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TiN Nanofi bers: A New Material with High Conductivity 
and Transmittance for Transparent Conductive Electrodes
 Motivated by the rising cost of tin-doped indium oxide (ITO), the search 
for new transparent electrode materials to replace ITO is ongoing. TiN 
exhibits high electric conductivity, however, it is generally non-transparent. 
Here, nanostructured TiN fi ber patterns are synthesized on quartz glass 
and the resulting materials have a combination of high electric conductivity 
and optical transparency. A low sheet resistance of 15.8 Ohm sq  − 1  at 84% 
transparency is achieved on TiN nanofi ber arrayed quartz glass. The achieve-
ments show a successful integration of electric and optical properties in 
ceramic nanofi bers and provide a method for fi nding new materials to replace 
traditional ITO-based transparent electrodes. 
  1. Introduction 

 Titanium nitride (TiN) has been intensely studied for 
applications including wear- and corrosion-resistant coatings 
and cutting tools due to its high melting point, high hard-
ness and high thermal stability. Moreover, TiN materials hold 
potential for wide applications in electric devices due to its high 
electric conductivity and chemical stability. [  1  ]  Traditionally, TiN 
ceramics have not been integrated in optoelectric devices due 
to their opaque nature. Here, we report the successful fabri-
cation of transparent conducting TiN thin fi lms by nanoscale 
materials designing and processing. For the fi rst time, TiN 
nanofi bers were synthesized and assembled into oriented pat-
terns by a simple and scalable electrospinning method on the 
quartz glass. The TiN nanofi ber networks show a sheet resist-
ance of 15.8 to 670 Ohm sq  − 1  and transmittance of  ≈ 84% to 
97%, which is comparable to commercial tin-doped indium 
oxide (ITO) thin fi lm transparent electrodes. 

 Transparent electrodes are widely used as the fundamental 
component in many optoelectronic devices including displays, 
solar cells, organic light-emitting diodes, and smart windows. [  2  ,  3  ]  
Most important functions of transparent electrodes are electric 
conductivity and optical transmittance. Currently, ITO is the 
most commonly used transparent electrode because of its high 
electric conductivity and high transmittance. However, its rising 
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cost due to the low abundance of indium 
severely limits its applications in future 
large-area optoelectronic devices. There-
fore, there has been much effort both in 
industry and in academia to fi nd a replace-
ment for ITO. [  4  ]  Emerging candidates are 
conducting polymers, carbon nanotubes, 
graphene, and metallic nanowires. [  5–9  ]  A 
graphene-based thin fi lm has been assem-
bled onto polymer nanofi bers. [  10  ]  However, 
the sheet resistance of 8.6  ×  10 3  Ohm sq  − 1  
at 88% light transmittance is too high. 
More conductive carbon nanotube fi lms 
with the sheet resistance of 1000 Ohm sq  − 1  
at 85% transparency have been developed 
as transparent electrode. [  11  ]  However, their performance still 
lags behind those of ITO fi lms. Along the same lines, graphene 
with competitive performance fabricated by chemical vapor 
deposition (CVD) was put forward as candidate materials. [  5  ,  12  ,  13  ]  
High-quality graphene fi lm fabrication is still under investi-
gation, and moreover, the CVD method also faces challenges 
in large-scale production at low cost. A. recent report by the 
Yi Cui group synthesized metal nanowire network with 
50 Ohm sq  − 1  at 90% transparency as transparent electrode. [  13  ]  
Whereas, metal nanowire is more active than bulk metal 
materials due to its quantum size effect and high aspect ratios. 
Whether the chemical stability of these metal nanowire network 
could hold the line with high performance during its actual 
applications remains a question. Thus, our attention has been 
focused on a new domain-TiN, concerning its low resistivity 
and high chemical durability.   

