient ε. 
Absorption was measured from 400 nm to 1800 nm with 5 nm/s steps 
and an integration time of 1 s per step. 

2.5. Ellipsometry 

CNT/PDADMA film thickness dfilm was determined by null- 
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ellipsometry (Multiskop, Optrel GbR, Sinzing, Germany). A He-Ne laser 
(power 4 mW, wavelength λ = 632.8 nm) serves as light source. A 
CNT/PDADMA film is described by a homogeneous film thickness as 
well as its complex refractive index nfilm − i⋅κfilm. Here, nfilm is the real 
part of the refractive index, i the imaginary unit and κfilm is the 
extinction coefficient indicating the light attenuation while passing the 
non-transparent CNT/PDADMA film. Effects of surface roughness are 
neglected. By measuring the ellipsometric angles Ψ and Δ of a CNT/ 
PDADMA film the three film parameters dfilm, nfilm and κfilm are fitted 
using a slab model [28]. However, determining three film parameters 
based on two independently measured values (Ψ and Δ) may leave the 
resulting values vulnerable to parameter cross-coupling. Therefore, all 
ellipsometric measurements were carried out at several angles of 

incidence (66◦ to 72◦ in 1◦ steps) [29]. Moreover, for each sample 
condition light absorption Afilm was measured independently by Vis-NIR 
absorption spectroscopy (Lambda 900, Perkin-Elmer, Wiesbaden, Ger
many) at the wavelength 635 nm. According to Beer-Lambert law the 
absorption Afilm is connected to the attenuation coefficient α = ln(10)⋅ 
Afilm/dfilm which is in turn connected to the extinction coefficient κfilm =

α⋅λ/(4π). Thus, for ellipsometric data analysis κfilm was always deter
mined by the condition κfilm(Afilm, dfilm) = ln(10)⋅Afilmλ/(4π⋅dfilm)

reducing the effective number of free fitting parameters to two (dfilm and 
nfilm). dfilm is required to quantify the sheet resistance RS. Therefore, the 
reliability of dfilm determination by ellipsometry is confirmed by AFM. 
AFM-based thickness determination is purely mechanically and serves as 
an independent method to gain the film surface height distribution 

Scheme 1. Sketch of an electrically conductive film on top of a non-conductive substrate. The sheet resistance of the thin film depends on its length L, its width W 
and its thickness dfilm. Here, the film consists of a carbon nanotube/polycation (CNT/PDADMA) multilayer. 

Fig. 1. Characterization of CNTs before 
and after acid treatment, indicated 
“raw” and “mod”, respectively. (a) XPS: 
Peak-fit of the high-resolution C1s peak 
of CNT after acid treatment. Note the 
large fraction of C–C bonds in sp3 hy
bridization. Inset: the original normal
ized data, both for raw (black) and 
modified (red) CNTs (normalized with 
respect to the C–C sp2 peak). (b) Frac
tion of atoms found in XPS before and 
after acid treatment, as indicated. (c) 
Optical absorption data of CNTs dis
solved in water before and after acid 
treatment. CNT concentration was 0.15 
mg/ml (before treatment, and 2 wt% 
SDS) and 0.065 mg/ml (after treat
ment). Note the absorption peak at 970 
nm. (d) CNT dispersion before (raw, 
without SDS) and after (mod) 
modification.   
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relative to the substrate. Ellipsometry derived film thickness (with 
neglected roughness) matches the mean value of the surface height 
distribution within 1 nm error. 

2.6. Electrical conductivity 

Electrical properties of CNT/PDADMA films at ambient conditions 
(10% to 15% r.h.) were measured with an ELNEOS FIVE multimeter 
(Ernst Fischer GmbH + Co.KG, Freudenstadt, Germany). The device 
includes a waveform generator and a digital ampere– and voltmeter. The 
set-up is shown in Scheme 1: a glass slide is covered by an electrically 
conductive film. Measured is the ohmic resistance R = U

I which will then 
be normalized to determine the sheet resistance (RS = 1

σ
L

W⋅dfilm 
with L 

the length, W the width, dfilm the film thickness and σ the conductivity) 
[30,31]. For data analysis, the resistivity ρ is determined which is the 
inverse of the conductivity, σ = 1/ρ.

