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sccepted: 25 February 2021 In this work, we focused on the study of the structural and optical properties of

Published online: chemical precipitation-derived special shape (budding twigs of flower-type)
17 March 2021 ZnO nanostructures for optoelectronic and photodetection applications. The
structural and optical properties of the budding twigs of Jasminum flower-like
© The Author(s), under ZnO nanocrystals have been studied and discussed in detail from the XRD,
exclusive licence to Springer HRTEM, UV-Vis, and photoluminescence spectra. The grown ZnO nanocrystals
Science+Business Media, LLC, have been coated on the p-Si substrate to fabricate nano-ZnO/p-5i heterojunc-
part of Springer Nature 2021 tion photodiode. The junction properties of the fabricated photodiode were
examined by measuring ultraviolet (UV)-light-dependant (A ~ 366 nm) and
dark condition current (I)-voltage (V) as well as capacitance (C)-voltage
(V) characteristics. The photodetection properties of the diode in the UV light
region have been examined. The diode has well-defined rectifying behavior
with a photoresponsivity and external photodetection efficiency of 0.065 and
21.5%, respectively. The observed barrier height and donor concentration under
dark condition were x 0.25 eV and 2 x 10" cm™>, respectively. The change in
heterojunction capacitance, barrier height, the depletion width, and other
parameters of the heterojunction photodiode under UV illumination has been
discussed. The qualities of the device demonstrate that it tends to be used for
UV photodetection applications in nano-optoelectronic and photonic devices.

1 Introduction gap energy (3.37 eV at room temperature) [1, 2]. In
the nanoscale, ZnO showed extraordinary optical,
structural, and optoelectronic properties [3, 4].
Zinc oxide (ZnO) is an optically transparent (> 80%)  Nanostructured ZnO-based devices have drawn
[I-IV direct band gap semiconductor material with critical consideration of the specialists over the pre-
large exciton binding energy (60 meV) and huge band vious decade for their conceivable arrangement in an
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assortment of electronic and optoelectronic applica-
tions. ZnO nanostructure-based devices have found
widespread applications in solar cells, different
optoelectronic applications, gas sensors, biosensors,
Schottky diodes, memory devices, heterojunction
diodes, and UV-light-based photodetectors and other
various devices [5-11, 53]. ZnO-based ultraviolet
photodetectors have potential focal points that
incorporate its strong UV response, plausibility of
basic and low-cost processing, and chemical stability
even in an unfavorable environment
[12, 13, 52, 53, 58]. Researchers have allegedly used
various techniques for growing various shapes and
size ZnO nanostructures [14-16]. ZnO nanostructure
with different size and shape along with their struc-
tural and optical properties are important in the
recent research field due to their optical and opto-
electronic applications [17-20]. The fabrication of
homo- and heterojunction photodiodes based on
semiconductor nanomaterials and different 2D
materials is a developing field that considers practical
use of nanotechnology in electronics [21-28]. The
expense and performance of such devices are the
most challenging tasks in the research community.
Different procedures have been widely used to fab-
ricate high-performance, homo and heterojunctions
based on ZnO semiconductors because of its phe-
nomenal electrical and optical properties [29-31, 37].
Few research works have been exhibited for hetero-
junctions dependent on ZnO nanostructure with Si
utilizing various techniques [32-34, 37]. Sometimes
the results are unsatisfactory overall and prerequisite
for significant expense. Various physical techniques
used in different cases can surely bring about supe-
rior diodes; however, the manufacture costs are very
high, restricting their industrial applications [34-36].
Consequently, there is a requirement for alternative,
cost-effective methods to fabricate homo and
heterojunction diodes based on different size, shape
ZnO semiconductor nanocrystals. Dutta et al. repor-
ted the low-cost sol-gel fabrication of bulk ZnO-
based heterojunction [37]. Kabra et al. and Sing et al.
reported low-cost fabrication and electrical charac-
terization of ZnO nanostructure-based heterojunction
diode [31, 38].

