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In the 21st century, aggravating energy and environmen-
tal problems such as pollution, fossil fuel depletion, and
global warming are ringing the alarm bell to human society.
Therefore, clean and renewable energy materials as well as
their devices are urgently demanded, which are the key
and foundation to realize the transformation and utilization
of new energy. The developments of energy storage and
conversion techniques strongly depend on the achievements
of material science.

Based on the modern instruments of making and analyz-
ing novel materials for green energy and rapid accumulation
of knowledge about them, researchers nowadays stand at a
point that could be rich in huge opportunities to exterminate
the energy and environmental problems. Indeed, we have
seen a lot of progress in utilization of green energy, such
as photovoltaic devices, bioenergy, and wind-driven power.
Besides using green energy, the light-emitting devices also
rock the lighting market by their capability of saving energy.
However, the achievements are still far below the demands,
and colleagues are making efforts in these fields.

This special issue selects 11 papers about energymaterials,
organic photovoltaic device, photodetector, thin-film solar
cells, light-emitting device, and other energy saving and high
energy efficiency related topics. This special issue enables

interdisciplinary collaboration between science and engi-
neering technologists in the academic and industrial fields.
The objective is to provide an opportunity for interdisci-
plinary researchers to share their latest research achievements
and let the potential readers learn some insightful concepts in
energy related research. We hope this research progress can
inspire more advanced ideas for the future development of
energy technology.

Sheng-Po Chang
Jun Zhu

Shyh-Jer Huang
Hsin-Chieh Yu
Ting-Jen Hsueh
Hsin-Ying Lee
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PbS : In and CdS quantum dots (QDs) are sequentially assembled onto a nanocrystalline TiO
2
film to prepare a PbS : In/CdS

cosensitized photoelectrode for QD sensitized solar cells (QDSCs). The results show that PbS : In/CdS QDs have exhibited a
significant effect in the light harvest and performance of the QDSC. In the cascade structure of the electrode, the reorganization of
energy levels between PbS and TiO

2
forms a stepwise structure of band-edge levels which is advantageous to the electron injection

into TiO
2
. Energy conversion efficiency of 2.3% is achieved with the doped electrode, under the illumination of one sun (AM1.5,

100mWcm2). Besides, a remarkable short circuit current density (up to 23mA⋅cm−2) is achieved in the resulting PbS : In/CdS
quantum dot sensitized solar cell, and the related mechanism is discussed.

1. Introduction

Oneof the current challenges for high performance sensitized
solar cells is the limited light absorption range from the visible
to the near-infrared (NIR) region for the solar spectrum
[1]. Generally, molecular dyes can only absorb light photons
within a more or less broadband corresponding to their
molecular transitions; thus the absorption region of dye
sensitized solar cells (DSCs) is limited [2]. On the other
hand, semiconductor materials can absorb all photons with
energies higher than their band gap, 𝐸

𝑔
. The quantum dot

sensitized solar cells (QDSCs) are attracting increasing atten-
tion as they show promising potential for the development of
next generation solar cells with high photocurrent [3–5].

Recently, various quantum dots (QDs), such as CdS,
CdSe, PbS, PbSe, and InP, have been attempted to fabri-
cate QDSCs [6–10]. PbS (𝐸

𝑔
= 0.41 eV) [11], specifically,

has attracted increasing interest in sensitizers for achieving
superior photocurrent solar cells. Recent work by Zhou et al.
has demonstrated a high photocurrent density (𝐽SC, nearly
20mA⋅cm−2) in the PbS/CdS cosensitized solar cells [12].
However, compared to that of TiO

2
, the conduction band

(CB) of PbS is located at lower energy [13]. The situation is
not conducive to electronic transmission from PbS to TiO

2
.

Thus, optimization of the structure for photoanode is highly
required to improve the electron injection in PbSQDSCs [14].

High performance deep red and NIR emitters are much
needed for developing desirable probes for in vivo diagnostics
and optical devices application [15–17]. Synthesis of doped
semiconductor nanocrystal QDs [18–20] has recently become
an active subject in the field of nanomaterials because of their
unique optical, electronic, and physical properties [21]. Vari-
ous advantages have been achieved by doping with optically
active transitionmetal ions (such as Cu, In, Mn, andMg) [22,
23] because the electrical and optical properties of QDs could
be effectively improved. In addition, the photophysical prop-
erties of semiconductor nanocrystals could also be adjusted
by different types and concentrations of dopants [24]. The
dopant creates electronic states in the midgap region of the
QD, thus altering the charge separation and recombination
dynamics. Currently, other efforts to design In-doped ZnSe,
Mn-doped ZnSe, and In-doped-InP QDs have brought a
bright perspective for developing highly efficient and color-
tunable emitters in the red and NIR window [19, 25, 26].
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Figure 1: Deposition process of In-doped-PbS QDs on mesoporous TiO
2
nanostructure using successive ionic layer adsorption and reaction

(SILAR) method.

In this work, we have fabricated a photoanode of PbS : In
and CdS QDs deposited by the successive ionic layer adsorp-
tion and reaction (SILAR) [27]. Improvement in the QDSC
performance has been observed. The photocurrent density
up to 23mA⋅cm−2 has been achieved in the PbS : In semi-
conductor photoanode. The power conversion efficiency of
2.3% is mainly due to the extremely high 𝐽SC. Furthermore,
many experiments have been performed to well demonstrate
the material structures and solar cell performance.

2. Experimental

2.1. Fabrication of PbS : In/CdS Electrode. The fabrication
methods are based on our previous study for Cu-doped
PbS [28]. In a typical experiment, the TiO

2
electrode was

prepared by the screen printing with an average size of
25 nm TiO

2
paste onto the fluorine-doped tin oxide (FTO)

glass (thickness: 2.2mm, Pilkington, 14 Ω/square). The as-
prepared electrodes were annealed at 450∘C for 30min.
Corresponding concentrations (1 : 1, 1 : 5, 1 : 10, and 1 : 20) of
the InCl

3
were mixed with Pb(NO

3
)
2
(0.1M) in an ethanol

and deionized water (1 : 1) mixed solution as cation source,
respectively. Na

2
S (0.1M) in methanol was used as anion

source. The SILAR method was used to sensitize the TiO
2

nanoparticles with PbS : In QDs as shown in Figure 1. Firstly,
TiO
2
electrodes were dipped in cation source for 1min,

followed by dipping in anion source for 1min. After each
dipping cycle, the electrode was rinsed with corresponding
solvent anddrying. In the process, the In3+ ionswere achieved
in the PbS film. To prevent PbS : In electrode from the
corrosion by polysulfide solution electrolyte [29], CdS layer
was deposited on TiO

2
by using Cd(NO

3
)
2
(0.1M) aqueous

ethanol solution and Na
2
S (0.1M) methanol solutions [30].

2.2. Preparation of QDSCs. All the working electrodes and
Pt-coated counterelectrodes were finally assembled by using
60 𝜇m thick sealing materials (SX-1170-60, Solaronix SA). A
mixed methanol and deionized water solution (1 : 1) of Na

2
S

(0.5M), S (2M), and KCl (0.2M) was used as the liquid
electrolyte [31]. Solar cell performance was evaluated at one
sun illumination.

3. Results and Discussion

Figure 2(a) shows scanning electron micrograph (SEM) of
the bare TiO

2
electrode, while Figure 2(b) shows SEM image

of the TiO
2
electrode deposited by PbS : In. Compared with

bare TiO
2
films, the dimension of QD sensitized TiO

2

nanoparticles increases slightly and the porosity decreases at
the same time.The Pb, In, and S peaks are clearly observed in
the EDS spectrum of the electrode, as shown in the inset of
Figure 2(b). Furthermore, Figure 2(c) suggests that the TiO

2

filmswere deposited by PbS : Inwith a thickness of 10 𝜇m.The
result confirms that PbS : In QDs are successfully assembled
on the surface of the TiO

2
film via the deposition process.

Figure 3(a) shows a high-resolution transmission elec-
tron microscopy (HRTEM) image of the TiO

2
/PbS : In

(Pb : In = 10 : 1) electrode, suggesting that the surface of the
TiO
2
particles has been coatedwithQDs (gray dots). HRTEM

image of the TiO
2
/PbS : In electrode as shown in Figure 3(b)

demonstrated fine crystallites with various orientations and
lattice spacing around the TiO

2
crystallite. According to

the (101) plane of TiO
2
(JCPDS 21-1272), the lattice spacing

measured for the crystalline plane is 0.356 nm. On the
basis of careful measurement and comparison of the lattice
parameters in JCPD, the lattice of the crystallites deposition
on TiO

2
is ascribed to the (220) plane of PbS, without

observing independent In phase. These results indicate that
PbS : In nanocrystals have been absorbed on the surface of
porous TiO

2
; thus a TiO

2
/PbS : In cascade structure was

achieved.
Powder X-ray diffraction (XRD) of the TiO

2
electrodes

sensitized with PbS:In QDs (Pb : In = 10 : 1) was per-
formed. Figure 4 shows the XRD patterns of TiO

2
/PbS and

TiO
2
/PbS : In films at room temperature (RT) and 200∘C.The

typical diffraction peaks of the SILAR deposited PbS films
were located at 32.3∘, 48.1∘, and 62.9∘, corresponding to (111),
(220), and (222) crystalline planes of cubic phase (galena)
of PbS, respectively. The XRD patterns of the In-doped
PbS phase at room temperature were in good agreement
with those of undoped PbS phase at room temperature and
200∘C. However, (220) peak for the cubic phase of PbS was
found to slightly shift from 48.1∘ to 47.6∘ in the TiO

2
/PbS : In

nanoporous films annealed at 200∘C. Thus, In doping could
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Ti
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Pb
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4𝜇m
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Figure 2: SEM images of the top view for the nanocrystalline TiO
2
film (a) and TiO

2
deposited by PbS : In film (b); the cross-section view of

the TiO
2
deposited by PbS : In film (c); the inset in parts (b) shows the corresponding EDS spectra.

(a)

PbS : In QD
phases (220)

TiO2 (101)
0.356nm

(b)

Figure 3: (a) and (b) are low-magnification HRTEM images of the PbS : In film. The inset in parts (b) shows the corresponding high-
magnification HRTEM image.

lead to the change of the crystalline structure of PbS, which
indicates the formation of In in the as-prepared samples.

Figure 5(a) shows the UV-vis absorption spectra of
PbS : In QDs look red-shifted compared to the pristine PbS,
especially in visible region. Optical band gap of the QDs is
estimated from UV-vis absorption spectra using Kubelka-
Munk equation [32] and Tauc plot [33] (Figure 5(b)). The
optical band gap of PbS : InQD increases from 1.0 eV to 1.4 eV

as the doping concentration increases from0 to 1 : 1. However,
the threshold for the PbS doped with In (PbS : In = 1 : 1, 5 : 1)
in the NIR region in inset of Figure 5(a) is moved to shorter
wavelength than the pristine PbS, which is consistent with the
increase in band gap.

Furthermore, the PbS : In QD adsorbed TiO
2
of low

binding energy was observed by ultraviolet photoelectron
spectroscopy (UPS) spectra. Secondary cut-off is fitted to
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Table 1: Parameters of photovoltaic performance of theQDSCswith
different concentrations of PbS : In.

Sample 𝐽SC/mA cm−2 𝑉OC/V FF 𝜂 (%)
Pb : In = 1 : 1 5.07 0.39 0.36 0.71
Pb : In = 5 : 1 16.94 0.44 0.22 1.64
Pb : In = 10 : 1 19.11 0.42 0.27 2.17
Pb : In = 20 : 1 15.31 0.41 0.22 1.38

20 30 40 50 60 70
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te

ns
ity

 (a
.u

.)

 (2
22

)

 (2
20

)

 (1
11

)

FTO
PbS

2𝜃 (deg)

RT PbS
200∘C PbS
RT In-doped PbS
200∘C In-doped PbS

TiO2

Figure 4: The XRD patterns of PbS and PbS : In films at room
temperature and 200∘C.

energy of He I light source (21.2 eV), where measurement of
low energy region corresponds to potential energy of valence
band maximum (VBM) from the vacuum level, as shown
in Figure 5(c). The position of conduction band minimum
(CBM) can be calculated based onVBMand optical band gap
energy. Band-edge alignment is demonstrated in Figure 5(d),
where CBM of the QDs moves upward as the concentration
decreases from 0 to 10 : 1 and moves downgrade as the
concentration decreases from 10 : 1 to 20 : 1. It is indicated that
CBM is slightly altered by In concentration. So it is likely to
shape a stepwise structure of between PbS and TiO

2
band-

edge levels which is advantageous to the electron injection
into TiO

2
, as shown in Figure 5(e).

The 𝐽-𝑉 characteristics with different In-doped concen-
trations for 2 SILAR cycles of PbS:In and 4 SILAR cycles of
CdS solar cell are shown in Figure 6.The short circuit current
density (𝐽SC), the open circuit voltage (𝑉OC), the fill factor
(FF), and the power conversion efficiency (𝜂%) are shown in
Table 1, respectively. Obviously, the best performance of
the doped solar cell is achieved based on the (Pb : In)
concentration ratio (10 : 1). An inductively coupled plasma
optical emission spectroscopy (ICP-OES) was performed to
determine the actual In-doped concentration. The results
suggest the concentration was 1.6% in the PbS film. Either
higher or lower In-doped concentration might damage the

performance of QDSCs. The optimal concentration was
found to be 10 : 1 to form a cascade structure for the electronic
transmission.The implication of experimental data suggested
that 𝑉OC enhanced the increase of the doping concentration.

Similarly, the doped system with different SILAR cycles
of CdS is completed. The normalized absorption spectra
of these electrodes are shown in Figure 7(a). Absorption
around 550 nm was found in the diffusion reflectance
absorbance spectra of PbS : In/CdS deposited film, demon-
strating enhanced ability for capturing incident photons with
the increasing of the CdS layer. The 𝐽-𝑉 characteristics well
correspond to the diffusion reflectance absorbance spectra
shown in Figure 7(b). The 6 SILAR cycles of short circuit
current density (∼23.42mA⋅cm−2) are higher than other
cycles. The highest efficiency (2.36%) is obtained with the 6
SILAR cycles of CdS layer (Table 2). The addition of SILAR
cycle of CdS can reduce the recombination and enhancement
VOC in the cell is observed in Table 2.

For the comparative study, two different types of semi-
conductor photoanodes were prepared: (i) 2 SILAR cycles of
undoped PbS and 6 SILAR cycles of CdS and (ii) 2 SILAR
cycles of PbS : In (Pb : In = 10 : 1) and 6 SILAR cycles of
CdS. The normalized absorption spectra of these electrodes
are shown in Figure 8(a). Absorption around 1200 nm was
observed in the absorption spectra of PbS : In/CdS deposited
film, demonstrating enhanced ability for capturing incident
photons.

Figure 8(b) shows incident photon-to-electron conver-
sion efficiency (IPCE) spectra of the doped and undoped
QDSCs at different incident light wavelengths. Compared to
the PbS/CdS ones, much more increment in overall pho-
tocurrent response, specifically in the NIR region, was found
in the PbS : In/CdS electrodes, showing maximum IPCE
greater than 70%. Light scattering layer increases further
IPCE at longer wavelength (IPCE of 40% at 800 nm and
10% at 1200 nm). The broad absorption in the visible and
higher photoconversion efficiency highlights the importance
of In doping of the metal chalcogenide films. Very recently,
the highest short circuit current density with a maximum
EQE (74.6% at 470 nm) of PbS :Hg QD sensitized solar
cell was demonstrated to change it [28]. We can refer it to
some references [34–39]. It is indicated that short circuit
photocurrent density has a stronger relevance with working
electrode absorb light range than value of IPCE.

The 𝐽-𝑉 characteristics of these twoQDSCs are presented
in Figure 8(c). Surprisingly, PbS : In/CdS films that exhibited
a significant increment close to 50% (from 15.73mA⋅cm−2
to 23.01mA⋅cm−2) in the photocurrent are shown in Table 3,
compared to the corresponding undoped films. Similarly, the
open circuit voltage was found to dramatically increase from
0.35V to 0.39V after doping. Although the fill factor still
remained at very low level, the increase in the short circuit
current and the open circuit voltage with In-doped system
leads to the enhancement in the overall power conversion
efficiency, suggesting higher efficiency of 2.30% based on the
undoped one (1.38%).

