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ABSTRACT: Well-separated Si/ZnS radial nanowire heterojunc-
tion-based light-emitting devices have been fabricated on large-area
substrates by depositing n-ZnS film on p-type nanoporous Si
nanowire templates. Vertically oriented porous Si nanowires on p-Si
substrates have been grown by metal-assisted chemical etching
catalyzed using Au nanoparticles. Isolated Si nanowires with needle-
shaped arrays have been made by KOH treatment before ZnS
deposition. Electrically driven efficient white light emission from
radial heterojunction arrays has been achieved under a low forward
bias condition. The observed white light emission is attributed to
blue and green emission from the defect-related radiative transition of ZnS and Si/ZnS interface, respectively, while the red arises
from the porous surface of the Si nanowire core. The observed white light emission from the Si/ZnS nanowire heterojunction
could open up the new possibility to integrate Si-based optical sources on a large scale.
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■ INTRODUCTION

Silicon has dominated years of success in the microelectronic
industries1−3 with relatively slow progress for photonic devices.
Numbers of silicon-based optical devices, such as optical
modulators and photodetectors, have been developed for the
realization of photonic integrated circuits. However, the
fabrication of efficient silicon-based light-emitting devices is
one of the challenging goals, since bulk Si is an indirect band
gap semiconductor and consequently exhibits poor near-
infrared (NIR) light emission. Following the discovery of
light emission in the visible spectrum from porous silicon,4

significant efforts have been made to develop new silicon
nanostructures to realize efficient light emitters. Various
nanostructures of Si such as quantum dots,5 porous silicon,6,7

and Si nanowires8−10 have been explored to fabricate
homojunction- or heterojunction-based light-emitting devices
(LED). In fabrication of heterojunctions, a large lattice
mismatch between two semiconductors in a heterojunction
leads to the formation of defects and dislocations, which affect
the performance of resultant devices. So an appropriate material
combination with negligible lattice mismatch is highly desirable
for fabricating efficient heterojunction devices.
Zinc sulfide (ZnS), a II−VI compound semiconductor, is

attractive for its direct wide band gap (∼3.68 eV) at room
temperature with large excitonic binding energy (40 meV),
excellent transport properties, good thermal stability, and high
electronic mobility. These properties make ZnS one of the
most potential semiconductors for optoelectronics with a
variety of applications including n-window layers for solar
cells,11 blue light emitting diodes,12,13 electroluminescent

displays,14 photoluminescence devices,15 etc. Moreover, ZnS
is lattice matched with Si (mismatch ∼0.2%), which makes it
attractive for the integration of optoelectronic devices with Si.16

Therefore, the ZnS/Si heterojunction possesses the combined
merits of the optoelectronic properties of ZnS and Si based
planar device technology.
Solid-state white light emitting devices have wide applica-

tions in color display, backlight for liquid crystal display, and
broad-band sources. Commonly, white light is produced by
combining the emission from three LEDs (red, green, and
blue) or by coating phosphors on blue indium gallium nitride
(InGaN) LED chips. In recent years, several studies have been
reported on Si/ZnS nanoheterostructures showing strong
visible photoluminescence ranging from blue to red at room
temperature,17−19 indicating their potential in solid-state white
light emitting devices. However, electrically driven light
emitters using Si/ZnS heterojunctions are essential for
application in LED devices. In the present paper, we propose
a new approach to fabricate well-separated large-area Si/ZnS
nanowire heterojunction arrays without using any sophisticated
lithography technique. The fabricated vertically aligned radial
heterojunction arrays using a bottom-up approach provide
significantly larger active areas, with an improved carrier
transport and enhanced light emission as compared to the thin-
film heterostructures.
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■ EXPERIMENTAL SECTION
Highly ordered vertically aligned Si nanowire arrays (SiNWs) on
planar silicon substrates were prepared by metal-assisted chemical
etching (MACE) using Au nanoparticles as a catalyst. The fabrication
method has been reported in detail elsewhere.20 In brief, boron-doped
p-type single side polished Si (100) substrates with a resistivity of 2−
10 Ω·cm were first cleaned through the standard RCA cleaning
process. Thereafter, the cleaned H-terminated Si pieces were placed
into a gold coating solution containing 4.8 M HF and 0.005 M
HAuCl4 for 1 min, resulting in a uniform layer of Au nanoparticles (Au
NPs) on Si. The Au NPs coated Si wafer was then immersed in an
etchant solution containing 4.8 M HF and 0.4 M H2O2 for 20 min
resulting in the formation of a dense nanowires array. On completion
of the etching process, residual gold was dissolved by putting the
nanowire templates in a dilute aqua regia (HNO3/HCl/H2O 1:3:2)
solution. To decrease the areal density and to separate their top ends,
as-fabricated Si nanowire templates were kept in 10 wt % aqueous
KOH solution at room temperature for 120 s. Following KOH
etching, the wafers were washed with 2% HF to remove the native
oxide layer, cleaned with DI water for several times, and dried under
N2 flow.
To fabricate p-Si/n-ZnS radial heterojunctions, ZnS film was