In this research, an attempt is made on the fabri-
cation of heterojunction based on low-cost special
shape ZnO nanostructure on p-Si. This work makes a
systematic investigation of the itemized structural,
surface morphological examination involving grain
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size, lattice parameters, defect density, strain
parameters, and optical investigation of chemical
precipitation-derived budding twigs of flower-type
ZnO nanostructures in regard of optical bandgap,
refractive index, optical dielectric constant, and other
various optical parameters including photolumines-
cence properties. This research reports a technique
for the fabrication of low-cost, UV-light-dependent
heterojunction diode based on budding twigs of
flower-type ZnO nanocrystals on p-type Si (p-Si). The
current (I)-voltage (V) and capacitance (C)-voltage
(V) characteristics of the fabricated heterojunction
were studied under dark and UV illumination. The
different electrical parameters and UV photodetec-
tion properties of proposed nano-ZnO/p-Si hetero-
junction diode have been estimated and the results
are discussed.

2 Experimental
2.1 Grown of ZnO nanocrystals

The ZnO nanocrystals were fabricated by a simple
chemical precipitation technique. In this process, we
used zinc acetate and sodium hydroxide. First 0.25
mole zinc acetate solution was prepared by dissolv-
ing zinc acetate within the water. Sodium hydroxide
(NaOH) solution of 0.2 M was prepared by dissolving
NaOH in water. So prepared 50 ml 0.25 M zinc nitrate
solution was stirred magnetically for 20 min, then 50
ml 0.2 M NaOH solution was added drop wise for 30
min. After the addition of a few drops NaOH solu-
tion with the zinc nitrate solution, a white color
appears within the mixed solution. After the addition
of total NaOH solution, a white precipitation formed
within the mixed solution. The complete mixture
solution was kept under constant magnetic stirring
for 20 h. The final product is collected by the cen-
trifugation six times with washed fresh water. The
collected sample is annealed under 200 °C for 2 h.
The so-prepared sample is ready for different char-
acterizations and device fabrication. The following
reaction occurs in this chemical precipitation growth
process:
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20 * ¢Zn(CH3CO3),2H,0 + 2NaOH
— Zn(OH),+2CH;COONa + 2H,0
Zn(OH),+2H,0 = Zn*" 4 20H™ +2H,0
Zn** + 20H +2H,0 = Zn(OH);
Zn(OH)2™ — ZnO% +2H,0
ZnO3™ +2H,0 — ZnO + 20H "

At first, Zn>" ions reacted with OH™ ions and
formed [Zn (OH),*~ (Zn** 4+ 2 OH™ +2 H,O-
Zn(OH),*>7). At that point, after small reaction time,
later under magnetic stirring saturation, ZnO nuclei
can form [Zn(OH); — ZnO3 +2H,0 — ZnO+
20H"]. These ZnO cores by then grow more to make
the round ZnO particles. ZnO nuclei are aggregated
and shaped further to the structure of the ZnO
nanocrystal.

2.2 Device fabrication

The ZnO thin film was formed on the p-type Si
substrate with (100) orientation using a spin coating
technique. The measured resistivity of used p-type Si
substrate is of the order of 5 Q cm. Before the thin film
preparation, the Si substrate is cleaned by standard
process followed by etching in 1% dilute hydrofluoric
acid. The film was then annealed at 100 °C for 45 min.
Aluminum (Al) contacts were then formed over the
p-Si substrate and the ZnO film by vacuum evapo-
ration as indicated in Fig. 12b. Aluminum was used
to eradicate any possibility of rectification through
the contacts, as its work function (4.08 eV) is higher
than that of ZnO (< 4 eV). The Al contacts are
assumed to form ohmic contacts. The schematic
structure of nano-ZnO/p-Si heterojunction photodi-
ode is shown in Fig. 12b.

2.3 Characterization methods
and instrumentations

The current (I)-voltage (V) characteristics, capacitor
(C)—voltage (V) characteristics of the as-prepared
nano-ZnO/p-Si heterojunction in dark, and air mass
1.5 illuminations (XES-151S) with a power density
with 100 mW/cm® have been measured. Agilent
B1500A semiconductor device analyzer has been
used to perform the measurement of -V and C-
V' characteristics of the fabricated heterojunction
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device in the condition of dark and UV light irradi-
ation with wavelength (1) ~ 366 nm.

The characterization details for UV-Vis spec-
troscopy, emission spectroscopy, XRD, and HRTEM
study have been discussed in the supplementary
document (see Supplementary S1).

