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ping synergism towards
luminescence and electrical properties of ZnO/p-Si
heterojunction diodes†

Ganesha Krishna V. S. and Mahesha M. G. *

In this study, we investigated the impact of divalent dual dopants on ZnO by examining the structural and

spectroscopic properties of (Mg,Mn)-doped ZnO thin films deposited using spray deposition technique.

Also, we analysed the current–voltage (I–V) characteristics of (Mg,Mn)-doped ZnO/p-Si heterojunctions

for potential light-emitting applications. X-ray diffraction of (Mg,Mn)-doped ZnO on glass substrates

reveals a compression along the c-axis and a reduction in crystallite size compared to the Mn-doped

ZnO film. Moreover, the band gap of Mn-doped ZnO samples increases from 3.29 eV to 3.35 eV with the

addition of the Mg dopant. The optical disorder, as estimated through the Urbach tail, increases from

0.33 eV to 0.5 eV with an incremental increase in the concentration of Mg. XPS studies confirmed the

substitution of Mn2+ and Mg2+ into Zn2+ in MnMg:ZnO samples. A dominant color of yellow with

wavelength 585 nm was recorded, suitable for yellow emitting devices. In the set of fabricated

heterojunctions of MnMg:ZnO/Si, 2 at% Mg doped MnZnO film showed a low knee voltage of ∼1.8 V. It

was observed that all the MnMg:ZnO/p-Si heterojunctions showed good rectifying behaviour. Various

diode parameters were found using transport models such as TE and Norde, wherein a barrier height of

∼0.6–0.7 eV and an ideality factor in the range of ∼1.5–3 was observed. Retention of good crystallinity,

slight band gap tuning, apt barrier height, low sheet resistance, and better emission properties were

identified for the prepared MgMn:ZnO thin films that find application in optoelectronic devices.
1 Introduction

Zinc oxide, one of the most widely explored n-type metal oxide
semiconductor materials, nds application in various opto-
electronic devices with its unique material properties in
conjugation with inexpensiveness, non-toxicity, and natural
abundance. However, pure ZnO is unstable due to thermal
edging or corrosive environment and the presence of point
defects makes it resistive.1 To stabilize the ZnO system and
widen the potential application of ZnO, suitable dopants that
bring out the required changes in the properties of ZnO are of
research interest. The direct wide band gap of ZnO can be
modulated by doping, from which the electronic properties are
controlled. II/III group elements are doped to boost the
constancy and performance of ZnO. The properties of the ZnO
thin lms doped with different dopants have been extensively
studied over the decades. However, co-doping of ZnO is less
reported and the study of the effect of dual doping is
unmapped. Most of the literature reports on the group-III
elements doped ZnO that enhance the conductivity.2
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Codoping in ZnO using various elements such as (Al,Fe),3

(Al,Sc),4 (Al,Ga),5 (Ga,B),6 (Fe,Al),7 (Al,F),2 (N,Cu),8 (Ag,N),9

(F,Ga),10 (Mn,Co),11 (Li,Er),12 (Al,Co),13,14 (Co,Cu),15 (N–Al),13

(In,N),16 (Li,N),17 (Ag,N)18 and (Ce,Al)19 have been reported for
LED, ferromagnetism, ammonia detection, transparent con-
ducting material, optoelectronic, perovskite solar cells, lumi-
nescence, magnetic, p-type and electric device applications.
Amongst the applications, LED attracts more attention because
of its advantages over conventional light sources. A variety of
elements such as gallium, indium, and arsenic have been used
to fabricate LED. Tin and zinc which are less expensive are also
used in LEDs. It is noteworthy to mention the fact that many
optoelectronic properties of ZnO are fairly similar to that of
GaN, which is typically used for LED fabrication20 such as ZnO,21

ZnO:Ga,22 and Mg, Ce:ZnO.23 From the literature, it can be
comprehended that either two or three-color emitting systems
are used to harvest different colors of emission in LED. So, by
the combination of different dopants having emissions in
entirely different ranges, the emission of the nal device could
be tuned. ZnO has emission in the UV region (∼370 nm).24

