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morphology, grown by using pulsed laser deposition (PLD). The Growth parameters for PLD

were changed for two substrates SiO2/Si (SO) and SrTiO3 (STO), such a way which, result

nanocrystalline film on SO and needle like structured film on STO. The photoresponse is greatly

modified in these two films because of two different surface morphologies. The nanocrystalline

film (film on SO) shows distinct photocurrent (PC) ON/OFF states when light was turned on/off,

the enhancement of PC is �27%. Whereas, the film with needle like structure (film on STO)

exhibits significantly enhanced persistent photocurrent even in light off condition, in this case,

Tungsten trioxide (WO3), an n-type indirect wide

bandgap semiconductor, is the most extensively studied mate-

rial due to its appreciable application to smart-windows, mir-

rors, optical shutters, and display devices. It has well

established electrochromic,1 optochromic2 effect in visible

and infrared wavelengths with high coloration efficiency.3

The performance of these devices strongly depends on the

size and shape of the corresponding material exhibiting quan-

tum confinement at low dimensions. Hence, the design and

controlled growth of such nanostructured material as a build-

ing block has become a highly expanding field of research in

recent days. Studies on such oxide semiconductor nanostruc-

tures are mainly aimed at the formation of high internal

surface-area, and transparent films in view of their applica-

tions in solar cells and/or in the field of photocatalysis. The

electrical and optical properties of the nanostructured film are

significantly affected by the crystallinity, texture, and type of

the substrate used.

Photoresponse of WO3 is an interesting topic of discus-

sions and already reported in nano-structured films,4,5 single

nanowire devices.6 The photoactivity of nano-structured

films has been attributed by the charge transport within the

nanostructures; on the other hand, oxygen adsorption and de-

sorption process, presence of metastable bulk defects, oxy-

gen vacancies, electron-hole pair separation near nanowire

surface describe the persistent photoconductivity in single

nanowire device. The aim of our present work is to study the

photoresponse behaviour in WO3 thin films by the modifica-

tion of surface morphology under controlled growth condi-

tion by pulsed laser deposition (PLD) technique.

There are various reports on growth techniques includ-

ing Radio Frequency (RF) sputtering,7 Ultra High Vacuum

(UHV) electron-beam evaporation,8 chemical vapour deposi-

tion,9 and sol-gel process.10 In our present study, we have

grown WO3 thin films on SiO2/Si (SO) and SrTiO3 (STO)

(100) substrate by PLD. The crystal structure is monoclinic

at room temperature.11–13

Our motivation is to show how the nature of photocur-

rent (PC) of same material WO3 behaves differently when

grown on two different substrates with different surface mor-

phology. We have changed the deposition conditions in PLD

by changing the substrate, laser energy, number of shots,

post annealing conditions after the deposition, etc., which

results nano crystalline film on SO and needle like structured

film on STO. After the growth, we measured the photores-

ponse in WO3 films on SO and STO with a constant applied

bias. The two films responded very differently on to the light

exposure at same wavelength. The samples were illuminated

by monochromatic light from a Helium lamp (450 W) con-

nected with a monochromator (Fluromax). The films on SO

gives distinct photocurrent (PC) ON/OFF states when light

was turned on/off, whereas the film on STO shows signifi-

cantly enhanced persistant photocurrent (PPC) when the light

was turned off. In this report, we demonstrated the study of

photoresponse behavior of PLD grown WO3 films on SO and

STO which show different surface morphology after the

growth.

The target of WO3 for PLD was sintered at 1100 �C for

10 h. The WO3 thin films were deposited using KrF excimer

laser (248 nm), keeping substrate temperature at 600 �C. The

laser fluence was kept at 2 J/cm2 for WO3 on SO and at

4 J/cm2 for WO3 on STO. The oxygen pressure was 30 Pa dur-

ing deposition of WO3 film on SO and STO. The deposition

was carried out at a repetition rate of 1 Hz with 2000 shots for

WO3 on SO, where as in case of WO3 film on STO repetition

rate was 3 Hz with 6000 shots. The post deposition annealing

was also done with the 30 Pa oxygen pressure at 600 �C for 30

min only in case of WO3 film on SO. The substrate selection

like STO was done due to very close lattice matching with

WO3 ðaWO3
¼ 3:81ÅÞ with STO ðaSTO ¼ 3:905ÅÞ.

The Phase formation and phase purity was confirmed by

X-ray diffraction (XRD) studies, We used CuKa radiation

(1.54 Å) using PANanalytical X-Pert Pro and h–2h scans of

both the films grown on SO and STO are shown in Figs. 1(a)

and 1(b), respectively, and it shows monoclinic structure.

The film on SO is nanocrystalline in nature, whereas film ona)Email: barnali@bose.res.in
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STO is oriented in (100) direction which matches well with

the ICSD data.