deposited on KOH-treated Si nanowire templates by a pulsed laser
deposition (PLD) technique from a high-purity (99.999%) ZnS target.
Si nanowire templates (1 × 1 cm2) were placed at a distance of 10 cm
from the ZnS target. The target was ablated using a KrF excimer laser
(λ = 248 nm, τ = 25 ns) at an energy density of ∼2 J/cm2 with the
repetition rate of 5 Hz. During deposition, the temperature of the
substrate was maintained at 200 °C and the typical pressure inside the
chamber was ∼10−7 Torr. To complete the device fabrication, nearly
20 nm of transparent and conducting Al-doped ZnO (AZO) film was
deposited by PLD. The 20 nm thick AZO film grown under an
optimized condition (pressure ∼5 × 10−6 Torr, substrate temperature
∼300 °C, and laser fluence ∼2 J/cm2) exhibits resistivity of ∼7.2 ×
10−4 Ω·cm and an average transmittance of ∼92% in the visible
wavelength range (see Figure S1 of the Supporting Information). A
thick aluminum layer was deposited by thermal evaporation onto the
backside of the devices to form the bottom ohmic contact.
Surface morphology and crystalline quality of Si/ZnS hetero-

structures were studied by field emission scanning electron microscopy
(FESEM) using a ZEISS SUPRA 40 microscope and transmission
electron microscopy (TEM) using a JEOL JEM-2100F microscope.
The phase of nanowire heterojunctions was studied by X-ray
diffraction (XRD) (Philips X-Pert MRD) at a grazing incidence
mode using Cu Kα radiation (45 kV, 40 mA). The chemical states of
ZnS/SiNWs heterostructures were studied by X-ray photoelectron
spectroscopy (XPS) using PHI 5000 Versa Probe II (ULVAC, PHI,
Inc., Japan) system equipped with a microfocused (100 μm, 25 W, 15
kV) monochromatic Al Kα X-ray source of energy 1486.6 eV.
Temperature- and bias-dependent electroluminescence measurements
were carried out using a TRIAX-320 monochromator and Hamamatsu
R928 photomultiplier detector in the visible range. Photoluminescence
spectra were also recorded with the same monochromator and
detector combination using a He−Cd laser as the excitation source
operating at 325 nm with an output power of 40 mW. The current−
voltage (I−V) characteristics of the heterojunctions were studied using
a Keithley semiconductor parameter analyzer (model no. 4200-SCS).

■ RESULTS AND DISCUSSION

A few recent reports20,21 have indicated that nanowires
fabricated through the MACE technique using Au nanoparticles
possess uniform porosity than those using Ag nanoparticles as
catalysts. Therefore, in the present work, we have chosen Au
nanoparticles as catalysts to obtain improved photolumines-
cence (PL) and electroluminescence (EL) characteristics. A
typical FESEM image of as-synthesized nanowires on p-Si
substrate is shown in Figure 1a. Highly dense, vertically
oriented Si nanowires of nearly 5.0 μm length with a diameter