Reports mention the difficulties in obtaining lighter colors in
as-deposited ZnO.25–27 It is observed that upon co-doping ZnO
with divalent impurities, the concentration of intrinsic defects
such as oxygen vacancy, interstitial Zn, and antisite oxygen
varies,28 resulting in different emission than that of the host.11
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Mg is a known dopant for the enhancement of the band gap of
the host, with a wide emission in the wavelength range of 550–
650 nm (green-red).27,29 ZnOMg2+ and Zn2+ have similar ionic
radii because of which the lattice distortion can be minimal.
Also, the electrical behaviours of ZnO diodes were signicantly
enhanced by the incorporation of Mg2+ into ZnO with a high
rectifying ratio and low dark current.30 Similarly rectifying
nature was observed in Mn doped ZnO prepared on silicon
substrates,31 and has emission in the blue wavelength
region.24,26 Therefore, with the Mg dopant covering green to red
emission, and Mn dopant covering the blue regime of the
visible spectrum, the suitable mixture of the two dopants is
expected to give a color coordinate more towards 0.33 when
compared to the reported color coordinates of ZnO thin lms,
(0.155, 0.032).32 While choosing the dopant concentration, it is
to be noted that the solubility of MgO in ZnO is minimal at high
dopant levels.33 Similarly, when the Mn dopant level is higher
than the critical level, which is nearly 2 at%, the luminescence
properties are quenched.34 Therefore, xing the low level of the
Mg and Mn dopant concentration is required to avoid phase
separation with a high level of Mg in ZnO.35 Therefore, the Mn
concentration was xed at 2 at%, and Mg concentration
increased up to 4 at%. Moreover, so far little attention is given
to the group II elements dual doping on ZnO, and its spectro-
scopic characterization.

Both physical and chemical methods have been used for the
deposition of the ZnO thin lms such as physical vapor depo-
sition,36 sputtering,37 successive ionic layer deposition,38 sol–
gel,39 chemical bath deposition,38 and spray pyrolysis.40 Among
the processes, spray pyrolysis is an industrially benecial large
area deposition technique. In spray pyrolysis, doping is much
easier and high quality, and controlled deposition is possible,
Fig. 1 Schematics of experimental details of heterojunction formation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
even if the dopant number is higher. The present manuscript
deals with the structural, and spectroscopic studies of the
(Mn,Mg) doped ZnO lms. Further, Ag/(Mn,Mg)ZnO/p-Si/Ag
heterojunctions were fabricated and their electrical properties
were studied. Growth and device properties of (Mn,Mg):ZnO/p-
Si heterojunctions are presented. I–V characteristics indicated
the sufficiently high carrier concentration of (Mn,Mg):ZnO to
form a p–n junction. Because of the low cost, excellent quality,
and large area availability of Si wafers, integrating well-
established Si electronics with ZnO based optoelectronic
devices becomes industrially benecial. Much effort is made-for
to grow high quality ZnO on Si which is a challenging task for
diode applications.
2 Experimental details

The (Mn,Mg)ZnO thin lms were deposited using a computer-
assisted Holmarc spray pyrolysis apparatus with various Mg
dopant concentrations. Both soda lime glass and silicon
substrates were placed on the substrate heater at 648 ± 5 K
simultaneously. Prior to the deposition, soda lime glass was
cleaned by the standard procedure of cleaning in laboline,
ultrasonication in DI water, and HCl acid treatment, followed by
distilled water, isopropyl alcohol, and acetone. Substrates were
dried in nitrogen gas. Silicon substrates were cleaned by HF
treatment. At rst, substrates were thoroughly washed in
ethanol ow for 15 min, followed by 2% HF treatment for
15 min. Finally, the substrates were checked for the absence of
adhesive forces between the substrate and distilled water. Fig. 1
displays the schematics of the steps involved in spray coating of
the samples. At a spray rate of 1 ml min−1, 0.05 M stock solution
of Manganese chloride in water, magnesium chloride in water,
RSC Adv., 2023, 13, 32282–32295 | 32283
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and zinc chloride in water were sprayed to make up to 0.6 mm
thick lm on the glass substrate. The thickness was estimated
using the Bruker stylus prolometer. At the same time, HF
cleaned 2.5 × 2.5 mm p-silicon substrates were used to fabri-
cate heterojunction. The silver contacts for the diodes were
made using the physical vapor deposition method. Samples
have been named as S0, S1, S2, S3, and S4 for 0 at%, 1 at%, 2
at%, 3 at%, and 4 at% Mg doped Mn0.02Zn0.98O thin lms on
soda lime glass. Similarly, the lms on silicon substrates are
named M0, M1, M2, M3, and M4 respectively.

