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Abstract In the present work, an attempt has been made to
study photoconductivity and dark conductivity in gadolin-
ium doped zinc oxide in air as well as in vacuum synthe-
sized by heat treatment method. Structural and
morphological studies have been performed using XRD
and SEM respectively. XRD indicates that ZnO:Gd (5.0%)
is having mixed phase of ZnO and Gd,O3. SEM images of
Zn0:Gd (5.0%) indicates formation of spherical shaped
particles of size lying in the range of 200400 nm. UV-
visible absorption spectra in undoped ZnO and Gd doped
ZnO show absorption edges at 385 and 380 nm respec-
tively. Photoluminescence (PL) spectrum of undoped ZnO
exhibits peaks centered around at 401, 418, 455, 481 and
522 nm. Gd doped ZnO exhibits almost similar peaks. The
PL spectra revealed various Zn and O related native defects
(eg. vacancies, interstitials, antisites etc.) Voltage depen-
dence of photocurrent and dark current is measured at room
temperature under UV—visible illumination. Rise and decay
curves exhibit anomalous behavior of photocurrent in air as
well as in vacuum where in the photocurrent decreases
even during steady illumination.
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1 Introduction

Wide-band gap II-VI semiconductors are expected to be
one of the most vital materials for high-performance
optoelectronics devices such as light-emitting diodes and
laser diodes operating in the blue or ultraviolet spectral
range. Additionally, direct gap and suitable band gap
energies of these compounds makes them good candidates
for high electro-optical and optoelectronic devices [1].

Zinc oxide is a wide band gap (~3.37 eV) and a high
exciton binding energy (~60 meV) II-VI semiconductor
material with attractive electrical and optical properties for
a number of optoelectronics applications such as photonic
crystals, photodetector, photodiodes, optical modulator
waveguides, phosphor material in CRT screens, gas sen-
sors, etc. [2-8].

Photoconductivity is an optical and electrical phe-
nomenon in which a material becomes more electrically
conductive due to absorption of electromagnetic radiation
such as visible light, ultraviolet light or gamma radiation.
Under the illumination of light, energy of the light excites
the electrons from valence band to conduction band,
creating additional charge carriers and thus conductivity
increases. The interaction of photons having energy equal
to or greater than the band gap, with bound electrons of
lattice atoms, creates free electron-hole pairs [9, 10]. The
photoconductivity of material depends on the carrier
density and complex process of carrier generation, trap-
ping and recombination [11]. Photoconductivity is also a
function of temperature, applied field, intensity of light
and energy of radiation. Rise and decay curves are gov-
erned by the trapping states and recombination centers
lying inside the material and can be used to understand
the nature and distribution of traps and recombination
centers [12].
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Photoconductivity properties of a large number of
materials e.g. ZnO, ZnS, CdS, CdS-Se, TiO,, Graphene,
etc. [13-22] have been studied by several researchers.
Doping of semiconductors with transition metal ions and
rare earth ions offer an effective approach to get tailored
optical and electrical properties of semiconducting mate-
rials by introducing traps and discrete energy states in the
band gap for the excited electrons. In doped compound
semiconductors in contrast with the undoped ones, the
impurity plays an important role in affecting the electronic
energy structures and transition probabilities.

Rare earths have important characteristics in comparison
to other optically active ions, the wavelengths of their
emission and absorption transitions are relatively insensi-
tive to host materials, the lifetime of metastable states are
long and the quantum efficiency tends to be high. These
properties lead to an excellent performance of the rare
earth ions in many optical applications [23]. Many
researchers have reported on photoconductivity of rare
earth ions doped ZnO [24, 25]. Gd is one of the rare earth
elements with atomic number 64 and a number of works
have studied effect of doping of Gd on photoluminescence,
electroluminescence, etc. [26-29].

In the present work, an effort, perhaps first of its kind,
has been made to study the effect of doping of Gd on
photoconductivity of ZnO. ZnO and Gd doped ZnO are
synthesized using heat treatment method. These synthe-
sized samples are studied for their photoconducting prop-
erties by observing voltage dependence of dark current,
voltage dependence of photocurrent and rise and decay
curves. Structural studies have been performed using XRD
and SEM. Optical properties have been studied by UV-
visible spectroscopy and photoluminescence (PL)
spectroscopy.

