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An Mg,Zn; ,O/ZnO quantum well (QW) structure, with various barrier (Mg,Zn;_,O layer) thicknesses, was
inserted into p-NiO/n-ZnO heterojunction photodiodes (HPDs) by using a radio-frequency magnetron
sputtering system. The effect of various barrier thicknesses on the performance of QW-PDs was
investigated. A band diagram shows that the QW-PD with 10 nm barrier layer presents a tunneling carrier
transport mechanism, the UV- and visible-generated carriers tunnel through the thin barrier layer.
Whereas the QW-PDs with thicker (=25 nm) barrier layers show recombination-tunneling carrier
transport. The visible-generated carriers are effectively confined within the well layer in the QW
structure, causing the visible-response to be greatly reduced by more than 3 orders compared to that in
the QW-PD with a 10 nm barrier layer. However, on further increasing the barrier thickness beyond

25 nm, the visible-response will no longer be reduced. In contrast, with decreasing the barrier thickness
Received 7th August 2019 from 60 to 25 nm, the UV- i due to the overlap | f the fundamental elect
Accepted 11th September 2019 rom o nm, the response increases due to the overlap increase of the fundamental electron

and hole wave function in the quantum well. Such a result drastically enhances the rejection ratio (320
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Introduction

ZnO-based materials are attractive semiconductors for fabri-
cating ultraviolet (UV) photodetectors, such as p-n, Schottky-
barrier, and metal-semiconductor-metal structures,"* due to
the advantages of wide band gap (3.2 eV), high transparency
(>80%) in the visible wavelength region, high exciton binding
energy (60 meV), and non-toxicity.**** The addition of a Mg
atom in ZnO leads to the formation of Mg,Zn,_,O with a band
gap tuneable from 3.2 to 7.8 eV.""* However, the deep acceptor
levels, low dopant solubility, and self-compensation in ZnO
result in a reproducible and reliable p-type ZnO being not
available. As a replacement for p-ZnO, p-NiO has been
employed to fabricate p-NiO/n-ZnO heterojunction optoelec-
tronics devices.””>* NiO is an important p-type material with
a direct wide band-gap of 3.0-4.0 eV and has merits of low-cost,
earth advanced, and environmental friendliness for advanced
photoelectric device applications.”*?® In spite of the develop-
ments in p-NiO/n-ZnO optoelectronic devices, many imperfec-
tions, such as oxygen vacancies in ZnO*#?*° and nickel
interstitials in NiO,**?' are present at the NiO/ZnO hetero-
junction interface. These imperfections introduce large leakage
current and visible response,®** which lower rectification® and
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UV/visible rejection ratio in the p-NiO/n-ZnO heterojunction
photodiodes (HPDs).?**

Quantum well (QW) structures have been applied in In,-
Ga;_,N/GaN and Al,Ga; ,N/GaN photodetectors to lower
leakage current and enhance UV/visible rejection ratio, because
the carriers generated by low-energy photons are confined in the
QW.*%* The barrier layer thickness in QW affect the exciton
localization and piezoelectric field in the well, as well as the
carrier transport and distribution in active layer.*® Such issues
play a crucial role in determining the structure and optical
qualities of QW. Effect of different barrier layer thickness on the
In,Ga; ,N/GaN QW opto-electronic devices were studied,
including light-emitting diodes, solar cells and photodetec-
tors.*”~*! Previously, most Mg,Zn; ,O/ZnO QW were studied in
optical and structural properties.*** Mg,Zn, _,O/ZnO QW was
employed to investigate light-polarization® and light-emitting
diodes.*** The application of Mg,Zn,_,O/ZnO QW in photo-
detector is less to our knowledge. For a QW design, it is desir-
able to have a thinner barrier thickness. Because for a given
total QW thickness, a thinner barrier leads to higher absorption
due to more wells. However a thinner barrier cannot effectively
confine the generated electrons and holes in the well layer,
which causes a large leakage current and visible response in UV
photodetectors. It is therefore useful to seek a critical barrier
thickness, while maintaining a low leakage current and
achieving high performance in photodetectors.
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In this work, an Mg,Zn; ,O/ZnO QW structure with various
barrier thickness was inserted into p-NiO/n-ZnO HPDs using
a low-cost radio-frequency (RF) magnetron sputtering system.
The effect of various barrier layer (Mg,Zn; ,O) thickness on the
performance of p-NiO/QW/n-ZnO QW-PDs was studied in detail.