Structural properties of the samples are analysed using X-
ray diffractogram (XRD) (Rigaku SmartLab) with Cu Ka (l =

1.504 Å) radiation. Surface morphology was characterized
using a scanning electron microscope (SEM) (ZEISS), linked
with energy dispersive X-ray analysis (EDX), which was oper-
ated at an accelerating voltage of 12 kV. Transmittance
spectra were recorded using a UV-vis spectrophotometer
(SHIMADZU UV 1800) aer nullifying the optical effect from
the glass substrate. Photoluminescence (PL) spectra were
recorded (Jobin Yvon FLUOROLOG-FL3-11) using a Xenon
lamp, and PMT detector, with 0.2 nm resolution at an exci-
tation wavelength of 320 nm. Raman spectra (Horiba Jobin
Yvon HR800-UV) were recorded with an excitation source of
532 nm and an Olympus BX41 confocal micro-Raman spec-
trometer. XPS (PHI 5000 VersaProbe III) recording was carried
out using a C60 ion gun and X-ray source of Al Ka 1486.6 eV
Fig. 2 Scanning electron micrographs of (Mn,Mg):ZnO thin films.

32284 | RSC Adv., 2023, 13, 32282–32295
with a step size of 0.05 eV. Current–voltage (I–V) curves for the
(Mn,Mg)ZnO/p-Si diodes were recorded by Keithley 2450
source meter.
3 Results and discussions
3.1 Surface morphology and structural properties

Fig. 2 displays the morphology of samples by SEM. All samples
with evenly distributed grains exhibited uniform surfaces. On
the surface of the samples S2 and S3, voids were observed. Mn-
doped ZnO with dense granular morphology without any clus-
ters indicates the aptness of the material surface for LED
fabrication. Upon the addition of Mg, bean shapes appeared.
The sizes of grains observed from the SEM are determined using
the ImageJ soware and are given in Table 1. The composition
of elements in the samples observed from EDX is given in Table
1. Even though the Mn concentration kept constant, with the
addition of Mg, Mn concentration decreased but remained
nearly constant in all samples. Maintaining or controlling the
stoichiometry is challenging with the increased number of
elements.2

The XRD of (Mn,Mg)ZnO thin lms are displayed in Fig. 3.
Wurtzite ZnO is a hexagonal crystal in the space group P63mc.
All the samples showed a hexagonal wurtzite structure (JCPDS
card no. 80-0075) with a sharp peak corresponding to the (002)
plane. Zn and O atoms stalked alternatively along the c-axis.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Elemental composition and the grain size observed from EDX for (Mn,Mg):ZnO thin films

Sample Zn O Mn Mg
Mn/(Mn +
Mg + Zn)

Mg/(Mn +
Mg + Zn)

Zn/(Mn +
Mg + Zn)

Grain size
(nm)

S0 42.29 56.86 0.85 0.00 0.020 0.000 0.980 230
S1 44.28 54.1 0.69 0.93 0.015 0.020 0.965 313
S2 46.67 51.66 0.45 1.21 0.009 0.025 0.966 358
S3 44.23 53.85 0.48 1.44 0.010 0.032 0.958 286
S4 46.96 50.25 0.73 2.06 0.015 0.041 0.944 392

Fig. 3 (a) XRD (b) W–H plot (c) Raman spectra (d) Tauc's plot for energy band gap estimation (inset: Urbach energy plot) for (Mn,Mg):ZnO thin
films.
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The position of the (002) peak shied towards higher 2q values
with the increase in Mg dopant concentration. The shi in the
peak position of S1 (ESI Fig. S1†) indicates the expansion of
the unit cell upon the addition of Mg into the S0.40,41 The
Table 2 Structural parameters obtained from XRD for (Mn,Mg):ZnO
thin films

Sample

Lattice
parameter (Å)

Cell volume V
(Å)3

Crystallite size D
(nm)

a = b c Scherrer WH

S0 3.014 5.220 47.4 21.0 24.3
S1 3.011 5.215 47.3 20.0 22.2
S2 2.992 5.183 46.4 19.0 22.5
S3 2.992 5.183 46.4 18.7 20.3
S4 2.994 5.186 46.5 19.2 20.2

© 2023 The Author(s). Published by the Royal Society of Chemistry
single-phase purity with no secondary phase indicates the
proper incorporation of Mn and Mg into the ZnO lattice.
Scherrer equation and W–H plot (Fig. 3b) are used to deter-
mine the crystallite size. The crystallite size estimated from the
two methods is given in Table 2. With the addition of Mg, the
unit cell compression occurs. This can be explained based on
the ionic radii of Zn2+, Mn2+, and Mg2+ as r (Mg2+) = 0.57 Å < r
(Zn2+) = 0.60 Å < r (Mn2+) = 80 Å.42 Crystallite size calculated
using (002) reection decreased slightly with the addition of
Mg into MnZnO. The slight decrease in the size caused by the
increase of Mg doping may be due to the gradual deterioration
of ZnO crystallinity, due to the lattice disorder and strain
induced by the Mg2+ substitution.42 However, as the Mn2+

dopant causes higher strain due to its larger radius, on the
other hand, the Mg2+ dopant with a slight difference in ionic
radius in comparison with Zn2+, does not induce signicant
reduction of the crystallite size.
RSC Adv., 2023, 13, 32282–32295 | 32285
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3.2 Raman spectroscopy

