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ARTICLE INFO ABSTRACT

Keywords: Gallium Nitride (GaN) and Zinc Oxide (ZnO) are well established semiconductors with their heterostructures
GaN opening avenues for the future of next generation sensing and opto-electronics technologies due to their low
Zno lattice mismatch and high exciton energy. ZnO/GaN heterostructure based ultraviolet photodetectors with
E‘i:i:zgucmre complimentary material properties are expected to yield optimum efficiency, though their performance has

remained low due to challenges related to interfacial properties. Inadequate analysis of ZnO/GaN interfacial
properties/states viz. electronic structure, band offsets, localized charge density and defect states associated with
overlayer (i.e. ZnO) thickness, and their influence on device performance has remained as an underestimated
issue. Interestingly, literature reports a huge anomaly in the valence band offset (VBO) at ZnO/GaN interfaces,
which being an effective measure of charge transport assist in the optimization of photodetector efficiency.
Therefore, in the present report, we have fabricated ZnO/GaN heterostructure (with variable ZnO thickness)
based Schottky barrier photodectors and investigated the dependence of photosensitivity & other device para-
meters on interfacial states/properties. We have witnessed a peak responsivity & detectivity of 225 mA/W ™! &
4.83 (x10'®) Jones and a high speed photoswitching associated with the band offset, barrier height & defect
states at the ZnO/GaN heterojunction. The underlying scientific phenomenon (e.g. interfacial dipole strength,
charge accumulation etc.) leading to perturbations & discontinuities in interfacial/electronic states were also
correlated and discussed in detail.

Valence band offset etc.

1. Introduction

Zinc Oxide (ZnO) and Gallium Nitride (GaN) are well established
wide bandgap semiconducting materials (ultraviolet regime) belonging
to wurtzite crystal structure (4 atoms per unit cell, 9 optical & 3
acoustic phonon modes) with potential future in next generation micro/
opto-electronics, sensing and photo-voltaic/catalytic devices [1,2]. ZnO
and GaN exhibit similar properties like direct band gap (~3.37 &
3.41 eV), low lattice mismatch (1.9%), strong cohesive energy (1.89 &
9.16 eV?), large exciton binding energy (60 & 24 meV) and strong in-
herent spontaneous polarization (0.047 & 0.029C/m?), respectively
[3-5]. Thus, combining the merits of these materials, ZnO/GaN het-
erostructures offering enhanced light absorption [6] are employed for
the fabrication of efficient light emitting diodes (LEDs) [7], laser diodes

[8], standing acoustic wave devices [9], toxic gas sensors [10] etc. Also,
the quest of a robust, ultrasensitive and highly responsive ultraviolet
(UV) photodetector (PD) can be fulfilled using the heterostructure of
ZnO and GaN, where the large and stable exciton energy of ZnO cou-
pled with unique properties of GaN can open avenues for the fabrica-
tion of efficient devices [11-13]. Essentially, the performance of a
heterostructure based device is governed via interfacial properties (e.g.
band offset, bending, barrier height etc.) facilitating effective carrier
transport across the junction. The importance of interfacial properties
can be visualized via previous (and recent) reports where the re-
sponsivity of the photodetectors fabricated using ZnO/GaN hetero-
structure was quiet low compared to the expectations [12-14]. The
inadequate and anomalous studies of electronic properties at the ZnO/
GaN interfaces, which governs the effective charge transport across the
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Fig. 1. Schematic representation, I-V curves and calculated values of Schottky barrier height ad ideality factors of the fabricated devices.
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Fig. 2. Responsivity of the fabricated devices under different incident radiations at self-powered operation condition.

junction, was the major cause behind the poor performance/efficiency
of ZnO/GaN heterostructure based devices.

ZnO/GaN heterojunction exhibits a Type II (staggered) band
alignment which is extremely beneficial for energy harvesting and
photon detection in optoelectronic/photonic devices [15-19]. In Type
II heterojunctions, electron and hole wave functions peak in different
layers, leading to enhanced device performance operating at wave-
lengths beyond their conventional band gap limits [17-21]. Despite of
its critical importance and extensive research of over 2 decades, lit-
erature report a huge anomaly (0.8-2.2 eV) [8,15,22-24] in the valence
band offset (VBO) value at the ZnO/GaN interface. The VBO at material
interface depends on various aspects viz. surface states (defects, che-
mical species, electron/hole accumulation etc.), polarization, interface