Experimental

After cleaning, the ITO/glass substrates were loaded into RF-
magnetron sputtering system to deposit a 300 nm-thick ZnO
layer. Next, Mg,Zn; _,0/ZnO/Mg,Zn,_,O QW structured layers
were consecutively deposited onto the ZnO layer using the same
system.*® The barrier layer thickness of Mg,Zn, _,O varies from
10, 25, 40, to 60 nm, while the well layer thickness of ZnO keeps
at 4 nm. Finally, the p-NiO with a thickness of 80 nm was
deposited using the same RF sputtering system as a hole
transport layer.>* The p-NiO/QW/n-ZnO QW-PDs were fabricated
by evaporating Ni electrode with a interdigitated pattern onto
the NiO surface. A schematic diagram of the prepared QW-PDs
is shown in Fig. 1. The QW-PDs with barrier thickness of 10, 25,
40, and 60 nm are denoted as PD_A, PD_B, PD_C, and PD_D,
respectively. The current-voltage (I-V) characteristic and pho-
toresponse were measured using a Keithley 2400 source meter
and a 300 W Xe arc lamp with monochromator.

Results and discussion

The Mg content of the Mg,Zn,; ,O film was measured by X-ray
photoelectron spectroscopy and the film composition was
determined to be Mg, ;Zn, ;0."* The absorption measurement
showed the bandgap of Mg, ;Zn, ;0, ZnO and NiO films to be
3.7, 3.25, and 3.15 eV, respectively."*” Fig. 2 shows the spectral
responsivity as a function of the illumination wavelengths for
the fabricated QW-PDs at a 2 V reverse-bias voltage. From the
figure, a significant difference occurs between PD_A and the
other QW-PDs; that is, the PD_A (with 10 nm-thick barrier layer)
exhibits a higher responsivity than the other QW-PDs (PD_B ~
PD_D). The PD_B, PD_C, and PD_D have similar responsivity
for various wavelengths. This suggests that the PD_B, PD_C,
and PD_D are subject to the same carrier transport mechanism,
and differ from that of PD_A. The photogenerated carriers are

Fig. 1 Schematic diagram of the prepared QW-PD.
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Fig. 2 Spectral responsivity as a function of illumination wavelengths
for the fabricated QW-PDs biased at 2 V reverse-bias voltage.

easy to tunnel the thin (10 nm) barrier layer in PD_A and hence
a higher responsivities. The PDs without a QW (w/o QW)
structure is also illustrated in Fig. 2 for comparison. The PDs
without a QW demonstrates a similar responsivity to PD_A for
the wavelengths longer than 400 nm due to the thin barrier layer
in PD_A. The PDs without a QW reveals only an absorption band
for the wavelengths less than 400 nm, attributing to the
absorption of ZnO. However the PDs with QW exhibits another
sharply rising responsivity for the wavelengths smaller than
350 nm because the absorption of MgZnO layer. The blue shift
of absorption wavelength in MgZnO, compared to that of ZnO,
is a result of the introduction of Mg atom.™

Fig. 3 shows the responsivity versus various reverse-bias
voltages responding to the incident wavelengths of 320 and
500 nm. With increasing reverse-bias voltage, the responsivities
of all QW-PDs increase. Both the responsivities (320 and 500
nm) of PD_A demonstrate a high dependence on the bias-
voltages; however a less dependence is observed in the PD_B
~ PD_D. The result reveals that the photogenerated carriers
tunnel through the thin barrier layer in PD_A; in contrast, the
photogenerated carriers are confined within the well layer in
PD_B ~ PD_D. Compared to the visible response of the PD_A
(5.5 x 107> A W), the visible response of PD_B is drastically
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Fig.3 Responsivity versus various reverse-bias voltages responding to
incident wavelength of 320 and 500 nm.
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reduced to 9.3 x 1077 A W' by about 4 orders at 4 V reverse-
bias voltage. This is consistent with previous experiments in
which the current is carried by inter-well tunnelling in a QW-PD
with 10 nm barrier layer, while the inter-well tunnelling is
nearly negligible for the barrier layer larger than 20 nm.*” It was
reported that the thicker barrier layer can suppress leakage
current; however further increasing the barrier thickness
beyond a certain value, the leakage current and visible-response
will no longer be reduced.® This leads to the PD_B, PD_C, and
PD_D exhibit almost the same visible response, shown in Fig. 3.
In contrast, the UV (320 nm) response is separated in the PD_B,
PD_C, and PD_D. With decreasing the barrier thickness of QW-
PDs from 60 nm to 25 nm, the UV response increases. For
a thick barrier layer (60 nm), the UV response of PD_D is 4.7 X
10" AW " and it is raised to 2.8 x 107> AW~ for the 25 nm
barrier layer (PD_B) at 4 V reverse-bias voltage. Also from the
figure, the PD_B, PD_C, and PD_D appear the same slopes in
responsivity versus bias-voltage, and the slope is sharply
different from that of the PD_A. Such a result again evidences
the PD_B, PD_C, and PD_D exhibit the same carrier transport
mechanism, and differ from that of PD_A.

