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Ultraviolet Photodetection Properties of ZnQO/Si
Heterojunction Diodes Fabricated by ALD Technique
Without Using a Buffer Layer

Purnima Hazra', S. K. Singhz, and S. Jit""

Abstract—The fabrication and characterization of a
Si/ZnO  thin film
photodiode has been presented in this paper. ZnO
thin film of ~100 nm thick was deposited on <100>
Silicon (Si) wafer by atomic layer deposition (ALD)

heterojunction  ultraviolet

technique. The Photoluminescence spectroscopy
confirms that as-deposited ZnO thin film has
excellent visible-blind UV response with almost no
defects in the visible region. The room temperature
current-voltage characteristics of the n-ZnQO thin
film/p-Si photodiodes are measured under an UV
illumination of 650 pW at 365 nm in the applied
+2V. The

demonstrate an

voltage range of current-voltage
excellent UV

photoresponse of the device in its reverse bias

characteristics

operation with a contrast ratio of ~ 1115 and
responsivity of ~0.075 A/W at 2 V reverse bias voltage.

Index Terms—ZnO, silicon, ALD, heterojunction
photodiode, contrast ratio, responsivity

I. INTRODUCTION

Ultraviolet  (UV)

commercial and military applications including flame

photodetectors  have  wide

detection, water purification, money counting, ozone
layer detection, missile warning systems etc [l, 2].
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Although, GaN (~3.45 eV) and SiC (~3.26 eV) based UV
photodetectors are already in commercial use, their large
cost and poor compatibility with other semiconductors
including Si are the major drawbacks to achieve low-cost
and efficient UV detectors [3, 4]. As an alternative, many
trying to
environment friendly and wide band gap (~3.34 eV) zinc

researchers are explore the low-cost,
oxide (ZnO) material with large exciton energy (~60
meV larger than GaN ~25 meV) for the UV detection
applications [5, 6]. They have shown their interest to
investigate ZnO based UV photodetectors with different
configurations such as Schottky diode [5, 6], MSM
(metal-semiconductor-metal) [3, 7, 8], MISM (metal-
insulator-semiconductor-metal) [2, 8] and p-n
heterojunction [9-13] photodiode structures. Since, ZnO
is an intrinsically n-type semiconductor, the fabrication
of a stable and controllable p-type ZnO thin film is very
difficult [11]. Hence, ZnO is employed as the n-type
semiconductor layer in most of the ZnO based p-n
heterojunction UV photodiode structures [10-12].

Among various substrates used for the ZnO thin film
based UV detectors [5-7], Si can be considered to be of
special interests because of its compatibility with the
modern days CMOS technology [11]. The ZnO thin films
can be deposited on large Si wafer by various chemical
and physical methods such as vapour transport [9],
hydrothermal [10], thermal evaporation [11], pulsed laser
deposition (PLD) [14], magnetron sputtering [15], atomic
layer deposition (ALD) [16, 17] and sol-gel techniques
[12, 13]. Luo et al. [9] reported the fabrication of ZnO
nanowire/Si heterojunction photodiodes via VLS (vapor
liquid solid) growth mechanism with the help of gold as
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a catalyst. The device has exhibited responsivity of 0.07
A/W at 365 nm [9]. Periasamy et al. [11] reported the
of ZnO
photodiodes by thermal evaporation method with the

fabrication nanowire/Si  heterojunction
help of aluminium doped ZnO (AZO) as a seed layer.
They [11] measured responsivity of the photodiode as
0.18 A/W under 365 nm UV light. Yakuphanoglu et al.
[12] reported the fabrication of a ZnO nanostructure/Si
heterojunction photodiode grown by sol-gel method
without using any seed layer. Although, they [12]
measured the I-V characteristics under UV illumination
but they did not report the responsivity of their
photodiodes. Sahu et al. [14] reported the fabrication of
ZnO thin film /Si heterojunction photodiodes by pulsed
laser deposition (PLD) method without using any seed
layer. However, they [14] observed a very poor forward-
to-reverse current ratio (~2 at +4 V) with a very large
reverse saturation current (~4.6x107 A). After critical
review of the above works, it is observed that, in general,
the n-ZnO thin film grown on a suitable seed layer-
covered p-Si substrate can help to improve the
performance of n-ZnO thin film/p-Si heterojunction
photodetectors [9-11]. Since the growth of a seed layer is
an additional step required in the fabrication process, the
cost of fabrication is higher than that of the devices
without seed layer. As Si and ZnO has a large amount of
lattice mismatching and thermal coefficient difference
[18], growth of crystalline ZnO directly on Si is not very
therefore adequate research is required for
n-ZnO/p-Si
of reasonably good performance for