dipole/energy, charge screening and thickness of the overlayer.
Therefore, the aforementioned factors should be taken under con-
sideration to develop a deeper insight of phenomenon occurring that
lead to discontinuities/perturbations in measured VBOs, Schottky bar-
rier height (SBH) and ultimately the device performance. It illustrates
that an in-depth analysis of interfacial defect states will help to un-
derstand underlying science and contribute in enhancing the reliability
and concreteness of the obtained results. Here, in the present article, to
investigate the influence of electronic/chemical/defect & interfacial
states on the performance of ZnO/GaN heterostructure based Schottky
barrier photodetectors, we have performed a detailed analysis of the
performance of ZnO/GaN based photodetectors. The analysis was fol-
lowed by correlation with material properties, carrier dynamics, defect
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Fig. 3. Photoresponse, responsivity, detectivity, response and recovery time of the devices under different at 0V and 1V applied bias.
Table 1 Table 2
Figure of merit parameters of the fabricated Schottky barrier diodes under Comparison of obtained responsivity with previously reported values.
different external bias conditions. .
Responsivity Reference
B-GaN 2Zn0 5ZnO 8-ZnO B-ZnO Bias (V) (mAW ™)
Responsivity (mAW ™) 10.9 60.2 58.8 958 822 0 ZnO (varied thickness)/GaN 225 This work
178.0 198.6 161.6 225.4 67.3 1 n-ZnO nanorods/i-ZnO/p-GaN 139 [11]
Detectivity (x10'2 Jones) 3.7 14.2 0.5 2.9 19.0 0 n-ZnO nanorods/i-MgO/p-GaN 160 [25]
18.1 16.6 48.3 18.1 5.2 1 ZnO nanoarray/CdS/GaN 176 [26]
Response time (ms) 942.4 10235 7357 731.6 976.3 0 n-ZnO nanoarray/n-GaN 34 [27]
704.3 40.1 39.3 39.3 40.6 1 Al-ZnO/GaN 120 [28]
Recovery time (ms) 122.8 40.1 40.5 53.1 42.6 0 Multiwalled carbon nanotubes/ZnO 6 [29]
43.6 41.4 39.5 40.7 43.2 1 nanowires/p-GaN

states and current conduction is derived to realize the underlying sci-
ence determining the surface & interfacial properties and ultimately the
device efficiency.

2. Material and characterization

A 3.5um thick highly crystalline GaN epilayer (2theta-omega
FWHM = 226 arcsec) grown on sapphire along polar (0001) direction
was employed as substrate for the experiment. GaN epilayer were de-
greased in isopropyl alcohol and ultra-sonicated in acetone for 10 min
each to remove the surface contaminants prior to the overlayer growth.
ZnO/GaN sharp interfaces were fabricated via growth of ZnO films with
varied thickness (2, 5, 8 & 30 nm) on cleaned GaN substrates by atomic
layer deposition (ALD) reactor (M/s Picosun, Model R200) at a sub-
strate temperature of 300 °C under identical conditions using pre-opti-
mized parameters. The samples are abbreviated as B-GaN, 2-ZnO, 5-
ZnO, 8-ZnO and B-ZnO for bulk GaN, 2 nm ZnO/GaN, 5nm ZnO/GaN,
8nm ZnO/GaN and bulk ZnO structures respectively. Metallic gold
contacts (~80nm) were deposited on the heterostructures using phy-
sical vapor deposition technique to fabricate Schottky barrier diodes
and investigate the current conduction mechanism across the junction.
Photodetection measurements were carried out in DC mode under
continuous illumination of monochromatic light (with Xenon/Quartz-
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Halogen lamps) at different wavelengths using a TMc 300 mono-
chromator having a resolution of 0.1 nm. To correlate the performance
of the UV PDs with electronic properties, high resolution X-Ray pho-
toemission spectroscopic (XPS) measurements were performed in a
multiprobe surface analysis system (Scienta Omicron, Germany) using
monochromatic AlKa (1486.7 eV) radiation source [25]. Optical re-
sponse and defect state analysis of the devices were investigated via a
Photoluminescence (PL) Fluorescence spectrometer FLS980-d2d2
(Edinburgh Instruments, United Kingdom) equipped with a He-Cd
continuous wave laser operating at an excitation wavelength of 325 nm
and emission arm equipped with a standard Visible PMT.