ranging from 30 to 200 nm are observed. Si nanowires
fabricated through the MACE technique have the tendency of
agglomeration with the bundling of their top ends due to van
der Waals force.22 It is necessary to separate the nanowire tips
to fabricate heterojunction devices with material deposited
through a physical vapor technique. Therefore, to fabricate
SiNWs/ZnS radial heterojunctions through PLD, we have used
the anisotropic etching behavior of crystalline Si in a potassium
hydroxide (KOH) solution to separate the nanowires tips by
sharpening their top ends.23 The FESEM micrographs of Si
nanowires etched with KOH (10%) as a function of etching
time are shown in Figure S2 of the Supporting Information. By
optimizing the concentration of KOH and etching time, we
have fabricated well-separated nanowires having length of
nearly 2 μm with an average diameter of ∼100 nm, as shown in
the micrograph Figure 1b. The needle-like sharp-tipped
nanowires are formed due to the faster etching rate at the
corner edges than the flat regions of nanowires,23,24 though the
average length of the nanowire is reduced from 5 to 2 μm. This
needle-shaped structure can be extremely useful to exhibit
efficient electroluminescence, because of the generation of a
stronger electric field at the tip using a low external bias. Figure
1c shows the typical FESEM image of a SiNWs/ZnS/AZO
heterojunction array. The average diameter of the SiNWs/ZnS/
AZO core−shell structure is found to be ∼300 nm. It is clear
that even after the deposition of ZnS and AZO, nanowires are
still well-separated, and thus each of them can act as an
individual nano-LED device under proper biasing condition.
The deposition profile on nanowires and the spacing between
them (area between the bases of nanowires) are found to be
different. Parts d and e of Figure 1 present the magnified
images of a single radial heterojunction and it is bottom
portion, respectively, in the region highlighted by red squares in
Figure 1c. The thickness of ZnS film on the nanowire and the
substrate is found to be different. The thickness of deposited
films of ZnS and AZO on the substrate is ∼400 and ∼50 nm,
respectively. The thickness of the deposited ZnS and AZO

Figure 1. FESEM images of (a) Si nanowire fabricated through MACE
using Au nanoparticles as catalyst. (b) Si nanowire after KOH
treatment. (c) Fabricated well-separated radial heterojunction arrays
by depositing ZnS and AZO on KOH-treated nanowires. (d) Cross-
sectional image of a single device showing the Si core and ZnS shell.
(e) Bottom part of the radial heterojunction showing ∼50 nm AZO
and ∼400 nm ZnS films.
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layers on either side of the Si nanowire is found to be slightly
different due to the step coverage problem of the PLD process
with a highly directional plume. This problem can be overcome
using a suitable chemical vapor deposition process for ZnS and
AZO layers. Since the thickness of ZnS and AZO is not clearly
distinguished in FESEM micrographs, TEM images of Si
nanowire and SiNWs/ZnS/AZO radial heterojunction are
analyzed in Figure 2.

Figure 2a reveals that the nearly 100 nm crystalline Si core is
surrounded by ∼20 nm porous Si. It is clear from Figure 2b
that the fabricated Si/ZnS/AZO radial heterojunction contains
∼80 nm ZnS and ∼20 nm thick AZO layers, which are much
lower than those deposited on the substrate. High-resolution
TEM images of the Si/ZnS interface and ZnS shell (labeled by
red squares as c and d in Figure 2b) reflect the crystalline
quality of the Si core and ZnS shell, which are shown in Figure
2, parts c and d, respectively. The results demonstrate that the
Si core is single-crystalline in nature, while the surrounding ZnS
shell is polycrystalline. The measured lattice fringes spacing for
Si core is 0.31 nm, which is in agreement with that of the (111)
plane of silicon. Lattice spacing of the several grains of
polycrystalline ZnS shell is also found to be 0.31 nm, which is
typical for the (111) d-spacing of zinc blende ZnS. Parts e and f
of Figure 2 present the selected area electron diffraction
(SAED) patterns of an individual Si nanowire and Si/ZnS
core−shell structure, respectively. SAED pattern of the Si core
indicates the formation of crystalline nanowire, as shown in
Figure 2e. On the other hand, the Si/ZnS core−shell structure
exhibits the diffraction rings owing to (111), (220), and (311)
planes of zinc blende ZnS on the background of Si diffraction
spots in Figure 2f. The HRTEM results are consistent with the
XRD data shown in Figure 3a. In the XRD pattern the
diffraction peaks observed at 2θ = 28.6°, 47.6°, and 56.5°, are

