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Keywords:
 A comparative study of the electrical and photodetection properties of ZnO and Cr doped ZnO thin films are being
reported here. Thefilmswere deposited usingmagnetron sputtering. X-ray diffraction (XRD) revealed hexagonal
crystal structure of the filmswith (002) preferred orientation. Pt/ZnO/Pt and Pt/Cr doped ZnO/Pt Schottky diodes
were fabricated for photodetection studies. The Schottky barrier height was lowered for Cr doped ZnO film as
compared to ZnO film. The ideality factor was improved upon Cr doping. Pt/ZnO/Pt diode was unresponsive to
visible light, however, Pt/Cr doped ZnO/Pt diode showed response to visible light with short response and recov-
ery times. The response of the Pt/Cr doped ZnO/Pt diodes to visible light is attributed to the reduction in band gap
of the Cr doped ZnO thin film.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Photodetectors can be used in environmental monitoring, space re-
search, optical communications, flame detection and many other appli-
cations [1]. Therefore, in recent years photodetection properties of
various wide band gap materials such as SiCN [2], GaN [3], AlGaN [4]
and diamond [5] have been extensively studied to overcome problems
associated with silicon based low band gap materials [1]. Among wide
band gap semiconductors, ZnO has been largely investigated as solar
cells [6], UV photo detectors [7] and gas sensors [8] because of its low
cost, direct band gap (3.3 eV) [9] and high exciton binding energy
(60 meV) at room temperature [10]. Pure ZnO has shown weak
responsivity for visible light [11], due to its wide band gap. Different
techniques such as doping with suitable dopants [12,13], decorating
with gold nanoparticles and by making different heterostructures
have been employed to improve photodetection characteristics of ZnO
[14].

In this work, we aim to reduce the band gap of ZnO to improve its
responsivity for visible light by doping of ZnO with a suitable element.
Chromium (Cr) is a potential candidate to be used as a dopant for ZnO
to improve photodetection properties of ZnO. Cr+3 has ionic radius
(0.063 nm) closer to that of Zn+2 (0.074 nm) [15]. Due to a smaller dif-
ference in ionic radii, it is expected that Crmay substitute Zn in the crys-
tal lattice. Cr doped ZnO has already been used to improve other
properties of ZnO [15–18]. However, the effect of Cr doping on the
.V. This is an open access article und
Schottky parameters of Pt/ZnO/Pt diodes and the use of these diodes
for visible light detection have not been studied so far as per our knowl-
edge. Therefore, in this experimental work, we fabricated Pt/ZnO/Pt and
Pt/Cr doped ZnO/Pt diodes and evaluated the Schottky parameters and
photosensing properties of these fabricated diodes.

2. Experimental

ZnO film was deposited on Si (100) substrate by RF magnetron
sputtering of ZnO (99.99%) target. Cr doped ZnO thin film was also de-
posited on Si (100) substrate by RF magnetron sputtering of ZnO target
and DC magnetron sputtering of Cr (99.99%) target simultaneously.
Pure Ar atmosphere at 2.7 Pa was maintained during deposition of
ZnO and Cr doped ZnO films. Substrate surfaces were cleaned with 3:1
solution of H2SO4 andH2O2 to remove any organicmatter on silicon sur-
face. After that, the substratewas soaked in dilute HF solution to remove
any oxide layer present on the substrate. Silicon substrate was then
washed with water, alcohol and acetone respectively by using ultra-
sonic stirring. Targets surfaces were cleaned before deposition by pre-
sputtering process for 15 min. Distance between target and substrate
was 12 cm. Temperature of substrate was monitored by thermocouple
attached near substrate and controlled at 20 °C by substrate holder
cooling system. RF power equal to 80 W was maintained with DC
power off for the deposition of ZnO film. The DC power equal to 50 W
and RF power equal to 80 W was used for the deposition of Cr doped
ZnO film. The concentration of Cr was controlled by the DC power. De-
position rates for both films were measured by depositing films for dif-
ferent times and measuring the thickness using surface profiler. Using
er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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thesemeasured deposition rates, thickness of both filmswas controlled.
The thickness of both filmswas controlled ~120 nm. Platinum (Pt) elec-
trodes with dimension 400 μm × 400 μm were sputtered on the films
through a shadowmask by thermal evaporation. The distance between
Pt electrodes was 100 μm.

Film thickness was measured with Surface Profiler (Alpha-step IQ,
KLA Tencor). The Bruker D8 advance XRD was used for structural anal-
ysis of the films. Asylum research AFMwas used for surface characteri-
zation of the films. The elemental analysis was performed by the Energy
dispersive spectroscopy (EDX) attached to a scanning electron micro-
scope (JEOL JSM-6360). Study of photodetection properties of deposited
films was performed using precision semiconductor parameter ana-
lyzed Agilent 4156C. A commercial halogen lamp of 35 W was used as
light source.