easy,

achieving  low-cost heterojunction
photodiodes
practical applications without using any seed layer. In
this work, an attempt has been made to report the
fabrication and room temperature UV photodetection
properties of a n-ZnO thin film /p-Si heterojunction
diode obtained by depositing ZnO thin film directly on Si
wafer (i.e. without using any seed layer) by using the
ALD technique which is commonly recommended for
the conformal deposition of high quality ZnO thin films
with precise thickness and composition control at low
deposition temperature [16, 17, 19]. Although, the ALD
grown n-ZnO film has already been used in the metal/n-
ZnO/metal structure (MSM type) based UV detectors
with palladium Schottky contacts [8], but, to the best of
our available knowledge, the ALD grown ZnO thin film

for the fabrication of n-ZnO /p-Si heterojunction

photodiode is believed to be considered for the first time
in this paper.

II. EXPERIMENTAL DETAILS

In the present work, ZnO thin film was deposited on a
p-Si <100> wafers (of thickness ~380 um and resistivity
2-7 Q.cm) by using the ALD technique. Thoroughly
cleaned and dried p-Si wafers were placed in ALD
chamber (equipment model TFS 200 from BENEQ).
Diethyl zinc [Zn (C,Hs),, DEZN] and DI water were
used as the source of zinc and oxygen respectively in the
chamber with the pulse duration of 100 ms each to
produce large area ZnO films on the Si substrates.
Nitrogen was used as the carrier gas as well as purging
gas with purging time of 1 sec. The temperature of the
substrate and precursor was maintained at 150°C and
20°C respectively during the deposition of ZnO thin films.
After 500 cycles of deposition, the thickness of the ZnO
film was measured as 100 nm. The samples were then
gone through rapid thermal annealing process at 550°C
for 20 minutes in nitrogen gas environment to ensure the
continuous film surface with fewer interstitial defects and
better passivity of the top surface [20]. The room-
temperature  photoluminescence (PL) spectroscopic
analysis was carried out to study the optical properties of
the as-deposited ALD grown ZnO films
consideration.

under

contact of 20 nm/ 80 nm
titanium/aluminium (Ti/Al) with 1 mm diameter was

An  ohmic

then deposited on the top of the ZnO films by thermal
evaporation method through shadow mask technique. A
layer of Al (100 nm) was deposited on the bottom of the
Si wafer to make bottom ohmic contact of the device.
The films were again annealed in the RTA (rapid thermal
annealing) furnace for 10 min at 450°C in nitrogen
environment to improve the quality of electrodes [21].
thin film
heterojunction photodetector is shown in Fig. 1. The
of the

measured using the semiconductor parameter analyzer

The schematic diagram of n-ZnO/p-Si

current-voltage characteristics device were
(model B1500A, Hewlett-Packard) at room-temperature
under dark and UV illumination conditions. A UV lamp
of 365 nm wavelength and 650 pW power [Benchmark,
India] was used as the UV illumination source to

investigate the UV detection properties of the
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n-ZnO (100 nm)

4" p-Silicon substrate

Al (100 nm)

Fig. 1. Schematic diagram of ZnO/Si photodiode.
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Fig. 2. Photoluminescence spectra of ZnO thin film grown on
Si wafer.

heterojunction photodiode under consideration.

III. RESULTS AND DISCUSSION

Fig. 2 shows the PL spectroscopy of the ZnO/Si
heterostructure at room temperature. Only a strong near-
band-edge emission peak at 377 nm due to the donor—
acceptor pair transitions is observed in the PL spectra.
However, absence of any other emission peaks from
various types of defects (e.g. the green band emission
due to the oxygen vacancy in ZnO film at ~550 nm [9])
in the PL characteristic indicates that the as-grown ZnO
film is almost free from defects with enhanced UV
detection property at ~377 nm.

The current(I)-voltage(V) characteristics of the n-
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Fig. 3. Dark current characteristics of ZnO/Si heterojunction
photodiode; (inset) Enlarged view of the characteristics in
reverse bias.