3 Results and discussion
3.1 UV-Vis spectrum

The absorption spectrum of the ZnO NCs is shown in
Fig. 1a which shows the absorbance maxima at the
wavelength (1) ~ 360 nm. The bandgap of the sample
is determined from the Tauc’s formula [38]: (ohv)* =
c(hv — Eg). The plot of (ohv)* vs. (hv) of the sample is
shown in Fig. 1b. The calculated band gap energy is
3.72 eV. The absorbance maxima at 4 ~ 360 nm (<
400 nm) is because of the electron transitions (Opp—
Znzq) within the intrinsic band gap absorption. This
shifting and band gap changes happen because of
nanoscale confinement that affected the size and
microstructure changes within the nanoregion. The
Urbach energy (Ey) is likewise studied from the
accompanying relation (1) [40]:

hy
o = opexp {E—J (1)
where hv = photon energy. The plot of In(a) vs. hv is
shown in Fig. 1c. The average Urbach energy (Ey)
value is 1.969 eV. This result determined that the
estimation of the Ey is greater than other reported
values [41, 42]. This adjustment in the Ey might be
the cause of the nanoscale confinement effect. Distinct
optical parameters are tabulated in Table 1 (see
Table 1). The refractive index (1) of the semiconduc-
tor ZnO NCs in terms of reflectance (R) and extinc-
tion coefficient (K) can be expressed by the following
equation (2) [43]:

" GLII:) i J {(1 iRR)Z} K )

where K = a4/4nt and R =1 — (A + T), A = absorp-
tion, T = transmittance, 4 is the wavelength, and t is
the sample thickness. The graphical variations of the
K and refractive index (RI) as a function of / are
shown in Fig. le and f, respectively. The RI of ZnO
NCs increases up to 4 ~ 372 nm with maximum RI
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Fig. 1 a Absorption spectroscopy of ZnO NCs; b bandgap
determination plot or Tauc’s plot; ¢ plot of In « vs. photon energy
(hv) with full energy scale of the ZnO NCs; d plot of In « vs. hv
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e variation of extinction coefficient (K) vs. wavelength (1);
f variation of refractive index (1) vs. wavelength (1) of ZnO NCs

Table 1 Different optical parameters of ZnO NCs measured from UV-Vis and photoluminescence spectrum

Sample Absorption spectrum

Emission spectrum

Absorption peak maximum

wavelength (nm) (V)

Band gap energy Urbach energy Peak in nm (area)
(eV)

Peak in nm (area)

ZnO
NCs

360 3.72

1.969 eV

385.531 % 0.279 (6.503
+ 0.093)

574.128 + 0.205 (36.279
+ 0.105)

2.66, beyond this wavelength RI gradually decreases
up to 4 ~ 900 nm. The rate of growth of RI with
respect to wavelength is faster than the rate of decay.
Beyond 4 ~ 560 nm the rate of decay is compara-
tively slow (toward constant value). The optical
conductivity (¢) with unit (s7') can be determined by
the following equation (3) [44]:
_ nac

G_E (3)

where c is the speed of light and « is the absorption
coefficient. The variation of the optical conductivity

(¢) with photon energy (hv) is shown in Fig. 2b. The
optical conductivity increases gradually with a peak
around the photon energy (3.45 eV) corresponding to
the excitonic peak of the ZnO NCs. The two impor-
tant energy loss functions [(i) volume energy loss
function (VELF), (ii) surface energy loss function
(SELF)] are studied to assess the rate of energy loss
inside ZnO nanomaterial under electron transport.
The VELF and SELF identified with the real and
imaginary components of the dielectric constant as
follows[45]:
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Volume energy loss (VELF) = (4)

Surface energy loss (SELF) =

(5)

The graphical plot of VELF from Eq. (4) and SELF
from Eq. (5) with the photon energy (¢ = hv, unit eV)
appeared in Fig. 2a. It is likewise certain that there is no
huge contrast among SELF and VELF, especially at
higher photon energies (up to 3.25 eV), yet the VELF
expands more than SELF beyond the photon energy 3.5
eV. Above ¢ = 5 eV, increase of VELF is much faster
than SELF with a significant difference. The real and
imaginary components of the optical dielectric func-
tions (¢, £”) are in like manner concentrated by optical
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spectroscopy, which are helpful in the affirmation of
the general band structure of the nanomaterial. The
optical refractive index (1) and dielectric constants are
two useful parameters used for portraying the optical
properties of semiconductor ZnO nanomaterial [66].
The calculated value of n and K are used to calculate the
optical dielectric parameters (¢/, ¢’) utilizing the
accompanying relations (6) and (7) [46]:

Real part of the optical dielectric constant (¢')
=n*—K? (6)
Imaginary part of the optical dielectric constant (¢”)
=nK
(7)