Raman spectra of (Mn,Mg)ZnO thin lms as a function of Mg
concentration are investigated. The optical phonons of ZnO are
A1 + 2B1 + 2E2 + E1, with E modes as two-fold degenerate. A1 and
E1 are polar phonons that exhibit different frequencies for TO
and LO modes. E2 is a non-polar mode and has two frequencies
E2 high and E2 low associated with oxygen atoms and Zn sub-
lattices. B1 is a silent mode. Raman spectra for the (Mn,Mg)ZnO
lms are presented in Fig. 3c. It mainly consists of low and high
modes of E2 symmetry at 99 cm−1 and 437 cm−1. Raman line
near 570 cm−1 corresponds to LO phonon mode with A1

symmetry. Raman line in the range of 320–330 cm−1 corre-
sponds to either multiphonon scattering or from the sp–
d interaction at defects like oxygen vacancy. The intensity of this
line is low indicating the low oxygen vacancy, thereby high
resistivity of the samples.11,43 A Raman line near 520 cm−1

corresponds to the Mn-related scattering and is present in the
spectrum for all samples.44 S. A. Azzez et al.29 have observed the
stronger and sharper E2 mode (at 437 cm−1) with the addition of
Mg into the ZnO system. This revealed the better crystallization
upon the Mg substitution into Zn. E2 high and low modes are
associated with oxygen atoms and Zn sublattice respectively.45

Like the ref. 29, in the present Raman spectra, the intensity of
the E2 mode at 437 cm−1 increased with the addition of Mg into
the ZnO, and the corresponding Raman line became sharper.
This indicated the improved crystallinity of MnZnO upon the
addition of Mg dopant. In support, the Mn-related Raman line
has shown a lowering of linewidth. This could also be due to low
Mn concentration in S2, S3 and then rise for S4 samples (as
observed from EDX). Raman line frequency shi in LO phonon
mode and its appearance is related to the oxygen defects,
interstitial zinc, and free carriers. The connement effect of
optical phonons leads to symmetry and broadening of E2

mode.46 E2 modes are nonpolar and have a low frequency mode
related to heavy Zn sublattice and high frequency E2 high
associated with oxygen atoms only.45 The origin of the A1 LO
mode is due to the zinc interstitial defect.44
3.3 Optical properties

Mg dopant eases band gap widening. The optical band gap of
each sample was estimated by employing Tauc's relation. From
the (ahn)2 vs. hn graph (Fig. 3d), where a is the absorption
coefficient, hn is the incident energy of the photon, the band gap
for all samples measured. The band gaps of MgO (7.8 eV)47 and
MnO (4.2 eV)24 are much higher than that of ZnO (3.2 eV).11
Table 3 Optical parameters obtained from the UV-vis spectroscopy

Sample Transmittance
Band gap
(eV) NEAR

Urbach energy
(eV)

S0 86 3.29 0.54 0.33
S1 78 3.32 0.60 0.33
S2 78 3.35 0.60 0.42
S3 72 3.33 0.58 0.44
S4 69 3.30 0.51 0.51

32286 | RSC Adv., 2023, 13, 32282–32295
Therefore, the addition of Mg and Mn into the ZnO is expected
to increase its band gap. However, there is an anomalous vari-
ation in the energy band gap with the variation in dopant
concentration as given in Table 3. For the short-range, para-
magnetic phase of Mn in ZnO, band gap bowing could be
explained by the second-order perturbation theory. The intense
interaction between d electrons of Mn and s or p electrons of the
host bands should be considered. Independent of temperature,
the exchange constant involving s-states reduces the conduc-
tion band bottom level, and p-states raise the top level of the
valence band.48 Thus, the band gap of the material varied with
the Mn concentration. i.e., a small increment in the Mn
concentration decreased the band gap. The electron in the
uppermost level of the valence band gets excited by the
absorption of the photon into the lowermost level of the
conduction band. Amorphous solids or thermal vibrations or
defect centres induce disorder in these electrons. As a result, the
density state of electrons along the band edges tails towards the
band gap, known as Urbach tailing. The signicance of this
tailing is quantied using the NEAR49

NEAR ¼ a
�
Eg

�
a
�
1:02Eg

� (1)