3. Results and discussion

The approach for the experiment was to fabricate ZnO/GaN het-
erostructure (with varied ZnO thickness) based Schottky barrier PDs,
investigate their performance/efficiency followed by an in-depth ana-
lysis of interfacial properties/states & underlying science/phenomenon
using state of the art characterization tools. The overlayer thickness in
the ZnO/GaN heterostructure was restricted to 8 nm, as the probing
depth of XPS (employed for electronic structure analysis) is ~8-10 nm
only. The schematic representation of the fabricated devices along with
their RT current-voltage (I-V) curves is shown in Fig. 1. It was witnessed
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Fig. 4. Ga (3d), Zn (3d), Valence band and deconvoluted O (1s) spectra of the heterostructures.

that B-GaN film display a Schottky (rectifying) behaviour with 21 nA of
current in forward bias condition (at 3 V). However, the rectifying be-
haviour was transformed into Schottky barrier diode (SBD) character-
istics for 2, 5 and 8-ZnO followed by a drastic improvement in current
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conduction. Interestingly, the threshold voltage of the devices were also
decreased from 2.1V to 1.5V from 2-ZnO to 8-ZnO revealing easier
extraction of charge carriers. The forward current was obtained to be
0.6, 4.0 and 8200 yA for 2, 5 and 8-ZnO displaying an increment of 10°
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Table 3
Core level, VB positions and quantified contribution of the deconvoluted O (1s)
components.

B-GaN 2-Zn0 5-Zn0 8-Zn0 B-ZnO
Ga (3d) (eV) 20.2 19.4 19.5 19.1 -
Zn (3d) (eV) - 10.1 9.6 9.1 9.6
VBM (eV) 1.8 2.0 2.3 1.8 2.1

0 (1s) Zn-0 (%) - 30 54 60 33
0%~ /Oy (%) 23 52 25 18 17
OH™ (%) 49 18 21 22 38
H,0 (%) 28 - - - 12

times in comparison to B-GaN. Further, the I-V curves divulged
Schottky behaviour for B-ZnO pursuing a forward current of 6400 A
which is slightly lower then 8-ZnO (8200 pA). The increment in forward
current signifies higher number of charge carriers generated in the
device with increment in ZnO thickness. To further explore the prop-
erties of the fabricated devices, a deeper insight into the current con-
duction mechanism is required. According to the thermionic theory, the
current conduction across a SBD is expressed as [26]:

I = Is[exp(qV/nkT) — 1] @
where,
Is = AA* T? exp(—q@py/kT) (2)

here, I is the diode current, Ig is the saturation current, q is the elec-
tronic charge, V is the applied bias, T is the absolute temperature, n is
the ideality factor, k is the Boltzmann constant, A is the effective
Schottky area, A* is the effective Richardson coefficient of 26.2
Acm ™ 2K~ 2 and o, is the apparent zero bias Schottky barrier height.
Further the value of ideality factor was calculated via the slope of log(I-
V) graph (in thermionic emission) using the following relation [26]:

no q dv
"~ 2.303kT \ d(logl) 3)

The value of saturation current (Is) was obtained from the y-inter-
cept in the log I-V graph, and the Schottky barrier height (pgo) was
calculated as:

o = k_T ln( AA*TZ)
® g I )
The procedure for the calculation of barrier height and ideality
factor is well demonstrated in Fig. S1 of supplementary material. We
calculated the @go values via two different approaches and labelled as:
Ideal and Experimental. Since g, is the difference between metal
work-function and the electron affinity (EA) of semiconductor. The
Ideal value of g (black histograms in Fig. 1) was calculated using the
difference between work-function of gold (5.1 eV) and the EA of GaN.
The EA of the heterostructures were calculated via UPS measurements

2-Zn0
®®/(59

CBO=1.44eV |
ele)
5
0.8eV—]-“ ']'"
JvBO=13ev Ohed
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and shown in Fig. S2 of supplementary material. However, the ex-
perimental value was calculated using the slope (and Eq. (4)) derived
from the I-V curves in the thermionic emission range (0.0-0.5V) and
represented as red histograms in Fig. 1. It was evident that the ideal
value of @pg is higher than its experimental value in all devices except
5-ZnO. The ideal value for g varied between 0.7 and 1.3 eV, while the
experimental value were more reliable and remained within 0.6-0.9 eV.
The perturbations obtained in the @g, of GaN were attributed due to the
presence of surface/interface states, contacts inhomogeneity, defect
states and most importantly FL pinning [26]. Besides, the presence of
surface/interface dipole generates an interface potential which hinders
the performance of SBD and thereby alter the barrier height. The ide-
ality factor of the fabricated SBD varied between 2 and 4, although, the
value of n for B-GaN and B-ZnO has no physical significance (due to the
absence of diode characteristics). In SBD, the value of n for 2, 5 and 8-
ZnO was obtained to be 2.1, 3.0 and 2.0. Interestingly, the ideality
factor for 5-ZnO reflected an adverse behaviour. Therefore, we analysed
the electronic structure of the SBDs in detail to explore the reason be-
hind such odd value of ideality factor (as explained in next sections).