Figure 2c and d show the graphical variations of ¢
and ¢’ with wavelength, respectively, for ZnO NCs.
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The ¢ value increases sharply up to 4 &~ 372 nm with
maximum value = 7, then gradually decreases
(marked by a pink-dotted rectangle in Fig. 2c). It
tends to be seen that at higher wavelengths (4 > 460
nm) the optical dielectric (both ¢ and ¢”) constants are
steady. The real part of the optical dielectric constant
shows the amount it will hinder the speed of light in
the material and is related to the refractive record
(n ~ ,/¢). The variation of ¢’ of the ZnO NCs with
wavelength (/4 = hc/¢) is shown in Fig. 2d. The ¢"
value is an almost constant form 4 ~ 460 nm (marked
by black dotted oval), but ¢ slowly decreases in
nature beyond this wavelength and almost constant
above A ~ 700 nm. The ¢” value increases up to A ~
360 nm with a small peak around 206 nm (¢ =
0.00000103). The maximum value of ¢’ (0.0000135)
arises at 4 ~ 360 nm or ¢ ~ 3.44 eV. Above 360 nm it
falls sharply in almost constant average value of
wavelength (374 nm) just similar like a Dirac delta
function (marked by red dotted oval). It decreases
very slowly from / ~ 405 nm to 460 nm and constant
change arises beyond 4 ~ 460 nm. The imaginary
part (¢”) of the optical dielectric constant identifies to
the absorption coefficient [47]. It was represented that
the &’ dominatingly depicts the electron transition
between the occupied and unoccupied states. The
process of transition of electrons between the bands
of a solid is notable by interbond absorption process.
The absorption edge is achieved by the beginning of
optical changes over the fundamental band gap of a
semiconductor material.

3.2 Photoluminescence spectrum

The room temperature photoluminescence spectrum
of the fabricated ZnO NCs with excitation wave-
length (exy) 345 nm is shown in Fig. 3. The photo-
luminescence spectrum or emission spectrum
contains two peaks, one at 2 ~ 385.5 nm and another
at A & 574 nm. The observed two peaks (385.5 nm
and 574 nm) are fitted by multiple Gaussian curve
fitting (see Supplementary materials Fig. S2). The
area (A) of the Gaussian curves at 385.5 nm and 574
nm are A; & 6.51 Sq. unit and A, ~ 36.28 Sq. unit,
respectively (see Table 1 for exact values). The UV
long wavelength (UV A) emission at 4 ~ 385.5 nm
shows a full width at half maximum (FWHM) of
around 28 nm. This peak may be ascribed to the
radiative annihilation of excitons [14, 48]. This UV
emission is also due to the high-purity and ideal
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Fig. 3 Photoluminescence spectrum of as-prepared ZnO NCs at
room temperature

crystal structure of the grown ZnO NCs [48]. The
edge of the yellow-green band emission at 1 ~ 574
nm arises may be due to single ionized O-vacancy in
ZnO NCs and came about because of the recombi-
nation of a photogenerated hole with a single ionized
charge condition within the imperfections.

The strong yellow-green edge emission addition-
ally implied that there were few surface imperfec-
tions (or defects) inside the ZnO nanocrystals [49].
The surface imperfections might be because of the
chemical synthesis of the ZnO nanocrystals. The
observed strong UVA emission is almost near band
edge emission for the wide band gap energy (3.72 eV)
ZnO NCs, due to the quantum confinement effect in
the nanoregion. Quantum yield was resolved from
the area of the multiple Gaussian fitting at two dif-
ferent emission maxima [50]. The quantum yield of
the yellow-green light edge emission peaks was lar-
ger than UVA wavelength emission regions.
Distinctive photoluminescence optical parameters are
tabulated in Table 1.

3.3 Transmission electron
microscopy (TEM) images

Figures 4d, 5, and S3(d) (see Supplementary Fig. 53)
contain the TEM image of the fabricated ZnO
nanocrystals. We compare the shape/morphology of
the fabricated ZnO NCs with the buds on the twig of
the Jasminum flower. Photographs of the flower ‘twig
Jasminum flowers’ (Fig. S3 (a), (b), (c)) were taken
from a nearby garden. The morphology of the
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Fig. 4 a and ¢ TEM
micrograph of the as-prepared
ZnO NCs; b a bud-shaped
nanocrystal zooms from the
marked portion of a