Samples with NEAR value approaching 0 are less defective,
and that towards 1 are high defective. NEAR for samples was
found in the range 0.5 to 0.6; therefore, a signicant band
tailing is present in the band gap. The, Urbach energies Eu for
samples were calculated using

ln a ¼ ln a0 þ hn

Eu

(2)

A plot of ln a vs. hn as shown in Fig. 3d inset. The Urbach
energies for samples lie in between a minimum of 0.33 eV for S1
to a maximum of 0.5 eV for S4.
3.4 Photoluminescence

The presence of point defects in the thin lm was identied by
recording the PL spectra (Fig. 4a). Emission spectra for all the
samples were recorded to study the effect of the dopant on the
color and defect properties of ZnO. In general, PL spectra
consist of near band edge (NBE) and other defect-related
emissions. Aer baseline, the present spectra are deconvo-
luted to arrive at the emission characteristics. Free exciton
recombination yields emission at 380 nm for Mn-doped ZnO.
The transition of an electron from the conduction band to the
zinc vacancy could result in an emission at 400 nm.50 Doped
lms in the present study are zinc decient. Therefore, this
emission is assigned to zinc vacancy. Visible emission origi-
nated from intrinsic and extrinsic defects like vacancies, inter-
stitials, and dopants. Green emission observed in the
wavelength range of 530–540 nm is assigned to Mg dopant.
Moreover, Cheol Hyoun Ann et al.51 have reported the green
emission from the oxygen-decient ZnO sample, attributed to
the oxygen vacancy. Bixia Lin et al.50 have reported the emission
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) PL spectra, variation in (b) peak position (c) intensity (d) width (e) area observed from the deconvoluted PL spectra with the variation in
Mg concentration (f) intensity and area ratio of PL peaks related to Mn and Mg defect (g) plot of log(I/x) vs. log x (h) CIE chromaticity diagram (i)
color temperature for (Mn,Mg):ZnO samples.
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at 544 nm in ZnO to the oxygen interstitials. However, all doped
lms in the present study are zinc decient, and the peak cor-
responding to the green emission in the 530–540 nm range does
not shi according to oxygen composition (Fig. 4b). However,
the peak shied towards a higher wavelength with the Mg
concentration. Therefore, it is evident that the green emission
originated from the level corresponding to the extrinsic Mg
dopant defect. Red emission observed at 700 nm is due to the
transition of electrons from oxygen vacancy to the valence
band.21 Similarly, the emission at 750 nm corresponds to the
transition of an electron from the conduction band to the
oxygen vacancy.21 The orange emission observed in all samples
in the range of 580–600 nm corresponds to the Mn dopant. The
emission at 640 nm corresponds to the transition between Zn
and O interstitials.51 It could be observed that for the MnZnO
sample, the orange emission was very high. As Mg was doped
into the MnZnO, the intensity of the orange emission
decreased. The intensity of the blue emission peak increased
with the Mg dopant. The intensity of the red emission peak also
© 2023 The Author(s). Published by the Royal Society of Chemistry
increased with theMg dopant. The intensity of both the peaks at
700 nm and 750 nm was low for MnZnO lm (Fig. 4c). The
oxygen content for this lm was higher than any other sample
in the series. As Mg was introduced, the oxygen content was
observed to decrease, meanwhile the intensity of the red emis-
sion increased. Therefore, the explanation for the red emission
based on the transition between bands and oxygen vacancy is
well evident. PL peak width corresponding to the Mg dopant
sightly increased with Mg concentration; at the same time, the
peak width of Mn-related orange emission had a decreasing
trend. This indicates that the green emission from the Mg
dopant increases at the cost of the orange emission from Mn
defects. The blue emission peak width nearly remained
constant, indicating the presence of zinc vacancy. Peak widths
of the red emission slightly varied according to oxygen
composition (Fig. 4d). The variation in the area and the ratios of
the intensities are given in Fig. 4e and f.

The concentration quenching mechanism is understood by
obtaining the slope of log(I/x) vs. log x, where I is the PL
RSC Adv., 2023, 13, 32282–32295 | 32287

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06140j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 2
:2

0:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
intensity, and x is the doping concentration. The equation
follows

I

x
¼ K

2
41þ bðxÞq3

3
5

�1

(3)
Table 4 Emission parameters obtained from PL data for (Mn,Mg):ZnO
thin films

Sample (x, y) CCT (K)