ZnO/p-Si thin film planar heterojunction photodiode
were measured at room temperature in the dark and
under illuminated conditions at 365 nm with a 650 pW
incident optical power. The I-V characteristics at dark
condition show a typical p-n junction behavior with the
rectifying junction as shown in Fig. 3. The rectification
ratio is 127 at £2 V in dark condition which is much
larger than that reported by Sahu ef al. [14]. The other
parameters such as the ideality factor, reverse saturation
current, turn-on voltage and barrier height of the
heterojunction can be determined by using the thermionic
model to express the I-V characteristics as [12]:

I=1,[exp(gV /nkT)—-1] 1))

where ¢ is the electronic charge, £ is the Boltzmann’s
constant, [/, is the temperature-dependent reverse
saturation current (also known as dark current of the
photodiode), 7 is the ideality factor and 7 is the
absolute temperature.

By using the conventional method [8], the parameters
n and I, are estimated from the In(I) versus V plot at
~2.72 and ~4.15x10° A
respectively. The turn-on voltage is calculated from [-V

room temperature as

characteristics as ~0.6 V. The effective barrier height
(®,,), one of the important parameter for a photodiode,
can be estimated from the I-V characteristics measured at

dark condition by using the expression of 7, as[1]:



120 PURNIMA HAZRA et al : ULTRAVIOLET PHOTODETECTION PROPERTIES OF ZNO/SI HETEROJUNCTION DIODES ...

I,(T) = AA'T? exp(_i;l?b J )

where 4 and 4" are the contact area and Richardson
constant respectively. Using the values of 4 and 4"
(=32 Acm'K? for m’=0.27m,) in Eq. (2) the effective
barrier height of n-ZnO thin film/p-Si heterojunction
photodiode under consideration is determined as 0.76 eV.
The key parameters of the device clarify that the
thin film /p-Si
comparatively better than the

interface quality of the n-ZnO
heterojunction is
heterojunction photodiode reported by Yakuphanoglu et
al. [12] by using sol-gel method without using a buffer
layer.

The room temperature current-voltage characteristics
of the n-ZnO/p-Si thin film heterojunction diode,
measured under dark and illuminated conditions at 365
nm are compared in Fig. 4. The measured values of the

dark current (i.e. the reverse saturation current ;) is

~44 .8 nA and current under UV illumination at 365 nm is
~48.5 pA respectively at 2 V reverse bias. The resultant
contrast ratio which is defined as the ratio of
photocurrent and dark current [8] is measured as ~1115
which appears to be much larger than the reported data
[12]. The reason behind this huge enhancement of
photocurrent is investigated further.

When the incident light enters the ZnO material
through the inter-electrode space and gets absorbed
through ZnO thin film, a large quantity of photo-exited
electron-hole pairs (EHPs) is generated in the entire
region of the ZnO layer [11]. These photo-generated
electrons and holes in the depletion region of the Si/ZnO
heterojunction are drifted in the opposite directions in the
presence of the electric field in the depletion region
under reverse bias operation thereby leading to the
collection of excess photocurrent through the metallic
contacts in addition to the dark current [9, 12]. The large
surface-to-volume ratio of the nanocrystals present in
ZnO thin film and the deep level surface trap states make
the photo carrier lifetime longer [9, 11]. On the other
hand, the increase in the photocurrent (see Fig. 4) with
the reverse bias voltage is a result of the increase in the
average velocity of the photo-generated carriers owing to
the increased electric field in the depletion region [9].
Since the width of the depletion region is also increased
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Fig. 4. Response of the Si/ZnO photodiode with and without
UV light illumination.

with the reverse bias, the depletion capacitance is
decreased thereby reducing the RC time constant of the
photodiode [11]. In brief, the long lifetime and short
transit time of the excess carriers generated over the large
area of the ZnO film under reverse bias operation results
in a significant photocurrent in the device.

The responsivity ( R ) defined as the ratio of the
measured photoresponse current to the incident optical
power on the UV photodiode can be expressed as [11]:

R=1,/P, 3)

where F,, is the incident optical power, and /,, is the

output photocurrent measured from ZnO/Si photodiode.
The responsivity of the photodiode at -2 V bias voltage
under the UV illumination at 365 nm with incident
optical power of 650 uW is estimated to be ~0.075 A/W
which is in good agreement with that reported by Luo et
al. for their ZnO nanowire/Si heterojunction photodiodes
prepared by vapour transport method [9].

The optical to electrical conversion efficiency of the
photodiode, termed as the external quantum efficiency
(EQE) 7 is defined by [8]:

q:£R=124O§ &)

ql

where, A is the Planck’s constant, ¢ is the velocity of
light and A is the wavelength of the light. The value of
7 of the p-Si/n-ZnO thin film heterojunction photodiode
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is obtained as ~25% at -2 V bias voltage.