 2. Results and Discussion 

 In a typical experimental procedure, TiN nanofi bers were pre-
pared with three steps: 1) Fabrication of precursor composite 
nanofi bers by electrospinning of poly (vinyl pyrrolidone) (PVP) 
and tetrabutyl titanate solutions. 2) Calcination of the precursor 
nanofi bers in air at 500  ° C for 2 h to thoroughly remove organic 
components. Anatase TiO 2  nanofi bers were synthesized in 
this step, as confi rmed by X-ray diffraction (Supporting Infor-
mation Figure S1). 3) Conversion of TiO 2  nanofi bers into TiN 
nanofi bers by ammonifi cation at high temperature. 

 The corresponding phase transformations were monitored 
using X-ray diffraction (XRD,  Figure    1  a). The nanofi bers are 
found to be mainly composed of anatase and rutile phases 
when the calcination temperature is below 600  ° C. With tem-
perature increasing to 700  ° C, refl ection peaks indexed to 
face-centered cubic structured TiN appear. Above 800  ° C, 
209wileyonlinelibrary.com
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     Figure  1 .     a) XRD patterns of the nanofi bers calcined under NH 3  fl ow at 
different temperatures for 4 h. b) XRD patterns of the TiN nanofi bers cal-
cinated under NH 3  fl ow at temperatures from 800 to 1100  ° C for 4 h and 
the up inset is the step-scanning XRD of these TiN nanofi bers.  

     Figure  2 .     a) N1s XPS spectra of the nanofi bers calcined under NH 3  fl ow 
at 500  ° C for 4 h. b) N1s XPS spectra of TiN nanofi bers calcined under 
NH 3  fl ow at temperatures from 800 to 1100  ° C for 4 h.  
pure TiN phase is observed in the calcined nanofi bers, and 
no other impurities could be indexed from the as-synthesized 
products, which is in accord with the energy-dispersive X-ray 
spectroscopy result (Supporting Information Figure S2). More 
particular XRD spectra of TiN nanofi ber obtained after high 
temperatures annealing is shown in Figure  1 b. From the XRD 
analysis, TiN nanofi bers are well crystallized when calcined at 
temperatures higher than 800  ° C. Moreover, as revealed in the 
inset of Figure  1 b, with the calcination temperature going up, 
the  < 222 >  peak of TiN shifts to the smaller 2  θ   angle direction, 
indicating the increase of lattice constant. Besides XRD, X-ray 
photoelectron spectroscopy (XPS) has also been adopted to ana-
lyze the chemical state and concentration of the N atom in the 
nanofi bers. When annealed at 500  ° C in ammonia atmosphere, 
the N1s spectra shows a clear N1s bond energy around 400 eV 
( Figure    2  a), suggesting the formation of Ti-O-N bonding. [  15–17  ]  
10 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
Whereas, when annealed at temperatures above 800  ° C, the 
N1s bond energy decreases to 396 eV in Figure  2 b. This is due 
to the N substituting O atom in the crystal lattice and forming 
the Ti-N bonding. [  15  ,  18  ,  19  ]  From 800 to 1100  ° C, the atomic con-
centration ratios of N/Ti were calculated to be 1.03, 1.11, 1.20, 
1.26 from the XPS data, respectively. Thus, the increase of lat-
tice parameter as mentioned above (Figure  1 b) is attributed to 
the increasing amount of N atom existing as interstitial atoms 
in the TiN lattice forming nonstoichiometric TiN x .   

 Transmission electron microscopy (TEM) images of TiN 
nanofi bers sintered in ammonia atmosphere at temperatures 
ranging from 800 to 1100  ° C are displayed in  Figure    3  a–d, 
which demonstrate that diameter of the nanofi ber is uniform 
throughout the entire length and the grain is growing as cal-
cination temperature increases. After calcined at 1100  ° C, the 
gain size is so large that the nanofi ber demonstrates a necklace 
structure. The corresponding electron diffraction patterns (Sup-
porting Information Figure S3) and high-resolution (HR) TEM 
images (Figure  3 e,f) indicate that the structure of nanofi bers is 
polycrystalline constituting of fi ne grains of 10–20 nm after calci-
nation at 800  ° C and the grain size increases to 50–100 nm when 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 209–214
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     Figure  3 .     TEM images of the TiN nanofi bers calcined under NH 3  fl ow for 4 h at different temperatures: a) 800  ° C; b) 900  ° C; c) 1000  ° C; and d) 1100  ° C. 
e) HRTEM image in (a). f) HRTEM image in (d).  
temperature goes up to 1100  ° C. The increase grain size and 
variety of N/Ti ratios lead to apparent color changes of the TiN x  
nanofi ber from dark cyan to reddish-brown, then from reddish-
brown to dark yellow, and fi nally to golden yellow as ammonfi ca-
tion temperature inceasing (Supporting Information Figure S4).    