S0 (0.403, 0.381) 3478
S1 (0.457, 0.391) 2576
S2 (0.393, 0.367) 3604
S3 (0.383, 0.365) 3839
S4 (0.401, 0.386) 3558

Fig. 5 XPS core spectra of MnZnO (S0) sample (a) C 1s, (b) Zn 2p, (c) Zn

32288 | RSC Adv., 2023, 13, 32282–32295
where b and q are constants, with q = 6, 8, and 10 for the
mechanisms dipole–dipole, dipole–quadrapole and quadra-
pole–quadrapole. From Fig. 4g, the slope is nearly 3, indi-
cating the non-radiative energy transfer among adjacent Mn2+

ions.
In the present study, diodes were fabricated by depositing

Mg–Mn doped ZnO on p-Si, with color coordinates (0.383,
0.368) to (0.457–0.391). The color parameters were deter-
mined to get an insight into the possible color application of
the diode. Emitted colors from the samples are plotted (x, y)
in the CIE color space as shown in Fig. 4h. This CIE color
space is used to calculate color parameters like dominant
wavelength, luminous efficiency, correlated color tempera-
ture (CCT) (Fig. 4i). Linearity of color space X, Y, Z are
given by
3d, (d) Mn 2p and (e) O 1s.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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X ¼ k

ðN
0

PðlÞxðlÞdl; Y ¼ k

ðN
0

PðlÞyðlÞdl and Z

¼ k

ðN

0

PðlÞzðlÞdl (4)

For constant k > 0, the spectral distribution of the given color
is represented by P(l). �x(l), �y(l), and �z(l) show the number of
primaries X, Y, and Z that match the color wavelength (l) of the
visible spectrum. Colorimetric (x, y) coordinates dened by
normalized against X + Y + Z as

x ¼ X

X þ Y þ Z
and y ¼ Y

X þ Y þ Z
(5)
Fig. 6 XPS core spectra of MgMn:ZnO (S2 sample) (a) C 1s, (b) Zn 2p, (c

© 2023 The Author(s). Published by the Royal Society of Chemistry
The obtained (x, y) values for various samples are listed in
Table 4.

The dominant wavelength will specify the wavelength the
light source emits most of the time. (x, y) coordinate is amixture
of saturated light of a specic dominant wavelength and the
white illuminant. A line fromwhite illuminant is drawn through
the sample's color coordinates (x, y) to connect the edge of the
1931 CIE color space. The dominant color observed is yellow
(∼585 nm). Thus, the lms could be used as a yellow phosphor
in lighting applications.

The color of the radiated light is characterized by color
temperature. The correlated color temperature given in kelvin
corresponds to the color of radiation of the black body. Using
Mc Cammy's formula, CCT values were calculated.
) Zn 3d, (d) Mg 2p, (e) Mn 2p and (f) O 1s.
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3.5 X-ray photoelectron spectroscopy

XPS was performed on MnZnO (Fig. 5) and 2 at% Mg doped
MnZnO (Fig. 6) samples to investigate the chemical states of
Mg, Mn, and Zn. XPS spectra were analyzed using the CASA XPS
Demo version. A Tougard background subtraction which is
a mixture of Gaussian and Lorentzian was used. Charge
neutralization was done using the C 1s signal. Two peaks were
Table 5 XPS peak fit results for S0 sample

Element Core level
Binding energy
(eV)

Spin
spli

Zn 3d3/2 91.38 2.96
3d5/2 88.42
2p1/2 1021.52 23.1
2p3/2 1044.6

O 1s 529.64 —
531.30

C 1s 284.50 —
288.45

Mn 2p1/2 652.81 14.6
2p3/2 638.19

Table 6 XPS peak fit details for S2 sample

Element Core level
Binding energy
(eV)

Spin
spli

Mg 2p1/2 48.76 4.19
2p3/2 44.57

Zn 3d3/2 91.39 2.93
3d5/2 88.46
2p1/2 1021.66 23.1
2p3/2 1044.78

O 1s 530.02 —
531.8

C 1s 284.79 —
289.56

Mn 2p1/2 654.79 14.3
2p3/2 640.49

Fig. 7 Anderson's model for the band alignment of ZnO/p-Si heterojun

32290 | RSC Adv., 2023, 13, 32282–32295
observed corresponding to C 1s that arise from C–C or C–H and
C–OH. The carbon correction is therefore done with 284.8 eV.
This process of carbon correction is reported to have an error of
±0.1 eV.

