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Monocrystalline n-TiO2 nanowires of the rutile phase 

(Rtl-NWs) grown by a scalable hydrothermal method 

constitute a functional oxide nanomaterial with potential 

applications in photovoltaics, photocatalysts, field emit-

ters and electrochemical battery anodes. Carrier transport 

in Rtl-NWs is of fundamental importance but has hitherto 

been inferred indirectly via impedance and intensity-

modulated spectroscopic techniques.  We report an elec-

tron drift mobility of 1.95 x 10-5 cm2 V-1s-1 in rutile nan-

owire arrays directly measured using the time-of-flight 

(TOF) and space charge limited current techniques.  In 

addition, we measure an equilibrium free electron con-

centration of ~1014 cm-3 and a trap density of 3.5 x 1016 

cm-3 in rutile nanowires.  These results point to the im-

portance of reducing traps to improve charge transport in 

rutile nanowires.   

 
Transient photocurrents in rutile nanowires 
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1 Introduction TiO2 is a highly studied transition 

metal oxide for electronic applications.  In nanocrystalline 

films consisting of sintered anatase nanoparticles, TiO2 has 

been used to generate high performance as the electron 

transporting scaffold in dye-sensitized [1] and bulk hetero-

junction solar cells [2], as the electron injecting layer in 

organic light-emitting diodes [3] and active layer in photo-

catalysts [4, 5].  However, charge transport in nanocrystal-

line films of titania is known to be highly dispersive and 

posited to follow a continuous random walk [6-9].  Struc-

tural disorder, hopping transport and trapping states are 

frequently cited as the reasons for dispersive transport.   

Improving charge transport in TiO2 nanostructures has 

been an enduring goal to improve device performance.  In 

response, one-dimensional nanostructures oriented verti-

cally from the substrate, such as arrays of nanowires and 

nanotubes, have been synthesized in order to provide vec-

torial charge percolation paths and thereby prevent a ran-

dom walk-type of transport [10-12]. Solvothermal-grown 

rutile nanowire arrays (Rtl-NWs) have the additional ad-

vantage of eliminating hopping at grain boundaries due to 

their monocrystallinity and ensuring band-like transport.   

Single crystal Rtl-NWs have been used in conjunction with 

dyes, organic semiconductors and lead halide perovskites 

to generate high performance solar cells [13-16] and in 

high-rate photoelectrochemical water-splitting [17].  Rtl-

NWs are also attracting research interest as potential lithi-

um ion battery anodes, photocatalysts and field emitters 
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[18-20].  Therefore, an improved understanding of charge 

transport  in Rtl-NWs is much needed.  

In this letter, we present direct measurements of the 

majority carrier mobility of Rtl-NWs obtained using tran-

sient and steady state space charge limited currents 

(SCLC), and free carrier and trap densities obtained by 

SCLC.   

 

Figure 1 Transmission electron micrograph of the cross-section 

of rutile nanowire array.  One inset (top-right) shows the FESEM 

top-view of the nanowires and another inset (bottom-right) is the 

selected area diffraction pattern of the lateral crystal plane of the 

nanowires.   

 

2 Experimental 
2.1 Nanowire synthesis and characterization  

Fluorine-doped tin oxide (FTO)-coated glass (TEC-15, 15 

ohm/square) substrates were first cleaned with Triton-X 

detergent followed by thorough rinsing in water, then 

cleaned in acetone, methanol in an ultrasonic bath and sub-

sequently dried in a nitrogen jet.  The substrates were load-

ed into a 23 mL capacity, sealed Teflon reactor in a PARR 

acid digestion vessel containing 5 mL of H2O, 2.5 mL gla-

cial acetic acid and 2.5 mL concentrated HCl.  0.2 mL tita-

nium butoxide was then added drop-by-drop and stirred 

until a clear solution was obtained The hydrothermal syn-

thesis was performed at 180°C for 6 hours.  Morphological 

and Structural Characterization were performed using a Hi-

tachi S4800 cold field emission scanning electron micro-

scope and a Hitachi HF3300 transmission electron micro-

scope respectively.   

2.2 Time-of-flight and SCLC studies Aluminum 

electrodes were deposited onto the nanowires through a 

shadow mask in an electron beam evaporation system.  