The rejection ratio is defined as the responsivity at 320 nm
divided by that at 500 nm. Fig. 4 shows the rejection ratio for the
QW-PDs at a 4 V reverse-bias voltage. Clearly, the PD_B, PD_C,
and PD_D presents a larger rejection ratio than the PD_A. The
PD_B (25 nm barrier layer) exhibits the largest rejection ratio.
The rejection ratio is largely enhanced from 264 to 3070 for the
PD_A and PD_B, respectively, by a 11.6 times higher. This
means that a suitable thickness barrier layer can greatly reduce
the visible response and increase the rejection ratio. From
Fig. 4, the PDs without a QW presents the lowest rejection ratio
than those with QW. It means the insertion of QW strongly
reduces the visible response and hence the QW-PDs exhibits
a higher noise rejection ability than the PDs without QW. In
order to study the different carrier transport mechanism
between the QW-PDs with thin (10 nm) and thick (Z25 nm)
barrier layers. The dark I-V characteristics for the PD_A (with
10 nm barrier layer) and PD_B (with 25 nm barrier layer) are
shown in Fig. 5. A rather leaky -V behaviour is observed in the
PD_A, while the PD_B exhibits a good rectifying characteristic.
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Fig. 4 Rejection ratio for the all QW-PDs biased at 4 V reverse-bias
voltage.
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Fig. 5 Dark /-V characteristics for the PD_A and PD_B. The inset is
In(/) versus In(V) for PD_A and PD_B, biased at forward-voltage.

It is well known that the leakage current (reverse-bias) is origi-
nated form thermally generated carriers. The thermally gener-
ated carriers can tunnel through the thin (10 nm) barrier layer,
but are effectively confined within the well layer by the thick
(Z25 nm) barrier in the Mg,Zn; ,0/ZnO QW structure.*® The
inset of Fig. 5 shows the In(J) versus In(V) plot for the PD_A and
PD_B, biased at forward voltage. For the entire voltage range,
the current of the PD_A exhibits a linear dependence on bias-
voltage, indicating that the carrier transport is dominated by
tunnelling.®*-*> However, there are two distinct regimes in the
PD_B. At low forward voltages (V = 0.7 V), referred to as regime
I, the current increases exponentially, according to the relation /
~ exp(aV), where « is a constant. The current transport shows
a recombination-tunnelling mechanism, which is usually
observed in wide band gap p-n diodes.®*** At higher forward
voltages (V Z 0.7 V), referred to as regime II, the I-V charac-
teristic follows a power law (I ~ V™), which is generally attrib-
uted to a space-charge-limited current (SCLC) conduction. The
m value is estimated to be 2.6. The high value of m (Z2), indi-
cates SCLC conduction with exponential trap distribution.®*

We also investigated the reverse-bias voltage regime, at
which QW-PDs are normally operated. In this regime, the In() is
plotted as a function of the reciprocal of the electrical field E, as
shown in Fig. 6. Both PD_A and PD_B present a good linear
dependence of In(f) on 1/E, which is described well by a trap-
assisted tunnelling (TAT) mechanism.*>®** The trap-assisted
tunnelling current Jrar is expressed as:

—8n\/2qm*¢ 3/2>

JTAT—Aexp< 3LE

where A is a constant, m* is the electron effective mass, g is the
elementary charge, & is the Plank's constant, and ¢, is the trap
energy of the conduction band edge. Assuming that the electron
effective mass in the QW is the same as in the ZnO (0.3m,),*® the
trap energies are estimated to be 0.196 and 0.21 eV for the PD_A
and PD_B, respectively. These trap energies are approximately
equal to each other and to the 0.206 eV reported for the

RSC Adv., 2019, 9, 29967/-29972 | 29969
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Fig. 6 In(/) as a function of the reciprocal of the electrical field E for
PD_A and PD_B, biased at reverse-voltage.