2.7. X-ray photoelectron spectroscopy (XPS) 

Surface elemental composition was determined by high resolution 
scanning XPS [32,33]. Charge neutralization was implemented by low 
energy electrons, injected in the magnetic field of the lens from a fila
ment located directly atop the sample. Spectra were acquired using an 
Axis Supra DLD electron spectrometer (Kratos Analytical, Manchester, 
UK) with a monochromatic Al Kα source (1486.6 eV). The instrument 
was set to the medium magnification lens mode and by selecting the slot 
mode, providing an analysis area of approximately 250 µm in diameter. 
Core level spectra of F1s, O1s, N1s, C1s, Na1s and S2p were collected at 
an analyser pass energy of 80 eV and for the highly resolved measured 
C1s peak the pass energy was set to 10 eV. Data acquisition and pro
cessing were carried out using Casa XPS software, version 2.3.22PR1.0 
(Casa Software Ltd., Teignmouth, UK). Concentrations are given in 
atomic percent (at %). Curve-fitting procedure of the C1s 
high-resolution spectrum was performed after Shirley background sub
traction to characterize the chemical structure of the surface. Peak po
sitions of the carbon species, based on literature data [34], were: 
aromatic carbon (C–C sp2, 284.5 eV), aliphatic carbon (C–C sp3, 285.5 
eV), hydroxyl (C–OH, 286.9 eV), epoxy (C–OC, 286.9 eV), carbonyl 
(C––O, 288.0 eV) and carboxyl (O–C––O, 289.3 eV). The full width at 
half maximum of the C1s components was 0.5 eV to 1.3 eV for high 
energy resolution measurements. 

3. Results and discussion 

3.1. X-ray photoelectron spectroscopy 

XPS measurements were performed to obtain information on the 
chemical composition and the nature of chemical bonds of the CNTs. The 
peak fit of the high-resolution C1s XPS spectra of untreated and chem
ically modified CNTs are shown in Fig. 1(a). Changes in the peak shape 
of the modified CNT show that a lot of oxygen has been bound to the 
surface of the CNT. The C1s spectrum of the untreated CNTs is charac
terized by a main peak at 284.5 eV with an asymmetric shape attributed 
to graphitic carbon sp2. Also, a π-π* satellite peak at a binding energy of 
288 eV to 294 eV is observed, typical for CNTs [35–37]. Amorphous 
carbon is expected within 284.5 eV to 284.7 eV, indicating mainly sp3 

hybridization, carbon with sp2 hybridization and defect sites in a 
non-aromatic form [38]. The C1s spectrum of the modified sample were 
fitted with 6 peaks (cf. Fig. 1(a)) at binding energies of 284.5 eV, 285.5 
eV, 286.9 eV, 288 eV, 289.3 eV and 291 eV, respectively. Again, the 
main peak at 284.5 eV corresponds to graphitic carbon sp2. The peaks at 
286.9 eV, 288 eV and 289.3 eV correspond to three different 
oxygen-containing environments, in particular C–O, C––O and 
O–C––O. The position of the peaks is expected since strong and covalent 
bonds of oxidative carbon lead to lower electron densities at the carbon 

atom, which lead to positive chemical shifts (286.1 eV to 291 eV). The 
elemental surface composition of CNT before and after acid treatment is 
shown in Fig. 1(b). 

After the treatment an increase of the oxygen content from 2.6 at.% 
to 21.9 at.% was determined. Furthermore, contaminations of F, Si and 
Na originating from the wet chemical process were detected by XPS. 
Even if every C atom is oxidized at the exposed ends of the CNTs, this 
would correspond to a much lower oxygen percentage than observed (cf. 
Fig. 1(b)). 

Based on the XPS results, the majority of the oxygen atoms must be 
bound to the defective sites on the CNT sidewalls [23,24]. The acidic 
oxidative treatment of the CNTs can change its structural properties 
considerably. Note that the peak at 291 eV (cf. Fig. 1(a)) corresponding 
to the π-π* shake-up transition is reduced considerably after treatment, 
indicating a disturbance of the π electron system and thus to a change in 
the electronic structure of the CNT side walls [23]. 

Additionally, the defects on the CNT structure have increased 
dramatically compared to the untreated sample (at 285.5 eV) [38–41]. 
Therefore, we assume that not only an oxidative attack on existing 
carbon defect sites occurred, but also CNTs were shortened and addi
tional defects were generated, which could be further oxidized [38]. In 
summary XPS data revealed that the acid treatment introduced hy
droxyl, aldehyde and carboxyl groups, all of them hydrophilic and 
weakly negatively charged in water (pHmodified CNTs in water = 3.8). 