Fig. 5 TEM micrograph of a single ZnO nanobud; inset is the
single bud of the Jasminum flower

fabricated ZnO nanocrystals as observed from the
TEM images are similar as the buds on the twig of
the Jasminum flower photograph. Hence, the ZnO
NCs can be considered as ZnO nanobuds. ZnO
nanobuds with different lengths and diameters are
formed on a twig of ZnO crystal. The twig with ZnO
nanobuds shown in Fig. 4a contains different lengths
and diameters of nanobuds, one nanobud marked by
color has a lower portion diameter 50 nm and upper
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portion diameter 25 nm in average diameter ~ 35
nm. The bud-shaped nanocrystal zooms from the
marked portion of Fig. 4a shown in Fig. 4b that have
uniform diameter of 35 nm and it looks like a single
nanorod. The twig type shown in Fig. 4c contains an
almost uniform large number of bud-shaped ZnO
nanocrystal with an average diameter ~ 32 nm. A
single isolated ZnO nanobud is shown in Fig. 5 with
lower diameter 50 nm, middle diameter 35.5 nm, and
upper portion diameter 24 nm. The average diameter
and length of the ZnO nanobud are 36 nm and 265
nm, respectively. This single ZnO nanobud with
average aspect ratio 7.36 is similar in shape/mor-
phology to a flower’s single bud shown in the inset of
Fig. 5. The clear lattice fringes and FFT of the lattice
images are shown in Fig. 6a and c, respectively. The
lattice constant (c) is found to be 0.52 nm as marked
by red parallel fringe lines on the image (Fig. 6a).
Figure 6b shows the corresponding SAED pattern of
the ZnO NCs. The SAED pattern shows the well
crystalline nature of the ZnO NCs with bright spots
and diffraction planes corresponding to the hexago-
nal crystal phase. The lattice constant from fringe
pattern and indexed SAED patterns are well sup-
ported with the XRD results.

3.4 X-ray powder diffraction (XRD) study

The XRD pattern of the fabricated power semicon-
ductor ZnO NCs sample is shown in Fig. 7a. The
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Fig. 6 a High-resolution
electron micrograph of the
ZnO NC. The imaged lattice
spacing amounts to 0.52 nm;
b corresponding SAED
pattern; ¢ image of the
corresponding (fast Fourier
transform) FFT of the image

(200)

(112)

N IRE P

power diffraction pattern shows the following
diffraction peaks: (100), (002), (101), (102) (110), (103),
(200), (112), (201), (004), and (202) within the
diffraction angle (20) 20° to 80°. The above diffraction
peaks correspond to the index of the hexagonal
crystal structure [51]. The lattice constants of the ZnO
NCs with hexagonal lattice structure are calculated
and found to be a = 3.2375 A and ¢ = 5.1945 A. The
average crystallite size (Dyy) is determined from the
accompanying Scherrer formula (SF) (Eq. (8)) [52, 53]:

kA ()

Dy —
i P cosO

where A = X-ray wavelength, f =width of the
diffraction peak, generally measured as FWHM after
instrumental broadening correction. The Scherrer
constant (k) ranges from 0.62 to 2.08 [54]. In this
study, k = 0.89 was used. The calculated ZnO NC size
from Eq. (8) (considering the Gaussian nature of each
diffraction peak) corresponding to different diffrac-
tion planes are shown by histogram diagram in
Fig. 7b. Histogram of full width at half maxima
(FWHM = f or f1,,) with different diffraction peaks
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(102
(110)

(103)

is shown in Fig. 8b. The strain (¢) and dislocation
density () of the grown ZnO NCs is determined by
applying the accompanying recipes: [55]:

_p 1

S 4tanf’ T (Dyy)?

The strain (¢) and grain size (D) of the ZnO NCs is
additionally determined utilizing Eq. (9), called Wil-
liamson-Hall equation (W-H) [56] (Tables 2 and 3):

ﬁcos@z%—&-%sin@ 9)

The W-H plot comparing to ZnO NCs is shown in
Fig. 8a. The Average ZnO NCs size from S-F equa-
tion (Eq. (8)) and W-H plot is found to be & 28 nm
and x 36 nm, respectively. The determined estima-
tion of strain is 0.0030 and 0.0015 from the SF and the
fitted consequence of the W-H condition separately
(see Table 4). The average dislocation densities are
1.28 x 1073/nm? and 7.72 x 10~*/nm? from SF and
W-H individually. The volume of the unit cell (V) and
atomic fraction (Af) are calculated from the accom-
panying formulas [39, 57]:
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Fig. 7 a The XRD pattern of 35
the ZnO NCs, b histogram of 25600 + (a) (101) (b)
the variation of nanoparticles i
size corresponding to different
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0.89) V3, . nanocrystals during the chemical grown process is
hkl = Bcos0’ =570 A = 3v/3¢ anisotropic and the growth rate along various direc-
) tions is non-uniform.
The value of V and A¢ is found to be 47.1485 and To comprehend the anisotropic growth, let us