labeled using the JCPDS card (file no. 41−1049) and are
attributed to (111), (220), and (311) crystallographic planes of
zinc blende ZnS. In addition a strong (004) peak from the Si
nanowire core is also observed, indicating the formation of
crystalline ZnS/Si heterojunctions.
To study the chemical composition and bonding of

deposited films and interfaces, XPS measurements have been
carried out. High-resolution core-level spectra of Zn 2p and S
2p electrons are shown in Figure 3b. Two strong peaks for Zn
2p electrons observed at 1022.3 and 1045.2 eV are assigned to
2p3/2 and 2p1/2 levels, respectively. The binding energy
spectrum observed for S 2p electrons is deconvoluted into
two Gaussian peaks located at 162.3 and 163.6 eV, attributed to
the S 2p3/2 and S 2p1/2 states, respectively. The observed peak
positions of spin−orbit doublets of Zn 2p and S 2p electrons,
which are in excellent agreement with literature,25 confirm the
presence of pure ZnS shell in the as-fabricated core−shell
structure. However, the atomic percentage ratio for Zn and S,
extracted using sensitivity factor and area under the curve of Zn
2p and S 2p peaks using Shirley background correction, is
found to be 52:48. This clearly indicates the abundance of Zn
atoms and existence of sulfur vacancy, which may strongly
influence the emission characteristics of Si/ZnS heterojunc-
tions. Since the presence of a native oxide can strongly
influence the carrier transport across the junction in Si-based
heterojunction devices,26 XPS analysis has also been used to
probe the Si/ZnS interface. For this, we performed XPS depth
profile analysis by sputter-etching the outer ZnS layer with 2.0
keV Ar+ ions until the signal from the Si core is detected. The
typical XPS spectrum of Si 2p originated from Si/ZnS interface
is presented in Figure 3c. The spectrum can be resolved into
three Gaussian peaks located at 99.6, 101.5, and 103.6 eV,
corresponding to the chemical state for Si, SiOx (1 < x < 2),
and SiO2, respectively. The oxygen signal (O 1s) is detected
only at the Si/ZnS interface, as shown in Figure 3d. The O 1s
spectrum for Si/ZnS interface is deconvoluted into two
Gaussian peaks. Two distinguishable peaks appear at 532.9
and 531.6 eV due to lattice oxygen in SiO2 and adsorbed
hydrocarbon contamination, respectively. This indicates the
formation of a thin SiO2 layer at the interface, which may affect
the electrical property of the heterojunction device.
The fabricated Si/ZnS/AZO radial heterojunction device is

schematically illustrated in Figure 4a. Since undoped ZnS film
exhibits n-type conductivity with a carrier concentration of
∼1016/cm3,19 the deposition of ZnS on p-Si nanowire leads to
the formation of a core−shell-type, radial p−n heterojunction.
In order to compare the electrical transport and optical
characteristics of a SiNWs/ZnS radial heterojunction with the
planar one, a planar thin-film heterojunction has also been
fabricated. Figure 4b shows the room-temperature current
density−voltage (J−V) characteristics under dark for SiNWs/
ZnS and planar Si/ZnS heterojunctions. The forward current
density of the nanowire and planar junction is found to be ∼9.9
and ∼2.3 mA cm−2, while the leakage current density is
observed as ∼0.006 and ∼0.09 mA cm−2, respectively, for ±3 V
bias. The rectification ratio is found to be approximately 1651
and 24 at a bias voltage of ±3 V for SiNWs/ZnS and planar Si/
ZnS, respectively. Thus, the rectifying behavior of the nanowire
radial heterojunction is much superior to that of the planar
device. The current density (J) versus voltage (V) character-
istics of a real diode can be expressed using the Richardson−
Schottky diode equation:

