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ABSTRACT

We report study on the fabrication and characterization of an ultraviolet (UV) photodetectors based
on N-doped ZnO films. The N-doped ZnO films with 10at% N doping are spray deposited on to
alumina substrates. The photoconductive UV detector based on N-doped ZnO thin films, having a
metal-semiconductor-metal (MSM) configuration are fabricated using Al as a contact metal. The depen-
dence of I-V characteristic under dark and illumination, spectral and transient photoresponse of the
detector are investigated. The linear current-voltage (I-V) characteristics under forward bias exhibit
ohmic metal-semiconductor contact. The UV photoconductive effect is observed showing fast response
with switching on/off UV light illumination. The neutralization of photogenerated holes by negatively
charged oxygenion plays a key role in the photoconductive characteristics of N-doped ZnO polycrystalline

Alumina films.
ZnO buffer layer

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Various binary and ternary oxide semiconductors have been of
growing interest recently as potential candidates for application
in ultraviolet optoelectronic technologies. Wurtzite (hexagonal)
structured zinc oxide (ZnO) is a wide band gap semiconductor and
is a chemically and thermally stable material. Due to wide-band
gap, ZnO is a promising material and has been used in various
devices such as surface acoustic wave devices, pyroelectric devices,
gas sensors, varistors and transparent electrodes [1-6]. Moreover,
ZnO holds a strong potential candidate for light-emitting diodes
(LEDs), laser diodes (LDs) and ultraviolet (UV) detecting devices
[7-12]. UV detection has many important applications, includ-
ing satellite-based missile plume detection, air quality monitoring,
environment monitoring, space research and high temperature
flame detection [3]. There are various types of UV detectors:
metal-semiconductor-metal (MSM) detector, Schottky photodi-
ode [13], p-n photodiode and so on. Among them, the MSM
structured photoconductive detector with two ohmic contacts is
generally the simplest detectors to grow and fabricate. Over the
past few years, there have been some demonstrations about ZnO-
based MSM photoconductive detectors [14-18]. Li et al. [7] and
Liang et al. [4] made UV photodetectors using ZnO epitaxial films
grown on sapphire by MOCVD. Liu and Kim [9] investigated UV
detection properties of ultrathin ZnO epitaxial films grown on c-
plane sapphire substrates with radio frequency (rf) magnetron
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sputtering technique. Fabricius et al. [19] studied UV-sensitive
photodiodes using Schottky barrier formed in the contact layer
between a thin sputtered layer of ZnO and Au. High-quality ZnO
films were epitaxially grown on R-plane sapphire substrates by
MOCVD at temperatures in the range of 350-600°C by Liu et al.
[20]. The MSM ultraviolet sensitive photodetectors were fabricated
on N-doped epitaxial ZnO films. The detector showed fast photore-
sponse of the order of 400 A/W at 5V bias. Till today, there are no
reports on the N-doped ZnO UV detectors with ZnO as buffer layer
thin films grown on alumina substrates. In this paper, we report the
preparation and photoelectric properties of the N-doped ZnO pho-
toconductive ultraviolet detectors using ZnO buffer films grown on
alumina substrates by spray pyrolysis.

2. Experimental

The 0.1 M zinc acetate (Zn (CH3C0O0),-2H,0) Aldrich, 99.99%, A.R. grade) is dis-
solved in double distilled water. The resulting 100 cm? solution was sprayed onto
cleaned alumina substrates at 450 °C. This layer of thickness ~200 nm acts as buffer
layer. Then N-doped ZnO layer (using AR grade zinc acetate and N,N Dimethyl For-
mamide as precursors) was grown in aqueous medium on to the ZnO buffer layer for
photodetector devices. The doping percentage of dopant (N,N dimethyl formamide)
in the solution [N/Zn] was 10 at%. The alumina substrate was cleaned ultrasonically
to remove surface contaminants, which was followed by rinsing in double-distilled
water. Then substrates were dried in methanol vapour. The typical spray parameters
such as spray rate (5 cm3/min), substrate temperature (450 °C), solution concentra-
tion (0.1 M), quantity (100 cm?), substrate to nozzole distance (30cm) were kept
constant in throughout device fabrication process. The ambient air was used as
carrier gas.