3.2. Absorption in solution 

Absorption measurements in the near IR (cf. Fig. 1(c)) of fine 
dispersed raw CNT in aqueous solution (with the help of SDS) show two 
peaks; one at ≈ 970 nm and the other at ≈ 1140 nm. These peaks are 
related to large-diameter single-walled and/or double-walled CNTs 
[12]. Interestingly, the acid treatment causing the addition of negatively 
charged groups renders the CNTs and allowed a fine dispersion in water 
(cf. Fig. 1(d)), yet the peaks attributed to the delocalized π-electrons and 
the CNTs remain the same. 

From the absorption spectrum of CNTs in solution (cf Fig. 1(c)), the 
extinction coefficient ε was calculated (ε ≈ 8 l g− 1cm− 1 at 970nm). 
Therefore, the CNTs can now be described as polyanions. They were 
integrated in the LbL preparation process instead of classical polyanions 
like PSS. 

Fig. 2. PEI/PSS/PDADMA/(CNT/PDADMA)N films, with N the number of 
CNT/PDADMA BL. Varied was the molecular weight of the polycation PDADMA 
and the concentration of the CNTs in the adsorption solution as indicated. The 
measurements were performed in air with ellipsometry. PDADMA, PSS and PEI 
were adsorbed from 0.1 M NaCl solution. All thicknesses are average values 
determined from three different films. The error bars indicate the stan
dard deviation. 
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3.3. Film deposition monitored by ellipsometry 

The film growth of CNT/PDADMA multilayers was monitored with 
null-ellipsometry, in air at ambient conditions (cf. Fig. 2) [28,29]. All 
measurements were obtained from three films of the same structure, 
each built under the same conditions. Averages of these measurements 
are shown. In order to verify the thickness measured by ellipsometry we 
compared the results with AFM measurements as a cross check (cf. 
Fig. 3). For all films studied, the thickness of the first three 
CNT/PDADMA bilayers (BL) did grow non-linearly with the number N of 
deposited BL. Varied was the molecular weight of PDADMA and the 
concentration of the CNTs in the deposition solution. 

Starting at four bilayers, the film thickness increased linearly with 
the number of deposited CNT/PDADMA BL (cf. Fig. 2). Films which were 
produced with a high CNT concentration of 0.25mg/ml were the 
thickest, those with a concentration of 0.15mg/ml CNTs were the 
thinnest. The variation of the PDADMA molecular weight from 322kDa 
down to 44.3kDa did not have any significant effect on the film growth, 

respectively thickness. The thickness for each deposited CNT/PDADMA 
BL prepared with a CNT concentration of 0.15mg/ml is (5.5 ± 0.5) nm, 
independent of the PDADMA molecular weight (to be exact: 
(5.9 ± 0.6) nm for Mw,PDADMA = 322kDa and (5.1 ± 0.3) nm for 
Mw,PDADMA = 44.3kDa). After increasing the CNT concentration up to 
0.25mg/ml, the thickness for each deposited CNT/PDADMA BL also 
increased to (16.5 ± 1.7) nm, which is about a factor of three larger. 
All investigated films appeared stable and homogeneous. 

3.4. Vis-NIR absorbance spectroscopy 

Ellipsometric measurements showed that the average thickness of a 
deposited CNT/PDADMA BL depends on the concentration of CNTs in 
suspension. To find out whether the CNT coverage depends on the 
polycation molecular weight, the films were investigated by Vis-NIR 
absorbtion spectroscopy (cf. Fig. 4). The absorption spectra of individ
ual CNT/PDADMA films show qualitatively similar single peaks at 
1100nm. However, in comparison, the CNT suspension showed two 