2 Experimental Details
2.1 Chemicals

Zinc oxide (ZnO) and gadolinium oxide (Gd,0O;) were
purchased from E. Merk Ltd Mumbai. These chemicals
were directly used without any special treatment.

2.2 Sample Preparation

The samples were prepared with heat treatment technique.
Pure form of ZnO powder was taken and filled in ceramic
tube and fired in cylindrical furnace in air. Then, it is
cooled down to the room temperature and ground in a
mortar to get microcrystalline form of the powder of ZnO.
Sample was fired at 600 °C for 30 min. Gd doped ZnO
were prepared by mixing different proportion of Gd,O3
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into 2 gm of ZnO. The slurry was then dried in an incu-
bator at 80 °C. The dried mixture was ground, fired and
cooled down to room temperature. Figure 1 indicates that
photosensitivity is maximum when doping percentage of
Gd = 5.0%.

2.3 Instrumentation

The crystal structures of ZnO and ZnO:Gd were charac-
terized by X-ray diffraction using Cu Ko radiation
(A = 1.5406 A). The scanning electron microscopy (SEM)
images were obtained using JEOL scanning electron
microscope. UV-visible absorption spectrum was recorded
on Perkin Elmer LS-35 spectrometer. The room tempera-
ture photoluminescence (PL) spectra of ZnO and Gd doped
ZnO were obtained using Perkin Elmer LS-55 fluorescence
spectrometer. In Photoconductivity study, photocurrent and
dark current were measured with help of cell type device as
shown in Fig. 2, which was formed by spreading a thick
layer of powdered samples in between Cu electrodes
etched on a Cu plate (PCB), having a space of 1 mm. The
powdered layer was pressed with transparent glass plate.
This glass plate has a slit for providing illumination area of
0.25 cm? In this cell type device, the direction of illumi-
nation is normal to the field across the electrodes. The cell
was mounted in a dark chamber with a slit where from the
light is allowed to fall over the cell. The UV-Vis pho-
toresponse was measured using an Hg lamp of 300 W as a
photo-excitation source. The setup used for measuring
photoconductivity is shown in Fig. 3. A stabilized dc field
(50-500 V/cm) was applied across the cell for the mea-
surement of current and RISH Multi 18S with adapter
RISH Multi SI 232 were connected in series. Before
measuring photoconductivity of the sample, the cell is first
kept in dark till it attains equilibrium. For measuring
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Fig. 1 Photosensitivity of prepared samples
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photoconductivity in vacuum, we used Tarson Rockyvac
300 vacuum pump to create vacuum in a glass chamber.

ZnO with concentration of gadolinium as 5.0% by
weight is found to exhibit maximum photocurrent therefore
ZnO and ZnO:Gd (5.0%) have been chosen for
characterizations.

3 Results and Discussion
3.1 Structural Study

Figure 4 shows the XRD spectra of Gd,03,Zn0O and ZnO:Gd
(5.0%) at room temperature synthesized by heat treatment
method. The peaks at (100), (002), (101), (102) and (110)
in X-ray diffraction patterns of ZnO and Gd doped ZnO
indicate that ZnO is single phase with wurzite structure.

Furthermore, it can be seen that the diffraction peaks are
higher and narrower, implying that ZnO is well crystal-
lized. The XRD shows that there are additional peaks (222)
and (400) of Gd,O3 [30, 31] in ZnO:Gd (5.0%) that
establishes doping of Gd in ZnO.

3.2 Morphology Study

Figure 5 shows SEM image of ZnO:Gd (5.0%). Particles of
Zn0:Gd (5.0%) is having spherical shapes. Particle size
calculated from SEM images is found to lie in the range of
200-400 nm.

3.3 UV-Visible Study

The UV-visible absorption spectra of ZnO and ZnO:Gd
(5.0%) are shown in Fig. 6. The occurrence of a peak

shows that the absorption edge appears at 385 and 380 nm
for ZnO and Gd doped ZnO respectively. The blue shift
may be attributed to change in lattice structure/parameter
due to doping of Gd*>" ions [28]. Similar UV-Vis results
have been reported by Opera and Vasile, Jayachandriah
et al. and Sin et al. [28, 32, 33].