Figure 2. TEM images of (a) KOH-treated Si nanowire. (b) SiNW/
ZnS/AZO core−shell heterostructure showing ∼100 nm Si core, ∼80
nm ZnS, and ∼20 nm thick AZO layers (the portion highlighted by
red squares and labeled as c and d are magnified in panels c and d,
respectively). (c) Magnified HRTEM image of the Si/ZnS interface
showing the single-crystalline Si core. (d) HRTEM image of the
polycrystalline ZnS shell. (e) SAED pattern from the Si nanowire core.
(f) SAED pattern from the Si/ZnS core−shell structure.
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where J0 is the reverse saturation current density, I is current, Rs
is series resistance, and “η” is the ideality factor of the diode.
The ideality factor can be calculated using the equation
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The higher forward current density of the nanowire
heterojunction over the planar one could be explained using
eq 1. Calculated values of “η” from eq 2 are found to be ∼6.6
and ∼11.3 for the SiNWs/ZnS and planar junction,
respectively. The values signify the nonideal behavior of both
the heterojunctions. This is probably due to the presence of
high density of interface states at SiNWs/ZnS and/or the
presence of an insulating SiO2 layer at the interface. In the case
of the nanowire heterojunction, the observed reverse saturation
current density (J0) is only 0.006 mA cm−2 at a reverse bias of 3
V, which is fairly small in comparison to 0.09 mA cm−2 for the
planar one. The diode ideality factor of the present Si/ZnS
nanowire radial heterojunction is superior to that reported for a
similar structure fabricated with Si nanoporous pillar arrays (η
∼ 29.6).19 However, the forward current density for our device
is lower compared to that reported (75 mA/cm2) in the above
study. This may be due to relatively higher contact resistance of
the AZO electrode compared to a pure metal electrode. The
comparison of electrical performance of different Si/ZnS
heterojunctions reported in literature is presented in Table 1.
The results indicate the superior electrical performance in
terms of diode ideality factor and rectification ratio for the Si/
ZnS nanowire heterojunctions. The J−V curve of the SiNWs/

Figure 3. (a) XRD spectra of core−shell radial heterojunction arrays. The spectrum was recorded at 2° grazing incidence angle. (b) High-resolution
XPS spectra for Zn 2p and S 2p core-level electrons from a sputter-cleaned surface of the radial heterojunction arrays. (c) XPS spectrum of Si 2p
electrons originating from the Si/ZnS interface. (d) O 1s spectra for a sputter-cleaned surface and Si/ZnS interface.

Figure 4. (a) Schematic diagram illustrating coaxial SiNW/ZnS/AZO
radial heterojunctions for electroluminescent device. (b) J−V
characteristics of fabricated SiNWs/ZnS core−shell-type radial and
planar heterojunctions under dark, at room temperature. The inset
shows the fitted J−V curve for the radial heterojunction following a
power law J ∝ Vm corresponding to the trap-charge-limited current
transport.
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ZnS radial heterojunction is best fitted by the equation J ∝ Vm,,
with the exponent m = 2.33 and the proportionality constant as
0.001, which is shown in the inset of Figure 4. So the charge
transport of nanowire heterojunction could be explained by the
trap-charge-limited current (TCLC) model.
The origin of the electroluminescence (EL) emission in

radial heterojunction diodes can be explained by studying their
photoluminescence (PL) spectra. The normalized PL spectra of
the ZnS films, porous Si nanowires, and SiNWs/ZnS radial
heterojunction arrays, recorded at room temperature, are
shown in Figure 5a. Under excitation by 325 nm pump, the
PL emission of the Si/ZnS radial heterojunction covers the
visible spectrum from ∼400 to ∼800 nm and the contribution
from both porous Si nanowires and ZnS film is clearly evident.
The experimentally obtained PL spectrum of the radial
heterojunction is deconvoluted into four Gaussian peaks
centered at 422, 463, 540, and 636 nm, as shown in Figure
5b. The first two peaks are attributed to sulfur vacancy and
interstitial sulfur lattice defects in ZnS.27,28 The emission band
centered around 636 nm is considered to be originated from
the porous Si nanowire core beneath the outer ZnS shell, as the
peak position and full width at half-maximum (fwhm) agree
well with the emission from the Si nanowire shown in Figure
5a. The emission with similar energy has also been reported for
porous Si NWs in previous studies by different groups.29,30 The

observed green emission band centered at ∼540 nm with a
fwhm ∼95 nm can be related to SiNWs/ZnS heterojunction,
because this emission band is observed only in nanowire
heterostructure.
The novelty of fabricated Si/ZnS radial heterojunction arrays