Fig. 3. Comparison of AFM-based and ellipsometric thickness determination. (a) AFM tapping mode image of PDADMA/CNT multilayer film (8 bilayers, Mw,PDADMA 
= 44.3 kDa) treated by the AFM ‘furrow method’ [42]. Prior to imaging in AFM tapping mode, a 6 µm × 6 µm subarea was scanned several times in AFM contact 
mode with a vertical force of 1.5 µN (region of interest ROI 2, blue frame). The contact force is sufficient to displace the multilayer material, but too low to damage 
the underlying Si substrate. The ROI 1 region (green frame) is a typical multilayer region that is not affected by the contact mode process (scratching). (b) Exemplary 
sample height profile along a section line through the trench region ROI 2 shown in (a). (c) Histograms of the height distributions of ROI 1 and ROI 2, respectively, as 
depicted in (a). The root mean square (RMS) roughness within the trench (ROI 2) is about 1 nm, as is typical for a bare Si wafer, suggesting complete multilayer 
ablation. In contrast, ROI 1 is characterized by an RMS roughness of 8 nm and a mean height of 38.1 nm. This value deviates slightly from the distribution peak (at 
36.8 nm) due to the skewness of the height distribution. (d) Color-coded least mean squared residuum of the ellipsometric fitting procedure. Systematic variation of 
the fitting parameters dfilm and Re(nfilm) results either in good agreement (dark blue region) or significant discrepancy (red and yellow regions) with the experimental 
ellipsometric data. The best agreement is indicated by a white cross (dfilm = 38.3nm and Re(nfilm) = 2.30) and the closed white line indicates the confidence interval 
of the parameters. The sample studied is the same as shown in (a)-(c). (e) Measured ellipsometric angles Δ and Ψ at various angles of incidence αinc (black circles) and 
the calculated trajectory (black line) determined by least square regression as shown in (d). 
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distinct absorption peaks slightly above and below 1100nm, respec
tively (cf. Fig. 1(c)). The position and shape of the absorption peak are 
within the expected range, as a broad absorbtion peak between ≈
900nm to 1300nm has been described for mixtures of CNTs and amor
phous carbon [12,43]., The single peaks at 1100nm are independent of 
the polycation molecular weight, CNT concentration and film thickness. 
With each additional BL deposited, the peak intensity increased, as did 
the background. 

Fig. 4(a) shows the Vis-NIR-absorption spectra for the CNT/ 
PDADMA films prepared with the heavy PDADMA (Mw,PDADMA =

322kDa and cCNT = 0.15mg/ml). For films with 8 BL a maximum 
absorbance of 0.2211 at 1100nm was achieved. The same maximum 
absorbance (of 0.2211) was observed for CNT/PDADMA films with the 
same CNT concentration (0.15mg/ml) but decreased PDADMA molec
ular weight (44.3kDa, cf. Fig. 4(c)). Thus, it appears that the change of 
the PDADMA molecular weight does not influence the adsorption of the 
CNTs. In contrast, if the CNT concentration is increased up to 0.25mg 
/ml, (Mw,PDADMA = 322kDa), the absorbance for 8 BL increases up to 
0.2775, which is shown in Fig. 4(b). 

The results are quantified and summarized in Fig. 4(d). The absor
bance at the peak wavelength increases linearly with the film thickness 
for all CNT/PDADMA films. The constant slope demonstrates that CNT 
amount deposited at each adsorption step is the same, but the exact 
value depends on the CNT concentration used. 

Whereas the slope for CNT/PDADMA films prepared from cCNT =

0.15mg/ml is within error independent of the molecular weight of 
PDADMA, 0.0057 ± 3⋅10− 4 (to be exact: 0.0053 ± 4⋅10− 4 for 
Mw,PDADMA = 322kDa and 0.0061 ± 2⋅10− 4 for Mw,PDADMA = 44.3kDa) 
the slope for films prepared with an increased CNT concentration of 

0.25mg/ml is halved (0.0028 ± 9⋅10− 5). 

3.5. Surface topography 

AFM was applied to study the arrangement of the CNTs and the 
surface morphology. Images of CNT/PDADMA films for N = 1, 4 and 8 
BL with a PDADMA molecular weight of 322 kDa and a CNT concen
tration of 0.15 mg/ml are shown in Fig. 5(a) to (c). In all cases flatly 
adsorbed CNTs are observed. They are randomly oriented and form a 
network, which resembles fallen jackstraws. Single-/double-walled and 
also bundles of CNTs can be identified. When only one CNT/PDADMA 
BL is deposited, one recognizes isolated CNTs, with very few cross-overs. 
A film consisting of four CNT/PDADMA BL shows a network of CNTs. 
The network is even more pronounced when the film consists of eight 
bilayers, additionally an increased roughness can be observed. 