In order to realize the performance of fabricated Schottky barrier
diodes for photo-sensing applications, the devices were subjected to UV
detection measurements. All the important figure of merit device
parameters (e.g. responsivity, detectivity, switching time etc.) which
governs the efficiency/reliability of a UV detector, were calculated
using standard procedure [27,28]. It was observed that the spectral
response curves of the fabricated Schottky barrier UV PDs (as shown in
Fig. 2) revealed a good photodetection in the UV regime (upto 380 nm)
with a visible-blind photosensitivity under self-powered operation
mode [1]. The peak responsivity of the UV PDs obtained in the wave-
length range of 360-380 nm (at 0 V bias), was attributed to the bandgap
of GaN and ZnO (corresponding to 3.37-3.41 eV). However, the pho-
toresponse below the bandgap (i.e. 280-360 nm) of material could be
attributed to two-photon absorption (TPA) leading to photon absorp-
tion in forbidden gap. The TPA phenomenon in predominant in III-V
materials (and other wideband gap materials) and Schottky barrier
heterostructures where the dimension of device is narrowed [1,29-34]
(associated with the nano-regime thickness of the overlayer in present
scenario).

Further, the performance of the UV PDs was compared at two dif-
ferent external bias conditions (0 V and 1 V). Interestingly, all the de-
vices divulged self-powered operation (i.e. 0 V external bias) along with
an increment in responsivity & detectivity at applied bias (i.e. 1V) as
shown in Fig. 3. The figure of merit parameters of the UV PDs at 0 V and
1V applied bias is tabulated in Table 1 for better comparison. The
analysis revealed that the responsivity as well as detectivity of the PDs
increased significantly with applied bias (i.e. 1 V). The responsivity of
8-Zn0 based UV PDs was highest at both self-powered (95.8 mAW 1)
as well applied bias (225.4 mAW ') condition with respect to other
devices. On the other hand B-ZnO (at 0 V) and 5-ZnO (at 1 V) disclosed
highest detectivity, while least responsivity was obtained for 5-ZnO (at

8-ZnO

CBO = 1.04 é'v—l_
®

11ev |

I VBO =0.90 eV

ZnO GaN

Fig. 5. Band bending and measured valence band offset at the ZnO/GaN interfaces.
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0V) and B-ZnO (at 1V), respectively. The obtained values of re-
sponsivity were much higher than previously reported values on ZnO/
GaN heterostructures (including hybrid structures) based UV PDs (see
Table 2). Also, the fabricated UV PDs divulged faster photoswitching
rate with a response & recovery time ranging from of milliseconds to
few hundred microseconds (Table 1). Though, the response time of the
devices was higher under self-powered operation, it was reduced
drastically at applied bias (i.e. 1 V). The higher response time of the UV
PDs under self-powered operation mode was ascribed to absence of a
driving force (or potential) associated with external bias which is pre-
sent at 1 V.

In order to develop a deeper insight of underlying science to un-
derstand the reason behind increment in responsivity/detectivity with
ZnO thickness, we correlated it with the surface/interfacial properties
(band offset, bending, defects etc.). The XPS spectrum of Ga (3d) & Zn
(3d) core level (CL) along with valence band (VB) spectra with respect
to binding energy (BE) is represented in Fig. 4 (position/contribution
tabulated in Table 3). The spectra shows peak at ~9.6 eV & ~20.0 eV
corresponding to Zn (3d) & Ga (3d) CLs while the additional peak lo-
cated at ~22.0 eV observed in 5-ZnO and 8-ZnO was assigned to O (2s)
CL. To identify the nature of oxidation states and the expanse of oxygen
vacancies, O (1s) CL spectra (located at ~531 eV) of the grown het-
erostructures was deconvoluted into 5 components viz. Zn-O, GaxOy,
Ga,05; (0%7), Oxygen vacancies (Ov), Hydroxyl species (OH™) and
adsorbed water molecules (H,O) at their respective BE positions
[35-37]. The most interesting observation witnessed was the suppres-
sion of oxygen vacancies (Oy) associated defect states with ZnO thick-
ness. The results divulged that the increment in ZnO thickness (from
2nm to 8 nm) lead to reduction in Oy (52% to 18%) and increment in
Zn-O associated peaks (30% to 60%) in the deconvoluted O (1s) CL.
Though, the contribution of hydroxyl species (OH ™) remained in the
close vicinity of each other (from 18% to 22%).