Photoconductive UV detector device was fabricated using conventional spray
pyrolysis techniques based on metal-semiconductor-metal (MSM) configuration.
The ohmic contacts were made by Al metal foil onto the N-doped zinc oxide layer.
The cross-sectional device structure is illustrated in Fig. 1. The optical reflection
spectrum was recorded using a StellerNet Inc USA reflectometer. Current-voltage
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Fig. 1. Schematic structural configuration of the fabricated N-doped ZnO photocon-
ductive detector device onto the alumina.

(I-V) characteristic was recorded by sweeping the bias voltage from 0 to 5V across
the junction using AMEL instruments model 2059 electrometer. Before the dark I-V
measurement, the sample was kept in the dark for more than 24 h to stabilize the
dark current. DC photocurrents were measured by illuminating the sample with
an OMNILUX UV source (made in France). The wavelength was varied from 350
to 450 nm using a monochromator at a fixed bias of 5 V. Special care was taken to
determine the dark current after waiting for long time (h). All measurements were
made at room temperature.

3. Results and discussion

Fig. 2(a) shows the core level XPS spectra of typical 10 at% NZO
thin film. The doubletline of Zn corresponding to 2p3, and 2py, are
observed at 1022.2 and 1045.3 eV, respectively. The Zn (2p3;) line
has been shifted by AEz, =0.7 eV from the binding energy position
of 1021.5 eV for elemental zinc [21]. Fig. 2(b) shows O 1s core level
XPS spectra of typical 10 at% NZO thin film. The O1s peak is broad
and asymmetric. The spectrum shows mainly a peak at 531 eV with
splitting at about 532.5 and 530 eV. The peak is assigned to oxygen
atoms bound to Zn in ZnO. The N-doped film shows O 1s peak at
531 eV due to the contribution of N—O bonds as well as that of ZnO.
The stronger peak at 530 eV may be attributed to 02~ jons in Zn—0
bonds, while another peak at 532.5eV is usually associated with
the loosely bound oxygen (e.g. adsorbed O,, —OH) chemisorbed on
the surface and grain boundary of polycrystalline film [22]. Fig. 2(c)
shows the N 1s core level spectra of typical 10 at% N doped ZnO thin
film. The literature shows that the binding energy of the N 1s line
is very sensitive to the chemical environment of the nitrogen atom.
One peak of binding energy at about ~400 eV which corresponds
to the N 1s core level is observed. This is attributed to presence of
N—Zn bond in NZO film [23,24].

Fig. 3 shows the reflectance spectra of pure and typical 10 at% N-
doped ZnO photodetector thin films. It reflects the real reflection
characteristic of N-doped ZnO thin film photodetector excluding
substrate contribution. The average reflectance increases due to
nitrogen doping. The dark and photo-illuminated current-voltage
(I-V) characteristics of pure and N-doped ZnO detector fabricated
onto alumina substrate are shown in Fig. 4. The performance of
the detector has been evaluated using Al/(ZnO and N:ZnO)/Al MSM
structural configuration. The linear I-V (current-voltage) relation
under forward bias exhibits the ohmic contact of the photocon-
ductive detector. The detector operates in photoconductive mode
with wavelength 365 nm and power (2 wW) of illuminated light
for measurement of current-voltage characteristic. The observed
dark current is about 16 and 8 pA at 5V bias for pure and N:ZnO
detector. This indicates that film has many intrinsic donor defects,
such as oxygen vacancies and zinc interstitials. It has tendency to
lose its oxygen atoms and become non-stoichiometric [25]. In the
dark, oxygen is adsorbed by taking a free electron from film in pres-
ence of air, leaving a depletion region near the surface and grain
boundaries. The negative oxygen ions adhere to the surface and
crystallite interfaces of the film and form a chemically adsorbed
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Fig. 2. Narrow scan XPS spectra of (a) Zn 2p, (b) O 1s, and (c) N 1s core levels for
10at% N-doped ZnO thin film.