74.3.69%, respectively. The X-ray powder diffraction compute the texture coefficient T(h;k1;) relating to the
design shows that the development of the ZnO diffraction planes with Miller indices (hkI).
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Table 2 Calculated texture coefficient of different ZnO nanostructures

9921

Sample =~ Morphology Average size from W—  Average size from Average size Plane Texture coefficient
H SF (nm) €))
ZnO Budding twigs of ~ 36 &~ 28 nm 32 nm (100) 0.7067
NCs flower (002) 0.7525

(101) 0.6717
(102) 0.7282
(110) 0.7715
(103) 0.6986
(200) 1.4701
(112) 0.6824
(201) 0.9836
(004) 2.1148
(202) 1.4458

Table 3 Size and lattice parameters

Sample Morphology Strain Residual stress (6)  Lattice constants Unit cell volume  Atomic fraction (%)
a (A) c(A)
ZnO NCs  Budding twig of flower  0.0020 — 0.5415 32375  5.1945  47.1485 74.3695

Table 4 Strain from half width and W-H equation

Sample Strain (¢), Strain (¢ from W-H plot  Average (&)
. b
€= Twano

ZnO NCs  0.0030 0.0015 0.0020

The texture coefficient is determined from the fol-
lowing relation (Eq. (10)) [58]:

T(hikils) l1 n I(hikiz,»)]‘1

" Io(hikils) | n &= To(ikily)

T(hikil;) (10)
Here, I(hik;1;) and Iy(hik;l;) are the intensities of the
specific (hkl) crystal plane of the ZnO NCs and that
from the standard incentive from JCPDS consequence
of the ZnO tests. The maximum and minimum values
of T obtained from Eq. (10) are 2.1148 and 0.6717,
respectively. The outcomes from the XRD investiga-
tion are summed up in Table 2. The experimental
findings are in well concurrence with that from the
standard JCPDS information.

3.5 Electrical properties of the as-
synthesized ZnO nanorods

3.5.1 Current—voltage (I-V) characteristics

The current (I)-voltage (V) characteristics of the
nano-ZnO/p-5i heterojunction diode were measured
at room temperature in the dark and under UV
irradiation of wavelength (i) ~ 366 nm with incident
optical power ~ 100 mW. The I-V characteristics
under dark and UV irradiation are shown in Fig. 9a
and b, respectively. In the I-V variation, there are two
regions (I and II). Region I is from 0 to 0.6 V and
region II is from 0.6 V to 1.5 V. Here, 0.6 V is con-
sidered a turn-on voltage of the heterojunction. The
interface of the regions is marked by the dotted line at
V = 0.6 V. The nonlinear characteristics of the I-V
behaviors of the fabricated heterojunction device can
be expressed by the following equation (Eq. (11))
[59, 711

I=1 [exp (ﬂi‘B/T> - 1} (11)

where T = temperature and kg = Boltzmann constant.
It is obvious from the I-V characteristics (Fig. 10)
that the nano-ZnO/p-Si heterojunction possesses
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Fig. 9 Current (I)-voltage
(V) characteristics for nano- 8.0 124 . Region 2 (b) »
ZnO/p-Si homojunction: a in " Region 1 55
the dark and b under UV light. . ]
The inset is the In (I) vs. V plot — 14
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good rectification with a forward to reverse current
proportion (Ir/Ig) of 5.63 at voltage 0.6 V and 46.2 at
voltage 1.2 V under dark conditions, which increment
to 46.2 and 219.3 under long wavelength (366 nm) UV
light illumination at voltage 0.6 V and 12 V,
respectively.