By changing the molecular weight and CNT concentration no signifi
cant difference was observed (data not shown). In Fig. 5(d) the devel
opment of the film/air roughness σRMS is shown for 1, 4 and 8 BL of 
deposited CNT/PDADMA BL. Films consisting of one CNT/PDADMA BL 
have all the same σRMS. With increasing BL number, for all CNT/PDADMA 
films investigated a linear increase in roughness is found. CNT/PDADMA 
films built with a PDADMA molecular weight of 44.3kDa and a low CNT 
concentration (0.15mg/ml) showed the lowest increase, with a slope of 
σRMS (nm) = 0.89N ± 0.03. CNT/PDADMA films prepared with an 
increased carbon nanotube concentration (0.25mg/ml) have the lowest 
CNT content per nm-thickness according to NIR absorption (cf. Fig. 3(d)). 
For films prepared with a higher PDADMA molecular weight, the 
roughness shows a larger increase with each additional layer, indepen
dent of the CNT concentration (σRMS, 322kDa, 0.15mg/ml (nm) = 1.51N +

Fig. 4. Vis-NIR absorbance spectra in 
air of PEI/PSS/PDADMA/(CNT/PDAD
MA)N films in dependence of N, the 
number of deposited CNT/PDADMA 
BL. Varied is the concentration of CNTs 
in the adsorption dispersion and the 
molecular weight of PDADMA: (a) 
Mw,PDADMA = 322kDa and cCNT =

0.15mg/ml, (b) Mw,PDADMA = 322kDa 
and cCNT = 0.25mg/ml and (c) 
Mw,PDADMA = 44.3kDa and cCNT =

0.15mg/ml. (d) Dependence of 
absorbance at 1100 nm on the film 
thickness. All absorption measurements 
are the average obtained from three 
different films; in (d), the error bars 
represent the standard deviation.   
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0.25 and σRMS, 322kDa, 0.25mg/ml (nm) = 1.63N + 0.05). Furthermore, 
all films were stable and homogeneous. The thickness of a CNT/PDADMA 
BL ((5.5 ± 0.5) nm for cCNT = 0.15mg/ml and (16.5 ± 1.7) nm for 
cCNT = 0.25mg/ml) exceeds the diameter of a carbon nanotube (1nm to 
2nm). Since the AFM images show horizontal alignment of the CNTs, the 
thickness is presumably due to a single layer of CNTs covered by a pol
ycation layer. 

It is advantageous that the PDADMA were adsorbed from 0.1 M NaCl. 
At this ion concentration, PDADMA adsorbs in a coiled conformation 
which can be thicker than the diameter of the molecules (1 nm for 
PDADMA). Additionally, the NaCl ions in the deposition solution screen 
the electrical charges on the polycation chains, causing a low persistence 
length and allowing the PDADMA chains to adjust their conformation 
for optimum coverage of the CNTs. The variation of the parameters 
Mw,PDADMA (44.3kDa and 322kDa) and CNT concentration in suspension 
(0.15mg/ml and 0.25mg/ml) showed that only changing the CNT con
centration influenced the BL thickness (ΔdBL) of the films. The increase 
of cCNT from 0.15mg/ml up to 0.25mg/ml results in an increase of ΔdBL 
by a factor of three (from ΔdBL = 6nm up to ΔdBL = (17)nm.). When the 
CNT concentration was kept constant (in adsorption suspension) and the 
PDADMA molecular weight was varied, we expected a similar influence 
on the thickness per deposited BL. However, we got exactly the same BL 
thickness (ΔdBL = (5.5 ± 0.5)nm for cCNT = 0.15mg/ml). The thick
ness of PDADMA monolayers depends on the selected deposition con
ditions on PDADMA molecular weight [18,39]. We conclude that the 
thickness of a CNT/PDADMA BL depends on the thickness of the CNT 
network only. PDADMA adsorbed onto CNTs provides a positively 
charged shell. Thick PDADMA monolayers were always observed on flat 
homogeneous substrates. CNTs do not provide these kinds of flat sur
faces. Also, the absorption measurements show that the surface coverage 

per deposited CNT layer is independent of the PDADMA molecular 
weight. The only effect of the larger PDADMA molecular weight is the 
increase of the film/air roughness. The roughness is due to the CNT 
network. Each additional CNT layer adds more crisscrossing points; 
thus, the roughness increases. The thickness of the adsorption layer of 
the light PDADMA on flat surfaces is small [44], thus the increase in 
roughness is less pronounced. On increase of cCNT, the thickness of a 
CNT/PDADMA BL gets thicker. 