Figs. 1(c) and 1(d) indicate the Scanning Electron

Microscopy (SEM) images of the film grown on SO and STO,

respectively, images taken by FEI Quanta 250 and Helios 600

Dual Beam system. The surface morphologies of these two

films are completely different. The film on SO is granular one

with grain size �20–30 nm whereas film on STO is oriented

film of WO3 with needle like structure. High Resolution

Transmission Electron Microscopy (HRTEM) image, Fig.

2(a), and the Selective area diffraction pattern (SAED), Fig.

2(b), show crystalline nature of the two films having lattice

fringes of spacing 3.8 Å. Energy Filtered Transmission

Electron Microscopy (EFTEM) was done, which confirms the

homogeneous distribution of the constituent element

Tungsten (W) and Oxygen (O) within the films. The distribu-

tion of constituent elements within the film of WO3 as shown

in Figs. 2(c) and 2(d), the green colour represent the distribu-

tion of element O, and the red colour represents the distribu-

tion of element W. 200 kV TECNAI G2-TF-20 TEM with a

Gatan parallel detection electron energy loss spectroscopy

(EELS) spectrometer was used for this study.

To demonstrate the morphology driven electrical and

light mediated response, we deposited WO3 thin film of

dimension 3 mm� 300 lm� 100 nm on SO and STO using a

metal mask. We evaporated Chromium/Gold (Cr/Au)

(10 nm/150nm) electrodes as electrical contact pads. At

room temperature, the resistivity of WO3/SO and WO3/STO

films are 0.04 and 0.2 X-cm, respectively. The granular film

is less resistive compared to the previous report.14 The

Keithley 2400 used as current source and illumination with

varying wavelengths (k) connected with a monochromator.

Fig. 3(a) shows schematic configuration of photocon-

ductivity measurement when a monochromatic light was

introduced to vertically illuminate the films on SO, and the

corresponding I–V curves were recorded as shown in Fig.

3(b) for dark and under illumination. The I–V data for both

FIG. 1. X-ray Diffraction data of films

grown on (a) SO and (b) STO.

Scanning electron microscopy images

of WO3 as deposited on (c) SO shows

nanocrystalline in nature and on (d)

STO shows needle like structure.

FIG. 2. (a) HRTEM image and (b) SAED of WO3 film; EFTEM elemental

mapping, the green colour and red colour represent the distribution of ele-

ments oxygen (O), tungsten (W), respectively, within WO3 film, (c) green

colour O K map, (d) red colour shows W M map.



dark and k¼ 500 nm are nonlinear and asymmetric. It may

come due to non-ohmic contacts of the electrodes to the film.

The dynamic response of nanocrystalline film has been plot-

ted in Fig. 3(c) at few representative k at bias voltage 0.05 V.

We found sharp and distinct ON/OFF states in the particular

film when the light was turned on/off. This phenomenon was

observed earlier in nanowire6 but not in nanocrystalline film.

The PC increases over the dark current (Idark) and reaches at

its maximum value Imax (at ON state) at k¼ 500 nm as shown

in 3(d). The ratio ðImax � IdarkÞ=Idark ’ 27% for the nano-

crystalline film. We observed peak for highest PC which is

close to the absorption peak of WO3 as measured.

When the above photoresponse measurement was done

on the film with needle like structure, it has been observed

that the film is very much sensitive to illumination than the

WO3/SO film. The I–V characteristics are linear and sym-

metric as plotted in Fig. 4(a), which confirms the better film

to electrode junction for this film. The generation of PC

under illumination was not seen previously in the needle

like structured WO3 films though there are few reports on

PC in films4 and nanowires6,15 grown by other methods. The

time dependent response of PC under dark and illumination

of different k has been plotted in Fig. 4(b). We put the nomi-

nal bias voltage of 0.1 V to record the dynamic characteris-

tics. It has been observed that a substantial part of the

enhanced PC is retained over a long time as PPC even the

illumination is removed, which is completely absent in

nanocrystalline film.

We have calculated increase of PC over Idark as ðIphoto �
IdarkÞ=Idarkð%Þ for 360 � k � 700 nm at ambient tempera-

ture as plotted in Fig. 4(c). The enhancement of PC� 50% at

room temperature at lowest k¼ 360 nm. PPC is observed for

all k and persists for longer time for lower wavelengths. The

presence of giant PPC in a single WO3 nanowire was

reported earlier.6 This effect is related to the oxygen adsorp-

tion and desorption process on the nanowire surface, and UV

illumination is to control such adsorbed oxygen and surface

states.6,16 They also performed the similar type of experi-

ment in vacuum where the presence of PPC was explained

by the absence of oxygen molecules. We propose that the

PPC response of our film is directly related to its structure,

i.e., the presence of needle like structure. The surface area

exposed to the illumination gets enhanced due to such struc-

tures and increases chance of oxygen molecules for getting

adsorbed to the surfaces. There is report; which shows that

the surface defects play an important role which increases

the relaxation time of carriers responsible for PPC.17 The

quantitative analysis of the dynamic response of PC follows

the general stretched exponential model, used for materials

affected by a nonexponential nature of the PC decay.18

According to this model, the raising part of the photores-

ponse curve in presence of illumination follows the equation

I ¼ Idark þ IPC½1� e�ðt=srÞbr �; (1)