Mg,Zn, _,O/ZnO deposited by plasma-assisted molecular-beam
epitaxy.®” This indicates that the Mg,Zn; ,O/ZnO QW have the
same quality regardless of the different Mg,Zn, _,O barrier layer
thickness.

Therefore, the tunnelling mechanism in the PD_A is attrib-
uted to the thinness of the barrier layer (10 nm) rather than the
quality of the QW.

Based on above investigations, the band diagrams of the
QW-PDs with thin (10 nm) and thick (Z25 nm) barrier layers,
biased at reverse-voltage, are shown in Fig. 7(a) and (b),
respectively, to elucidate the different carrier transport mecha-
nisms. In Fig. 7(a), the visible light incident on the QW-PDs with
10 nm barrier layer is absorbed by the band-gap defects of
MgZnO (denoted as process 1) and ZnO (denoted as process 2),
however the UV light is absorbed by a band-to-band mechanism
(denoted as process 3). Both photo-generated carriers tunnel
through the thin barrier layer (10 nm), leading to higher visible
and UV responses compared to the QW-PDs with thicker (=25
nm) barrier layer. The band diagram (Fig. 7(b)) illustrates that,
as the barrier thickness increases to 25 nm or more, the carriers
generated from the visible light from MgZnO (denoted as
process 4) and ZnO (denoted as process 5) are effectively
confined within the well layer in the Mg,Zn; ,O/ZnO QW
structure, which reduces the visible response by more than 3
orders compared to the QW-PD with the 10 nm barrier layer.
Increasing the barrier thickness beyond a certain value (25 nm)
will no longer reduce the visible response, causing the QW-PDs
with thicker (Z25 nm) barrier layer to have similar visible
responses, as shown in Fig. 3. In contrast, some of the carriers
generated from UV light tunnel through the barrier by trap
assistance (denoted as process 6) due to the carriers having
higher energy than those generated by visible light. When
decreasing the barrier thickness of the QW-PDs from 60 to
25 nm, the overlap of the fundamental electron and hole wave
function in the quantum well increase and the carriers extrac-
tion by the trap-assisted tunnelling is enhanced.***"*® The issue
leads to the enhancement of UV response with decreasing
barrier thickness from 60 to 25 nm, as shown in Fig. 3.
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Fig. 7 Band diagrams of QW-PDs with (a) thinner (10 nm) and (b)
thicker (=25 nm) barrier layers, biased at reverse-voltage.

Conclusions

An Mg,Zn, ,0/ZnO QW structure, with various barrier (Mg,-
Zn; _,O layer) thickness, was inserted into p-NiO/n-ZnO HPDs
using a low-cost RF magnetron sputtering system. The effect of
the various barrier thickness on the performances of p-NiO/QW/
n-ZnO QW-PDs were investigated. The QW-PDs with 10 nm-
thick barrier layer presents higher UV and visible responses
due to the photo-generated carriers tunnelling through the thin
barrier layer. However, in the QW-PDs with thicker (=25 nm)
barrier layer, the carriers generated by visible light are effec-
tively confined within the well layer in the QW structure,
causing the visible response to be reduced by more than 3
orders compared to that in the QW-PD with 10 nm barrier layer.
By increasing the barrier thickness beyond 25 nm, the visible
response will no longer be reduced. In contrast, by decreasing
the barrier thickness from 60 to 25 nm, the UV response
increases due to the larger overlap of fundamental electron and
hole wave function in the quantum well. As a result, the rejec-
tion ratio is drastically enhanced from 264 for QW-PDs with
10 nm barrier to 2986 for QW-PDs with 25 nm barrier layer
(11.3-fold increase). Based on above investigations, a suitable
thickness barrier layer can greatly reduce the visible response
and increase the rejection ratio in the p-NiO/QW/n-ZnO HPDs.

This journal is © The Royal Society of Chemistry 2019
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