is the realization of broad-band EL emission using a low applied
voltage at and above the room temperature. A white light
emission could be directly observed by the naked eye when
sufficient forward bias is applied across the device with AZO as
the cathode and Al as the anode. The EL spectra of ZnS/Si
radial heterojunction arrays at different applied bias in the range
of 2−13 V are shown in Figure 6a. A broad emission band
starting from 400 nm, covering the full visible region and
extended to the NIR region (850 nm), can be observed. The
EL intensity increases with the increase of injection of electrons
across the junction, above a threshold bias ∼4 V. To
understand the origin of broad-band emission from SiNWs/
ZnS radial heterojunction, the EL spectrum at room temper-
ature for 10 V is fitted by Gaussian function, and the result is
shown in Figure 6b. The spectrum consists of four distinct sub-
bands centered at 460, 535, 640, and 775 nm with fwhm of
about 73, 105, 155, and 100 nm, respectively. By comparing
with the PL spectrum shown in Figure 5b, the emission band
centered at around 460 nm is predicted to be due to the
transition from the conduction band of ZnS to the interstitial

Table 1. Comparison of Electrical Performance of Different Si/ZnS Heterojunctions Reported in Literature

device structure forward current density (mA/cm2) rectification ratio diode ideality factor ref

Si NW/ZnS radial heterostructure 9.9 @ 3 V 1651 @ ± 3 V 6.6 this work
Si nanoporous pillar/ZnS heterostructure 75 @ 2 V 29.6 19
porous Si/ZnS heterostructure 520 @ ± 7.5 V 77 35
crystalline Si/ZnS heterostructure 7000 @ ± 4 V 7 36

Figure 5. (a) Normalized room-temperature PL spectra of ZnS film on c-Si, KOH-treated porous Si nanowire, and SiNWs/ZnS radial
heterojunction arrays. (b) Deconvoluted room-temperature PL spectrum of SiNWs/ZnS radial heterojunction arrays.

Figure 6. (a) Room-temperature electroluminescence spectra of SiNWs/ZnS radial heterojunction arrays under different forward bias. (b)
Deconvoluted EL spectrum of SiNWs/ZnS radial heterojunction arrays under 10 V forward bias at room temperature.
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sulfur lattice defects. Theoretically, it has been reported that the
position of interstitial sulfur defects level Si is located 0.8 eV
above the valence band of ZnS.27 Thus, the emission energy of
∼460 nm (2.7 eV) agrees well with the transition from the
conduction band of ZnS to this level. It may be noted that the
emission band centered at around 422 nm observed in the PL
spectrum (Figure 5b) is either very less intense or absent in the
EL spectrum. This emission may arise due to the transition
from the sulfur vacancy level to the valence band of ZnS. Sulfur
vacancies in ZnS produce localized donor levels at an energy of
∼0.62 eV below the conduction band,28 and thus the transition
from this to the conduction band of ZnS results in the emission
at ∼422 nm. The EL band centered at 640 nm agrees well with
the position and fwhm of the PL spectra for porous Si nanowire
(shown in Figure 5a). This reveals that EL and PL are
attributed to the same carrier recombination mechanism in
nanowire heterostructures. The green emission band centered
at around 530 nm may originate due to the transition from the
conduction band of ZnS to some self-activated centers, or
vacancy states at the SiNWs/ZnS interface. The most
noticeable difference between the PL and EL spectrum is the
observation of an EL emission band centered at 775 nm, which
is absent in the PL spectra. This may originate due to the
injection of electrons across another heterojunction formed
between Si substrate and ZnS film grown at the bottom of the
Si nanowire (shown in the FESEM micrograph Figure 1e).
The mechanism of visible light emission through radiative

recombination of charge carriers injected in the SiNWs/ZnS
radial heterojunction could be explained using the proposed
energy band diagram under zero and forward bias as shown in
Figure 7, parts a and b, respectively. To draw the band diagram,

we have taken the electron affinity of Si (χSi), porous Si(χPSi),
and ZnS (χZnS) as 4.05, 3.69,