3.4 Photoluminescence Study

Figure 7 shows room temperature photoluminescence (PL)
spectra of ZnO and Gd doped ZnO with wavelength of
excitation as 325 nm.

PL spectrum of undoped ZnO exhibits visible emission
peaks: violet emission at ~401 nm (3.08 eV) and
~418 nm (296 e¢V), blue emission at ~455 nm
(2.71 eV), blue-green emission at ~481 nm (2.57 eV) and
green emission at ~522 nm (2.37 eV).

The peak at ~401 nm may be assigned to the zinc
vacancy (Vz,) related transition [34, 35]. Zinc interstitials
(Zn;) related emissions have been reported to be respon-
sible for visible peak at ~418 nm [36]. The peak at
~455 nm may be due to singly ionized Zn interstitials
(Zni") [37]. The peak at ~481 nm has been reported as a
result of transitions from the shallow donor level of zinc
interstitial (Zn;) to an acceptor level of neutral vacancy of
zinc (Vz,) [17, 38] whereas peak at ~522 nm corresponds
to oxygen antisites (O,,) related transitions [35, 36].

Figure 7b shows PL spectrum of Gd doped ZnO wherein
the peaks are almost positioned similar to those in PL
spectra of ZnO but peaks at ~ 401 and ~ 418 nm are
found to be weakened whereas the peak at ~455 nm is
found to be enhanced. There is no noticeable characteristic
4f-4f emission of doped Gd** jons. Similar results have
been reported in Pr, Sm, Tb, Ho, Tm doped ZnO [37].
Absence of ZnO — Gd** transfer could be attributed to
the quenching effect of defect-related emissions due to
introduction of multiple impurity levels as a result of
doping of Gd** ions having inappropriate energy level
positions relative to VB and CB of ZnO [38—42]. Doping of
Gd may be thought of reducing concentration of zinc
vacancy sites and converting neutral zinc interstitials into
singly ionised zinc interstitials. The schematic diagram of
energy levels in PL spectra of ZnO is shown in Fig. 8.

3.5 Voltage Dependence of Dark Current

Figure 9 shows the variation of dark current (/) with
applied voltage (V) on In-In scale. In(1,.) versus In(V)
curves are straight lines and can be represented by I;. o V',
where ‘7’ is the slope of different line segments. Both ZnO
as well as Gd doped ZnO, exhibit super linear variation of
dark current with applied voltage which may be attributed
to injection of additional charge carriers from one of the
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Fig. 8 Schematic diagram of energy levels in PL spectrum of ZnO

electrodes [13, 43, 44]. In ZnO:Gd (5.0%), at low voltage,
dark current varies with voltage according to an index
greater than 2. These currents have been interpreted by
Smith and Rose as space charge limited current and such
type of variation was attributed to the effects of traps.
Therefore, these currents may be interpreted as trap limited
as well as space charge limited currents [16, 44]. There are
a number of works which report ohimic nature or sublinear
nature of the metal contact with a semiconductor under
certain voltage and illumination conditions
[2, 15, 17, 18, 22, 45-47].

3.6 Voltage Dependence of Photo Current

Figure 10 shows variation of photocurrent (I,.) with
applied voltage (V) on In-In scale. In(l,.) versus
In(V) curves are straight lines having different slopes and
can be represented by I,. o V', where ‘7’ is the slope of
different line segments. At low voltage ZnO exhibits sub-
linear variation of photocurrent with applied voltage. Sub-
linear variation of photocurrent with voltage may be due to
the formation of blocking contacts which do not replenish
the charge carriers completely once they are captured by
electrodes [13, 44]. At high voltage both the samples show
super linear (r > 1) variation of photocurrent with applied
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Fig. 9 Variation of dark current with applied voltage on In—In scale
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Fig. 10 Variation of photo current with applied voltage on In-In
scale

voltage due to injection of additional charge carriers from
one of the electrodes [13, 16, 45-47].