We now estimate the specific detectivity (D) of the
heterojunction photodiode considered in this paper. The
parameter D can be written as [8]:

%
D:l”q(ﬂj )
he (4 kT

Where RA is known as the as zero-biased resistance-area
product of the device obtained from the current density
(J) —voltage (V) characteristics as follows [8]:

ary'
w=( ) ©

Converting the measured [-V characteristics into J-V
characteristics, the resistance-area product (RA4) is
obtained as RA=30.828 Q.m” and the voltage-dependent
detectivity (D) of the proposed device is calculated as

6.44x10° mHz"> W™ at -2 V bias voltage.

It may be noted that the proposed device is showing
the UV detection characteristics only when it is operated
under reverse bias condition. However, the p-Si/n-ZnO
thin film device shows the photovoltaic effects [9-10]
when it is operated under a low forward bias condition
(see Fig. 4). The open circuit voltage of the device is

estimated as V,, =0.25V, the short circuit current and

derived as I, =93x107 A and

fill factor are )
FF=0.2 respectively. The photovoltaic effects in the
low forward bias and UV photoresponse under reverse
bias of the p-Si/n-ZnO thin film heterojunction diode
may be attributed to the large exciton energy of the ZnO

material [10].

IV. CONCLUSION

In this work, the UV detection properties of the ALD-
n-ZnO  thin  film/p-Si
photodetectors without using a seed layer have been

grown heterojunction
demonstrated possibly for the first time in the literature.
The photoluminescence characteristics show the growth
of high quality ZnO layer on Si with almost no defects in
the visible region. At 650 uW incident UV light of 365
nm wavelength, the photodetectors show a very high
contrast ratio (~1115) with responsivity of ~0.075 A/W,

external quantum efficiency of ~25% and detectivity of
~6.44x10° mHz"> W™ at 2V reverse bias voltage. The

performance parameters of the device are appeared to be
promising for high-performance, low-cost commercial
UV detection applications.

ACKNOWLEDGMENTS

The authors are deeply thankful to Dr. Pankaj Mishra
and his group in Laser Materials Processing Division,
DAE-RRCAT, Indore for extending their facilities
required for the completion of a part of the above work.

REFERENCES

[1] N. N. Jandow, et al, “Characteristics of ZnO MSM
UV photodetector with Ni contact electrodes on
polypropylene carbonate (PPC) plastic substrate,”
Current Applied Physics, Vol. 10, No. 6, pp. 1452-
1455, Nov., 2010.

[2] S. J. Young, et al, “ZnO-based MIS photo-
detectors,” Sensors and Actuators A, Vol. 135, No.
2, pp. 529-533, Apr., 2007.

[3] L. Ostlund, et al, “4H- and 6H-SiC UV
photodetectors,” Physica Status Solidi C, Vol. 9,
No. 7, pp. 1680-1682, Jul., 2012.

[4] K. You, et al, “Shift of responsive peak in GaN-
based metal-insulator-semiconductor photodetectors,”
Applied Physics Letters, Vol. 100, No. 12, pp.
121109, Mar., 2012.

[5] C.-Y. Lu, et al, “Ultraviolet photodetectors with
ZnO nanowires prepared on ZnO:Ga/glass
templates,” Applied Physics Letters, Vol. 89, No.
15, pp. 153101, Oct., 2006.

[6] C. Soci, et al, “ZnO Nanowire UV Photodetectors
with High Internal Gain,” Nano Letters, Vol. 7, No.
4, pp. 1003-1009, Mar., 2007.

[71 C. X. Shan, et al, “Ultraviolet photodetector
fabricated from atomic-layer-deposited ZnO films,”
J. Vaccum Science Technology B, Vol. 27, No. 3,
pp. 1765-1768, May, 2009.

[8] G. M. Ali, and P. Chakrabarti, “ZnO-based
interdigitated MSM and MISIM
photodetectors,” Journal of Physics D: Applied
Physics, Vol. 43, No. 41, pp. 415103, Sep., 2010.

[9] L. Luo, et al, “Fabrication and characterization of

ultraviolet



122

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

PURNIMA HAZRA et al : ULTRAVIOLET PHOTODETECTION PROPERTIES OF ZNO/SI HETEROJUNCTION DIODES ...

ZnO nanowires based UV photodiodes,” Sensors
and Actuators A, Vol. 127, No. 1, pp. 201-206,
Feb., 2006.

D. Shao, et al,
fabricated from hydrogen treated ZnO nanowires

“Heterojunction photodiode
grown on p-silicon substrate,” Applied Physics
Letters, Vol. 101, No. 21, pp. 211103, Nov., 2012.
C. Periasamy and P. Chakrabarti, “Large-area and
n-ZnO/p-Si
detectors,” Journal of Vaccum Science and
Technology B, Vol. 29, No. 5, pp. 051206, Sep.,
2011.