31 and 3.9 eV,32 respectively, while
the band gap values are 1.12, 1.93, and 3.6 eV, respectively.
Electron affinity and band gap values of c-Si and ZnS are taken
from the literature, while the band gap of porous Si nanowires
is determined from the PL measurement (see Figure S3 of
Supporting Information). Neglecting the band bending at the c-
Si/porous Si interface and the effect of the thin oxide layer at
the Si/ZnS interface, the above parameters lead to a barrier for
electrons as 0.21 eV (ΔEC) and the barrier for holes as 1.88 eV
(ΔEV) at the SiNWs/ZnS interface. Obviously, a lower
conduction band offset favors the efficient injection of electrons
from ZnS into the porous Si nanowire side and a relatively high
valence band offset assists the confinement of the holes in the
ZnS−Si nanowire interface (Figure 7b). Hence, the emission
from porous Si nanowire (640 nm) dominates over that from
ZnS, which is clear from Figure 6b.
The integrated intensity of different emission peaks as a

function of forward bias is shown in Figure 8a. The detectable
emission of all transitions started around 4 V and increases
continuously up to 9 V. Thereafter, the increasing trend of the
EL intensity slows down gradually and saturates above 11 V.
Similar emission behavior had already been observed in various
heterojunction-based LEDs.33,34 The behavior is attributed to
the high Joule heating, or saturation of recombination centers at
higher injection condition, affecting the performance of the
device. The integrated EL intensity (IEL) versus injected current
density (J) characteristics is considered to obey a power law
nature, IEL ∝ Jm, where the exponent “m” accounts for the
influence of defects in the light emission characteristics. The IEL
versus J for different emission sub-bands is plotted and shown

Figure 7. (a) Energy band diagram of the SiNWs/ZnS core−shell heterojunction under zero applied bias. (b) Energy band diagram demonstrating
different transitions for EL emission under forward bias condition.

Figure 8. (a) Integrated intensity of different sub-bands as a function of forward bias. The inset shows the log−log plot of integrated intensity vs
injected current density for different emission peaks. Solid red lines are the best-fitted linear portion, following the equation IEL ∝ Jm. (b) EL spectra
of the nanowire heterojunction at different temperatures from 10 to 400 K under a forward bias of 10 V.
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in the inset of Figure 8a. The exponent “m” value is extracted
from the linear part of the log−log plot of IEL versus J and is
found to be 0.22, 0.53, 0.77, 0.92, and 0.81 for EL peaks
centered at 422, 460, 535, 640, and 775 nm, respectively. This
sublinear dependence of integrated EL intensity with injected
current density can be attributed to the presence of
nonradiative recombination centers in the ZnS shell and
porous Si core. The stability in device operation over a wide
range of temperature is very important for practical applications
under harsh conditions. The fabricated SiNWs/ZnS radial
heterojunction arrays have been tested for the temperature
ranges from 10 to 400 K. The results are shown in Figure 8b. A
gradual decrease in the EL intensity from 10 to 300 K is
recorded, while above 300 K the intensity decreases rapidly.
However, a significant emission observed even at 400 K
indicates that as-fabricated SiNWs/ZnS heterojunction arrays
could work efficiently at an elevated temperature. The results
indicate the potential of lithography-free bottom-up approach
for the fabrication of large-area white light emitting devices on a
Si platform.

■ CONCLUSION

In summary, we have fabricated p-Si nanowire/n-ZnS core−
shell-type radial heterojunction-based novel nanoarchitecture
arrays over a large area, by combining metal-assisted chemical
etching and pulsed laser deposition techniques. The anisotropic
etching behavior of Si nanowire in KOH has been utilized to
fabricate the isolated n-ZnS/p-Si heterojunction. The current−
voltage characteristic of the fabricated radial heterojunction
exhibits superior rectification behavior with high forward
current and low leakage current density over the planar device.
The fabricated SiNWs/ZnS radial heterojunction arrays exhibit
broad emission characteristics under electrical injection,
covering the full visible and NIR region up to 850 nm under
low forward bias. This broad EL emission is well-explained by
comparing with the PL results and proposed energy band
alignment under forward bias. The white light emission from
these nanoheterojunction arrays in the temperature range of
10−400 K at low applied bias indicates their potential to
operate over a wide temperature range. The study demonstrates
the potential of chemically etched large-area Si nanowire arrays
for white light emitting devices by integrating with direct band
gap II−VI semiconductors. It may be noted that a technique
based on chemical vapor deposition instead of “PLD” will be
more beneficial for fabricating the large-area n-ZnS/p-Si LED
devices.
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