The enhanced performance of PbS : In/CdS films is
mainly attributed to the CBM and VBM realignment by In
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Figure 5: (a) UV-vis absorption spectra of PbS : In QD (PbS : In = 0, 1 : 1, 5 : 1, 10 : 1, and 20 : 1) adsorbed TiO
2
and (b) Tauc plot calculated by

using Kubelka-Munk equation from UV-vis absorption; (c) UPS spectra of PbS : In QD (PbS : In = 0, 1 : 1, 5 : 1, 10 : 1, and 20 : 1) adsorbed TiO
2

and extrapolation of low binding energy region. (d) Band-edge alignment diagram for PbS and PbS : In QDs. (e) Schematic illustration of the
electron and hole transfer model for undoped PbS/CdS (i) and PbS : In/CdS (ii).
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Table 2: Parameters of photovoltaic performance of the QDSCs with different SILAR cycles of CdS.

Sample 𝐽SC/mA⋅cm−2 𝑉OC/V FF 𝜂 (%)
(Pb : In = 10 : 1) PbS : In(2)/CdS(4) 19.41 0.42 0.22 1.95
(Pb : In = 10 : 1) PbS : In(2)/CdS(6) 23.42 0.44 0.23 2.36
(Pb : In = 10 : 1) PbS : In(2)/CdS(8) 20.21 0.46 0.23 2.18
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Figure 6: The 𝐽-𝑉 characteristics with different concentrations of
PbS:In sensitized solar cell: Pb : In = 1 : 1 (◼), Pb : In = 5 : 1 (),
Pb : In = 10 : 1 (), and Pb : In = 20 : 1 (⬦).

Table 3: Parameters of photovoltaic performance of PbS/CdS and
PbS : In/CdS QDSCs.

Sample 𝐽SC/mA⋅cm−2 𝑉OC/V FF 𝜂 (%)
PbS/CdS 15.73 0.35 0.25 1.38
PbS : In/CdS 23.01 0.40 0.26 2.30

doping, which effectively separate the electrons and holes
into QD layers.The cascade structure of TiO

2
/PbS : In/CdS is

similar to that ofHg- andCu-doped system [26, 28], as shown
in Figure 5(e)(ii). The transmission path is advantageous to
the accumulation of more electrons for increasing photovolt-
age and short circuit current density of QDSCs. Besides, the
energy gap of PbS is maintained, which benefits multiexciton
generation.

Through the impedance measurement we can also con-
firm the above conclusions. Impedance measurement of the
QDSCs based on TiO

2
/PbS/CdS and TiO

2
/PbS : In/CdS pho-

toelectrodes is presented in Figure 8(d). Equivalent circuit in
the insert has been suggested in another sentence [37–39] to
model the impedance spectrum (IS) of QDSCs. According
to the equivalent circuit, two semicircles should be obtained
in each IS. The recombination resistance (𝑅rec, a charge-
transfer resistance related to recombination of electrons at
the TiO

2
/electrolyte interface) of the doped system is much
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Figure 7: The diffusion reflectance absorbance spectra (a) and J-V
characteristics (b) with different working electrodes based on SILAR
cycles of CdS layer: CdS(4) (◼), CdS(6) (), and CdS(8) ().

higher than undoped system. Besides, 𝑅rec is inversely pro-
portional to both the recombination rate and the density
of electrons in TiO

2
, which could partially account for the

longer electron lifetime and higher photocurrent in TiO
2
/

PbS : In/CdS photoelectrode.
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Figure 8: (a) Diffusion reflectance absorbance spectra of semiconductor films deposited on mesoporous TiO

2
films: PbS/CdS (◼),

PbS : In/CdS (). (b) IPCE spectra for PbS/CdS (◼), PbS : In/CdS (). (c) 𝐽-𝑉 characteristics of different working electrodes measured under
AM 1.5 global filter of 100mWcm−2 sunlight: undoped PbS/CdS (◼), PbS : In/CdS (). (d) Impedance measurement of QDSCs: undoped
PbS/CdS (◼), PbS : In/CdS () at an applied negative bias, 𝑉appl = −0.4V, under dark conditions. The working electrodes areas were both at
0.09 cm2.

However, there are still several factors limiting the power
conversion efficiency in QDSCs. (i) The Pt counterelectrode
has poorer performance in the improvement of the fill factor
for the QDSCs, comparing to other counterelectrodes [39,
40]. (ii) Good photoanode and bad counterelectrode do not
match each other, against electrolytic oxidation reduction
[28]. (iii) Difficulties have been also found in the SILAR
method for controlling the QD size and size distribution,
optimizing QD sensitized electrode structure, high coverage,
and band alignment of QDs, thus slowing electron injection
into TiO

2
and hole transfer into sulfide redox couples. The

high charge recombination is severe factor in achieving

higher efficiency of QDSCs [41]. However, the in situ elec-
trochemistry deposition method has been found to be an
effective approach to ensure high surface coverage of TiO

2

and direct attachment between QDs and TiO
2
matrix [42],

demonstrating a platform for fabricating high performance
solar cells via doping systems.

4. Conclusions

In summary, SILAR method was used to fabricate PbS : In
QDSCs. A superior short circuit current density up to
23mA⋅cm−2 was achieved in the resulting cells with doped
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QDs, mainly attributed to the separation of electrons and
holes and charge transfer improvement. The results demon-
strate a promising potential method for fabricating high
performance QDSCs.
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The effect of piezoelectric polarization on GaN-based light emitting diodes (LEDs) with different kinds of prestrain layers between
the multiple quantum wells (MQWs) and n-GaN layer is studied and demonstrated. Compared with the conventional LED, more
than 10% enhancement in the output power of the LED with prestrain layer can be attributed to the reduction of polarization field
within MQWs region. In this study, we reported a simple method to provide useful comparison of polarization fields within active
region in GaN-based LEDs by using temperature-dependent electroluminescence (EL) measurement. The results pointed out that
the polarization field of conventional LED was stronger than that of the others due to larger variation of the wavelength transition
position (i.e., blue-shift change to red-shift) from 300 to 350K, and thus the larger polarization field must be effectively screened
by injecting more carriers into the MQWs region.

1. Introduction

GaN-based materials generally exist in a wurtzite crystal
structure which has a strong polarization field along the
𝑐-plane direction. Therefore, the space charges induced by
spontaneous and piezoelectric polarization fields were at the
interfaces of heterostructure for GaN-based materials, for
example, in the 𝑐-plane InGaN/GaN multiple quantum wells
(MQWs) structure. This inherent effect, which was called
quantum-confined stark effect (QCSE), has resulted in the
reduction of quantum efficiency for the GaN-based LEDs.
This is because the QCSE within MQWs region lead to the
significant spatial separation of the electron and hole wave
functions and the reduction of the electron-hole recom-
bination probability [1–5]. Furthermore, investigating the
spontaneous and piezoelectric polarization-induced electro-
static field on InGaN/GaN MQWs heterostructure is a very
important key issue currently. Thus, many novel and useful
growth techniques and structures have been developed to
release the strain and reduce the separation of the wave
function in the InGaNQWs to improve the optical properties
of nitride-based LEDs [6–14].

Besides, some research groups also calculate both the
internal electric-field strengths and the carrier density
screening of the potential by the measured spectral shifts
using photoluminescence (PL) system [15–18]. In our previ-
ous work [19], we also successively reported a simple method
by temperature-dependent EL measurement to provide use-
ful comparison of electrostatic fields within the QWs of
GaN-based LEDs, specifically for structures consisting of
identical active regions with different barrier thicknesses. On
the other hand, several studies have revealed that the optical
properties of LEDs with the structures of InGaN/GaN short-
period superlattices (SPS) or low-temperature (LT)GaN layer
between the n-GaN and MQWs can be improved due to the
release of the residual strain in MQWs, reduction of the
QCSE, enhancement of electron-hole recombination rate,
reduction of the V-defect density, and improvement of the
crystal quality in MQWs [17, 18, 20, 21]. However, it is very
necessary to investigate the more detailed relationship
between prestrain layer and QCSE. Moreover, in this study,
the strengths of the polarization field and the effect of
QCSE in the active region of GaN-based LEDs with different
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Figure 1: The schematic structures of the three fabricated LEDs. (a) LED I without any specific prestrain interlayer. (b) LED II with
InGaN/GaN SPS interlayer. (c) LED III with LT-GaN interlayer.

prestrain layer were compared by using our previous method
of temperature-dependent EL measurement.

2. Experimental

All samples used in this study were grown on 𝑐-plane (0001)
sapphire (Al

2
O
3
) substrate by metal-organic chemical vapor

deposition (MOCVD). During the growth, trimethylgallium
(TMGa), trimethylindium (TMIn), and ammonia (NH

3
)

were used as gallium, indium, and nitrogen sources, respec-
tively, while biscyclopentadienyl magnesium (CP

2
Mg) and

disilane (Si
2
H
6
) were used as the p-type and n-type doping

sources, respectively. The conventional LED structure, called
LED I, consists of a 30 nm thick buffer layer grown at low
temperature, a 1.5 𝜇m thick undoped GaN layer grown at
1040∘C, a 2𝜇m thick Si-doped n-GaN layer grown at 1040∘C,
and anMQWactive region grown at 750∘C.TheMQWactive
region consists of 10 periods of 3 nm thick InGaN well layers
(with nominal indium content ∼17%) and 10 nm thick GaN
barrier layers. Subsequently, the temperature was elevated
to 1000∘C to grow a 30 nm thick Mg-doped p-Al

0.15
Ga
0.85

N
electron blocking layer (EBL) and a 0.3𝜇m thick p-GaN layer.
In order to reduce the strain and polarization effect in the
active region, the LEDs with prestrain interlayer structure are
also prepared. As shown in Figure 1, the LEDs with lower-
indium content (∼5%) 10-pair InGaN (2 nm)/GaN (3 nm)
SPS interlayer grown at 800∘Cwere labeled as LED II. And the
LEDs with LT-GaN (50 nm) interlayer grown at 750∘C were
labeled as LED III. The as-grown samples were subsequently
annealed at 750∘C in N

2
ambient to active Mg in the p-type

layers.
After the growth, the surface of the samples was partially

etched until the 2 𝜇m thick Si-doped n-GaN layer was
exposed. Subsequently, a 70 nm thick indium-tin oxide (ITO)
layer was deposited by sputter system onto the p-GaN layer to
serve as a current spreading layer. A Ni/Au (30 nm/500 nm)
metal contact was deposited on the ITO layer to form the
p-electrode. A Ti/Al/Ti/Au (15 nm/450 nm/50 nm/500 nm)
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Figure 2: Light output powers measured from LEDs I, II, and III as
functions of injection currents.

metal contact was then deposited on the exposed n-GaN layer
to form the n-electrode. The LEDs fabricated in this study
had a chip size of 250 × 580𝜇m2. The light output powers
weremeasured by the integrating sphere detector.The optical
characteristics of these samples were measured by EL system.

3. Results and Discussion

Figure 2 shows themeasured light output power as a function
of the injection current for these three fabricated LED
structures. In order to avoid the effects of self-heating, we
applied pulse-width-modulated injection currents on each
of the measured LEDs [22]. By increasing the injection
current, the light output powers of these three fabricated LED
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Figure 3: EQE as functions of injection currents for LEDs I, II, and
III.

structures are increased. At an injection current of 20mA,
the light output powers of LEDs I, II, and III are 8.99, 9.42,
and 10.30mW, respectively. The output powers of LEDs II
and III with prestrain structures were 4.8 and 14.6% higher
than those of LED I, respectively. It was also found that the
difference of output power between these three LEDs was
remarkably enlarged especially at higher injection current.
Compared with LED I, the light output powers of LEDs II
and III were improved by approximately 8.2% and 18.6%
under an injection current of 100mA, respectively. These
results show that the light output power can be improved
obviously with inserting the prestrain interlayers between the
n-GaN and MQWs. This means that the improvement of
output power can be attributed to the release of the residual
strain, the reduction of the polarization field and QCSE,
the enhancement of electron-hole recombination rate, the
reduction the V-defect density, and the improvement of the
crystal quality in MQWs for LEDs II and III [20, 21]. Figure 3
shows the measured external quantum efficiency (EQE) as a
function of injection current. The EQE is defined as

EQE = 𝑃/ (ℎV)
𝐼/𝑒

, (1)

where 𝑃 is the light output power, ℎV is the energy of photon
emitted from a semiconductor, 𝐼 is the injection current, and
𝑒 is the electron charge. When the LED is operated with
injection current, the light power and emission wavelength
are measured by integrating sphere detector at the same time.
Thus, the values of EQE can be calculated by using (1). The
peak efficiency of LEDs I, II, and III is 18.8%, 19.1%, and
23.3%, respectively.The improvement of EQE for LEDs II and
III is mainly due to the partial strain relaxation within the
active region, which resulted in a less tilt of band-edge and a
better overlap of the electron and hole wave functions in each

quantum well. It implies that the polarization field within the
active region in this study could be reduced effectively by
inserting prestrain interlayer structure.

In order to further differentiate the piezoelectric polariza-
tion field for these three fabricated LED structures, the emis-
sion spectrum characteristics of the LEDs by temperature-
dependent EL were measured and achieved.The temperature
of the LEDs was varied by using a heat controller. The
temperature was ramped from 300K up to 350K with a
step of 10 K. Figures 4(a)–4(c) show the peak emission
wavelength of these three fabricated LEDs at various ambient
temperatures as a function of injection current. First, it was
obviously found that the overall emissionwavelength in these
three LEDs shifted to longer wavelength as the ambient
temperature increased. The temperature dependence of the
energy band-gap for a semiconductor can be expressed by the
Varshni formula:

𝐸

𝑔
= 𝐸

𝑔









𝑇=0K
−

𝛼𝑇

2

𝑇 + 𝛽

, (2)

where 𝛼 and 𝛽 are fitting parameters, frequently called the
Varshni parameters [23]. It indicates that the energy band-
gap of semiconductor generally decreases as the temperature
increases, and thus the overall emission wavelength of the
LEDs shifted to longer wavelength. The reason is that energy
band-gap of quantumwell became narrowwhich is caused by
the increase in ambient temperature according to the Varshni
effect [23, 24].

Then, it was also found that the wavelength of these three
LEDs initially shifted toward shorter wavelength and then
shifted toward longer wavelength as the injection current
was increased. It is well known that the phenomenon of the
wavelength shifting toward shorter wavelength was called
blue-shift, which can be attributed to the screening effect
and band-filling effect [25]. On the contrary, the wavelength
shifted toward longer wavelength was called red-shift, which
was induced by the thermal effect created by the parasitic
resistances of contacts and semiconductor layers due to the
𝐼

2
𝑅 dependence of Joule heating [24]. Regarding the blue-

shift values of emission wavelength which was related with
polarization field within the active region, it was found that
these values for LEDs I, II, and III at room temperature
were 1.37, 1.22, and 1.11 nm, respectively. Such a result showed
that the conventional LEDs possess a larger blue-shift value
than that of LEDs II and III with prestrain interlayer. This is
because the stronger QCSE for LED I induced by the sponta-
neous and piezoelectric fields in theMQW layers would show
an obvious screening effect and band-filling effect. These
results once more explained that the polarization field within
the active region in this study could be reduced effectively by
inserting prestrain interlayer structure. Therefore, the output
powers of LEDs II and III were improved due to a better
overlap of the electron and hole wave functions in each
quantum well.

On the other hand, it is very worthy to note that the
value of injection current, at which the wavelength of blue-
shift changed to red-shift, shifted to larger injection current
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Figure 4:The emission wavelengths as functions of injection currents under different ambient temperatures measured from 300 to 350K for
(a) LED I, (b) LED II, and (c) LED III.

when the temperature increased, as shown in the dashed line
of Figure 4. It can be seen clearly that LED I as shown in
Figure 4(a) has a more obvious change than those of LEDs
II and III as shown in Figures 4(b) and 4(c). This is because
the carriers injected into the MQWs would be excited by
the higher ambient temperature. Thus, these excited carriers
would escape from the MQWs, and the energy bandgap
of MQWs caused by QCSE cannot be screened and filled
effectively. In other words, it needs higher injection current
to provide more carriers which can complete the screening
effect of LEDs. Therefore, LED I without prestrain structure
with more serious QCSE resulting from larger polarization
field within the active region must inject more currents into
QWs to compensate the screening effect.