where Idark is the dark current, IPC is the PC, sr is the raising

time constant, and br is the stretched exponential. On the

FIG. 3. (a) The schematic diagram of photoresponse measurements under

light. (b) The I–V data for dark and under illumination (k¼ 500 nm) of WO3

grown on SO. (c) The time dependent photoresponse of the film on SO at

different wavelenghs showing distinct photocurrent ON/OFF states when

illumination is turned on/off. (d) The increase of PC over Idark as a function

of k shows a peak at 500 nm which matches with the absorption peak of

WO3.

FIG. 4. (a) I–V data of WO3 film on STO in dark and under illumination

with few representative k. (b) The time dependent response of photocurrent

and PPC with and without illumination, respectively, at 3 different wave-

lengths (k) represented by symbols, the continuous line represents the fitting

of the curve. (c) The variation of photocurrent over dark current with k. (d)

The wavelength dependence of raising time constant ðsrÞ and decay time

constant ðsdÞ with and without illumination, respectively, as obtained from

fitting.



other hand, when the illumination is turned off, the PC

decreases following the other equation, which is given by

I ¼ I1dark þ ½Imax � Idark�e�ðt=sdÞbd
; (2)

where I1dark is the dark current after a long time after the re-

moval of the illumination and Imax is the maximum PC just

before removal of illumination, sd is the time constant for

decay, and bd is the decay constant. We have fitted the

dynamic response (see Fig. 4(b)) with Eqs. (1) and (2) to esti-

mate two time constants (sr and sd) which we plotted as a

function of k in Fig. 4(d). We found that sr ’ 100� 200 s;
sd ’ 3000� 10000s; br ’ 0:5� 1, and bd ’ 0:40� 0:50

depending on k of the illumination used.

Photoconductivity phenomena in WO3 can be originated

from the processes which have either surface or bulk related

effects. The surface is much more structurally sensitive com-

pared to the bulk and depends on the chemical and mechani-

cal surface treatment. The surface related process is due to

adsorption and desorption of the chemisorbed oxygen (O2)

on the surface of WO3 films. Generally, oxygen is attached

to the film surface non-dissociatively, i.e., in molecular form

like O2 or charged O�2 . WO3 is an indirect band-gap semi-

conductor, and upon illumination, the possible mechanisms

for photocurrent generation are (1) adsorption of O2, (2) de-

sorption of O2, and (3) generation-recombination process of

electron-hole pairs. The strength of each process will govern

the resultant nature of PC. The molecular O2(g) captures or

trap electrons on the film surface as O2ðgÞ þ e! O�2
(adsorption). In similar but reverse process, photogenerated

holes help to release O2ðgÞ as O�2 þ hþ ! O2ðgÞ (desorp-

tion) leaving behind electrons, which take part in PC. The

PC rise with time dependent photoresponse in 4(b) is related

to desorption of O2. In case of transient photoresponse, the

rise and fast fall time is due to desorption of O2 and due to

the transit time taken by the carriers, respectively. In our

case, in a particular substrate area of film growth, the effec-

tive surface area increases for needle like structured film

compared to the nanocrystalline one. The film on STO pos-

sesses greater amount of surface chemiadsorbed O2 than the

film on SO. Hence, there is a grater probability of the pres-

ence of oxygen-related hole-trap states at the surface of nee-

dle like film, which prevent charge-carrier recombination

and prolongs the photo-carrier lifetime and results PPC. This

also supports our data for transient response of PC in the film

grown on SO. The thickness of the film is a key parameter

here, as thin film with less material can have short optical

path length for harvesting photons. Film with needle like

structure on STO becomes virtually thicker than the nano-

crystalline film on SO and photoresponse in two films

affected differently because of the different thickness.

Hence, the PC can be limited in thickest film (on STO)

because of charge carrier diffusion length, carrier transport

within the film and slow response of the same. It can be

noted that under light illumination, the photoresponse of a

thin film is much rapid than the thicker one. This can happen

because the thicker film takes longer time to reach an equi-

librium state of electron transformation when the illumina-

tion state is changed.19

In conclusion, we have grown WO3 films by PLD

method on two different substrates like SO and STO. We

obtained two morphologically different films like nanocrys-

talline film on SO and needle like structured film on STO.

When compared, the photo conductivity behaviour under

light illumination on/off, the first film(on SO) shows distinct

photocurrent ON/OFF states, whereas the second film(on

STO) shows enhanced photocurrent and substantial part of

enhanced PC retained over a long period of time as PPC

even the illumination is removed, which is completely absent

in nanocrystalline film. Therefore, study of the effect of sur-

face morphology of WO3 films on the nature of photo

response behavior is the main approach in our present report.
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