3.7 Rise and Decay in Air and Vacuum

Time resolved growth and decay of photocurrent for
undoped as well as gadolinium doped zinc oxide measured
at room temperature in air is shown in Fig. 11. The rise and
decay curves of photocurrent are governed by the trapping
states and recombination centers lying in the forbidden gap
of a photoconductor. Therefore these curves can be used to
know about the nature and distribution of traps and
recombination centers. Both the samples show fast increase
in photocurrent after illumination is switched on. After
attaining the peak value, the photocurrent starts decreasing
even under steady illumination and eventually it stabilizes
below dark current in both samples resulting in negative
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Fig. 11 Rise and decay of ZnO and ZnO: Gd (5.0%) in air

photoconductivity (NPC). Negative photoconductivity is
defined as the decrease of conductivity in presence of light.
The negative photoconductivity is caused due to presence
of imperfection centers in the forbidden gap. When illu-
mination of the sample increases the density of the elec-
trons or holes or both, positive photoconductivity results.
With the elapse of time, if the minority carriers are also
excited from the imperfection centers, negative photocon-
ductivity results. This is due to recombination of minority
carriers with majority carriers. Higher photocurrent in ZnO
as compared to that in ZnO:Gd (5.0%), as shown in
Table 1, may be due to lower rate of excitation of minority
carriers excited from the imperfection centers with elapse
of time as compared to that in ZnO:Gd (5.0%).When light
is terminated the current further decreases [9, 24, 48].
Figure 12 shows the time resolved growth and decay of
photocurrent for undoped as well as gadolinium doped zinc
oxide measured at room temperature in vacuum. When
UV-Vis light is switched on, the current increases very fast
in both the samples. After attaining the peak value the
photocurrent starts decreasing even under steady

Table 1 Photocurrent at different applied voltages

Applied Photocurrent Photocurrent in
voltage (V) in ZnO (pA) Zn0:Gd (5.0%) (nA)
5 1.43 0.20

10 2.29 0.68

15 3.07 1.45

20 5.21 2.88

25 7.51 4.65

30 9.37 6.45

35 11.64 8.24

40 13.94 9.78

45 16.12 11.65

50 17.98 13.37
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Fig. 12 Rise and decay of ZnO and ZnO: Gd (5.0%) in vacuum
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Fig. 13 Rise and decay under the periodic illumination of ZnO and
Gd doped ZnO in air

illumination. This decrease of photocurrent in vacuum is
slow as compared to the decay of photocurrent in air.
Similar slow decay in vacuum as compared to that in air of
photocurrent has been reported by Bera and Basak [49].1
Figure 13 shows that the results are reproducible over a
number of cycles and it establishes that there is no sample
degradation when illuminated with 300 W light source.
During subsequent cycles peak value of photocurrent gets
lowered for both the samples. Similar results have been
reported by Roy et al. [50] and Bera et al. [50, 51].

4 Conclusions

In the present work, ZnO and Gd doped ZnO are synthe-
sized by heat treatment method. Doping of Gd introduces
additional peaks of Gd,Oj3 viz. (222) and (400). Particle
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size estimated by SEM micrographs lies in the range of
200-400 nm. In UV-Vis absorption spectra of ZnO and Gd
doped ZnO, blue shifting of absorbance peak is observed.
In PL spectrum of Gd doped ZnO, the peaks are almost
positioned similar to those in PL spectrum of ZnO. How-
ever peaks at ~401 and ~418 nm in Gd doped ZnO are
found to be weakened whereas the peak at ~455 nm is
found to be enhanced as compared to the corresponding
peaks in undoped ZnO. Doping of Gd may be thought of
reducing concentration of zinc vacancy sites and convert-
ing neutral zinc interstitials into singly ionized zinc inter-
stitials. In undoped as well as Gd doped ZnO, dark current
is found to vary super linearly with voltage. Photocurrent is
found to vary sublinearly for undoped ZnO at low voltage.
At high voltage, undoped ZnO as well as Gd doped ZnO,
both exhibit super linear variation of photocurrent.
Undoped as well as Gd doped ZnO samples are found to
exhibit negative photoconductivity due to imperfection
centers in forbidden gap. The rate at which the photocur-
rent decays in vacuum is slow as compared to that in air.
No sample degradation is observed over a number of ON-
OFF cycles of illumination. This is perhaps first of its kind,
to study the effect of doping of Gd on photoconductivity of
ZnO.
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