Figure 5 also shows the blue-shift value as a function
of ambient temperature on these three fabricated LED
structures. It was found that the blue-shift values of these
three LEDs kept almost the same with increasing ambient
temperature. Such a result indicated that the value of blue-
shift induced by screening and band-filling effect for these
three LEDs was independent of the ambient temperature.
In other words, this pointed out that QCSE caused by
polarization field in this study did not change with the
ambient temperature increase. Figure 6 shows the variation of
the injection current of wavelength transition position from
blue-shift to red-shift, which was extracted from the dashed
line of Figure 4, as a function of the ambient temperature.
It can be seen clearly that the slope of conventional LED is
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Figure 5: Blue-shift values of emission wavelength as functions of
ambient temperatures for the three fabricated LEDs.

larger than that of the other LEDs with prestrain interlayer.
According to Figure 6, it was found that the injection current
of wavelength transition position from blue-shift to red-shift
of LED I, LED II, and LED III is 30, 28, and 27mA at
room temperature and that those of LED I, LED II, and
LED III are 40, 36, and 34mA at 350K. The results again
imply that the polarization fields within the active region of
LED I were stronger than others due to larger variation of
the injection current of the wavelength transition position
from 300K to 350K, and thus it needed more injection
carriers (higher injection current) to complete the screening
of QCSE within the active region.Thus, we reported a simple
method to provide useful comparison of electrostatic fields
within the InGaN MQW active region on the GaN-based
LEDs, specifically for structures consisting of identical active
regions with different prestrain layers.

4. Conclusions

The effect of piezoelectric polarization on GaN-based LEDs
with different kinds of prestrain layers between the MQWs
layers and n-GaN layer is studied and demonstrated. Com-
pared with the conventional LED, it was found that more
than 10% enhancement in the output power of the LED
with prestrain layer can be attributed to the reduction of
polarization field within MQWs layers. In this study, we
reported a simple method to provide useful comparison
of polarization fields in the LEDs which were estimated
using temperature-dependent EL measurement. The results
pointed out that the polarization field of conventional LED
was stronger than that of the others due to larger variation of
the wavelength transition position (i.e., blue-shift change to
red-shift) from 300 to 350K, and thus the larger polarization
field must be effectively screened by injecting more carriers.
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Figure 6: The turning points of injection currents (i.e., wavelength
transition position from blue-shift to red-shift as shown by the
dashed lines in Figures 4(a)–4(c)) as functions of ambient tempera-
tures for the three fabricated LEDs.
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Quasi-monocrystal ZnO film grown using the hydrothermal growth method is used for the fabrication of Cu
2
O/ZnO

heterojunction (HJ) ultraviolet photodetectors (UV-PDs). The HJ was formed via the sputtering deposition of p-type Cu
2
O

onto hydrothermally grown ZnO film (HTG-ZnO-film). The effect of annealing temperature in the nitrogen ambient on the
photoluminescence spectra of the synthesized ZnO filmwas studied.The optoelectronic properties of Cu

2
O/ZnO filmwith various

Cu
2
O thicknesses (250–750 nm) under UV light (365 nm; intensity: 3mW/cm2) were determined.The UV sensitivity of the HTG-

ZnO-film-based UV-PDs and the sputtered ZnO-film-based UV-PDs were 55.6-fold (𝑆HTG) and 8.8-fold (𝑆sputter), respectively. The
significant gain in sensitivity (𝑆HTG/𝑆sputter = 630%) of the proposed ZnO-film-based device compared to that for the device based
on sputtered film can be attributed to the improved photoelectric properties of quasi-monocrystal ZnO film.

1. Introduction

Ultraviolet photodetectors (UV-PDs) have attracted consid-
erable interest for applications such as combustion engineer-
ing,missile plume detection, space-to-space communication,
ozone layer monitoring, pollution monitoring, and flame
detection [1, 2]. UV-PDs have been fabricated onwide-direct-
band-gap materials, including ZnO film obtained via spray
deposition [3], GaN film obtained via plasma-assistedmolec-
ular beam epitaxy [4], and TiO

2
obtained via hydrothermal

growth (HTG) [5]. Among them, ZnO is a well-known
direct wide band gap (3.37 eV at room temperature) and
thermally stable n-type wurtzite semiconductor with a large
exciton binding energy (about 60meV) [6]. It has been
widely investigated for its unique properties and potential
applications in sensitive devices [7–15].

ZnO-based UV-PDs with a nanowire- (NW) type struc-
ture have drawn a lot of attention due to their ease of
fabrication, low-temperature processing, and unique proper-
ties, such as high aspect ratio, high surface-to-volume ratio,

and good carrier confinement in two dimensions, which
benefit device performance [16]. However, UV-PDs based
on ZnO NWs usually suffer from a relatively low junction
area for photo detection. In addition, the integration of
ZnO NWs into a working device remains a complicated,
time-consuming, and uneconomical process, and there is a
potential short-circuit problem for ZnO-NW-based UV-PDs
[17, 18].

In this study, the fabrication of UV-PDs based on a p-
Cu
2
O/n-ZnO heterojunction (HJ) is demonstrated. A quasi-

monocrystalline ZnO film grown on an indium tin oxide-
(ITO) coated glass substrate via the hydrothermal method
is proposed to serve as the n-type semiconductor with
improved photoelectric properties. Sputter deposition is used
to deposit cupric oxide (Cu

2
O) as the p-type semiconductor.

In addition to nontoxicity, low cost, and abundance of the
starting material, Cu

2
O has a direct band gap of 2.0 eV [19,

20]. A sensing response with a wide spectrum range of 660∼
300 nm can be expected for the proposed p-Cu

2
O/n-ZnO

HJ. The effects of Cu
2
O film thickness on the optoelectrical
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Figure 1: Schematic device structure and SEM images of prepared UV-PDs. (a) Schematic device structure and (b) tilted-view images of ZnO
(HTG)/AZO/ITO and p-Cu

2
O/ZnO (HTG)/AZO/ITO structures.

properties ofUV-PDs are investigated. Comparisons between
the performances of p-Cu

2
O/n-ZnO UV-PDs based on n-

type ZnO films prepared via HTG and sputtering deposition,
respectively, are made.

2. Experimental Details

Figure 1(a) shows the device structures of ZnO-based UV-
PDs presented in this work. First, ITO-coated glass substrates
were cleaned in a sonicating bath of acetone and isopropanol
for 30min, rinsed in deionized water for 10min, and dried
with nitrogen gas.The ITO-coated glass substrates were used
for the fabrication of an n-side-up vertical-structured PD
devices. Essentially, the ITOglass substrate is with a high elec-
trical conductivity and high optical transparency ITO coating
layer atop glass substrate, which could serve as an excellent
transparent electrode for optoelectronic deviceswith bottom-
up fabrication process. In addition, it offers a much shorter
length for forward current path (∼1𝜇m), better current
uniformity, and smaller series resistance, as compared with
regular PD devices fabricated on glass substrate or insulated
substrate. A 150 nm thick aluminum-doped zinc oxide (AZO)
film was sputtered on ITO-coated glass substrates using
radiofrequency (RF) sputtering with an RF power of 60W
for 90min to serve as a seed layer. These samples were
placed in a solution of 0.06M zinc nitrate hexahydrate
(Zn(NO

3
)
2
⋅6H
2
O) and hexamethylenetetramine (C

6
H
12
N
4
)

at 70∘C for 4 h for the growth of ZnO film (300 nm). At
the end of the reaction, the samples were removed from
the solution, washed with deionized water for 5min, and
dried in nitrogen gas. Subsequently, p-Cu

2
O films with three

thicknesses (250, 500, and 750 nm) were sputtered onto the
surface of the ZnO film by RF sputtering with a power of
90W for 3, 6, and 9 h, respectively, to complete the fabrication
of p-Cu

2
O/n-ZnO HJs. To examine the impact of annealing

temperature on material quality, the samples were annealed
in N
2
gas at 300, 400, 500, and 600∘C for 10min, respectively.

Finally, an ohmic-contact electrode with 200 nm thick Pt film
electrodes was deposited on the surface of the p-Cu

2
O layer

via e-gun evaporation. For comparison, p-Cu
2
O (500 nm)/n-

ZnO (300 nm)UV-PDs based on sputter-deposited ZnO film
of the same thickness and annealed in N

2
gas at 600∘C for

10minwere also fabricated. All UV-PDs reported in this work
have a die size of 1.5 cm× 1.5 cm and aworking area of 6mm×
6mm.

The surface morphologies and thicknesses of the grown
ZnO film and p-Cu

2
O/n-ZnO structure were characterized

using scanning electron microscopy (SEM; Hitachi SU8000)
at an accelerating voltage of 10 keV. The crystal structure
and optical properties of ZnO films fabricated via HTG
were examined using X-ray diffraction (XRD; D/MAX2500,
Rigaku) with CuK𝛼 (wavelength: 1.5418 Å) radiation at a scan
step of 0.01∘ (2𝜃), UV-visible-near-infrared double-beam
spectrophotometry (U-3010 UV-VIS) with a 300–900 nm
spectral range, and photoluminescence (PL) with an He-
Cd laser as the light source using an excitation wavelength
of 325 nm and a power of 3mW, respectively. The current
density-voltage (𝐽-𝑉) characteristics of the p-Cu

2
O/n-ZnO

film fabricated via HTGweremeasured using a Keithley 2636
voltage source instrument at room temperature in darkness
and under 500-W Xe arc lamp illumination.

3. Results and Discussion

SEM images of the grown ZnO film and the prepared p-
Cu
2
O (500 nm)/n-ZnO structure on an AZO/ITO substrate

are shown in Figure 1(b). ZnO film with a controllable
thickness (300 nm) was obtained by regulating the solution
concentration, temperature, and growth time. As revealed by
the inset in the figure, the grown ZnO film fully covered
the AZO/ITO substrate, which effectively prevented the p-
type material (Cu

2
O) from reaching the substrate during HJ

formation and avoided the possible short-circuit problem
usually encountered for ZnO-NW-based UV-PDs [17, 18].
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Figure 2: (a) XRD pattern of prepared n-ZnO film with quasi-monocrystal structure fabricated via HTG. (b) PL spectra of ZnO film (HTG)
for various annealing temperatures in nitrogen.

Themechanism of the growth of the quasi-monocrystal ZnO
filmon the ITO-coated glass substrate can be attributed to the
well-controlled parameters, such as solution concentration,
temperature, and growth time, of the HTG process. It has
been reported that these parameters have a strong impact on
the aspect ratio of ZnONWs [21]. A lower HTG temperature,
higher solution concentration, and longer growth time lead
to a larger diameter of ZnO NWs. ZnO films were formed
through the aggregation of NWs and then followed by
self-organized growth among interconnected NWs [22]. As
shown in Figure 1(b), the sputter-deposited p-Cu

2
O film

had a dense NW-like morphology. It is speculated that the
sputtering power used in thisworkmight have enough energy
to increase the nucleation kinetics during sputter deposition,
which is in good agreementwith the experimental findings on
sputter-deposited Cu

2
O films with various sputtering powers

[23, 24].
The material properties of the prepared ZnO film were

analyzed by XRD and PL, with the results shown in Figure 2.
On the basis of the diffraction peak that corresponded to the
(002) plane shown in Figure 2(a), the ZnO film fabricated
via HTG was indexed to have a hexagonal wurtzite signal
according to the standard JCPDS card [25]. This indicates
that ZnO films fabricated via HTG are mainly formed via
self-organized growth interconnections of closely packed
crystalline columnar ZnO with the 𝑐-axis vertical to the
substrate surface. It is believed that the ZnO films fabricated
viaHTG in the present work do have a quasi-monocrystalline
structure. The influence of thermal annealing conditions on
the PL spectra of the ZnO films fabricated via HTG on
a controlled wafer was examined. The results are shown
in Figure 2(b). The ZnO films with and without annealing
exhibit UV and visible (VIS) emission peaks with different

full widths at half maximum (FWHM) values for the former
and different intensities for the latter. The UV and VIS
emission peaks are attributed to free exciton recombination
and a transition of excited optical centers from a deep level to
the valence level arising from singly ionized oxygen vacancies
[26], respectively. Our results show that the intensity of the
VIS light emission peak decreases with increasing annealing
temperature. This might be due to the nitrogen atmosphere
suppressing the reevaporation of oxygen during annealing.
At the same time, nonradiative-related defects may have
been reduced, increasing UV emission [27]. As a result, a
considerable decay in VIS emission intensity of the nitrogen-
annealed ZnO films fabricated via HTG was observed.

Figure 3 shows the measured 𝐽-𝑉 curves of the p-
Cu
2
O/ZnO film (HTG) HJs in darkness. The fabricated HJs

with various Cu
2
O thicknesses after annealing at 600∘C in

nitrogen all exhibit well-defined rectifying behaviors. In this
work, the electron concentrations in the annealed ZnO film
and the hole concentration in the annealed Cu

2
O are 1∼2 ×

1016 cm−3 and 2∼3 × 1015 cm−3, respectively, based on Hall
measurements. The width of depletion region corresponding
to the abovementioned carrier concentrations is 350∼500 nm
(Cu
2
O: 300∼400 nm; ZnO: 50∼90 nm). The band offsets

between ZnO and Cu
2
O are Δ𝐸

𝑐
= 0.9 eV and Δ𝐸V =

2.17 eV [28], respectively. Note that the sample with 250 nm
thick Cu

2
O film exhibits the highest forward current, which

can be attributed to the thickness of the Cu
2
O layer being

insufficient, and as a result, both the built-in voltage and the
depletion region were limited. Similarly, the decrease in the
forward current of the 750 nm thick Cu

2
O device might be

due to the series resistance of the thicker Cu
2
O layer. The

annealed sample with 500 nm thick Cu
2
O film is the most

suitable for UV-PDs because it has the best trade-off between
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Figure 3: Experimental 𝐽-𝑉 curves of p-Cu
2
O/ZnO film (HTG) HJs in darkness. Inset shows the measured transmittance of the prepared

samples after annealing. ITO-coated glass substrate after AZO (150 nm) layer deposition (structure A), with an additional ZnO film (HTG)
(300 nm) (structure B), and with a Cu

2
O layer (500 nm) atop structure B (structure C).

built-in voltage/depletion width and the series resistance.The
annealed devicewith 500 nm thickCu

2
Ofilm exhibits a lower

forward threshold voltage (𝑉th at 0.1mA/cm2) of 0.5 V and a
lower leakage current (𝐽

𝑟
) of 9 × 10−8 A/cm2 biased at −1 V

compared to those of the unannealed devices (𝑉th = 2.5V;
𝐽

𝑟
= 1.37 × 10−7 A/cm2). These results suggest that ZnO

films fabricated via HTG have improved material quality,
including reduced defect states and enhanced crystallinity,
after thermal annealing [29]. The light transmittances of
the annealed samples including AZO film (150 nm) and
ZnO film (300 nm) fabricated via HTG/AZO and Cu

2
O film

(500 nm)/ZnO/AZO prepared atop the ITO glass substrate
are compared in the inset of Figure 3. The Cu

2
O/ZnO/AZO

structure has the lowest transmittance (0∼1%) in the UV light
spectrum, indicating that both Cu

2
O and ZnO films have

strong UV light absorptivity.
Figure 4 shows the measured reverse-biased 𝐽-𝑉 charac-

teristics of the preparedHJs based onZnOfilms fabricated via
HTG in the dark or under various illumination conditions.
The experimental results indicate that unannealed UV-PDs
are responsive to both UV and VIS light and that annealed
UV-PDs are only sensitive to UV light, avoiding VIS inter-
ference during UV detection. The improved performance of
the annealed UV-PDs can be attributed to the suppression
of structural and interfacial defects, which decreases the
component of photocurrent through defect states to the
conduction band in the ambient in the presence of VIS light.
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Figure 4: Comparisons of experimental 𝐽-𝑉 curves of p-Cu
2
O/ZnO

(HTG) sample with and without thermal annealing.

Figure 5 shows the spectral response of the annealedUV-PDs
measured under a reverse bias of 1 V. It was found that the
responsibility shows a cutoff at around 370∼390 nm and the
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Figure 6: Transient response of photocurrent density of fabricated devices based on ZnO film (HTG) (sample A) and sputter-deposited ZnO
film (sample B). Wavelength and intensity of UV light are 365 nm and 3mW/cm2, respectively.

response of the UV region (330∼370 nm) is nearly constant
which is higher than that of in the visible spectrum by one
order more.