 Figure 4  a shows an SEM image of the random distributed 
TiN nanofi ber networks, which were calcined at 1100  ° C in 
ammonia atmosphere. Clearly, the nanofi bers remained intact 
and continuous with length up to several millimeters (Figure  4 a). 
It can be more clearly seen from Figure  4 b that the surface 
of TiN nanofi bers is rough as they were calcined at 1100  ° C 
due to the grain growth. While when calcined at 800  ° C, TiN 
nanofi bers obtained with an average diameter of 120 nm, show 
the relatively smooth surface (Figure  4 c). Besides random 
nanofi ber networks, electrospinning can also provide a facile 
process to assemble nanofi bers into aligned arrays. [  20  ]  By using 
a modifi ed fi ber collector, nanofi ber arrays could be assembled 
as grid-patterned nanofi ber network as shown in Figure  4 d.  

 It is well known that TiN is a good electric conductor due to its 
metallic bond. By taking advantage of easily fi ber patterning with 
electrospinning, we are able to investigate the electric transport 
properties of single TiN nanofi ber with controlled orientation. 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 209–214
In a typical measurement, gold electrodes were deposited on the 
two ends of a single TiN nanofi ber with length of 500  μ m (up 
inset of  Figure    5  a). Figure  5 a shows the current-voltage ( I–V ) 
curve through single TiN nanofi ber calcined at different temper-
atures ranging from 800 to 1000  ° C. The linear IV curve indi-
cates a metallic conducting characteristic of the TiN nanofi bers. 
It is found that the current through nanofi bers is remarkably 
debased with the increase of calcination temperature. This is 
maybe caused by the change of N content in the obtained TiN 
nanofi bers. It is well accepted that TiN, holding both the cova-
lent nature of Ti-N bonds and metallic bonds, possesses a blend 
of ceramic and metallic properties. If the atom ratio of N/Ti is 
close to 1:1, TiN will exhibit metallic character. On the contrary, if 
the atom ratio of N/Ti is larger than 1:1, TiN x  (x  >  1) will exhibit 
the typical properties of non-metallic compounds. As analyzed 
by the foregoing XPS data, the concentration of N atom in the 
obtained TiN nanofi bers increases with calcination tempera-
ture climbing. Accordingly, the decrease conductivity of the TiN 
nanofi bers given in Figure  5 a is reasonable. The relation between 
the electric conductivity and the ammonifi cation temperature is 
plotted in Figure  5 b. Results show that the conductivity of the 
TiN nanofi ber was calculated to be 121.1, 49.1 and 29.5 S cm  − 1  at 
211wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     a) 2000 diameter and b) 100 000 diameter SEM image of TiN nanofi bers calcined under NH 3  fl ow at 1100  ° C for 4 h. c) 100 000 diameter SEM 
image of TiN nanofi bers calcined under NH 3  fl ow at 800  ° C for 4 h. d) Laser microscope image of assembled grid-patterned precursor nanofi bers.  
sintering temperature of 800  ° C, 900  ° C and 1000  ° C. The high 
conductivity ( ≈ 121.1 S cm  − 1 ) of the TiN nanofi bers sintered at 
800  ° C is much larger than that of electrospun ZnO nanofi ber 
( ≈ 6.0  ×  10  − 6  S cm  − 1 ) and ITO nanofi bers ( ≈ 1.0 S cm  − 1 ) reported 
before [  21  ,  22  ]  and even surpasses that of Ag-ZnO nanofi ber with 50.0 
at.% Ag (115 S cm  − 1 ) and carbon nanofi ber ( ≈ 20–30 S cm  − 1 ). [  21  ,  23  ]  
High electric conductivity promotes TiN nanofi bers to be a 
promising alternative to carbon based materials such as carbon 
nanofi bers and nanotubes in electronic devices.  