The samples were mounted such that deposition occurred 

at an oblique angle, in order to minimize the depth of pene-

tration of the deposited metal between the nanowires.  

Voltage bias was applied between the FTO:glass substrate 

and the aluminum top electrode using a DC power supply. 

The maximum electric field used was 2 x 10
4
 V cm

-1
.  

Charge carriers were optically injected into the sample 

from a nanosecond pulsed N2 laser (VSL337ND-S, Spec-

tra-Physics) through the FTO:glass substrate which served 

as the transparent, blocking electrode.  Transients were ob-

served using an Agilent DSO1034B sampling oscilloscope 

using terminal resistances ranging from 50-1000 Ω.  To 

enhance our measurements' signal to noise ratio (SNR), 

256 single measurements were averaged, which increased 

the SNR by a factor of 16.  The current-voltage character-

ristics and capacitance of the samples was measured using 

a Keithley 4200 semiconductor parameter analyzer 

equipped with a CVU module.   

 

 

3 Results and Discussion As evidenced by Fig. 1, 

the nanowires are ca.1.26 μm in length, vertically oriented 

from the FTO:glass substrate and 10-20 nm in width.  The 

insets in Fig. 1 show the square facets of the terminal (001) 

crystal planes and the d-spacing of 0.288 nm correspond-

ing to the (001) crystal plane of rutile, obtained along the 

length of a nanowire.  

           Fig. 2 shows the transient photocurrent obtained 

when the Al top electrode is biased +2 V with respect to 

the FTO substrate.  Under laser illumination through the 

FTO, most electron-hole pairs are generated within a pene-

tration depth of the transparent contact.  For 337 nm radia-

tion, the penetration depth of rutile, given by the inverse of 

the absorption coefficient, is ~ 200 nm. Photogenerated 

holes are collected by the closely-lying FTO contact and 

electrons are injected into the bulk of the nanowires, where 

they drift under the influence of the applied field (2 x 10
4
 

V cm
-1

).   
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Figure 2 Experimental photoconductivity transient for Rtl-NW 

array sample with a bias of 2 V (Al-positive and FTO-negative). 

By measuring the sample capacitance and by integrat-

ing the collected photocurrent, we estimated the injected 

charge in our experiment Qinj and found it to be much larg-

er than the charge Qo associated with the geometrical ca-

pacitance of the nanowires.  Consequently, the excess car-

rier density is large enough to perturb or modify the elec-

tric field inside the nanowires and space-charge limited 

transport prevails during the drift of electrons through the 

nanowire.  Under these conditions, a cusp is observed in 

the transient photoconductivity [21], whose temporal loca-

tion is related to the electron transit time (τtr) and drift mo-

bility (μn) by : 

2

1

0.786
0.786 tr

n

L
t t

V
                     (1) 

 

where L is the effective nanowire length over which elec-

tron drift occurs and V is the applied voltage bias.  Substi-

tuting the values of the parameters and the time at which 

the peak photocurrent occurred in Eq. 1, we obtain an elec-

tron mobility of 1.44 x 10
-5

 cm
2
 V

-1
s

-1
.   

The sharp peak at the very beginning of the photocon-

ductivity transient corresponds to the electronic system re-

sponse time, determined by the series resistance of the os-

cilloscope and cables, and sample capacitance. The transi-

ent photocurrent at the conclusion of the system response 

peak but still close to the beginning of the transient is ap-

proximately half the maximum photocurrent at the cusp.  

The instantaneous photocurrent density (j0) at the begin-

ning of the space-charge-limited TOF transient is given by 

[21] : 

 
2

0 32

nVj
L


    (2) 

 

where ε is the permittivity of the rutile nanowires.  Since 

the nanowires are oriented along their c-axis, a value of 

170 was used for the anisotropic relative permittivity of ru-

tile [22, 23]. Using the amplitude of the photocurrent given 

by Eq. 2, we extract a value of 1.84 x 10
-5

 cm
2
 V

-1
s

-1
 for μn.

 
 

The maximum photocurrent (jmax) is expected to overshoot 

the steady state value by 21% such that jmax/j0 = 2.72.  

However, the value of jmax is less than the value expected 

from theory due to trapping. The post-transit current in Fig. 

2 was fit to a monoexponential decay with a time constant 

of 1.84 ms.   