surface state. These oxygen ions are bound carriers and cannot con-
tribute to the conductivity of film. The adsorption of oxygen also
introduces potential barrier, which is unfavorable for the carrier
mobility. The N-doped ZnO crystallite interface exist double deple-
tion barrier [26]. Conductivity is a product of the carrier density
and mobility, so dark conductivity of our detector is small as a
result of oxygen adsorption. The current increases greatly when



120 S.S. Shinde, K.Y. Rajpure / Journal of Alloys and Compounds 522 (2012) 118-122

0.10

= Pure ZnO
¢ 10at% N:ZnO

0.08

0.06

0.04

Reflectance (%)

0.02

0.00 T T T T T T T T T
400 500 600 700 800
Wavelength (nm)

Fig. 3. The reflectance spectra of pure and N-doped ZnO photoconductive detector.

switching on the UV light compared with dark at high bias,
indicating the high UV-sensitive photoconductivity. Under UV illu-
mination using monochromatic light with a wavelength of 365 nm
photo-generated current is 0.346 (Zn0O) and 1.06 mA (NZO/ZnO) at
5V bias. While under UV light illumination electron and hole pairs
are generated. Photogenerated holes are captured by the negatively
charged oxygen ions and leave excess conduction-band electrons.
The oxygen photodesorption also lowers the barrier height of grain-
boundaries and increases carrier mobility as a result conductivity
increases. Compared with ZnO polycrystalline films, high-quality
N-doped ZnO epitaxial films have few grain boundaries so that such
large photocurrent with weak incident power has been observed.
In conclusion, the detector shows large photocurrent due to the
accumulation of non-equilibrium electrons in the conduction band
and decrease in barrier height between crystallites, accompanied
with the photogenerated holes captured by the negatively charged
oxygen ions.

Fig. 5 shows the dependence of photocurrent as a function of
optical power density at a wavelength of 365 nm for pure and 10 at%
N:ZnO detector. Thermal effects have been neglected because of
weak power of the source. The photocurrent increases linearly with
incident power density. No obvious saturation is observed in our
measured range, indicating its suitability for practical use. Upon
UVillumination (~365 nm, 2 wW) the photocurrent increased from
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Fig. 4. I-V characteristics of the pure and N-doped ZnO photoconductive detector,
showing dark current and photocurrent at 365 nm.
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Fig. 5. Dependence of photocurrent with optical power density of the pure and
N-doped ZnO photoconductive detector at 5V bias.

0.346 to 1.06 mA at 5V bias due to N doping, showing high respon-
sivity.

Fig. 6 shows the spectral response of Al/(ZnO and N-doped
Zn0)/Al MSM photodetector. The photocurrent increases with
respect to wavelength up to 365 nm and then falls sharply in the vis-
ible region. When the wavelength decreases, absorption coefficient
will increase and penetration depth of UV light will be shallower,
thus carrier concentration increases near the film surface. As a
result, lifetime of photogenerated carriers will decrease and lead to
drop in responsivity. A sharp cutoff near 373 nm is observed. The
photoresponse drops considerably across the cutoff wavelength
within 16 nm of the band edge. The photoresponsivity is more than
5 times larger below 365nm than in the visible range, indicat-
ing that a photoconductivity UV detector with high sensitivity has
been made. The large photocurrent density as well as responsivity
can be ascribed to much more carriers collected under illumina-
tion with nitrogen doping in the ZnO thin films. The response in
the UV region is due to band-to-band transitions of N-doped ZnO
thin film and a tail of response near the band edge indicates defect
distributed in the film such as dopants, or defects localized in lat-
tice discontinuities (dislocations, grain boundaries and interfaces)
[27,28].
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Fig. 6. Spectral response of the pure and N-doped ZnO photodetector at 5V bias.
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Fig. 7. Plot of thickness against responsivity of the N-doped ZnO photodetector at
5V bias.