Figure 6 shows the dynamic photoresponses of the UV-
PDs annealed at 600∘C in nitrogen based on hydrother-
mally grown and sputter-deposited ZnO films, respectively
(referred to as samples A and B, resp.). Note that the
thicknesses of the p-Cu

2
O and ZnO layers were 500 and

300 nm, respectively. The response times of the devices with
sputter-deposited and hydrothermally grown films are about
20 and 22 s and the recovery times are about 26 and 30 s,
respectively. The device based on hydrothermally grown
film shows a 55.6-fold increase in the current at −1 V with
irradiation under 365 nm UV light and a power density of
3mW/cm2 compared to that for the device based on sputter-
deposited film. The enhanced photoresponse of the former

device is mainly attributed to the hydrothermal-grown ZnO
film which was formed by aggregated single-crystalline ZnO
nanowires with the 𝑐-axis vertical to the substrate surface. It
provides parallel current paths through the coalesced single-
crystalline ZnO nanowires with much better optoelectronic
properties, as comparedwith the sputter-depositedZnOfilms
with polycrystalline or amorphous structure. In addition,
thermal annealing offers further improvement in the ZnO
film quality through suppressing nonradiative-related defects
as revealed from PL measurements.

In recent years, ZnO-based UV PDs have been widely
reported. Lee et al. reported the RF sputtering of p-NiO
film onto the surface of the ZnO NW by MOCVD and
the measured UV sensitivity, response times, and recovery
times were 11.3-fold, 72 s, and 110 s, respectively. Wang et
al. reported the hydrothermal growth of ZnO NW on CuO
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nanowires and the measured UV sensitivity, response times,
and recovery times were 3-fold, 100 s, and 141 s, respectively.
More recently, Guo et al. presented the hydrothermal growth
of ZnO nanorod arrays on NiO nanowires and the measured
UV sensitivity, response times, and recovery times were
23-fold, 55 s, and 70 s, respectively [30–32]. In this work,
the preparation of p-Cu

2
O/ZnO film (HTG) HJs is with

measured UV sensitivity, response times, and recovery times
which were 55.6-fold, 20 s, and 26 s, respectively, which are
comparably much better than those of UV-PDs reported in
the literature mentioned above.

4. Conclusion

The preparation of p-Cu
2
O/ZnO film (HTG) HJs with good

UV sensitivity was demonstrated. ZnO films with a control-
lable thickness (300 nm) that fully covered the AZO/ITO
substrate were obtained by suitably regulating the solution
concentration, temperature, and growth time of the HTG
process. According to the XRD and PL analyses, the ZnOfilm
fabricated via HTG had a quasi-monocrystalline structure.
Thermal annealing in nitrogen at 600∘Ceffectively eliminated
defect states in the ZnO films, suppressing VIS interference
during UV light detection. Experimental results reveal that
the p-Cu

2
O/n-ZnO films fabricated via HTG have a fairly

good response to UV light (3mW/cm2 at 365 nm) with an
increase in the photocurrent of about 55.6-fold compared
to that for the device based on sputter-deposited film. It is
expected that the HJs based on ZnO film fabricated via HTG
will be suitable for future optoelectronic applications.
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The scalability of In
2
Se
3
, one of the phase change materials, is investigated. By depositing the material onto a nanopatterned

substrate, individual In
2
Se
3
nanoclusters are confined in the nanosize pits with well-defined shape and dimension permitting the

systematic study of the ultimate scaling limit of its use as a phase change memory element. In
2
Se
3
of progressively smaller volume

is heated inside a transmission electronmicroscope operating in diffractionmode.The volume at which the amorphous-crystalline
transition can no longer be observed is taken as the ultimate scaling limit, which is approximately 5 nm3 for In

2
Se
3
. The physics

for the existence of scaling limit is discussed. Using phase change memory elements in memory hierarchy is believed to reduce its
energy consumption because they consume zero leakage power in memory cells.Therefore, the phase change memory applications
are of great importance in terms of energy saving.

1. Introduction

Chalcogenide phase change materials (PCM) are a family of
materials with prominent contrast in conductivity between
amorphous state (highly resistive) and crystalline state
(highly conductive) [1]. When used as nonvolatile memory
elements, crystalline-to-amorphous phase transition is con-
ventionally accomplished by Joule heating from an electrical
current pulse, during which the material is heated to above
melting temperature followed by rapid quenching leaving the
material being frozen in the amorphous state. The opposite
amorphous-to-crystalline transition is achieved by heating to
belowmelting temperature followed by a gradual lowering of
the temperature leading to the formation of crystalline state
[2–4]. Using phase change memory elements as nonvolatile
memory inmemory hierarchy is believed to reduce its energy
consumption because they consume zero leakage power in

memory cells. This advantage makes phase change memory
element a perfect candidate in the memory industry due to
its excellent performance in energy consumption. Driven by
Moore’s law [5], the system functionality increases rapidly in
the same size package with decreasing device dimensions.
A question crucial to the technology development of phase
change random access memories (PcRAM) is the ultimate
scaling limit. Despite the fact that the phase transition of
some PCM in bulk form is well studied by dedicated groups
[3, 6–8] and the fact that ultimate limit of phase change
in Ge

2
Sb
2
Te
5
was reported [9], the size effects of In

2
Se
3
,

another important candidate in the PCM family, have not
been reported yet. Size effects start to play an important
role as PCM devices scale further down to below 10 nm.
Under these nanometer scale dimensions—(a) neither the
crystallization temperature nor the melting temperature is
the same as those of bulk and (b) crystalline state needs to

Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2015, Article ID 253296, 4 pages
http://dx.doi.org/10.1155/2015/253296

http://dx.doi.org/10.1155/2015/253296


2 International Journal of Photoenergy

50 nm

Figure 1: 35∘ tilt SEM image of nanopit substrate after KOH etching.

have long range order—the amorphous and crystalline states
may not be thermodynamically distinguishable any more.
Therefore, a concern may be raised as to whether PCM has a
size limit; that is, the crystalline state becomes unstable when
the volume is reduced to a certain value. In this work, the scal-
ability and ultimate size limit of In

2
Se
3
are investigated. By

depositing In
2
Se
3
onto a unique nanopit substrate, size effects

of the nano-volume In
2
Se
3
confined in individual nanopits

can be studied. The underlying physics of the diminishing
of crystalline state is discussed.

2. Experiment

Thefabrication of nanopit substrate is achieved by anisotropic
KOH etching of Si. Figure 1 shows the SEM image of the
nanopit substrate. Detailed process flow has been reported
previously [10].The tip of the nanopit is atomically sharpwith
the radius of curvature being less than 1 nm [11]. Amorphous
In
2
Se
3
with different nominal thickness is deposited onto the

nanopit substrate by sputtering, followed by SiO
2
capping

layer to prevent the oxidation of In
2
Se
3
. Morphologies of

the as-deposited films are examined by STEM. In order to
determine the ultimate size limit, in situ heating TEM is used
to observe the crystallization and melting behaviors of the
nano-volume In

2
Se
3
.

3. Results and Discussions

3.1. Coverage of In2Se3 on Nanopit Substrate. Six different
thicknesses (2, 3, 5, 8, 23, and 45 nm) of In

2
Se
3
were deposited

on the nanopitted substrate. STEM studies revealed that two
types of morphologies exist depending on the nominal film
thickness. In Figure 2(a), bare Si nanopit substrate is shown.
The contrast of the bare pit image is mainly from mass-
thickness contrast since Si is the only element in the sample
[12]. Similarly, the contrast of Figure 2(c), showing the 45 nm
nominal film thickness of In

2
Se
3
on nanopit substrate, is also

contributed from mass-thickness contrast only since In
2
Se
3

covers the whole sample surface. The difference between
the morphologies of the two images is the size of the open
area in the pit region. Smaller opening area for the 45 nm

sample results from that the In
2
Se
3
fills in the pits, coating

the entire substrate uniformly and forming a conformal film.
The 23 nm (not shown) sample is also conformably coated as
well, with similar morphology as in Figure 2(c). On the other
hand, samples of 2, 3, 5, and 8 nm nominal film thickness
are distinct from the conformal case. In Figure 2(b), the film
coverage of the 2 nm sample is shown (the morphologies of
the 3, 5, and 8 nm films are similar and are not shown here).
We observed that there is lighter contrast from the pits region
compared to the bare pit sample (Figure 2(a)). This indicates
that the contrast is not only from mass-thickness contrast,
but also from 𝑍 (atomic number) contrast. The higher the 𝑍
number of the material is, the more electrons get scattered
at high angles into the High Angle Annular Dark Field
(HAADF) detector [12]. Since In

2
Se
3
is heavier than Si, it

should give a brighter contrast. In this sample, the pit region is
relatively darker compared to the surface, which suggests that
In
2
Se
3
did not fill up the pits. For films with very thin nom-

inal thickness, due to different interfacial energies between
In
2
Se
3
/Si(100) and In

2
Se
3
/Si(111), materials deposited into

the pits are very likely to be confined in there forming
nanoclusters instead of conformal films. A schematic of film
coverage on pits is also shown in Figure 2.

3.2. Phase Transition. The initial phase of the as-deposited
In
2
Se
3
is amorphous; thus, the diffraction pattern of the

sample is a combination of halo amorphous rings from In
2
Se
3

and diffraction spots from the Si substrate. Phase transition
temperature is determined by the observation of single crys-
talline diffraction spots or polycrystalline diffraction rings
appearing from crystalline In

2
Se
3
as the sample is in situ

heated. The sample temperature is first heated to around
90∘C, stabilized, and then annealed for 3 minutes. If no
phase transition is observed in the time period, the sample
temperature is then increased in 10∘C increments.Theprocess
was repeated until phase transition is observed. Figure 3
shows the crystallization temperatures (𝑇

𝑥
) of the samples

with different nominal film thickness. An increase in crys-
tallization temperature is observed as the nominal film thick-
ness decreases. Such crystallization behavior is also observed
from the thin films Ge

2
Sb
2
Te
5
, GeSb, and Sb

2
Te reported

in another group’s work [13]. For the sample with nominal
thickness of 2 nmwhich translates to a volume of 5.3 nm3, no
crystallization was observed.Therefore, 5.3 nm3 is believed to
be the scaling limit of In

2
Se
3
. We speculate that the under-

lying physics of the scaling limit phenomenon is as follows.
Thermodynamically, the driving force for crystallization is
the reduction of the Gibbs free energy; that is, the amorphous
phase is of higher energy which is at metastable state
compared to the crystalline phase. However, for crystalline
state In

2
Se
3
, the surface atoms are disordered or have higher

energy than in the bulk due to the dangling bonds they have.
This energy increase will be negligible for a bulkmaterial with
large volume. But with reducing volume or increasing surface
to volume ratio, the higher energy of the surface atoms
will become dominant in the total energy of the system.That
means when the volume decreases to a certain value, which
is the scaling limit, the disorderliness or the free energy of
crystalline state is comparable to that of the amorphous state;
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Figure 2: STEM images of (a) bare nanopit Si substrate and (b) 2 nm and (c) 45 nm In
2
Se
3
deposited on Si nanopit substrate with cross

section schematic of film coverage.

thus, the crystalline state diminishes. On the other hand,
as we have already known from the working mechanism
of In
2
Se
3
phase transition, the crystallization temperature

should be lower than the melting temperature.Therefore, the
melting behavior of In

2
Se
3
is also of interest as the crystal-

lization temperature goes up with decreasing volume. The
procedure formelting temperaturemeasurement is similar to
crystallization.Themelting temperature is determined by the
disappearance of polycrystalline diffraction rings.The sample
is first heated to 280∘C and then annealed for 3 minutes at
the stabilized temperature. If nomelting occurred, the sample

temperature is increased by 10∘C. This process is repeated
until melting is observed. As seen from Figure 4, the melting
temperature (𝑇

𝑚
) decreases as the nominal film thickness

decreases. As the volume of In
2
Se
3
scales down, the melting

temperature dropswhile the crystallization temperature rises.
The 𝑇

𝑚
/𝑇

𝑥
ratio has dropped from 2.8 in bulk to 1.7 at 5 nm

size. The melting temperature of the 2 nm nominal thickness
sample cannot be measured because there were no poly-
crystalline diffraction rings observed throughout the entire
heating process. This indicates that the decrease of melting
temperature is also a potential cause for the scaling limit of
In
2
Se
3
.
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Figure 3: Crystallization temperature versus nominal film thickness
of In
2
Se
3
in nanopit substrate. Insets are diffraction pattern of the

polycrystalline diffraction rings for each crystallization temperature.
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Figure 4: Melting temperature versus nominal film thickness of
In
2
Se
3
in nanopit substrate. Inset shows the ratio of 𝑇

𝑚
/𝑇

𝑥
.

4. Conclusion

This study has shown that nanopit substrate is a unique pat-
tern for nanosize PCM study. Film coverage on the nanopit
substrate is not conformal when nominal film thickness of
In
2
Se
3
becomes very thin. 39% reduction of the ratio of𝑇

𝑚
/𝑇

𝑥

is measured with reducing volume of In
2
Se
3
, and it is a

possible cause for the elimination of phase transition. At 2 nm
nominal film thickness, no crystallization is observed, which
suggests that the corresponding volume of 5.3 nm3 is the
scaling limit of In

2
Se
3
concluded from this study.The dimin-

ishing of the crystalline state is believed to be due to the fact
that the surface disorderliness dominates for small volume
materials.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This work was supported in part by FAME, one of the six
centers of STARnet, a Semiconductor Research Corporation
program sponsored by MARCO and DARPA. Y. H. Xie
acknowledges the support from Alexander von Humboldt
Foundation Research Award that made this research possi-
ble.

References

[1] S. R. Ovshinsky, “Reversible electrical switching phenomena in
disordered structures,” Physical Review Letters, vol. 21, no. 20,
pp. 1450–1453, 1968.

[2] H.-S. P. Wong, S. Raoux, S. Kim et al., “Phase change memory,”
Proceedings of the IEEE, vol. 98, no. 12, pp. 2201–2227, 2010.

[3] A. Redaelli, A. Pirovano, A. Benvenuti, and A. L. Lacaita,
“Threshold switching and phase transition numerical models
for phase change memory simulations,” Journal of Applied
Physics, vol. 103, no. 11, Article ID 111101, 2008.

[4] G. W. Burr, M. J. Breitwisch, M. Franceschini et al., “Phase
change memory technology,” Journal of Vacuum Science &
Technology B, vol. 28, no. 2, pp. 223–262, 2010.

[5] G. E. Moore, “Cramming more components onto integrated
circuits,” Electronics, vol. 38, pp. 114–117, 1965.

[6] M.Wuttig andN. Yamada, “Phase-changematerials for rewrite-
able data storage,” Nature Materials, vol. 6, no. 11, pp. 824–832,
2007.

[7] A. V. Kolobov, P. Fons, A. I. Frenkel, A. L. Ankudinov, J. Tomi-
naga, and T. Uruga, “Understanding the phase-change mech-
anism of rewritable optical media,” Nature Materials, vol. 3,
no. 10, pp. 703–708, 2004.

[8] N. Yamada, E. Ohno, K. Nishiuchi, N. Akahira, and M. Takao,
“Rapid-phase transitions of GeTe-Sb

2
Te
3
pseudobinary amor-

phous thin films for an optical disk memory,” Journal of Applied
Physics, vol. 69, no. 5, pp. 2849–2856, 1991.

[9] R. E. Simpson, M. Krbal, P. Fons et al., “Toward the ultimate
limit of phase change in Ge

2
Sb
2
Te
5
,”Nano Letters, vol. 10, no. 2,

pp. 414–419, 2010.
[10] J. Y. Lee, K. Sun, B. Li, X. Wei, T. Russell, and Y.-H. Xie,

“A method to fabricate a template with a long range ordered
dense array of true nanometer scale pits,” IEEE Transactions on
Nanotechnology, vol. 10, no. 2, pp. 256–259, 2011.

[11] K. Sun, W. Zhang, B. Li et al., “Field emission tip array fabrica-
tion utilizing geometrical hindrance in the oxidation of Si,” IEEE
Transactions on Nanotechnology, vol. 11, no. 5, pp. 999–1003,
2012.