XPS peaks at 638.19 eV and 652.81 eV are associated with the
manganese with j = 3/2 and j = 1/2 in MnZnO (Table 5). In
(Mn,Mg)ZnO lm, it is observed at 640.49 eV and 654.79 eV.
This indicates the +2 valence state of the Mn ions in the ZnO
orbit
tting FWHM Area ratio Assignment

3.05 0.65 ZnO
2.67
1.90 0.49
2.04
1.17 — ZnO
2.03 Mn–O
1.43 — —
3.87
5.77 0.49 Mn–O
5.21

orbit
tting FWHM Area ratio Assignment

3.22 0.50 Mg–O
3.13
3.02 0.67 ZnO
2.58

2 1.95 0.48
2.10
1.23 — ZnO
2.10 Mn–O
1.49 — —
4.09
2.39 0.51 Mn–O
7.30

ction.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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lattice,52 as the metallic Mn peak was observed at 637.7 eV, and
Mn4+ at 642.4 eV.53,54 The intensity of Mn peaks was weak, due to
the low level of Mn dopant concentration. It shows that the
content of Mn ions at the surface is low.55 As the intensity is low,
no satellite peaks could be distinguished. FWHM and area of
Mn 2p1/2 peak is more for S0 than for S2. This indicates that the
Mn concentration in S0 is more than in S2. The spin–orbit
splitting for S0 and S2 were 14.6 eV and 14.3 eV respectively. The
area ratio of the peaks (2p1/2)/(2p3/2) in both samples was nearly
0.5, which is per the j values. Mg 2p XPS peak at 44.56 eV, and
48.76 eV ascribed to the presence of Mg2+ replacing Zn.42,56,57

Adding Mg to the MnZnO can either replace Mn or Zn or form
MgO. In the case of MnZnO, Zn 2p3/2 appears at 1021.52 eV
representing Zn–O bonds. WithMg doping, 2p3/2 shied to high
binding energy, i.e., 1021.66 eV (Table 6). This resulted from the
replacement of Zn by Mg andMn. This also added toMn–Zn–O–
Mg binding energy. The area under the peak for Zn core spectra
was more for S2 than S0 which is in line with the higher
percentage of Zn composition observed in S2 than S0 in EDX.
The zinc-related XPS lines corresponding to the 2p orbit are
separated by 23.1 eV in S0 and S2. These peaks were unaltered
in terms of position, width, and shape. Zn 3d peaks were
observed at 91.38 and 88.42 eV for j= 3/2 and 5/2 respectively. O
1s peak at 529.64 eV corresponds to O2− on the ZnO array.
Higher O 1s binding energies were identied at 530.02 eV with
the addition of Mg ascribed to Zn–O–Mn–Mg bonds.42 O 1s peak
at higher binding energy at 531.3 eV and 531.8 eV is related to
loosely bonded oxygen (adsorbed C–O/C–OH) or the chem-
isorbed53 observed in the core spectra of carbon.

3.6 Electrical properties of (Mn,Mg)ZnO/p-Si
heterojunctions

The illustration of the energy band diagram according to
Anderson's model is built and is depicted in Fig. 7. Band gaps of
ZnO and Si are taken as Eg(ZnO) = 3.3 eV, Eg(Si) = 1.12 eV.58,59

The electron affinity of ZnO cZnO = 4.35 eV, and that of Si, cSi =
4.05 eV. The observed conduction band offset, DEc was only
0.3 eV, and the valence band offset nearly 2.55 eV which is well
suited for diode fabrications.58–61 When the device is operated in
the reverse bias regime, the depletion width of ZnO increases
larger than the depletion width in p-Si. Electron–hole pairs will
be created by band-to-band tunnelling in this depletion layer by
Table 7 Diode parameters for the samples prepared in comparison with

Sample Ideality factor

Barrier

TE mod

M0 1.86 0.67
M1 1.31 0.65
M2 2.08 0.61
M3 2.88 0.70
M4 3.23 0.68
ZnO/p-Si62 1.4–2.2 0.62–0.
LaZnO/p-Si60 2.48–2.92 0.63–0.
ZnO/p-Si59 ∼3.7 0.52
n-ZnO/p-Si58 3.14–3.5 0.66–0.

© 2023 The Author(s). Published by the Royal Society of Chemistry
a high electric eld. Electrons and holes accelerate in the
opposite direction and get sufficient energy to excite Mn andMg
ions by ionization. I–V measurements are used to reveal the
characteristic diode parameters. The I–V characteristics for
(Mn,Mg):ZnO/p-Si at room temperature are shown in Fig. 8a.
Fabricated diodes show p–n junction conrmation by the
nonlinear I–V characteristics. Heterostructures show a recti-
fying diode characteristic with turn on voltage within 3 V and
with low leakage current for all samples (Fig. 8b). From the
Schottky–Mott model, assuming that the current transport
mechanism is controlled by the thermionic emission process,
the forward current is given by eqn (6). A voltage vs. ln(I) plot
was drawn (Fig. 8c). The behavior of the forward I–V curve can
be divided into three parts according to the power law (in log–
log I–V curve, not shown here), wherein below 1 V, a linear
behavior of current with voltage was observed which is due to
the dominant tunnelling mechanism. From 1 V to 3 V, an
exponential increase in current was observed due to the
tunnelling by recombination mechanism. At forward bias
higher than 3 V, the nature of the I–V characteristic deviates
from that of ideal thermionic behavior due to the space charge
limited current conduction. The parameters like ideality factor,
barrier height acquired from the slope, and intercepts of
forward I–V plot in the linear region at low bias voltage. In the
plot of ln I vs. V, the slope = q/hkT, and saturation current I0 is
got by the exponential of intercept, which is substituted in eqn
(8) to obtain barrier height. From the model, current,