 Electrospun TiN nanofi ber networks on quartz glass also 
exhibit high optical transparency, which boost the application of 
TiN nanofi bers as a new kind of high performance transparent 
electrode. The grid-patterned TiN nanofi ber network was assem-
bled on the quartz glass (as shown schematically in the lower 
part of  Figure    6  ). After calcination in air and ammonia atmos-
phere, TiN nanofi bers adhere to the quartz glass surface fi rmly 
owing to sintering between fi ber and glass. Benefi ted from 
the extremely high aspect ratios of electrospun nanofi bers, the 
charge carriers can transfer along the fi bers with little junction 
scattering and accordingly enhance the surface conductance. [  24  ]  
The density of TiN nanofi ber networks can be easily controlled 
by adjusting the electrospinning deposition cycle index. As 
observed in Figure  6 , the TiN nanofi ber network shows high 
optical transmittance in the visible and near-infrared ranges. 
TiN networks assembled with different electrospinning cycle 
index exhibit dissimilar transparencies. With electrospin-
ning cycle index increasing, the optical transmittance visibly 
decreases from 97% to 84%. The optical transmittance of the 
TiN nanofi ber networks is compared with that of the dense TiN 
fi lm prepared by spin coating using the same electrospinning 
precursor solution. Even though light scattering exists in the 
TiN nanofi bers system, the optical transmittance of the TiN 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
nanofi ber networks is about three times higher than that of the 
TiN fi lm (Supporting Information Figure S5), which may be 
attributed to the hollow space presented in nanofi ber networks. 
These results are in consistent with observations in carbon 
nanotube networks, [  25  ]  silver nanowire networks, [  26  ]  copper 
nanowire networks [  13  ]  and indium oxide nanofi ber networks. [  27  ]  
According to the literatures, [  13  ,  28  ]  on the other hand, the light 
scattering by the nanofi bers is profi table for some devices, such 
as solar cells, where scattering is preferred. The enhanced scat-
tering of light allows for higher solar cell effi ciencies by pro-
viding better absorption. Backtrack to the performance of TiN 
nanofi ber networks as transparent electrode, the sheet resist-
ance measurements of these networks mentioned above were 
carried out by a four-probe method to avoid contact resistance 
between test electrodes and TiN nanofi bers. The results are 
displayed in  Figure    7  a. The sheet resistance decreases sharply 
as the density of TiN nanofi bers increases. The corresponding 
sheet conductance as a function of electrospinning cycles has 
been plotted in Supporting Information Figure S6. When the 
electrospinning cycles are less than three, the sheet conduct-
ance increases progressively. As the electrospinning cycles 
increase from three to four, the sheet conductance increases 
abruptly, which is caused by a near-percolative nanofi ber den-
sity following the percolation behavior of one-dimensional stick 
systems. [  10  ]  The lowest sheet resistance value 15.8 Ohm sq  − 1  
was obtained with 4 electrospinning cycles. When electrospun 
TiN nanofi ber network was deposited with different cycles, sur-
face resistances of 670 Ohm sq  − 1 , 452 Ohm sq  − 1 , 193 Ohm sq  − 1 , 
and 15.8 Ohm sq  − 1  were achieved at  ≈ 97%,  ≈ 95%,  ≈ 93%, and 
 ≈ 84% transparency, respectively, as shown in Figure  7 b.   

 One problem that arises in the present TiN nanofi ber net-
works is the poor fl exibility. One suggestion for solving this 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 209–214
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     Figure  7 .     a) Sheet resistance of TiN nanofi ber networks plotted as a 
function of electrospinning cycles. b) Transmittance at 550 nm vs sheet 
resistance for the TiN nanofi ber networks deposited with different elec-
trospinning cycles.  