[12] D. B. Williams and C. B. Carter, Transmission Electron
Microscopy: A Textbook for Materials Science, Springer, New
York, NY, USA, 2009.

[13] S. Raoux, J. L. Jordan-Sweet, and A. J. Kellock, “Crystallization
properties of ultrathin phase change films,” Journal of Applied
Physics, vol. 103, no. 11, Article ID 114310, pp. 114310–114316,
2008.



Research Article
An Accurate Thermoviscoelastic Rheological Model for Ethylene
Vinyl Acetate Based on Fractional Calculus

Marco Paggi1 and Alberto Sapora2

1 IMT Institute for Advanced Studies Lucca, Piazza San Francesco 19, 55100 Lucca, Italy
2Department of Structural, Geotechnical and Building Engineering, Polytechnic University of Turin,
Corso Duca degli Abruzzi 24, 10129 Torino, Italy

Correspondence should be addressed to Marco Paggi; marco.paggi@imtlucca.it

Received 18 November 2014; Revised 2 January 2015; Accepted 2 January 2015

Academic Editor: Sheng-Po Chang

Copyright © 2015 M. Paggi and A. Sapora. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The thermoviscoelastic rheological properties of ethylene vinyl acetate (EVA) used to embed solar cells have to be accurately
described to assess the deformation and the stress state of photovoltaic (PV) modules and their durability. In the present work,
considering the stress as dependent on a noninteger derivative of the strain, a two-parameter model is proposed to approximate the
power-law relation between the relaxation modulus and time for a given temperature level. Experimental validation with EVA
uniaxial relaxation data at different constant temperatures proves the great advantage of the proposed approach over classical
rheological models based on exponential solutions.

1. Introduction

Ethylene vinyl acetate (EVA) is the most used material for
encapsulating solar cells in photovoltaic (PV) modules due
to its low cost, high transmittance of light, good thermal
conduction, and long operating range. This polymer is used
for binding the glass cover, the solar cells, and the backsheet
together in order to realize the layered stack of a typical PV
module [1, 2]. Moreover, EVA provides protection of cells
and interconnections from moisture, foreign impurities, and
mechanical damage. The provision of such properties makes
it a vital component on which the performance of a PV
module depends [3].

In this context, modeling accurately the thermoviscoelas-
tic behavior of EVA over the whole thermal range used in
applications, which varies from −40∘C, the lowest temper-
ature for standard qualification testing of PV modules [4],
up to +150∘C, corresponding to the lamination temperature
[5], is a crucial and not trivial task. The elastic modulus
may vary up to three orders of magnitude depending on the
temperature and for temperatures less than zero, it may vary
up to one order of magnitude depending on the relaxation
time [2, 6]. Eva constitutive behavior significantly influences

the stress and deformation states of solar cells [1, 2, 6–8]. It
is responsible for the nonlinear variation of the gap between
solar cells during temperature excursions experienced in
the field, which may lead to the interconnection failure
[9–13]. EVA is also subjected to degradation phenomena
and discoloration due to aging [14–18] and, as shown very
recently, its properties can have a role in the mechanism of
backsheet delamination [19], influencing the toughness of the
interface between backsheet and the polymer.

EVA shows a relaxation behavior of power-law type, as
many other natural and artificial materials [20–23]. Classical
rheologicalmodels used so far generally provide exponential-
type relations and, in order to approximate a power-law trend,
a huge number of elements (and thus of model parameters)
should be taken into account. Generalized Maxwell models
or Prony series have been usually proposed to fit EVA
experimental relaxation curves and have been implemented
in commercial finite element software like Abaqus, Ansys, or
Comsolmultiphysics as user defined elements. A Prony series
with up to 100Maxwell arms in parallel was considered in [6],
whereas models with up to 32 arms were used in [14].

This gives rise to several drawbacks, including the fact
that it is not always possible to provide a clear mechanical
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meaning to all the parameters and that the numerical
procedure for their identification is not trivial, being these
subjected to several physical constraints [24].

On the other hand, power-law relations rise out naturally
by assuming a material constitutive law of fractional type,
that is, involving noninteger order derivatives of stress and/or
strain [25, 26]. The ability of fractional calculus to model
hereditary phenomena with long memory has now been
widely accepted by the scientific community [27–29].

In the present work, a two-parameter element consisting
of a fractional dashpot (or springpot) is considered to model
the viscoelastic behavior of EVA. The aim is to determine
a simple constitutive model of easy numerical implemen-
tation able to capture the material mechanical behavior
at all temperatures and with only two free parameters to
be identified. The fractional approach will be successfully
applied to relaxation tests carried out on EVA samples at
different constant temperatures ranging from −35∘C to 139∘C
[6] and used to assess the evolution of the gap between solar
cells [1, 9]. The advantages with respect to Prony series in
terms of both accuracy and model parameters identification
are proven.

The paper is organized as follows: classical rheological
models are summarized in Section 2, while the proposed
fractional approach is described in Section 3. Section 4
includes details on the numerical procedure to fit the model
parameters, the comparison between experimental data and
theoretical results and comments on the relevance of the
proposed constitutive model for computational simulations
on PV modules. Concluding remarks are given in Section 5.

2. Classical Rheological Models

Basic models in the classical rheology are herein briefly
summarized, since they constitute the actual state-of-the-art
modelling of the viscoelastic behavior of EVA.

2.1. Spring and Dashpot Elements. Thematerial elastic behav-
ior is classically represented inmechanics by a spring element,
whose stress-strain (𝜎-𝜀) constitutive relation writes

𝜎 (𝑡) = 𝐸𝜀 (𝑡) , (1)

with 𝐸 being the spring stiffness.
On the other hand, the limit case of a fluid viscous

response is described by a dashpot element, whose constitu-
tive law can be expressed:

𝜎 (𝑡) = 𝜂

𝑑𝜀 (𝑡)

𝑑𝑡

,
(2)

where 𝜂 is the dynamic viscosity.
Viscoelastic materials exhibit both elastic and viscous

behaviors, which are then modeled by properly combining
springs and dashpots. Since the viscoelastic constitutive
equation will be expressed by using a relaxation-based for-
mulation, it is nowuseful to introduce the relaxationmodulus
for the two elements considered so far. While for the spring
it is simply 𝐸(𝑡) = 𝐸, for the dashpot it takes the form 𝐸(𝑡) =

𝜂𝛿(𝑡), with 𝛿(𝑡) being the Dirac-function.

E

𝜂

(a)

E0

E1 En

𝜏1 𝜏n

· · ·

(b)

a, 𝛼

(c)

Figure 1:Maxwell model (a); generalizedMaxwell model (b); Scott-
Blair element or springpot (c).

2.2. Maxwell Model and Its Generalization. The Maxwell
model consists of a spring and a dashpot in series (Fig-
ure 1(a)). Since the two elements are subjected to the same
stress, while the total strain is the sum of two contributions—
one of the spring and one of the dashpot, respectively—the
constitutive relation is obtained by differentiating (1) and
adding the result to (2):

𝜎 (𝑡) +

𝜂

𝐸

𝑑𝜎 (𝑡)

𝑑𝑡

= 𝜂

𝑑𝜀 (𝑡)

𝑑𝑡

.
(3)

By introducing the relaxation time 𝜏 = 𝜂/𝐸, the correspond-
ing relaxation function is

𝐸 (𝑡) = 𝐸 exp(−𝑡
𝜏

) . (4)

The Maxwell element is therefore based just on two parame-
ters, 𝐸 and 𝜂 (or 𝜏). Indeed, a more accurate but complicated
model can be obtained by arranging 𝑛Maxwell elements (also
called arms) in parallel, leading to the generalized model
depicted in Figure 1(b). Note that an isolated spring with
stiffness 𝐸

0
is also introduced, in order for the relaxation

function to achieve an asymptotic value different from
zero. This choice is supported by several experimental data
available in the literature [10]. The function 𝐸(𝑡) takes the
following form:

𝐸 (𝑡) = 𝐸

0
+

𝑛

∑

𝑖=1

𝐸

𝑖
exp(−𝑡

𝜏

𝑖

) , (5)

which is referred to as a Prony series [30]. The difficulties
in fitting the related 2𝑛 + 1 parameters will be discussed in
Section 4.

3. A Rheological Model Based on
Fractional Calculus

The fractional generalization of the models presented in Sec-
tion 2 can be achieved by replacing the first-order derivative
in (2) with the derivative of order 𝛼 ∈ (0, 1) [27]. According
to Caputo’s definition, the 𝛼-derivative of a generic function
𝑓 is given by [31]

𝑑

𝛼
𝑓 (𝑥)

𝑑𝑥

𝛼
=

1

Γ (1 − 𝛼)

∫

𝑥

0

𝑓


(𝑦)

(𝑥 − 𝑦)

𝛼
𝑑𝑦, (6)

where Γ is Euler’s Gamma function. By reminding that
Γ(0

+
) = +∞ and Γ(1) = 1, according to (6) the function 𝑓
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itself is recovered for 𝛼 = 0, while the first-order classical
derivative is obtained for 𝛼 = 1. For quiescent systems at
𝑥 = 0, the definition (6) coincides with that provided by
Riemann and Liouville [31]. We will thus refer with the same
symbol to both definitions, without losing of generality.

To substitute the first-order derivative with the derivative
of order 𝛼 ∈ (0, 1) is equivalent, from a mechanical point
of view, to replace a dashpot with a fractional dashpot (or
springpot) of order 𝛼. The simplest fractional element (also
known as Scott-Blair element) consists of a single springpot
(Figure 1(c)). The constitutive equation writes (𝛼 ∈ (0, 1))

𝜎 (𝑡) = 𝑎

𝑑

𝛼
𝜀 (𝑡)

𝑑𝑡

𝛼
.

(7)

Equation (7) tends to (1), that is, the classic spring element, for
𝛼 → 0

+, while it provides (2), that is, the dashpot, for𝛼 → 1.
As 𝛼 varies, themechanical meaning of the parameter 𝑎 (with
SI units Pa 𝑠𝛼) changes accordingly, passing from a stiffness
(𝛼 = 0) to a viscosity (𝛼 = 1). For this element, the relaxation
modulus 𝐸(𝑡) assumes the following power-law form:

𝐸 (𝑡) = 𝑎

𝑡

−𝛼

Γ (1 − 𝛼)

. (8)

Equation (8) will be sufficient for the purposes of the
present study, although the singular nature of the power
law’s relationship, that is, infinite modulus at time zero, is
inappropriate for the goal of portraying the phenomenon at
times close to the onset of the strain. This point was deeply
discussed in [32].

The analysis of fractional viscoelastic models is limited to
what is presented above, for the sake of simplicity. Interested
readers can refer to [27, 33] for a deeper insight on this topic.
It is however important to realize that the substitution of a
dashpot by a springpot involves an additional parameter in
the modeling analysis, for a total of two parameters to be
identified.

4. Experimental Validation of the Proposed
Approach for EVA and Critical Comparison
with Classical Methods

Several experimental tests on viscoelastic materials show
relaxation functions with a power-law behavior [20, 28].
This is also the case of EVA; see the recent experimental
campaign in [6]. If a classical rheological model is used, since
an exponential function (4) is obtained through the Maxwell
element, this implies the need of implementing generalized
Prony series (5). Indeed, several drawbacks emerge from this
approach. First of all, it is not always clear what the physical
meaning of all the arms is. Secondly, several restrictionsmust
be imposed for physically realistic materials; for example,
the coefficients have to be strictly positive [34]. The fitting
algorithm results therefore into a constrained least squares
problem, and sophisticated numerical methods must be
implemented; see, for example, [24, 30].

Eventually, notice that a creep experiment is usually easier
to perform than a relaxation one, somost of the experimental
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Figure 2: Relaxation modulus versus time for EVA at 60∘C:
experimental data (circles), predictions by the generalized Maxwell
model with 3 arms (dashed line), by the generalized Maxwell model
with 5 arms (dotted line), and by the springpot model based on
fractional calculus (continuous line).

data are available in the form of creep compliance versus
time. Since there is no known closed form for the (creep)
compliance in terms of the coefficients of the Prony series,
once the creep data are known, it is not straightforward at all
to get the coefficients of the (relaxation) Prony series.

On the other hand, the fractional model discussed in
Section 3 is more efficient to handle, since a power-law
relaxation modulus (8) comes naturally from the constitutive
law (7). Furthermore, only two coefficients (𝑎, 𝛼) need to be
fitted. Observe also that fractional operators have a simple
definition in terms of the Laplace transforms, so it is not
difficult to obtain the creep compliance starting from the
relaxation modulus (and vice versa), with these functions
being strictly related to each other in the Laplace domain
[20, 25].

GeneralizedMaxwell models and the proposed fractional
element are now applied to the results of the uniaxial
relaxation tests on EVA specimens carried out in [6] at
different temperatures. The reader is referred to [6, 10] for a
description on the testing procedure, which is standard, and
it is not reported here to avoid duplication of information.

Let us start by considering the relaxation data of EVA
tested at 60∘C (Figure 2). Predictions according to two
different generalized Maxwell models, one with 3 arms (𝑛 =
3) and one with 5 arms (𝑛 = 5), are firstly considered. For
the implementation, the values 𝜏

𝑖
(s) are chosen equidistant

to cover the whole time range; that is, 𝜏 = (10

0
, 10

2
, 10

4
) for

𝑛 = 3 and 𝜏 = (10

0
, 10

1
, 10

2
, 10

3
, 10

4
) for 𝑛 = 5. Given the

times 𝜏
𝑖
, the remaining 𝑛+1 coefficients 𝐸

𝑗
(Pa) (𝑗 = 0, . . . , 𝑛)

are obtained by fitting the Prony series to the experimental
curve, resulting in E = (0.6557, 0.3541, 0.3548, 0.3216) for
𝑛 = 3 and E = (0.7774, 0.1253, 0.1744, 0.1888, 0.1746, 0.1052)
for 𝑛 = 5.

A similar fitting is carried out for the fractionalmodel (8),
where a procedure to evaluate the coefficients of a nonlinear
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Table 1: Identified parameters of the proposed rheological model
based on fractional calculus used to fit experimental uniaxial
relaxation tests at different temperatures.

Temperature
(∘C) 𝛼 𝑎 (Pa s𝛼) Mean absolute

percentage error (%)
−35 0.22600 814.7 3.728
−28 0.16810 182.7 2.702
−18 0.10150 52.63 1.823
0 0.05566 23.55 1.851
20 0.04227 11.04 0.3044
40 0.07417 4.668 2.977
49 0.08634 4.116 5.467
60 0.06542 1.544 0.9898
80 0.05117 1.049 1.110
100 0.04179 0.9276 0.8064
119 0.03610 0.7965 0.9627
139 0.03311 0.8228 0.3811

regression function, using a least squares estimate, is adopted.
The identified parameters are a = 1.544 Pa s𝛼, 𝛼 = 0.06542

(Table 1).
A comparison between the generalized Maxwell models

with 3 or 5 arms, the proposed rheological model based on
fractional calculus, and the experimental results is shown in
Figure 2 on a bilogarithmic plane. The generalized Maxwell
model with 3 arms, often available in the majority of finite
element programs, like the Finite Element Analysis Program
(FEAP) by Zienkiewicz and Taylor, without the need of
implementing new user element subroutines, generates a
wavy curve with very low accuracy. More accurate pre-
dictions are achieved by increasing 𝑛 up to 5, but with
the necessity of identifying 6 parameters. The simpler 2-
parameter springpot model proposed in this work, leading
to a straight line with negative slope −𝛼 and intercept a, is
indeed reasonably accurate and simple.

With the efficiency of the proposed approach over the
classic one being proven, the identification procedure for the
fractional model is repeated here for relaxation data related
to different testing temperatures; see Figure 3. The identified
values (𝑎, 𝛼) are collected in Table 1, together with the mean
absolute percentage error of the correlations, which is always
very low.