3. Results and discussions

The films structureswere identified by XRDwith JCPDS card number
01–079-0207 corresponding to hexagonal ZnO. No peak of Cr or other
impurity phasewas observed in the XRD patterns. Si peakwas observed
in Cr doped ZnO thin film which may be from the silicon substrate on
which the film was deposited. Diffraction from (002) orientation peak
was observed in XRD pattern of ZnO film. In Cr doped ZnO film, diffrac-
tion peaks corresponding to (100) and (101) orientationswere also ob-
served in addition to (002) orientation peak. Higher intensity of (002)
orientation peak in Cr doped ZnOfilm than those of (100) and (101) ori-
entation peaks indicate preferential growth of (002) oriented film. The
preferential growth of these films may be attributed to the presence of
net dipole moment along c axis [19]. By the substitution of smaller
size Cr+3 (ionic radius 0.063 nm) ions in place of Zn+2 ions (ionic radius
0.074 nm) [15], a decrease in lattice parameters is expected. Due to the
shrinkage in lattice parameters, XRD peaks of Cr doped ZnO shift to-
wards higher 2θ values as can be seen in Fig. 1.

EDX analysis of ZnO and Cr doped ZnO film is shown in Fig. 2(a–b).
EDX analysis confirms the presence of Zn and O in ZnO film and Cr,

Zn and O in the Cr doped ZnO film. Si peak observed in EDX may be
from Si substrate. No other element was observed in EDX analysis.
EDX analysis shows 1.5 atomic percent Cr in ZnO. Inset to the Fig. 2
shows the surface morphology of ZnO and Cr doped ZnO film. Average
roughness equal to 3.3 nm and 4.1 nm was observed for ZnO and Cr
doped ZnO films respectively over 1 μm2 surface area.

Fig. 3(a–b) shows current-voltage (IV) characteristics of Pt/ZnO/Pt
and Pt/Cr doped ZnO/Pt diodes with and without light shined on the
diode.

Plots show that the metal-semiconductor contact between Pt/ZnO
and Pt/Cr doped ZnO are Schottky type in both cases, which is inconsis-
tent with previous studies [20,21]. ZnO has a wide and direct band gap
of 3.3 eV [9] and the electron affinity of 4.3–4.6 eV [22]. While the work
Fig. 1. X-Ray diffraction pattern of ZnO and Cr doped ZnO film.
function of Pt is 5.1 eV [21]. Since the work function of Pt is higher than
the electron affinity of ZnO, therefore a Schottky type metal-
semiconductor contact is formed between them. The IV measurements
were carried out on Five (05) different devices and similar results
were obtained. Schottky contact parameters such as the ideality factor
and barrier height were extracted for both Pt/ZnO/Pt and Pt/Cr doped
ZnO/Pt diodes using the thermionic emission model. According
to the thermionic emissionmodel ideality factor can be expressed asη ¼
ð q
kTÞf dV

dð ln IÞg. Here q is the elementary charge, k is the Boltzman constant

and T is temperature. The values of dV
dð ln IÞ were calculated from the

slope of the graph between ln(I) and V before transition point [23]. Ef-
fective barrier height (ΦB eff) at zero bias was calculated using equation

ΦB eff ¼ ðkTq Þ lnðAA�T2

Io
Þ [23]. Here A is the contact area, A⁎ is the effective

Richardson constant of ZnO (32 Acm−2 K−2) [23]. The Schottky contact
parameters for Pt/ZnO/Pt and Pt/Cr doped ZnO/Pt diodes as extracted
using this model are summarized in Table 1.

TheΦeff decreases from 0.88 eV for ZnO film to 0.26 eV for Cr doped
ZnO film as can be seen from Table 1. Wei et al. [24] has shown experi-
mentally and from first principles calculations that Al doping reduces
the value of work function of (002) ZnO film. Therefore, in our case
the reduction in Schottky barrier upon Cr doping was expected as the
reduction in work function of our (002) ZnO film was expected upon
Cr doping as well.