To securitize the degree of near surface localized band bending
(BB), the BE position of Ga (3d) and Zn (3d) CLs were employed to
calculate the BB on either side of the interface [38]. Though, for de-
veloping a better insight of BB at the interface, it is essential to explain
about electronic states at the interface developed form surface states
(and induced FL pinning) of GaN and the charge transfer from ZnO.
Surface states originate from the interaction of unpaired electrons in
dangling bonds of surface atoms due to termination of lattice periodi-
city which possess different and independent energetics/electronic
structure from the bulk semiconductor (as the density of surface states
is very large i.e. ~10'® cm~?). An upwards BB indicates accumulation
of holes (i.e. acceptor states) while downwards BB is a signature of
accumulation of electrons (i.e. donor states). Though, a flat band con-
dition signifies absence of charge transfer from bulk to surface. Such
phenomenon occurs most specifically in materials with inherent po-
larization effect (quantum confined stark effect) where the seeding
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polarity (and surface termination) decides the direction/nature of po-
larization induced charge accumulation (i.e. electrons or holes) on the
surface/interface [38]. In GaN, the direction of spontaneous polariza-
tion (dominating total polarization) is directed from bulk to surface in
Ga-polar and surface to bulk in N-polar GaN film. It yields negatively
bound charges on the surface of Ga-polar and positive bound charges on
the surface of N-polar GaN film [39] which can be observed via shift in
CLs. The obtained results demonstrated an upwards BB in GaN inter-
facial region, while the BB along ZnO region varied indifferently. In-
itially at 2nm ZnO thickness, a downwards BB was perceived, which
was transformed to a flat band (FB) and an upwards BB state with in-
crease of overlayer thickness to 5nm and 8nm, respectively. The
schematic representation of BB (and band offsets) at the interfaces is
shown in Fig. 5. The perturbation in the nature of BB is relative to the
pinning of FL in GaN and the contribution of Oy in ZnO. The FL was
pinned at 1.8 eV above the VB in GaN (bulk) which reveal N-rich [40]
(i.e. accumulation of acceptor states) surface while the concentration of
Oy in ZnO varied differently. GaN displayed formation of depletion
layer on the surface persistently while BB of ZnO showcased formation
of accumulation, flat band as well as depletion region depending on
overlayer thickness. The mechanism of BB along ZnO interface can be
explained on the basis of its atomic structure and bonding states. First,
the wurtzite ZnO crystal structure has a four-fold coordination, the
higher concentration of Oy would lead to enhanced donor states at the
interface originating from excess zinc (which reduced with reduction in
the concentration of Oy) and vice versa. The excess zinc in the ZnO may
act as interstitial centres (Zn;) and assist in the development of donor
like states. Second, since metal pursue small screening length (of atomic
sizes) in comparison to semiconductors [41], the conversion of accu-
mulation layer to flat band and depletion layer with reduction in the
concentration of Oy and increment in ZnO thickness is acceptable. Since
the accumulation of excess or deficit charges (i.e. donor or acceptor
states) at the interface would lead to interface instability, charge
compensation via reconstruction at the interface to neutralise charge
effects (minimum interface energy) takes place. The interfacial re-
construction generates interface dipoles with perturbed energetics
could alter the interfacial band alignment (and band offsets) which is
reflected in the obtained results.