The ideality factor () and reverse saturation cur-
rent (Ip) are calculated from In (I) vs. V plot (see inset
of Fig. 9). In the voltage region 0 to 0.6 V, the satu-
ration current (Ip) and diode ideality factor () under
dark conditions are 1.65 x 1078 Amp and 6.25,
respectively. In the voltage region 0.6 to 1.5 V, the
value of n under dark is 2.5. Under the UV light
exposed condition, in the voltage region 0 to 0.6 V,
the value of Iy and 7 are 1.1 x 1077 Amp and 5.5,
respectively. The higher voltage range, i.e., 0 to 1.5
volt under light shows ideality factor ~ 2. The large
value of ideality factor (2 to 6) in this experimental
outcome of the heterojunction diode is due to lattice
mismatch and edge dislocation of the junction, the
development of the strain in the fabricated thin film
[60], and the formation of grain boundaries at the
nano-ZnO/Si interface [61]. The calculated values of
# under dark and under UV light exposed condition
of the fabricated Si/ZnO heterojunction are quite
large, demonstrating the heterojunction to be far from

~
~

@ Springer

Voltage(volt)

an ideal p—n junction. Along these lines, the ideal
model can’t clarify the current transport mechanism
through the heterojunction. It appears that there are
multiple transport mechanisms such as defect-as-
sisted tunneling and transporter recombination in the
space charge region by means of interface states [62].
The large value of the ideality factor of heterojunction
device is also reported by different researchers [63].
The results reported by Tansely et al. showed high
ideality factor close to 5 for n—n and 7 for p—n junction
[64]. In their report, saturation current I; falls in the
range 9 x 107° to 2 x 1077 Amp with cut-in voltage
0.5 V.

The photoresponsivity (R) and external photode-
tection efficiency of the diode are expressed by the
following expressions [65]:

he R
andnext = (q—i>R ~ 1240 (7)

where P, is the incident optical power, I, = output
photocurrent, and 4 = Wavelength of the incident
light. The calculated R and #.«: at the voltage 0.6 V are
0.015 and 5.5%, respectively. The values of R and #ex:
at the voltage 1.5 V are 0.065 and 21.5%, respectively.
Hence the fabricated heterojunction device exhibits
good UV-photoresponse properties.

L,
POU[

R =
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Fig. 10 a Capacitor (C)-voltage (V) characteristics for nano-ZnO/
p-Si homojunction under Dark condition, b plot of 1/C* vs.
voltage (V) with full measured voltage range, ¢ plot of 1/C? vs.

3.5.2  Capacitor (C)-voltage (V) characteristics

The capacitor (C)-voltage (V) characteristics of the
heterojunction is measured under the high frequency
of 500 kHz. The C-V characteristics are studied under
dark and under the presence of UV light shown in
Fig. 10a and 11a, respectively. The nature of C-V
plots is equivalent to the nature of the C-V curve
represented by Majumder et al. [60]. The connection
between the capacitance per unit area and the voltage
in the customary heterojunction theory can be
expressed as Eq. (12) [67]

1 2(Vui—V)

2 geNp (12)
Here, we consider V > kT/q and N > Np, where
Vbi, V, &, and Np represent built-in potential, basing
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Voltage(Volt)

20.0p

15.0p -

10.0p -

5.0p -

Derivative of C

-
o
1
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voltage (V) of the linear region and corresponding fitted straight
line, d plot of derivative of C vs. V

voltage, permittivity of ZnO, and donor concentra-
tion, respectively. Figures 10b and 11b show 1/C>
versus V plot with full measured voltage range under
dark and under the presence of UV light irradiation
on the heterojunction, respectively. Figures 10c and
11c show plot of 1/C? vs. voltage (V) of the linear
region of the C-V graph under dark and under the
UV light irradiation, respectively. Figures 10c and 11c
show 1/C? versus V plot where the linear region
intercept along the x-pivot gives built-in potential
and the slant can be utilized to infer the donor con-
centration utilizing the accompanying condition: Np
= 2/(ges x slope).

The calculated barrier height and donor concen-
tration under dark and light conditions are shown in
Table 5. The average value acquired for the built-in
potential and donor concentration (Np) was found to
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Fig. 11 a Capacitor (C)-voltage (V) characteristics for nano-ZnO/
p-Si homojunction under UV light irradiation condition, b plot of
1/C? vs. voltage (V) with full measured voltage range, ¢ plot of 1/

be 0.25 eV and 1.5 x 10'” cm ™ separately. The barrier
height (¢.) of the p—n heterojunction can likewise be
assessed from C-V plot utilizing the accompanying
condition (Eq. (13)) [63, 67]:

o= (1) 102 w

The value of capacitance decreases in the presence
of light, but the barrier height increases slightly in the
presence of light. This may be due to the rate of