It is remarkable to note here that this further identifica-
tion procedure is not usually done in the framework of the
classic approaches which rely on the time-temperature super-
position principle [35]. It states that the material response
at a given temperature can be related to that at another
temperature by a suitable change in time-scale. Actually,
when this principle is checked against experimental results
[14], its validity for EVA was found to be questionable
and leading to poor predictions if tacitly assumed to be
valid (see the comparison in Figure 4 between the actual
shift factor deduced by experiments and the Williams-
Landel-Ferry (WLF) theoretically expected shift function).
This behavior is imputable to a modification of the EVA
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Figure 3: Relaxation modulus versus time for EVA specimens at
different temperatures: experimental data (circles) and predictions
by the springpot model based on fractional calculus (continuous
lines).
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Figure 4: Comparison between the actual shift factor determined
from EVA experiments (dots) and the expected Williams-Landel-
Ferry WLF shift function (solid curve) for the application of the
time-temperature superposition principle (adapted from [14]). The
reference temperature is 𝑇ref = −20

∘C.

microstructure due to melting of the crystalline part, as
reported in [14]. Therefore, the use of the classical principle
of time-temperature superposition should not be applied to
model the thermoviscoelastic behavior of EVAover thewhole
temperature range. In spite of this evidence, the problem was
left unresolved up to now in the framework of a Prony series
representation. In fact, for a model with 𝑛 = 25 arms that was
deemed necessary in [14], it would be necessary to determine
𝑛+1 = 26 fitting parameters for each testing temperature and
then construct a look-up table from where different model
parameters can be picked up during numerical simulations.
Clearly, this leads to a complex numerical implementation
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Figure 5: Variation of the identified model parameter 𝛼 versus
temperature. Two different correlations are suggested due to a
modification in the material microstructure of EVA for Δ𝑇 ∼

80

∘C. The reference temperature is 𝑇ref = −35∘C. R2 represents the
coefficient of determination of the best-fit.

that cannot be handled by commercial finite element soft-
ware. Moreover, interpolation between Prony series approx-
imations corresponding to different temperatures is not an
obvious procedure as well.

By using the proposed approach, only 2model parameters
have to be determined for each testing temperature, which
makes it possible to determine useful correlations of much
easier implementation in finite element software. In partic-
ular, by plotting the exponent 𝛼 versus Δ𝑇 = 𝑇 − 𝑇ref (𝑇ref
= −35∘C) in Figure 5 (using the data collected in Table 1),
we note that the transition in the EVA microstructure due
to melting of the crystalline phase is well evidenced by this
method due to the deviation from a single trend and it occurs
at Δ𝑇 ∼ 80

∘C, consistently with that reported in [14] (see also
[36]). Therefore, within the present approach, an accurate
modelling of the rheological behavior of EVA suggests the use
of the following two distinct correlations for the parameter
𝛼 = 𝛼(𝑇), depending on temperature:

𝛼 (𝑇) =

{

{

{

{

{

{

{

{

{

−6 × 10

−7
Δ𝑇

3
+ 1 × 10

−4
Δ𝑇

2

−0.0093Δ𝑇 + 0.225, Δ𝑇 ≤ 80

∘C,
−1 × 10

−7
Δ𝑇

3
+ 5 × 10

−5
Δ𝑇

2

−0.0083Δ𝑇 + 0.474, Δ𝑇 > 80

∘C.

(9)

A similar analysis can be performed for the coefficient 𝑎 =

𝑎(𝑇), which generally decreases by increasing temperature;
see Table 1. This physically implies that the stiffness of the
material increases as temperature decreases, consistently with
the experimental evidence.

Therefore, the limited amount of identified data in Table 1
or, alternatively, correlations of the type (9) can be efficiently
passed as input to a new user material element based on the
proposed approach for accurate finite element simulations,
without the need of relying on the time-temperature superpo-
sition principle. The implementation of the new constitutive

equation (7) in the finite element method [37] via a user
defined material will require the numerical approximation
of the fractional derivative (6). Starting from the simple
Grunwald-Letnikov definition, different algorithms based on
fractional finite differences can be considered [38] and their
comparison is left for further research.

The rheological model proposed in the present work
can be very useful for improving the accuracy of numerical
simulations of coupled problems in multiphysics whenever
time and temperature are varying at the same time [1, 2].
Examples of this type where the proposed methodology is
expected to be beneficial are the simulation of the process
of cooling down of PV modules to the ambient temperature
from the lamination temperature in order to assess residual
stresses; the simulation of aging of PV modules and crack
propagation in Silicon during standard tests inside a climate
chamber; temperature degradation of EVA in case of hot
spots or defects [39, 40]. In all of these cases, in fact, the
temperature is varying with position and time inside the PV
module and an accurate instantaneous value of EVA Young’s
modulus has to be used in each Gauss point and at each
integration time step.

5. Conclusions

In this study, a rheological constitutive relationship based
on fractional calculus has been proposed to model the
viscoelastic behavior of EVA. The formulation involves just
two parameters, the identification of which is much easier
to be made than classical Prony series related to standard
approaches. The relaxation modulus, as function of time, has
been evaluated over the whole temperature range important
in PV applications: theoretical results have been compared
with experimental data, showing a very satisfactory agree-
ment.

The present modeling allows bypassing the problem of
inapplicability of the time-temperature superposition prin-
ciple for EVA noticed in the literature, since a very limited
number of identified model parameters (or just correlations,
see (9)) can be passed as input to a user defined material
subroutine for finite element software.
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[9] U. Eitner,M. Köntges, and R. Brendel, “Use of digital image cor-
relation technique to determine thermomechanical deforma-
tions in photovoltaic laminates: measurements and accuracy,”
Solar Energy Materials and Solar Cells, vol. 94, no. 8, pp. 1346–
1351, 2010.

[10] U. Eitner, S. Kajari-Schröder,M.Köntges, andR. Brendel, “Non-
linear mechanical properties of ethylene-vinyl acetate (EVA)
and its relevance to thermomechanics of photovoltaicmodules,”
in Proceedings of the 25th European Conference on Photovoltaic
Solar Energy, pp. 4366–4368, 2010.

[11] J. Schlothauer, S. Jungwirth, M. Köhl, and B. Röder, “Degra-
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We report the synthesis of the ZnO nanowires (NWs) with different indium concentrations by using the thermal evaporation
method. The gold nanoparticles were used as the catalyst and were dispersed on the silicon wafer to facilitate the growth of the
ZnO NWs. High resolution transmission electron microscopy confirms that the ZnO NWs growth relied on vapor-liquid-solid
mechanism and energy dispersion spectrum detects the atomic percentages of indium in ZnONWs. Scanning electronmicroscopy
shows that the diameters of pure ZnONWs range from 20 to 30 nm and the diameters of ZnO:In were increased to 50–80 nm with
increasing indium doping level. X-ray diffraction results point out that the crystal quality of the ZnO NWs was worse with doping
higher indium concentration. Photoluminescence (PL) study of the ZnONWs exhibited main photoemission at 380 nm due to the
recombination of excitons in near-band-edge (NBE). In addition, PL results also indicate the slightly blue shift and PL intensity
decreasing of NBE emission from the ZnO NWs with higher indium concentrations could be attributed to more donor-induced
trap center generations.

1. Introduction

Zinc oxide (ZnO) is one of the most favorable materials
for blue/UV-associated optoelectronic devices and exciton-
related device applications due to a wide band gap (3.37 eV)
at room temperature and a large excitonic binding energy
(60meV) in comparison with GaN (28meV) [1]. In recent,
one-dimensional semiconductors have attracted much atten-
tion for nanoscale optoelectronic devices such as field effect
transistors (FETs) [2, 3], gas sensors [4, 5], lasers [6], and
photovoltaic applications [7]. In general, doping in wide
band gap semiconductors often causes dramatic changes
in the electric and optical properties. The conduction of
transparent ZnO films could increase with cationic dop-
ing of group III elements, such as B, Al, Ga, and In.
[8]. Among these ZnO with different dopants, In-doped
ZnO films show similar electrical conductivity and better
transparency in both the visible and IR regions compared
to indium tin oxide. Thus, ZnO:In can be widely used as
transparent conductors in optoelectronic applications [9,
10]. ZnO exhibits n-type semiconducting behavior due to
native defects including Zn interstitials, oxygen vacancies,

or hydrogen interstitials. This makes it difficult to under-
stand the main effect of additional dopants in terms of the
structure and optoelectric properties of ZnO. Typically, ZnO
doped with indium (>1%) wire-like (wires, belts, and rods)
nanostructures were synthesized by thermal evaporation [11]
and sol-gel [12] methods, recently. Despite many literatures
having revealed main material properties of ZnO, however,
the reports related to ZnO wire-like nanostructures with low
indium doping concentration are still few and limited. In
this paper, we successfully synthesized ZnO:In nanowires
(NWs) with different indium doping concentration for com-
parison using gold nanoparticles as catalyst coated on Si
substrates. The influence of the indium concentration on
structural and optical properties of ZnO and ZnO:In NWs
were investigated by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray diffraction
(XRD), energy dispersive spectrometry (EDS), selected area
electron diffraction (SAED), and photoluminescence (PL). A
series of experiments revealed not only growth mechanism
but also analyzed main exciton behavior for the ZnO NWs
with different indium doping concentrations.
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Figure 1: SEM images of ZnO:In NWs with different indium concentrations (a) undoped, (b) 0.86%, and (c) 0.95%. The red arrows point
out the nanoparticles.

2. Experiments

P-type (001) oriented silicon wafers were prepared as sub-
strates.Gold nanoparticleswere produced by chemical reduc-
tion of gold tetrahydrate (HAuCl

4
) with sodium citrate and

then spread onto a native oxide coated silicon wafer with a
self-assembledmonolayer of 3-aminopropyltrimethoxysilane
as adhesion layer.Thewidth and density of gold nanoparticles
are 10–20 nm and 6 × 108 cm−2 examined by scanning
electron microscopy (SEM) images. A two-zone vacuum
furnace was used for the growth of ZnO and ZnO:In NWs.
1.350 g zinc balls mixed with 0, 0.120, and 0.240 g indium
balls, respectively, were positioned upstream in the vacuum
furnace for providing vapor sources, while the substrateswere
placed downstream for the condensation of materials. Oxy-
gen flowed through the system with a flow rate of 150 sccm
used as reactive gas. During the growth, the temperatures
elevated to 1050∘C for sources and 700∘C for sample, and
the system pressure was kept at about 0.1 torr. SEM (JEOL,
JSM 6500F) and TEM (JEOL, JEM 2010G, operating at
200 kV) were measured to investigate the morphologies and
microstructures of the samples. For the TEM investigation,
the samples should be further treated. We put the samples
into a methanol solution and then performed the ultrasonic
treatment. After this process for 1-2 minutes, the ZnO NWs
were separated from the substrate. Subsequently, a drop
of the suspension on a holey carbon film supported by

a 3-mm-diameter copper mesh was dried in air. Finally, the
sample can be fixed at the TEM holder for microstructural
observation. The crystal structure and phase purity were
characterized by XRD measurements with Cu K𝛼 as the
radiation source and SAED patterns affiliated to the TEM.
The chemical compositions were examined by EDS attached
to the TEM. PL spectra were performed at room temperature
by using TRIAX-320 spectrometer equipped with a 25mW
He-Cd laser with the wavelength of 325 nm.

3. Results and Discussion

Themorphologies andmicrostructures of the as-grownmate-
rials were characterized and analyzed by SEM. Figure 1 shows
the SEM images of the ZnO (a) and ZnO:In (b) (c) NWs
deposited on the gold nanoparticles coated Si substrates.
The diameters of pure ZnO NWs range from 20 to 30 nm
and the diameters of ZnO:In with different indium doping
level were in the range of 20–50 and 20–80 nm, respectively.
Also, the lengths of all the ZnO and ZnO:In were about
several hundred nanometers. Apparently the incorporation
of indium could influence the diameter of ZnO:In NWs.
Except the wire-like structure observed from SEM, some
unknown nanoparticles could be found on the top of NWs
which are pointed out by red arrowheads in Figures 1(a)–1(c),
suggesting that they act as catalyst in the growth process of
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NWs.This feature could be further confirmed by using TEM
and EDS measurements.

XRD diffraction patterns in theta-2theta geometry have
been measured for examining the crystal quality and phase
purity of the as-deposited materials which is shown in
Figure 2. No diffraction peaks of indium or other impurities
phases were revealed in any of our samples fromXRD results.
All the diffraction peaks in XRD spectra are corresponding
to the ZnO crystal faces and the intensity of the (002) peak
is much stronger than other ZnO peaks in the three of
our samples, indicating the (002) crystal face might be the
primary face of theNWs and the dopingwith small amount of
indium did not affect the (002) orientation.The intensity and
full-width half-maximum (FWHM) of the diffraction peaks,
measures of crystal quality, in XRD patterns decreases and
increases as the function of indium content, respectively. The
degradation in crystal quality may be interpreted as the local
disorder and lattice distortion due to the substitution of a zinc
atom by an indium atom.

TEM, SAED, and EDS measurements were carried out
to obtain more detailed structure and composition charac-
terization of the individual NW. It was found that well NW
structures with diameter of about 30 nm and a nanoparticle
capped at its top in our TEM observations shown in Figures
3(a), 3(b), and 3(c).The SAED patterns of these three samples
were also exhibited in Figures 3(a), 3(b), and 3(c). The
planes of some diffraction dots were analyzed and marked;
meanwhile, the zone axes of these samples were all identified
to [001]. The EDS analysis indicates that the nanoparticles
consistedmainly of gold and a small quantity of zinc, indium,
and oxygen elements, while the stem of the NWs composed
of only zinc, indium, and oxygen. The representative EDS
spectra of the stem and tip part from ZnO:In NWs are shown
in Figures 4(a) and 4(b). Through the measurement of EDS,
the atomic percentages of indium were detected to be 0, 0.86,
and 0.95 at. % in ZnO NWs for samples prepared with 0,
0.120, and 0.240 g indium. Since the vapor pressure is about 8
× 10−2 atm for Zn and 7 × 10−8 atm for In at 700∘C in sample
area, the huge difference of Zn/In mole ratio between the
sources and the products in our experimentmay be owing to a
large discrepancy of vapor pressure between the two elements
[13]. The vapor-liquid-solid (VLS) growth mechanism which
was first proposed by Wanger and Ellis [14] for the growth of
silicon whisker has been wildly used in the synthesis of wire-
like nanostructures, such as Si, GaN,ZnO, and In

2
O
3
recently.

According to the VLS process, two significant characteristics
of the nanostructures will be mentioned. First, the presence
of metal particles located at the growth fronts is demanded,
which act as catalytic sites. Second, the dimension of the
nanostructure is usually determined by the size of metal
particle since the longitudinal growths of nanostructures only
take place on the interface ofmetal particle. Both two features
are in agreement with our results obtained from SEM and
TEM images, which were considered as the evidence for
the growth of VLS mechanism. In addition, the size of gold
nanoparticles, before and after the growth of NWs, became
larger whichmay result from the formation of Au-In-Zn alloy
examined by EDS results during the period of growth. The

(103)
(110)

(101)

(002)

(100)

20 25 30 35 40 45 50 55 60 65

In
te

ns
ity

 (a
.u

.)

0.95% In-doped ZnO

0.86% In-doped ZnO

Pure ZnO

2𝜃 (deg.)

Figure 2: XRD patterns of ZnO and ZnO:In NWs.

SAED patterns which revealed the ZnO and ZnO:InNWs are
single crystalline which are shown in insets to Figures 3(a),
3(b), and 3(c).