     Figure  5 .     a)  I – V  characteristics of TiN nanofi bers calcined under NH 3  fl ow 
at temperatures from 800 to 1000  ° C for 4 h. The inset is the patterning 
Au electrodes on the nanofi bers for device testing. b) The relationship 
between the electrical conductivity and the ammonifi cation temperature 
of TiN nanofi bers.  

     Figure  6 .     Transmittance spectrum of TiN nanofi ber networks with dif-
ferent electrospinning cycles. The inset shows the set up for collecting 
well-aligned electrospun nanofi bers.  
issue is to transfer the prepared TiN nanofi ber networks to 
fl exible substrates such as poly(dimethysiloxane) (PDMS) or 
poly(ethylene terephthlate) (PET) fi lm by dispersion of TiN 
nanofi bers in methanol solution to form TiN nanofi ber ink and 
following the slot die or graver coating process. [  28  ]  Thus, high 
electrical conductivity combining with high optical transparency, 
low-cost and easy scale-up, will enable TiN nanofi ber network to 
be a competitive candidate material for transparent electrode.   

 3. Conclusions 

 In summary, we have successfully synthesized high-quality 
TiN nanofi bers by the combination of electrospinning and 
ammonifi cation process. A single TiN nanofi ber shows a linear 
 I – V  curve, with the conductivity up to 121.1 S cm  − 1 . The TiN 
nanofi ber networks exhibit high electrical conductivity and high 
optical transmittance. A sheet resistance of 15.8 Ohm sq  − 1  has 
been achieved at 84% transmittance.   
213wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2013, 23, 209–214
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 4. Experimental Section 
  Materials : PVP (MW  =  1 300 000), ethanol, acetic acid, and tetrabutyl 

titanate were used as the starting materials. 
  Electrospinning : The synthesis procedure of TiO 2  nanofi bers was 

similar to previous work. The tetrabutyl titanate was dissolved in 
an ethanol-acetic acid mixture. The PVP was added to the mixture to 
control the viscosity of the solution. After fully dissolution of PVP, the 
solution was delivered to a stainless needle at a constant fl ow rate of 
1.0 mL h  − 1  by a peristaltic pump, with an aluminum foil placed 20 cm 
from the needle tip. The nanofi bers were collected on the substrate by 
applying a high voltage of 20 kV. 

  Preparation of TiN Nanofi bers : The precursor electrospun nanofi bers 
were calcined at 500  ° C in air for 2 h to obtain TiO 2  nanofi bers. Afterword, 
the synthesized TiO 2  nanofi bers were calcined in a tube furnace in 
ammonia atmosphere at various temperatures from 800 to 1100  ° C. At 
the beginning of ammonifi cation process, ammonia was fl owed into the 
tube at a rate of 500 sccm for half an hour to expel the air in the tube. 
While maintaining the fl owing ammonia of 120 sccm, the temperature 
was fi rstly increased from room temperature to 500  ° C at a rate of 
10  ° C min  − 1 ; then increased from 500  ° C to 800, 900, 1000, 1100  ° C at 
a rate of 5  ° C min  − 1 , respectively; maintaining the temperature for 4 h 
afterward. The TiN nanofi bers were obtained as the sample was allowed 
to cool to room temperature in ammonia atmosphere. 

  Characterization : The obtained nanofi bers were characterized by means of 
scanning electron microscopy (SEM, LEO-1530, Carl Ziess Co., Oberkochen, 
Germany) and transmission electron microscopy (TEM, JEOL-2011, Tokyo, 
Japan). The phase constitution of the nanofi bers was determined by X-ray 
diffraction using nickel-fi ltered CuKa radiation (XRD, D/max-2550, Rigaku 
Co., Tokyo, Japan). X-ray photoelectron spectroscopy (XPS, PHI-5300 ESCA, 
Michigan, U.S.A) was used mainly for the analysis of elemental and chemical 
states of N in the nanofi bers. The current-voltage ( I – V ) characteristics of the 
TiN nanofi bers were measured with a Keithley 4200 measurement system 
at room temperature. The sheet resistance measurements of TiN nanofi ber 
networks were carried out by a four-probe method.   
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