The Surface barrier height (edg), which is the difference between
conduction band minimum and FL was calculated to be 1.4, 1.1 & 1.6
(£ 0.1) eV for 2-ZnO, 5-ZnO & 8-ZnO, respectively. The variation in
surface barrier height could be attributed to the presence of donor/
acceptor states or charges neutrality conditions at the interface of
heterostructure [42]. It is evident that 5-ZnO pursue minimum surface
barrier height (i.e. 1.1 eV) while it was highest (i.e. 1.6 eV) for 8-ZnO
which could be attributed to the flat-band structure at 5-ZnO and ac-
ceptor states at 8-ZnO interfacial region. The valence band offset (VBO)
in the interfacial region was calculated by using following equation
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[43]:

ABy = AEcL — (Esq — Bypm)™™© + (Bzq — Evem)® (5)
where,

AEcy = ((E3q)™© — (Egazg) Ny n0/GaN 6)

The AE( is the CL energy separation between Zn (3d) and Ga (3d)
spectra of the grown ZnO/GaN heterostructures while (Eq, —
Even)™2@! js separation between CL and VBM of the bulk ZnO and
GaN samples. The VBO values calculated for 2-ZnO, 5-ZnO and 8-ZnO
was observed to be 1.3, 1.0 and 0.9 ( = 0.1) eV corresponding to CBO of
1.4, 1.1 and 1.0 ( £ 0.1) eV, respectively. The results decipher the
disparity of calculated VBO at ZnO/GaN interface in the reported lit-
erature and support the argument of perturbation in VBO due to
overlayer thickness and interface dipole. Besides, it can also be vali-
dated that the ZnO/GaN interface has a Type-II band alignment along
with VBO nearly equal to 1.0 eV. It is noteworthy to mention that the
band offset doesn't depend on crystal structure but on atomic density
which governs the interface dipole and hence lead in discontinuities in
measured VBO.

For the investigation of defect states at the interface, room tem-
perature PL measurements of the heterostructures were performed (as
shown in Fig. 6). The peaks located at 361 and 377 nm were attributed
to the characteristic near band edge (NBE) emission from GaN and ZnO
film, respectively. A broad defect band (DB) ranging from 400 to
700 nm, associated with the inherent defect states and corresponding to
the dominating blue, green and yellow luminescence (BL, GL & YL) was
also observed [2,44]. The intensity of peak located at 361 nm (corre-
sponding to GaN) was decreased with increment in overlayer thickness
displaying strong emission from ZnO. It is evident that B-GaN pursue
traces of BL (432nm) & YL (548) along with donor-acceptor pair
(368 nm), though GL (504 nm) was predominant in B-ZnO. The origin
of DB in GaN and ZnO was attributed to the presence of inherent defect
states associated with point defects, dislocations, vacancies, inter-
stitials, dangling bonds etc. [44-46]. Since identical GaN epilayer used
for all growth, perturbation in DB was assumed to be originated from
the ZnO/GaN interface (including GaN surface reactions) or ZnO itself.
The DB analysis demonstrates that B-GaN pursue BL and YL at 432 and
548 nm respectively while it display a red shift of 12 nm for 2-ZnO. DB
at 560 nm for 2-ZnO is a superposition of luminescence from defects of
GaN and ZnO, leading to a yellowish-green emission at 560 nm [47,48].
Further, a blue of shift of 28, 44 and 56 nm was observed for 5-ZnO, 8-
ZnO and B-ZnO revealing strong GL with increment in ZnO thickness
[48]. Though the intensity ratio of NBE and GL (Inpe/IgL) varied in-
differently and showed maximum value for 5-ZnO sample. Since the
origin of the dominating defect states of ZnO (i.e. GL) remained in
debate, it was ascribed to various factors such as oxygen & zinc va-
cancies (Vo & V), interstitials (O; & Zn;), antisites (Zngp) and transi-
tions (Zn; to Vz,) though many factors may be involved simultaneously
[44]. The XPS analysis revealed that the concentration of Oy decreases
from 2-ZnO to B-ZnO along with reduction in donor states (i.e. excess
zinc). The excess zinc (originating due to Oy) leads to the development
of interstitial centres (Zn;) forming shallow levels (concentration de-
creasing 5, 8 and B-ZnO) are highly responsible for GL in ZnO [49].