The J-V characteristics of the Rtl-NWs are plotted in 

Fig. 3, and show distinct transport regimes.  At low bias, 

the slope of the log-log plot is exactly 1 (Region I), corre-

sponding to resistive transport due to the low concentration 

of mobile charge, the reminder being trapped.  As the bias 

is increased, transport is eventually dominated by electrons 

injected from the cathode (Region II) and the slope of the 

plot is 2.  As long as the quasi-Fermi level remains lower 

than the trap level, the ratio θ of free carriers to trapped 

carriers is a constant independent of bias.  The resulting 

space-charge limited current is given by : 
2

,

3

9

8

n eff

SCLC

V
j

L


    (3) 

 

 

 

Figure 3 Log-log plot of the steady state current-voltage charac-

teristics of the Rtl-NW array sample.  Regions corresponding to 

different transport regimes are differentiated.  The inset is the 

same J-V characteristic plotted on a linear scale with the square 

root of the current as the y-axis.  The ellipse in the inset indicates 

the space charge limited transport regime where a linear fit is ob-

tained.   

 

where μn,eff is the effective electron mobility of a sample 

with trap-free mobility μn,tf in the presence of traps, given 

by : 

  

, ,
1

n eff n tf


 





   (4) 

 

Eq. 3 applied to the SCLC regime (Region II) in Fig. 3 

gives a mobility of 2.56 x 10
-5

 cm
2
 V

-1
s

-1
.
 
  Substituting the 

extracted values of mobility in the linear (resistive) 

transport regime (Region I), an equilibrium free electron 

concentration of ≈10
14

 cm
-3

 is obtained for the Rtl-NWs.   

        As the number of injected carriers increases in Region 

II, the quasi-Fermi level rises toward the conduction band 

until it eventually passes through the trap level filling all 

the traps, thus entering Region III. Above this trap-free 

limit (VTFL), the current increases rapidly as no further 

trapping occurs until the injected free charge is approxi-

mately equal to the trap density NT, at which point the cur-

rent is predominantly composed of mobile charge (Region 

IV).  The trap-free limit is given by [24] 
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2

2

T
TFL

eL N
V


     (5) 

 

From Fig. 3 and Eq. 5, the density of deep traps in the Rtl-

NW array sample was extracted to be 3.5 x 10
16

 cm
-3

.   

 

 

4. Conclusions 
         The close correspondence between the electron mo-

bility values extracted from three different techniques pro-

vides high confidence in the accuracy of the measurements.  

The averaged effective electron mobility for rutile nan-

owires in this letter (1.95 x 10
-5

 cm
2
V

-1
s

-1
) is more than 

three orders of magnitude lower than the value of 0.1 cm
2
 

measured in bulk single crystals of reduced rutile [25].  

The value of the diffusion coefficient calculated from our 

measured mobility using the Einstein relation is 3 x 10
-7

 – 

7 x 10
-7

 cm
2
s

-1
, which agrees well with the estimates ob-

tained for single crystal rutile NWs by Feng et al [26] from 

intensity modulated photocurrent and photovoltage spec-

troscopy (IMPS/IMVS) at low carrier densities. Likewise, 

Enache-Pommer et al obtained a transport time constant > 

1 ms from IMPS in dye-sensitized rutile NWs synthesized 

by the hydrothermal method [27].  We attribute the differ-

ence in mobilities between rutile nanowires and bulk single 

crystals primarily to trapping states in the bulk and at the 

surface.  Due to the relatively large lateral surface area of 

the rutile nanowires, dangling bonds and other defects are 

expected at the surface.  In addition, impurity atoms in the 

nanowires may act as bulk traps.  Further studies are 

planned to understand the nature of trapping states in Rtl-

NWs in order to reduce them.    

         In dye-sensitized and bulk heterojunction Rtl-NW 

photovoltaics, the large number of electrons injected into 

the conduction band of rutile by panchromatic absorption 

of intense AM1.5 sunlight by the sensitizer, will fill traps 

and result in a higher effective mobility.  Therefore, the ex-

tracted SCLC-TOF mobility establishes a lower limit for 

majority carrier transport rates in Rtl-NWs.  The measure-

ment of the mobility by SCLC-TOF is also useful because 

the transport more realistically simulates charge transport 

in device operating conditions than either field-effect mo-

bility [28] or time-domain terahertz conductivity [29].   
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