PL is a nondestructive and sensitive technique for investi-
gating the band structure and defect levels of semiconductors.
Figure 5 shows the PL spectra recorded at room temperature,
using 325 nm line of 25mWHe-Cd laser for the excitation of
ZnO and ZnO:In NWs. At the UV region in PL spectra, three
strong near-band-edge (NBE) emissions associated with the
exciton centered at about 380 nm were found, and on the
other hand three weak broad defect-related green band (GB)
emissions centered at around 540 nm were also observed at
the visible light region. While we focus on the NBE emission
(inset in Figure 5), the peak position and PL intensity shifts
slightly to higher energy (blue-shift) and depresses with
the increasing doping level of indium, respectively. The
phenomenon of blue-shift can be attributed to the widening
of the optical band-gap due to Burstein-Moss effect [15]
which is interpreted that at high electron concentrations,
due to small density of states of ZnO near the conduction
band minimum, the conduction band edge is filled with
excessive carriers donated by donor indium, coming from
the substitution of indium for zinc and results in a blue-shift
of optical transitions. Afterwards, when ZnO:In samples are
excited, the excited electrons will be taken up higher energy
levels and lead to a blue-shift of radiative recombination.
Similar results were reported by Chen et al. in ZnO:In NWs
by sol-gel method [16]. Kim and Park measured the variation
of band-gap as the function of carrier concentration [17].
The NBE peak poison blue-shifted, comparing to the pure
ZnO, about 25 and 43meV for ZnO doped with indium
0.86 and 0.95 at. %, respectively. According to Kim and
Park’s research, we suppose the carrier concentration of
In-doped ZnO NWs (0.95%) would be in the region of
1.1 × 1019 cm−3. Furthermore, the depression of the NBE
emission intensity can be explained by the formation of
donor-induced nonradiative recombination centers originat-
ing from the incorporation of indium [18]. In comparison
to higher In concentration than 1%, Bae et al. proposed that
NBE emission of ZnO:In nanowires with 10∼20% indium
concentration shift to the lower energy region [19]. They
suggested the high doping effect causes the decrease of band
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Figure 3: TEM images and the corresponding SAED patterns of ZnO:In NWs with different indium concentrations (a) undoped, (b) 0.86%,
and (c) 0.95%.

gap and the energy broadening of valence band states. As the
doped elements enter the ZnO crystal lattices, the additional
localized band edge states form at the doped sites, with a
reduction of band gap. After that, it is well known that the
incomplete oxidation of oxide compound semiconductors

will lead to the production of nonstoichiometric defects:
oxygen vacancies (Vo), and the GB emission is suggested
to be the radiative recombination of electrons in singly
occupied oxygen vacancies (Vo

+) with photoexcited holes in
the valence band [20]. The PL spectrum of pure ZnO NWs
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Figure 4: The representative EDS spectra results of (a) the stem and (b) tip part from ZnO:In NWs.
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Figure 5: Room temperature PL spectra of ZnO and ZnO:In NWs.
The inset shows the UV-region PL spectra.

exhibited a GB emission with an extremely low intensity
verified ZnO NWs possessed of low oxygen vacancies were
synthesized. Moreover, the intensities of GB emission from
ZnO:In nanowires were slightly enhanced, which may be
ascribed to the incorporation of indium.

4. Conclusion

In conclusion, we have synthesized ZnO NWs with different
indium doping concentrations on gold nanoparticles coated
Si substrates in the vacuum furnace by suing a thermal
evaporation method. From SEM investigations, the diameter
range of NWs increases after the incorporation of indium.
XRD shows a preferred (002) crystal face without any other
impurity phase in all of our samples and the crystal quality of
NWs degrades with the increasing of indium concentration.
The VLS mechanismmay be dominant in the growth of ZnO
NWs examined by SEM and TEM images.TheNBE emission
peak showing a slight blue-shift with the increasing indium
doping level could be attributed to Burstein-Moss effect.With
the incorporation of indium, the NBE emission intensity
depresses.The defect-related GB emission intensity is slightly

enhanced after the doping of indium as well. According to
the structural and optical properties of lightly indium doped
ZnO, it would be beneficial for electrooptical applications.
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The fabrication of silicon oxynitride (SiON)/ZnO nanotube (NT) arrays and their application in improving the energy conversion
efficiency (𝜂) of crystalline Si-based solar cells (SCs) are reported. The SiON/ZnO NT arrays have a graded-refractive-index that
varies from 3.5 (Si) to 1.9 ∼ 2.0 (Si

3
N
4
and ZnO) to 1.72 ∼ 1.75 (SiON) to 1 (air). Experimental results show that the use of 0.4𝜇m

long ZnONT arrays coated with a 150 nm thick SiON film increases Δ𝜂/𝜂 by 39.2% under AM 1.5G (100mW/cm2) illumination as
compared to that of regular SCs with a Si

3
N
4
/micropyramid surface. This enhancement can be attributed to SiON/ZnO NT arrays

effectively releasing surface reflection and minimizing Fresnel loss.

1. Introduction

Surface roughening through the chemical wet etching process
[1, 2], nanoimprint lithography [3], and nanostructures [4, 5]
has been applied to roughen the top surface of optoelectronic
devices. Surface roughening has attracted considerable inter-
est for applications such as solar cells (SCs), light-emitting
diodes (LEDs), ultraviolet photodetectors (UV-PDs), and gas
sensors [6–9]. A suitably roughened surface can significantly
improve the surface reflectivity of SCs, alleviate the total
internal reflection of LEDs, and increase the responses of UV-
PDs and gas sensors [6–9]. However, most surface rough-
ening methods involve expensive lithographic patterning or
cumbersome fabrication processes and can even deteriorate
electrical properties, making them unsuitable for mass pro-
duction.

Zinc oxide (ZnO) is a promising material for surface
roughening. It has a wide direct band gap (3.37 eV at room
temperature), large exciton binding energy (about 60meV)
[10, 11], and transmittance of about 85% in the visible region
[12, 13]. One-dimensional ZnO nanowire (NW) arrays have

received great attention due to their ease of fabrication,
low-temperature processing, and unique properties, such
as large length-to-diameter ratio, high surface-to-volume
ratio, and carrier confinement, which could improve device
performance [6, 14–16]. Nevertheless, the transmittance of
ZnO NW arrays needs to be improved for light transmission
in the visible-light spectrum.

To further improve the light trapping efficiency (LTE)
and light transmission of SCs in the visible region, a simple
and cost-effective surface roughening scheme that employs
SiON/ZnO nanotube (NT) arrays is proposed in this work.
The scheme is expected to reduce the Fresnel loss effect
from a graded-refractive-index structure. The optoelectronic
characteristics of regular SCs and those with the proposed
SiON/ZnO NT arrays, ZnO NT arrays, and conventional
ZnO NW arrays, respectively, are compared and discussed.

2. Experiments

Figure 1 schematically shows the four types of SC, namely,
SC-A, SC-B, SC-C, and regular SC, prepared in this study.
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Figure 1: Schematic device structures of SC-A (with SiON/ZnO NT arrays), SC-B (with ZnO NT arrays), SC-C (with ZnO NW arrays), and
regular SC (with KOH-etched surface).
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Figure 2:Measured transmittance and refractive index of SiONfilm
(150 nm in thickness).

The regular SCs, prepared using the standard fabrication pro-
cess, had a KOH-etched micropyramid surface and a Si

3
N
4

antireflection (AR) coating. For some of the regular SCs, ZnO
NW arrays, ZnO NT arrays, or SiON/ZnO NT arrays were
synthesized on top of the Si

3
N
4
AR layer. To synthesize ZnO

NW arrays on the surface of regular SCs, a 10 nm thick ZnO
seed layer was sputter-deposited onto the Si

3
N
4
surface, and

ZnO NW arrays were synthesized on the surface of this via
the hydrothermal growth (HTG) method [17, 18]. A mixed
solution of 0.07MZnO (NO

3
)
2
⋅6H
2
O and 0.07MC

6
H
12
N
4

at 80∘C was employed for 120min in the HTG process. The
typical diameters and lengths of the obtained ZnO NW
arrays were in the ranges of 100–200 nm and 400–500 nm,

respectively. These ZnO-NW-based devices are referred to as
SC-C.

A two-step HTG method was used to synthesize ZnO
NT arrays on the surface of regular SCs. To synthesize
ZnO NT arrays with dimensions equal to those of the NW
arrays, the HTG parameters mentioned above were used in
the first HTG process. The second step was conducted at
80∘C for 120min and then at room temperature for 24 h for
tube formation, which could be caused by the occurrence
of a dissolving process at lower temperature [19, 20]. In
addition to increased surface roughness, the ZnO NT arrays
are expected to alleviate the light absorption that occurs in
conventional ZnO nanowires and overcome the issue of light
reflection by offering a suitable effective refractive index. SCs
based on ZnO NT arrays are referred to as SC-B.

Finally, a 150 nm thick SiON layer with a typical refractive
index of 1.72∼1.75 was coated onto the ZnO NT arrays
using a plasma-enhanced chemical vapor deposition system.
A mixed gas of N

2
O (350 sccm), NH

3
(10 sccm), 5%SiH

4

(120 sccm), and N
2
(400 sccm) was employed for the deposi-

tion process.The applied plasma power was 120W, the cham-
ber pressure was 700mTorr, and the substrate temperature
was kept at 300∘C. These devices are referred to as SC-A. All
four types of SC had a die size of 2.1 cm × 3.4 cm.

The light reflectance and refractive indexes of the pre-
pared SiON films and ZnO nanostructures were character-
ized using a spectrophotometer and an ellipsometer, respec-
tively.The current density-voltage (J-V) and EQE characteris-
tics of the prepared SCs were measured using a Science Tech
150W under standard AM 1.5G test conditions (100mW/cm2
at 25∘C).
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Figure 3: SEM images of surface morphology of prepared SCs. (a) Tilted- and (b) top-view images of regular SC, (c) tilted- and (d) top-view
images of SC-C, (e) tilted- and (f) top-view images of SC-B, and (g) tilted- and (h) top-view images of SC-A.

3. Results and Discussion

Themeasured light transmittance and refractive index (n) of
the prepared 150 nm thick SiON film are shown in Figure 2.
The film has a good transmittance of approximately 95% in
the visible-light spectrum and a refractive index of 1.72–1.75.

The results reveal that a 150 nm thick SiON film deposited
atop ZnO NT arrays does not significantly absorb sunlight.
The film creates a graded-refractive-index scheme with the
refractive index varying from 2.0∼2.1 (ZnO/Si

3
N
4
) [21] to

1.72∼1.75 (SiON) to 1 (air) for SC-A. Figure 3 shows top- and
tilted-view scanning electron microscopy (SEM) images of
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the surface morphology of the four types of SC. Distinctive
nanostructures can be clearly observed on top of the Si

3
N
4
/n-

Si surface. The micropyramid structures shown in Figures
3(a) and 3(b) were obtained via anisotropic etching of the
Si surface using an alkaline solution. They have an average
height and diameter of 3 and 5 𝜇m, respectively. Figures 3(c)
and 3(d) show the morphology of the HTG-prepared ZnO
NW arrays atop the Si

3
N
4
/KOH-etched n-Si surface. Figures

3(e) and 3(f) show the ZnO NT arrays obtained from the
second step of the HTG process. Figures 3(g) and 3(h) show
SiON/ZnO NT arrays with a sphere-like surface obtained via
the deposition of SiON film onto the ZnO NT arrays.

The light reflectance of the ZnO NW arrays, ZnO NT
arrays, and SiON/ZnO NT arrays atop the ZnO seed layer
(10 nm)/glass substrate is shown in Figure 4. It can be seen
that the SiON/ZnO NT arrays have the best antireflective

Sample (V)
FF 

(%) (%) (%)
Regular SC 23.22 0.6 69.84 9.56

SC-C 26.71 0.6 70.96 11.4 +19.2
SC-B 28.61 0.6 71.56 12.2 +27.6
SC-A 30.69 0.6 72.18 13.6 +39.2

—

∗𝜂: energy conversion efficiency
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Figure 6: Measured J-V characteristics of regular SC, SC-C, SC-B,
and SC-A. Inset shows measured cell parameters.

properties (around 10%) in the visible-light spectrum, while
the ZnO NWs arrays have reflectance of about 14%. Figure 5
shows the measured external quantum efficiency (EQE) as a
function of wavelength 𝜆 for four types of SC with different
surface roughness. It is found that the SC-A generally has
the highest EQEs in the visible-light spectrum, and this is
consistent with the reflectance data presented above.Thehigh
antireflection and EQE of the SiON/ZnO NT arrays can be
attributed to the sphere-like morphology and the formation
of a graded-refractive-index layer structure.

The J-V characteristics of the fabricated SCs are shown in
Figure 6 to examine the effectiveness of the SiON/ZnO NT
arrays with regard to enhancing energy conversion efficiency.
With the regular SC as a reference, details of the mea-
sured SC parameters, namely, short-circuit current density
(𝐽SC), open-circuit voltage (𝑉OC), fill factor (FF), energy
conversion efficiency (𝜂), and enhanced energy conversion
efficiency enhancement (Δ𝜂/𝜂) are listed in the inset. The
surface roughening schemes provide different degrees of
improvement in short-circuit current density and FF, which
is attributed to a direct consequence of the broadband light
trapping and the reduction in series resistance, as compared
with that of the regular SCs. Note that the decreased series
resistance is caused by the increase in electron and hole
concentrations due to maximizing the light irradiation from
air to the active region of cell. Similar experimental results
with regard to improved FF have been reported for SCs with
different surface structures [21–23]. In contrast, the open-
circuit voltage shows no noticeable change, and this suggests
that the parallel resistances of the three types of SC are not
affected by surface roughening. As shown in Figure 6, SC-
A, SC-B, and SC-C show Δ𝜂/𝜂 increases of 39.2%, 27.6%,
and 19.2%, respectively, as compared to a regular SC under
AM 1.5G (100mW/cm2) illumination. SC-A (150 nm thick
SiON film and 0.4 𝜇m long ZnO NT arrays) shows the
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Figure 7: Simulation and calculation results of regular SC, SC-C, SC-B, and SC-A.

best improvement in cell performance. This is likely due to
the effectiveness of this type of surface roughening, which
promotes angular randomization of incident sunlight and
enhances LTE. In addition, the SiON/ZnO NT arrays create
a graded-refractive-index surface structure scheme, with the
refractive index ranging from 2.0-2.1 (ZnO/Si

3
N
4
) [24] to

1.72–1.75 (SiON) to 1 (air). The use of SiON could maximize
light irradiation from air to Si

3
N
4
, and thus to the active

region of the cell, without causing light reflection, because it
offers a refractive index (1.72–1.75) that satisfies the optimized
refractive index equation [25] 𝑛opt = √𝑛1 × 𝑛2, where 𝑛1 is the
refractive index of ZnO/Si

3
N
4
(𝑛 = 2.0-2.1) [24] and 𝑛

2
is the

refractive index of EVA (𝑛 = 1.51) [26].
The simulation results shown in Figure 7 demonstrate an

LTE improvement trend that is similar to those obtained in
the experimental findings. To further clarify the effectiveness
of the surface roughening schemes, the light absorption
efficiency of SCs with micropyramids, ZnO NW arrays atop
the micropyramids, ZnO NT arrays atop the micropyramids,
and SiON/ZnO NT arrays atop the micropyramids was
simulated using Tracepro [7]. The results are shown in
Figure 7. The amount of total flux through the SCs with
SiON/ZnONT arrays atop themicropyramids is much larger
than that of the SCs with micropyramids, which is in good
agreement with the experimental findings. The Fresnel loss
at the air/SiON/ZnO/Si

3
N
4
/Si surface is minimized through

the combined effect of surface roughening and the refractive-
index-matched (RIM) scheme provided by the SiON/ZnO
NT arrays. The theoretical results agree well with the exper-
imental ones. Although the structural parameters of the
SiON/ZnO NT arrays need to be further optimized, the
results provide a guideline for increasing the LTE of SCs.

4. Conclusion

The effectiveness of a surface roughening scheme was
demonstrated with regard to improving the efficiency of

SCs with SiON/ZnO NT arrays. The RIM SiON (150 nm
in thickness)/ZnO NT (0.4 𝜇m in length) structure signif-
icantly improved the efficiency of SC-A (by 39.2%) under
AM 1.5G (100mW/cm2) illumination compared with that
of a regular SC. This enhancement can be attributed to the
RIM SiON/ZnO NT array structure promoting the angular
randomization of incident sunlight at the surface of the
Si
3
N
4
/n-Si layer, effectively releasing surface reflection, and

minimizing Fresnel loss. It is expected that the proposed RIM
scheme with SiON/ZnO NT arrays can be applied to prepare
high-energy-conversion-efficiency SCs.
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The optoelectric properties of GaInP p-i-n solar cells with different intrinsic layer (i-layer) thicknesses from 0.25 to 1𝜇m were
studied. Both emission intensity and full width at half maximum features of the photoluminescence spectrum indicate that the
optimum i-layer thickness would be between 0.5 and 0.75𝜇m.The integrated current results of photocurrent experiment also point
out that the samples with 0.5 to 0.75 𝜇m i-layer thicknesses have optimum value around 156 nA. Electroreflectance measurements
reveal that the built-in electric field strength of the sample gradually deviates from the theoretical value larger when i-layer thickness
of the sample is thicker than 0.75𝜇m. 𝐼-𝑉measurements also confirmcrystal quality forwhole samples by obtaining the information
about short currents of photovoltaic performances. A series of experiments reflect that thicker i-layer structure would induce more
defects generation lowering crystal quality.