We assume that an increased CNT concentration leads to a fast 
adsorption process, without the possibility of the CNTs to rearrange. 
When in the next adsorption step PDADMA adsorbs on the disordered 
CNTs, the average thickness of the polymer layer is thick, thicker than on 
the low-coverage CNT layer. This leads to a factor three thicker CNT/ 
PDADMA adsorption layer (ΔdBL = (16.5 ± 1.7)nm for cCNT =

0.25mg/ml). To understand this process further experiments are 
necessary in the future. 

3.6. Electrical properties 

The resistance of each film was measured using the set-up depicted in 
Scheme 1. For each film, the dependence between applied voltage and 
measured current could be described by Ohm’s law (cf. Fig. 6(a)). As 
expected, with every additional CNT layer the sheet resistance de
creases. The sheet resistance could be varied by one order of magnitude 
(factor 15), between ≈ 120 kΩ and ≈ 8 kΩ (data from 1 BL CNT/ 
PDADMA and 8 BL CNT/PDADMA, respectively, Mw,PDADMA = 322 kDa,
cCNT = 0.15 mg/ml). Since the sheet resistance decreases inversely 

proportional to the film thickness dfilm, the resistivity ρ is constant for a 
CNT/PDADMA system and was determined according to ρ = R⋅W ⋅ dfilm

L ,

Fig. 5. AFM images (5 × 5 µm2) in air of PEI/PSS/PDADMA/(CNT/PDADMA)N films, in dependence of N the number of CNT/PDADMA BL: (a) 1 BL, (b) 4 BL and (c) 
8 BL (Mw,PDADMA = 322kDa, cCNT = 0.15mg/ml. (d) RMS roughness in dependence of the number of depositedBL. 
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with film thickness dfilm determined by ellipsometry. Fig. 6(b) also 
shows that four CNT/PDADMA BL are necessary to obtain a CNT 
network which is able to transport the electrons effectively through the 
film. Between three and four BL, the resistance drops by almost an order 
of magnitude. It looks like a percolation transition, after the deposition 
of four BL the lateral density of crossing points between CNTs is con
stant, and so is the conductivity. In dependence of the film composition, 
the measured conductivity varies by a factor of four. 

The lowest conductivity σ = 1
ρ = 1.11 ∙ 103 S/m was obtained for the 

CNT/PDADMA films with cCNT = 0.25mg/ml,  whereas films built with 
cCNT = 0.15mg/ml had four times higher conductivity (≈ 3.97 ⋅ 103 S 
/m). This conductivity (≈ 3.97 ⋅ 103 S/m) is the largest that has been 
achieved in polyelectrolyte multilayers. But it is still two orders of 
magnitude smaller than that of films of pure CNTs [45]. 

Our results are consistent with the initial hypothesis: Charge trans
port from one CNT to the next is the main source of resistance. Since the 
CNTs are the conducting elements in the film we compare also the in
verse sheet resistance with the optical absorbance at 1100nm (cf. Fig. 6 
(d)). The dependence is linear, which is expected, since both the inverse 
of RS and the film thickness increase linearly with the absorbance at 
1100nm. It is remarkable that both the CNT coverage per layer and the 
conductivity are independent of the molecular weight of PDADMA and 
identical. This observation suggests that the scaffold formed by the CNTs 
determines the positions where PDADMA adsorbs, whereas the polymer 
length has no influence on scaffold formation. 

Surprisingly, the CNT concentration in the deposition suspension has 
an influence, not only on the film thickness but also on the electrical 
conductivity. Panel (a) of Fig. 7 shows the linear growth region of CNT/ 
PDADMA multilayers. The thickness increase per deposited CNT/ 
PDADMA bilayer is three times larger when the CNTs are adsorbed from 
a more concentrated suspension. But for the thicker films, the increase in 

absorbance at 1100nm is only slightly larger than for the thinner films 
(see panel b of Fig. 7), so the CNT content in the thicker bilayers is only 
slightly increased. Therefore, the increased thickness of the CNT/ 
PDADMA bilayers is caused by additional PDADMA content. Thus, the 
film composition is changed, the ratio PDADMA monomers/CNT is 
increased. The lower CNT content in the film leads to fewer crossing 
points of CNT rods, less charge transfer and thus increase in the sheet 
resistance and a concommitant decrease in the conductivity, as shown in 
panel (c) of Fig. 7. 