For the study of photodetection properties of ZnO and Cr doped ZnO
films, a commercial light source (λ=390–455 nm, optical power= 1.7
μWcm−2) was used. It can be seen from Fig. 3(a) that there is no appre-
ciable increase in current when ZnO thin film was illuminated. How-
ever, an increase in current in the presence of light was observed in Cr
doped ZnO thin film as can be seen from Fig. 3(b). It has been suggested
that the adsorption and desorption of oxygen in the dark and light re-
spectively is the main process behind the photodetection of Cr doped
ZnO thin films. In the dark oxygen is adsorbed on the surface by con-
suming an electron from the conduction band according to the Eq. (1):

O2 gasð Þ þ e−→O−
2 adð Þ ð1Þ

When incident light of energy greater than the band gap of semicon-
ductor film (hυ N Eg) shines on its surface, an electron hole pair is gener-
ated. This generated hole combines with an oxygen molecule as per
Eq. (2):

O2 adð Þ þ hþ→O2 gasð Þ ð2Þ

Consequently, oxygenmolecules are desorbed from the film surface,
resulting in an increase in the carrier concentration and increase in the
current as compared to dark conditions [25]. Pictorial explanation of the
photodetection mechanism is represented in Fig. 4.

Previous studies show that the band gap of pure ZnO thin films
ranges from 3.25–3.3 eV [9, 26]. The maximum energy of incident visi-
ble light is in the range from 2.72–3.17 eV (λ = 390–455 nm). Since
the energy of incident light is lower than the band gap of ZnO thin
film, therefore, it does not give response to incident visible light. How-
ever, it has been observed that the band gap of ZnOdecreases by the ad-
dition of Cr [16,17]. This narrowing in the band gap of ZnO by the
incorporation of Cr has been attributed to sp-d spin exchange interac-
tion between conduction band electrons and the d electrons of Cr ions
[27]. Because of this interaction, shrinkage in conduction band edge
and increase in valence band edge occurs which results in narrowing
of band gap [28]. Due to this narrowing in band gap, Cr doped ZnO
film show response to visible light.

Time dependent photocurrent measurements of Cr doped ZnO thin
filmswere carried out between on and off states of visible light. The ob-
served time dependent photo response for Cr doped ZnO film at 5 V is
represented in Fig. 5.



Fig. 2. (a) EDX spectra of ZnO film (b) EDx spectra of Cr doped ZnO film. Inset of figures show AFM images.

Fig. 3. Experimental IV characteristics of (a) Pt/ZnO/Pt diode. The IV curve of Pt/ZnO/Pt under light has been offset by 0.0025 nA for clarity. (b) Pt/Cr doped ZnO/Pt devices.

Table 1
Schottky parameters calculated using thermionic emission model.

η Φeff (V) Io (A)

ZnO film 2.80 0.88 4.39 × 10−12

Cr doped ZnO film 1.55 0.26 2.94 × 10−10
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It is evident that the current starts increasing immediately after the
illumination and reaches to 22 nA. When the light is switched off the
current decreases to initial value. The response time of a photodetector
is the time required to increase the photo current from 10% to 90% of its
maximum value. The recovery time is the time required to decrease the
photo current from 90% to 10% of its maximum value. The response and
recovery times of the Cr doped ZnO films were 5 s. The slight drift seen
in the dark current in Fig. 5 may be due to persistent photoconductivity
[29].

Response of a photodetector is defined as:

R ¼ Iph−Idark
Popt

where Iph is the photo current, Idark is the current in dark and Popt is the
incident light power [30]. Responsivity of Cr doped ZnO film was found
out to be 1.3 × 10−3 A/W for visible light. Cr doped ZnO showed higher
responsivity than that of observed for ZnO nanowires i.e. 1 × 10−4 A/W
for 390–455 nmwavelength [31].
4. Conclusions

Approximately 120 nm thin ZnO and Cr doped ZnO films were de-
positedwith RFmagnetron sputteringwith (002) preferred orientation.
Pt contacts were then deposited onto the sputtered films by using ther-
mal evaporation technique. Pt contacts formed Schottky type metal-
semiconductor contacts with ZnO and Cr doped ZnO films. Calculated
effective barrier height of Pt/Cr doped ZnO/Pt (0.26 V) was lower as
compared to that of Pt/ZnO/Pt (0.88 V). Photosensing properties of Pt/
ZnO/Pt and Pt/Cr doped ZnO/Pt diodeswere studied under the illumina-
tion of visible light. Pt/ZnO/Pt diode did not show response for visible
light. Pt/Cr doped ZnO/Pt diode responded to visible light with
responsivity = 1.3 × 10−3 A/W. The both response and recovery



Fig. 4. photo sensing mechanism in ZnO based materials.

Fig. 5. Photo response and recovery characteristics of Pt/Cr doped ZnO/Pt device.
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times of the Pt/Cr doped ZnO/Pt diode were 5 s. Photosensing results il-
lustrates the decrease in band gap of ZnO film by Cr doping.
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