This growth mechanism may produce numerous nuclei sites on
alumina surface layer and thus promote the subsequent growth
of the ZnO buffer layer. Since the three-dimensional growth of
ZnO buffer layer is dominant as compared to the islands expand-
ing laterally and coalescing, the lower nuclei density and higher
height of nuclei can be achieved in the ZnO buffer layers on the
alumina surface. As a result, we can reduce grain boundaries and
thus achieve a larger volume of defect-free regions using ZnO buffer
layer. With increasing growth time of ZnO layer, more and more
nuclei sites are formed. The crystal quality of NZO epitaxial layer
could be more improved by increasing growth time. Fig. 7 shows
the variation of responsivity versus thickness of the N:ZnO layer. It
is seen that responsivity increases with increase in thickness up to
125 nm and then decreases for higher thickness. Variation of spec-
tral responsivity w. r. t. doping concentration (Fig. 8) confirms the
responsivity increases with N doping concentration up to 10at%
attaining maximum 530 A/W value and further decreases for higher
doping concentrations. This attributes to change in metastable N-
on-0 substitution (Ng), which may attract another N to forma (N3 )g
donor or leave the O site to diffuse in the ZnO, at the same time, gen-
erate a Vg donor [29]. Generally, nitrogen can be substituted inside
the ZnO in two forms: atomic nitrogen on oxygen sites (Ng) acting
as acceptors and molecular nitrogen on oxygen sites (N, )o acting
as donors. Formation enthalpy of (N;)o is lower than (Ng) which
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Fig. 8. Variation of responsivity of N:ZnO detector w. r. t. N-doping concentration.
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Fig. 9. Photocurrent as a function of time as obtained by switching on and off UV
light (2mW/cm?) illumination on the UV photodetector from N-doped ZnO film at
5V bias.

leads to n type conduction of NZO thin films. The N—N atoms have
strong bonding energy compared to N—Zn bonding energy [30,31].
The improvement in photoresponsivity of doped thin films is due
to morphological modifications that enhance the active surface
area and quenching of defect levels responsible for recombination
losses, as compared to the pure ZnO. The present results are bet-
ter than the results reported by Liu et al. [20], who have reported
the responsivity to be 400 A/W (at 5V bias) for MOCVD prepared
epitaxial NZO films. Sun et al. [32] reported the maximum respon-
sivity of the ZnO p-i-n structured photodetector, which is located
ataround 390 nm, is about 0.45 mAW~1 at 0V bias, and the respon-
sivity increases with increasing reverse bias voltage applied.

The reproducibility of the device is also ensured by cyclically
switching UV light on and off for same time intervals. As shown
in Fig. 9, current of the device could be reversibly modulated by
UV irradiation. As the device is illuminated by UV light, current
increases sharply and remains stable under steady light. When light
source is removed then it recovers to initial value. The peak value
of photocurrent with incident power of 2 uW is 1.06 mA, which
is much larger than reported detectors fabricated on high-quality
epitaxial ZnO films [4,14]. It shows very good reproducibility for at
least 50 times without much change, indicating good stability for
the device. This result also indicates that the UV sensing mechanism
involves some reversible interactions between the N-doped ZnO
and UV light.

4. Conclusions

We have investigated the photoconductive properties of pure
and N-doped ZnO films fabricated on alumina for fast UV photode-
tectors and optoelectronic applications. The linear current-voltage
(I-V) characteristics under forward and reverse bias exhibit ohmic
metal-semiconductor contact. The maximum photocurrent of
detector is observed to be 1.06 mA at 365 nm for 5V bias. The fab-
ricated UV detector exhibits highest spectral responsivity of about
530 A/W for 5V bias. From this, it is confirmed that N-doped ZnO
is promising material to produce cost-effective devices with higher
responsivity.
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