F. Yakuphanoglu, et al, “ZnO/p-Si heterojunction

nanoscale heterojunction  photo-

photodiode by sol—gel deposition of nanostructure
n-ZnO film on p-Si substrate,” Material Science in
Semiconductor Processing, Vol. 13, No. 3, pp. 137-
140, Sep., 2010.

H. Huang, et al, “Zero-biased near-ultraviolet and
visible photodetector based on ZnO nanorods/n-Si
heterojunction,” Applied Physics Letters, Vol. 94,
No. 6, pp. 063512, Feb., 2009.

V. K. Sahu, et al, “Studies on the electrical
characteristics of n-ZnO/p-Si grown by pulsed laser
deposition for UV photo detecting applications,”
Physics Express, Vol. 3, pp. 10, Jul., 2013.

P. Sharma, K. Sreenivas and K. V. Rao, “Analysis
of ultraviolet photoconductivity in ZnO films
prepared by unbalanced magnetron sputtering,”
Journal of Applied Physics, Vol. 93, No. 7, pp.
3963-3970, Jan., 2003.

Y. M. Chang, et al,
photoluminescence from ultrathin ZnO films grown

“Enhanced visible

on Si-nanowires by atomic layer deposition,”
Nanotechology, Vol. 21, No. 38, pp. 385705, Aug.,
2010.

S. Lee, Y. H. Im and Y. —B. Hahn, “Two-Step
Growth of ZnO Films on Silicon by Atomic Layer
Deposition,” Korean Journal of Chemical
Engineering, Vol. 22, No. 2, pp. 334-338, Jan.,
2005.

P. Wang, et al, “Quality improvement of ZnO thin
layers overgrown on Si(100) substrates at room
temperature by nitridation pretreatment”, AIP
Advances, Vol. 2, No. 2, PP. 022139, May, 2012.
M. —J. Chen, J. -R. Yang and M. Shiojiri, “ZnO-
light emitting diodes
fabricated by

based ultra-violet and

nanostructures atomic layer

[20]

(21]

deposition,” Semiconductor Science  and
Technology, Vol. 27, No. 7, pp. 074005, Jul., 2012.
Y. Chen, et al, “Influence of nitrogen annealing on
structural and photoluminescent properties of ZnO
thin film grown on c¢-AlLO;by atmospheric
MOCVD,” Material
Semiconductor Processing, Vol. 8, No. 4, pp. 491-
496, Aug., 2005.

X. L. Guo, H. Tabata and T. Kawai, “Epitaxial
growth and  optoelectronic  properties  of
nitrogendoped ZnO films on (1 1 2 0) ALO;
Substrate,” Journal of Crystal Growth, Vol. 237—
239, pp. 544-547, 2002.

pressure Science  in

Purnima Hazra was born in 1983.
She received her M. Tech degree
from the University of Burdwan,

——
India in 2009. She is currently
| : pursuing her Ph.D degree fr(?m
Department of Electronics
Engineering, Indian Institute of

Technology (Banaras Hindu University), Varanasi, India.

She is working on synthesis and characterization of thin

film devices.

Satyendra Kumar Singh has

received his M. Tech degree from the

Institute
Hindu

Varanasi in 2011. He is currently

Indian of Technology

(Banaras University),
working as an assistant professor in
Department of Electrical Engineering,

Mewar University, Rajasthan. His research interests

include the area of semiconductor electronic and

optoelectronic devices.



JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, VOL.14, NO.1, FEBRUARY, 2014 123

Dr. Satyabrata Jit earned his B.E.
and M.Tech. degree from the
University of Calcutta, West Bengal
and Indian Institute of Technology,
Kanpur in 1993 and 1995
respectively. He received his Ph. D.
degree from IT-BHU in 2002. Dr. Jit
worked as  Postdoctoral Research Fellow in

Optoelectronic Research Laboratory, Georgia State
University, Atlanta, USA during March-August, 2007.
He served as lecturer in the Department of Electronics
and Communication Engineering, G. B. Pant Engineering
College, Pauri-Garhwal during 1995-1998. He is serving
as a faculty member in the Department of Electronics
Engineering, IIT-BHU, Varanasi since 1998. His
research area includes terahertz photodetectors, optically
controlled microwave devices and circuits, Short-
channel SOI MESFET & MOSFETSs and communication
systems.