I ¼ I0 exp

�
qV

hkT

��
1� exp

�
qV

hkT

��
(6)

I0 was obtained from the intercept of ln(I) vs. V at V = 0.

I0 ¼ AA*T2

��qf
kT

�
(7)

F ¼ kT

q
ln

�
AA*T2

I0

�
(8)

where q is the charge of the electron, V is applied bias voltage, k
is the Boltzmann constant, T is temperature, A is the area of the
diode (0.5 cm2), A* is the Richardson constant (32 A cm−2 K−2),
F is the barrier height, h is the ideality factor. h exceeding unity
(Fig. 8d) attributed to the native oxide layers and the high value
literature

height (eV)
Series resistance
(M-ohm)el Norde model

0.64 68.0
0.64 2.5
0.59 1.7
0.71 5.3
0.70 5.0

72 0.6–0.71 —
68 0.65–0.72 —

— —
79 — —
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Fig. 8 (a) Current vs. voltage curve (inset: log scale) (b) rectification and knee voltage (c) plot of voltage vs. ln I TE model (d) variation of ideality
factor and barrier height (e) plot of F(V) vs. voltage (f) variation of ideality factor and series resistance Norde model for (Mn,Mg)ZnO/p-Si
heterojunctions.
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of h conrms the non-ideal behavior of diode, due to series
resistance and interface layer. It could be seen that as the
ideality factor increased for M4, the barrier height decreased.
When h is higher than 1, the diode is moving away from the
ideality, and the thermionic emission is accompanied by other
transport mechanism. In present samples, the ideality factor
higher than one, indicates additional contribution for the
transport properties from the interface states, barrier inhomo-
geneity, surface oxide on Si, image-force effect, series resistance,
32292 | RSC Adv., 2023, 13, 32282–32295
the tunnelling process, and non-uniformly distributed interfa-
cial charges. For samples M3, and M4, the ideality factors are
2.88 and 3.23 respectively indicating the dominant generation-
recombination mechanism in the space charge region.

Further to determine the series resistance, Norde model was
employed. Norde function is given by

FðVÞ ¼ Vmin

g
� kT

q
ln

IðVÞ
AA*T2

(9)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Rs ¼ kTðg� hÞ
qImin

(10)

f ¼ FðVminÞ þ Vmin

g
� kT

q
(11)

where g is an integer immediately next higher than the ideality
factor obtained from the I–V curve. Eqn (10) provides the series
resistance and 10, the barrier height from the F(V) vs. I curve
(Fig. 8e). The values obtained from Norde's model are listed in
Table 7. The values obtained from the TE model and Norde
model were nearly the same. The theoretical barrier height is
0.7 eV and the experimentally observed value is in the range of
0.6–0.82 eV.58–61 Imin is the minimum value of current corre-
sponding to F(Vmin). The barrier height values varying with the
Mg concentration are given in Fig. 8e.
4 Conclusion

XRD indicates phase pure dual doped (Mn,Mg)ZnO without any
secondary impurity phases related to the dopants Mn, Mg. SEM
showed uniformly deposited lms. EDX showed a precision of
the added and observed elemental composition. Exchange
constant indicating s-states found to reduce the CB and p-states
found to rise the top level of VB that changed the band gaps with
the Mg dopant level. Defect levels of Mn and Mg are observed in
the samples. A dominant wavelength of 585 nm corresponding
to yellow color was observed as suitable for yellow LED. Raman
spectra showed LO mode and multiphonon scattering from sp–
d interaction at oxygen vacancy. Raman line shis and widths
indicated the defects in the sample. Formed ZnMnMgO/p-Si
diodes showed low threshold voltage for 2 at% Mg doped
MnZnO along with low leakage current suitable for LED. XPS
showed doping of Mn2+ andMg2+ on to the Zn2+ sites of the ZnO
system. Further detailed study on the fabrication of LEDs using
the (Mn,Mg)ZnO thin lms is needed to understand the effi-
ciency of the formed LED.
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