C? vs. voltage (V) of the linear region and corresponding fitted
straight line, d plot of derivative of C vs. V

increase in the accumulation of carriers which is less
compared to the rate of increase of the development
of the barriers potential about the junction with
incident UV light. This implies the active participa-
tion of the electron traps in the depleted zone [66].
Figures 10d and 11d show the plot of derivative of C
vs. V under dark and under the UV light irradiation
on the heterojunction, respectively. The presence of
few peaks in the derivative of the C-V graph suggests
the presence of electron traps. The diffusion voltage

Table 5 Different characteristics parameters from C—V characteristics of the nano-ZnO/p-Si heterojunction UV light photodiode

Condition ~ Built-in potential (€V) Np (cm™>) Barrier height (¢.), eV Depletion width (Wpep), um  Diffusion voltage (Vg,), eV

2 x 107 025
1 x 107 0477

Dark 0.15
UV light 0.35

0.320
0.447

0.176
0.376
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Fig. 12 a Heterojunction band
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(Vo) of the junction can be calculated from the fol-
lowing equation (14) [67]:

ks T
Vo = Opi + ——

g (14)

The resultant calculated values are tabulated in
Table 5. The depletion width of the fabricated
heterojunction diode can be obtained from the below
Eq. (15) [68]:

g0&s (Vi — V)}
Winep = 1| | 220 =)
bep { gNp

The average value obtained for depletion width
was found to be 0.3835 pum.

(15)

3.5.3 Energy band diagram and carrier transport

The energy band diagram of the nano-ZnO/p-Si
nano heterojunction diode is depicted in Fig. 12a. The

Fermi energy level (Ep) of the fabricated heterojunc-
tion is drawn by considering n-type ZnO nanocrys-
tals (Fig. 12a), as-grown ZnO is maximum time n type
due to native defects [66]. The conduction band (E,),
valence band (E,), and vacuum level (E,,.) are shown
in the Fig. 12a. The band gap of p-Si (Eg ) is 1.12 eV
[69], nano-ZnO is (Egnano zn0) 3.72 €V, and the
electron affinity of ZnO (ynano zno) and p-Si (zs;) are
4.4 eV and 4.05 eV, respectively [60, 69]. The energy
band diagram is drawn by considering type-II
heterojunction [70]. The band diagram shows a small
conduction band offset of 0.35 eV as calculated by
AE. = yNano zno — Jsi and a large valence band offset
2.95 eV calculated by AE, = Eg Nano zno — Egsi + AE.
[70]. There is a diffusion of electrons from n-ZnO
nano to p-Si and a diffusion of holes from p-Si to
n-ZnO nano. At low, forward voltage, the current is
limited by a space charge region; however, by
increasing the forward voltage, the depletion width
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decreases and current increases exponentially, fol-
lowing Eq. (11).

4 Conclusion

We have successfully investigated the structural and
optical properties of chemical precipitation-derived
budding twigs of Jasminum flower-like ZnO
nanocrystals for the fabrication of UV-light-depen-
dent heterojunction photodiode. A high-quality
optical property of the pure ZnO NCs was suggested
by photoluminescence and absorption spectroscopy.
By measuring ultraviolet (UV) light-dependent (4 ~
366 nm) and dark condition current (I)-voltage (V) as
well as capacitance (C)-voltage (V) characteristics,
the junction and photodetection properties of the
fabricated nano-ZnO/p-5i heterojunction photodiode
were successfully examined. The diode showed a
well-defined rectifying behavior with a photore-
sponsivity and external photodetection efficiency of
0.065 and 21.5%, respectively. The heterojunction
band diagram of nano-ZnO/n-5i is proposed, and an
endeavor is made to decide the most prominent
change in junction capacitance and the barrier height
under UV irradiation with the knowledge of the
current transport mechanism. The discussed charac-
teristics indicate a successful fabrication of a low-cost
and good rectifying nano-ZnO/p-Si heterojunction
with UV-enhanced performance. The qualities of the
device demonstrate that it tends to be used for UV
photodetection applications in nano-optoelectronic
and photonic devices. The UV irradiation-dependent
performance of the diode likewise can be used in
various applications where a wide band gap, semi-
conductor-based devices perform better. These dis-
cussions give an idea of the nanocrystalline ZnO
semiconductor for good UV photodetection perfor-
mance of low-cost nano-ZnO/n-Si heterojunction
devices.
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