We can only speculate why the increased CNT concentration in the 
suspension led to a larger thickness of the PDADMA adsorption layer in 
each adsorptin step. The increased thickness of the PDADMA adsorption 
layer indicates that the CNT conformation at the surface is different. We 
suggest that the increased concentration in the deposition suspension 
led to more tilted CNT rods, providing more adsorption sites for the 
PDADMA molecules. However, the changes have to be very subtle 
because we did not observe any differences in the AFM images of the 
films prepared from the different CNT suspensions. In summary, the 
higher the monomer/CNT ratio, the lower the conductivity is, as shown 
in Fig. 7. 

4. Conclusions 

With the aim of fabricating ultrathin electrically conductive layers 
for biological applications [46], multilayers of different PDADMA mo
lecular weights and CNT concentrations were built using the LbL as
sembly method. Films were prepared by sequential adsorption of 
oxidized CNTs (from water) and PDADMA (from 0.1 M NaCl solution). 
The sheet resistance was highest for one CNT/PDADMA BL, and 
decreased monotonously with each added CNT/PDADMA BL. The 
electrical conductivity increased during the depositon of the first four 

Fig. 6. Electrical properties of PEI/PSS/ 
PDADMA/(CNT/PDADMA)N films consist
ing from N = 4 BL up to N = 8 BL. (a) Linear 
current I vs voltage U characteristics of a 
representative film prepared as indicated. 
All CNT/PDADMA films investigated 
exhibit ohmic behavior. From the slope the 
resistance was determined (5 kΩ to 20 kΩ). 
(b) Sheet resistance RS in dependence of the 
number of deposited CNT/PDADMA BL 
(Mw,PDADMA = 322kDa and cCNT =

0.15mg/ml). Each RS value shown is the 
average of three different films, error bars 
indicate the standard deviation. (c) The in
verse sheet resistance increases linearly 
with the film thickness; from the slope of 
the linear fits the conductivity σ is deter
mined. (d) The inverse sheet resistance in
creases linearly with the absorbance at 
1100nm. Investigated were PEI/PSS/ 
PDADMA/(CNT/PDADMA)N films, with N 
the number of CNT/PDADMA BL. All poly
electrolytes were adsorbed from a solution 
containing 0.1 M NaCl.   
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CNT/PDADMA BL, then it was constant. This finding suggests that four 
CNT/PDADMA BL are necessary to obtain a constant coverage of CNT 
crossing points or nodes. With more than four CNT/PDADMA BL the 
sheet resistance depends only on the number of deposited BL. In our 
experiments, the sheet resistance could be varied by a factor of six, in 
dependence of the number of CNT/PDADMA BL. The thickness of each 
CNT/PDADMA BL was constant, as determined ellipsometrically [47]. 
Furthermore, the molecular weight of PDADMA was varied, by almost 
an order of magnitude. Even though the thickness of one adsorbed 
PDADMA monolayer depends on the molecular weight [2,39], the 
PDADMA molecular weight did not affect the thickness of a 
CNT/PDADMA BL, nor the electrical conductivity. We conclude that the 
polycations adsorb to the CNTs and the shape of the CNT network de
termines the thickness of a CNT/PDADMA BL, not the PDADMA mo
lecular weight. 

Two different CNT concentrations were used in the absorption sus
pension. A higher CNT concentration in the suspension correlated with 
an increased film thickness. It is suggested that the fast adsorption 
process of the CNTs led to more adsorption sites for the polycation. The 
lower CNT coverage per nm thickness increase (by a factor two) 
demonstrated that the ratio PDADMA monomer/CNT was increased, 
which led to a lower electrical conductivity. 

AFM images of one CNT/PDADMA BL showed isolated CNTs, while 
AFM images of four or more BL showed flatly absorbed CNTs that lay 
crisscross on top of each other. They form a flat network, with many 
crossing points or nodes, which make electron transfer between CNTs 
possible. A percolation transition occurs when four BL are deposited, 
leading to the highest electrical conductivity reported so far for LbL 
films made with CNTs (≈ 4000 S/m) was achieved. 
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