The PL data revealed two major questions as: 1) why there is a shift
in DB and 2) the reason behind the fluctuation in the intensity of DB.
Since the origin of DB in ZnO is mostly associated with vacancies and
interstitials, the variation in the concentration of these defect states led
to observed shifts in the DB. Initially at lower ZnO thickness, the con-
centration of Oy is very high which indicates that Oxygen leaves the
intrinsic site and occupies the interstitial site (O;) along with the for-
mation of Zn; due to limited surface reaction and unsaturated co-
ordination. These shallow level and deep acceptor defector type of
defects lead in high low energy luminescence (higher wavelength),
besides the contribution of defects states from GaN in superposition
with these luminescence yields a higher wavelength yellowish-green DB
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emission spectra (at 560 nm) [50]. As the thickness of ZnO increases,
the concentration of Oy (including Zn; and O;) decreases, leading to a
strong dominant GL emission at its designated position of ~500 nm
[51]. In this scenario, the contribution of O; (and associated YL emis-
sion) is significantly suppressed and the surface reaction doesn't permits
migration of atoms due to higher atomic coordination and lower des-
orption (i.e. increment in overlayer thickness). GL originates from the
radiative recombination from the shallow donor levels to deeply
trapped holes at Oy and thereby its intensity should be decreased with
reduction in Oy (as witnessed via XPS and PL results). Since the shallow
donor centres pursue multiple sub-states, a wide spectrum of defect
related GL emission (490-550) is obtained [52,53]. The aforemen-
tioned explanation divulges the reason behind the observed blue shift in
DB (question 1) and indicates that the intensity of DB should also be
decreased with overlayer thickness, though an ambiguity was witnessed
in the case of 5-ZnO. The position of GL is a reflection of defect states at
the surface and interface of the ZnO film. Tay et al. [52] has reported
that the GL from ZnO can be identified into two characteristic emissions
according to their emission energy (high or low). The higher energy
emission (lower wavelength, 504 nm) was attributed to the surface
modification/reconstruction via Oy while the lower energy emission
(higher wavelength, 550 nm) was ascribed to the Oy in the bulk ZnO.
Since interfacial mechanisms (dipoles, BB etc.) were prominent in 2-
ZnO & 5-Zn0, it displayed low energy emissions while the emission
shifted towards higher energy as the surface modifications/re-
constructions became dominant in 8-ZnO & B-ZnO with increment in
ZnO thickness. In order to answer the question 2, we have probed the
surface and interfacial reactions and defect states in the ZnO/GaN
heterostructures. The PL results demonstrate that B-GaN as well as the
B-ZnO pursue very small amount of DB and hence the 2-ZnO & 5-ZnO
displayed lower intensity of DB. In case of 5-ZnO, the defects states
were significant due to lower thickness of ZnO as well lower con-
tribution from GaN, so it yielded higher intensity of DB with respect to
2-Zn0 & 8-ZnO.

Finally, correlating the increment in responsivity/detectivity of the
fabricated UV PDs with ZnO thickness, we observed that 8-ZnO pursue
least amount of defects associated with of Oy and Zn interstitials along
with an upwards BB, lowest barrier height and VBO at the interfacial
region. The high optical response also divulged suppression of defect
states with strong near band edge emission, while I-V curves corre-
sponded to decrease in threshold voltage. The aforementioned ex-
planation indicate that absorption of incident photons and the con-
duction of photogenerated carriers is prominent in 8-ZnO, which
facilitate higher flux density per unit area and thereby yield increases
the responsivity. Also, the modulation in barrier height (SBH) across the
metal-semiconductor  (Au-ZnO/GaN) and semiconductor-semi-
conductor (ZnO-GaN) interfaces would be dominating in 8-ZnO (due to
highest overlayer thickness) which encourages easier carrier transport
and limited reverse saturation current density [54] ultimately leading
to higher efficiency of the photodetector.

4. Conclusion

The present article demonstrates the dependence of ZnO/GaN based
Schottky barrier photodetectors on ZnO overlayer thickness. The
overlayer thickness induced perturbations in electronic structure and
defects states at ZnO/GaN interface were thoroughly analysed and
correlated with device performance. Significant reduction in the con-
tribution of oxygen vacancies (and interstitials) and VBO at the ZnO/
GaN interface was perceived with increment in ZnO thickness (from
2nm to 8nm). This reduction was attributed to interface dipole
strength along with dramatic change in localized BB (downwards-flat-
band-upwards). The current conduction was significantly improved
with ZnO thickness, though an anomaly in Schottky barrier height and
ideality factor was perceived in heterostructure having ZnO thickness of
5 nm. The photodetection measurements divulged a peak responsivity &
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detectivity of 225mA/W ™! & 48.3 (x10'?) Jones with a high speed
photoswitching (upto 20ms) and repeatable response for over five
photodetection cycles. This studies reveals the underlying interfacial
science at the ZnO/GaN interface which would assist in optimizing the
performance of ZnO/GaN heterostructure based devices.
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