1. Introduction

Solar cell devices play an important role in renewable energies
which convert solar energy directly into electricity. In recent
years, tandem structures have been developed for high effi-
ciency applications. These were stacked by multiple subcells
with different band gaps to absorb the sun light in different
spectral ranges and convert it into electric power. Multijunc-
tion III-V tandem structure solar cells such as GaInP/
GaInAs/Ge triple junction cells have attracted increasing
attention for their very high conversion efficiencies [1, 2].
However, the high cost of III-V tandem cells has been the
main impediment for their widespread applications. Another
kind of basic solar cell structures is p-i-n structure, which
consists of p- and n-doped regions on top and bottom layers
and an intrinsic layer (i-layer) in middle one. It provides a
simple way to improve the absorption ability with a thick
intrinsic region. It is also well known that the built-in electric

field plays a critical role in solar cell devices; however, it is
difficult to detect by electric methods directly and less studies
have been reported [3]. In addition, the different thicknesses
of an i-layer would be studied in detail because the thicker
i-layer may induce more defects and lower the built-in
electric field. Modulation spectroscopy is a powerful tool for
studying optical fine structures in semiconductor devices
and materials [4–9]. In order to evaluate the i-layer quality, a
systematic optical characterization of thickness and built-in
electric field must be clarified for giving us information in
order to optimize the power conversion efficiency. These
parameters are also desirable for improving the tandem cell
design and improving the quality of the epitaxial layers.

In this study, we performed photoluminescence (PL)
and photocurrent (PC) spectra measurements to detect the
energy band gap of GaInP layers and understand the absorp-
tion behaviors of these devices. We also measure the period
of Franz-Keldysh oscillations (FKOs) using electroreflectance
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Figure 1: The main structure of GaInP p-i-n solar cells.

(ER) spectroscopy to reveal the built-in electric field strength.
Consequently, the ER results could determine whether the i-
layer thickness is suitable or not for device design. Further-
more, the 𝐼-𝑉 measurements for the devices could provide
many important pieces of information and optoelectric char-
acteristics such as short current (𝐼sc), open circuit (𝑉oc), fill
factor (FF), efficiency (𝜂), series resistance (𝑅

𝑠
), and shunt

resistance (𝑅sh). Comparing the information collected by the
different techniques, a clear picture of the built-in electric
field and an optimized i-layer thickness in InGaP p-i-n solar
cells will be presented in the following content.

2. Experimental Methods

A series of GaInP p-i-n solar cells with different i-layer thick-
nesses were grown on (100) GaAs substrates by low pressure
metal-organic chemical vapor deposition system, and the
layered structure is schematically presented in Figure 1. On
the top of the n-GaAs substrate, there is an n-GaAs buffer
layer, followed by an n-AlGaInP back surface field layer
(0.1 𝜇m) and a p-i-n structure consisting of an n-GaInP
base (0.3 𝜇m), an i-GaInP layer, and a p-GaInP emitter layer
(0.1 𝜇m), followed by an AlGaInP window layer (0.03 𝜇m)
and a p-GaAs contact layer (0.3 𝜇m). The composition ratios
are about Ga

0.5
In
0.5

for i-layer and (Al
0.35

Ga
0.65

)
0.5
In
0.5
P for

back surface field layer. According to growth rate and period
information, the thicknesses of the i-layers for the four
samples that could be calculated are 0.25, 0.5, 0.75, and 1 𝜇m,
respectively. We symbolized them as samples A, B, C, and D.
The doping concentrations for the emitter and base layers of
all samples are 2 × 1018 and 3 × 1017 cm−3, respectively.

PL spectra were performed by using a 100mW diode
pump solid state laser with wavelength of 532 nm for studying
the composition and crystal quality of the GaInP layer. A
silicon detector and a 0.25m monochromator equipped with
a lock-in amplifier were used to record the optical intensity
of the PL spectra. For PC spectra system, the monochromatic
light coming from a 150W halogen lamp was filtered by
a monochromator and then focused on the sample surface
by a lens. The photocurrent induced by the monochromatic
light was measured by a Keithley 6485 picoampere meter. In
order to detect the built-in electric field in the solar cells,
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Figure 2: The room temperature PL spectra of samples A∼D.

ER spectra were performed at various reversed biases [5, 6].
Themodulation voltage is 0.3 V and the system configuration
is similar to the reflectivity measurement and the detailed
experimental setup has been described elsewhere [10, 11].
Furthermore, a solar simulator (SS150 fully reflective solar
simulator) was used to obtain the 𝐼-𝑉 characteristics.

3. Results and Discussion

The PL spectra of samples A, B, C, and D with peaks around
1.9 eV are shown in Figure 2. For these four samples, the PL
signals mainly come from the i-GaInP layer, because the
high doping will induce nonradiative centers and weaken
the luminescent efficiency in p- and n-doping layers. The
PL intensity was enhanced as the i-layer thickness increased
from 0.25 to 0.5 𝜇m. Sincemain radiative recombination cen-
ters located in the thicker i-layer, the PL intensity of sample C
is lower than that of sample B although it had a thicker i-layer.
In general, PL intensity reflects the probability of a radiative
recombination and gives us an evaluation reference for the
crystal quality. A high crystalline quality layer exhibits strong
PL intensity; however, a layer with poor crystalline quality
shows a weak emission because most of the photo generated
carriers are recombined by nonradiative recombination
centers. Therefore, this result could be probably attributed
to the generation of defects in the thick i-layer of sample C.
Comparing with the PL peak intensity of samples A, B, and
C, the intensity of sample D is quite small. This weak PL
intensity indicates that the i-layer quality is also not good
due to many defects that have been generated in sample D,
which affects the efficiency of the solar cell. Furthermore,
we also noted that the full width at half maximum (FWHM)
value of the PL spectra is 18.9, 19.3, 20.1, and 25.0 nm for
four samples, respectively. Sample D has the largest FWHM
value among all samples, which is another evidence showing
that the crystalline quality of the i-layer could be degraded



International Journal of Photoenergy 3

1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
0

20

40

60

80

100

120

140

160

 P
ho

to
cu

rr
en

t (
nA

)

156nA 152nA
147nA

124nA

Sample A

Photon energy (eV)

Sample B
Sample C
Sample D

Figure 3: The PC spectra of samples A∼D.

as the layer thickness increases beyond a critical thickness.
In addition, the PL peaks of the four samples are at around
1.88 eV closely. According to the relationship between energy
band gap and alloy composition presented in the previous
literatures [12, 13], the alloy compositions 𝑥 of Ga

𝑥
In
1−𝑥

P
for samples A to D are determined to be 0.58, 0.54, 0.58, and
0.58, respectively, by using the following equation:

𝐸

𝑔
= 1.32 + 0.7𝑥 + 0.68𝑥

2
. (1)

The effect of i-layer thickness on PC spectra is shown in
Figure 3. For four samples, the photo-induced currents all rise
abruptly at 1.9 eV indicating the absorption edge positions of
the solar cells. The PC peak currents are 124, 152, 156, and
147 nA for samples A to D, respectively, while the integrated
values are 63, 76, 71, and 66 nA. In comparison with sun
illumination, the low integrated values here is that the sam-
ples were measured under single frequent light filtered by the
monochromator.The peak and integrated values of sample A
are smaller than those of the other samples due to the fact that
the i-layer is too thin to absorb all light. As the thickness of
the i-layer increases, a larger photocurrent generation could
be expected. Obviously, the PC values for samples B and C
were improved among all samples. However, with the i-layer
thickness continuously increasing, the PC results tend to sat-
urate and then decrease due to the formation of a high density
point defect in the thick i-layer, which are also consistent with
the above PL results. Both the PC and PL results indicate
that the optimum i-layer thickness should be between 0.5 and
0.75 𝜇m. Furthermore, we analyzed the peak shifts between
the PL peak and he PC absorption edge carefully. It is obvious
to find that the shifts from sample A to sample D are small
and still in a reasonable range (∼20meV). These shifts are
probably due to slight difference in composition or thickness
uniformity because themeasurement positions are not totally
the same between PL and PC experiments.
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Figure 4: The ER spectra of sample A measured at different reverse
biases from 0 to 3.5 V.

In general, a small perturbation was triggered for mod-
ulation spectroscopy using an external voltage or temper-
ature change to create a periodic variation on the band
gap; afterward, the optical absorption coefficients and the
dielectric coefficients would be changed as well. The basic
principle of ER is to take the derivative of the optical
spectrumwith respect to amodulation of an electric field.The
absorption transitions of carriers could be resolved and other
background signals of the ER system could be diminished
using a lock-in amplifier to detect the small variation in the
reflected light of probe beam. ER system has been widely
utilized to reveal the transition energies of quantum wells
and the built-in electric fields in many kinds of junction
structures [14]. Based on the Franze and Keldysh theory
[15], Shen et al. proposed a precise evaluation of the electric
field strength by analyzing the period of FKOs existing in
ER spectra [16, 17]. Due to the advantages of noncontact
and nondestructive methods, these efforts allow modulation
spectroscopy a unique method for detecting the built-in
electric field in diode and transistor structures [18–20]. For
p-i-n solar cells, a high electric field is built across the i-layer
by the Fermi level difference between the p- and n-doped
layers. This built-in electric field is the engine for driving
the electron-hole pairs induced by solar light out of the
cells and generating electric power. Therefore, we utilized ER
measurement to obtain the built-in electric field in the i-layer
with different thicknesses for the all samples. In Figure 4, we
present the ER spectra of sample A at different reverse biases
and calculate the built-in electric field strength 𝐹 from FKO
periods. The ER line shape is given approximately by [21]

Δ𝑅

𝑅

∝ exp(

−Γ (𝐸 − 𝐸

𝑔
)

1/2

(ℏΩ)

3/2
) cos(2

3

[

𝐸 − 𝐸

𝑔

ℏΩ

]

3/2

+ 𝜃) ,

(2)

whereΔ𝑅/𝑅 is normalized reflectance difference, 𝐸 is photon
energy, Γ is a damping parameter, ℏΩ is electrooptic energy,
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and 𝜃 is a phase factor. The cosine term has extrema at
energies 𝐸

𝑗
given by

[𝐸

𝑗
− 𝐸

𝑔
]

3/2

=

3

2

[ℏΩ]

3/2
(𝑗𝜋 − 𝜃) 𝑗 = 0, 1, 2, 3, . . . , (3)

where 𝑗 is the index number of the 𝑗th extremum.The carriers
have a resulting electrooptic energy:

ℏΩ = (

𝑒

2
ℏ

2
𝐹

2

8𝜇

)

1/3

,
(4)

where 𝑒 is the electronic charge and 𝜇 is the inter band
reduced effectivemass in the field direction. Figure 4 displays
the ER spectra of sample A measured at different reverse
biases between 0 and 3.5 V. The first feature below 1.9 eV
shows the direct energy band gap (𝐸

𝑔
) of the i-layer, while

features above 1.9 eV are the FKO features. Their photon
energies are labeled as 1–6 and guided by the lines with
arrows in the end, shift toward high energy with increasing
reverse bias due to the increase of the built-in electric field.
Figure 5 shows the photon energy of the 𝑗th, which is defined
as (4/3𝜋)(𝐸

𝑗
− 𝐸

𝑔
)

3/2, and plots as a function of the index
𝑗 for further ER analysis of sample A. The results indicate
two straight lines, squares for zero bias and triangles for 3.5 V
reverse bias which we provide for the samples. From the
slope of this straight line and (4), the built-in electric fields
were determined to be 90 kV/cm at zero bias and 223 kV/cm
at 3.5 V reverse bias, respectively. This built-in electric field
in the i-layer of a p-i-n structure is mainly determined by
the doping levels in n-, p-layers, and the thickness of the i-
layer. Because the doping levels are quite high which is 2 ×

1018 cm−3 in the p layer and 3 × 1017 cm−3 in the n layers, a
lot of electrons and holes are accumulated at both sides of the
i-layer and the Fermi level is very close to conduction and
valence bands in n- and p-type layers, respectively.Therefore,
the built-in electric field at zero bias can be estimated by
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Figure 6:The fitting built-in electric fields of samples A∼D from the
ER results under various biases.

Table 1: Increasing rate of built-in electric field strength for samples
A∼D.

Increasing rate of built-in electric field (kV/cm)
A B C D

Theoretical
value 40 20 13.3 10

Experimental
value 38 18 10 3

the energy band gap of InGaP divided by i-layer thickness.
On the basis of this simple calculation, the theoretical value
of the built-in electric field is 86.3 kV/cm for sample A. This
theoretical value of the built-in electric field matches well
with the measured result.

Figure 6 shows the built-in electric fields of samples A
to D which are fitted from the ER spectra results under
various biases. These built-in electric fields results reveal a
linear accession trend with increasing the reverse bias. The
corresponding accession values of built-in electric fields are
38, 18, 10, and 3 kV/cm for samples A to D, respectively. The
reverse voltage could be applied on the i-GaInP due to the
small leakage current. Therefore, the theoretical accession
value of the built-in electric field could be estimated by using
the applied voltage divided by the thickness of i-GaInP layer.
The theoretical value of the increased electric field when
one-volt voltage is provided should be 40.0, 20.0, 13.3, and
10.0 kV/cm for samples A to D, respectively. The theoretical
and experimental values are listed inTable 1. It could be found
that the experimental values match well with the theoretical
values when the thickness of the i-GaInP layer is small, such
as samples A and B, but gradually deviate from the theoretical
value as the thickness is larger than 0.75𝜇m. For sample D,
the accession value is only one-third of the theoretical value.
According to this result, it is clear that the crystal quality of
the thin i-GaInP layer is quite good and no defect dipoles
existing in this layer, results in that all of the reverse bias has
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been applied on this layer. On the other hand, the i-GaInP
layer quality of sample D is not good enough due to a large
number of point defects, which became charged dipoles as
the reverse bias was applied and reduced the accession value
of the electric field [22, 23].

Figure 7 shows the 𝐼-𝑉 characteristics of samples A to
D obtained under sun illumination. A lot of parameters
relating to solar cell circuit could be extracted from 𝐼-𝑉
curves such as 𝐼sc, 𝑉oc, 𝑅sh, and 𝑅

𝑠
[24–26]. 𝐼sc represents the

maximum current at short circuit circumstance and reflects
the capability of generating current. We can observe that
samples B and C have high values of 𝐼sc, while samples A
and D have low 𝐼sc. However, the 𝐼sc was measured by a
solar simulator consisting of the whole sun spectra, and their
results are similar to the integration of the PC spectra. The
integrated values for samples A to D are 63, 76, 71, and 66 nA,
respectively. This result indicates the same trend like that we
have observed in 𝐼sc values. We could further confirm that
the suitable i-layer thickness for goodperformance is between
0.5 and 0.75 𝜇m. Štuĺık and Singh proposed the influence of
defects on 𝐼sc for Si based solar cell indicating worse i-layer
crystal quality would cause lower 𝐼sc value [27]. Therefore,
the low 𝐼sc values for samples A and D reflect many defects
existing in the i-layer with a unsuitable thickness.

The open circuit voltage, 𝑉oc, is the maximum voltage
available from a junction solar cell, and it occurs at zero
currents. The 𝑉oc values were obtained from the intersection
of the 𝐼-𝑉 curve and the horizontal axis voltages; these
values are 1.19, 1.14, 1.17, and 1.11 V for samples A to D. For
single-junction solar cells, 𝑉oc could be determined as 𝑉oc =

(𝑛𝑘

𝐵
𝑇/𝑞) ln(𝐽sc/𝐽𝑜 + 1), where 𝑘𝑇/𝑞 is the thermal voltage, 𝑛

is the ideality factor, 𝐽
𝑜
is saturation current, and 𝐽sc is short

circuit current density. In general, the saturation current
density depends on recombination in the solar cell; therefore,
𝑉oc is ameasure of the amount of recombination in the device.

Table 2: Photovoltaic performances of samples A∼D.

Sample A B C D
𝑉oc (V) 1.19 1.14 1.17 1.11
𝐼sc (mA) 0.30 0.47 0.46 0.41
𝑉max (V) 1.02 0.98 1.03 0.93
𝐼max (mA) 0.29 0.44 0.43 0.36
𝑃max (mW) 0.30 0.43 0.44 0.34
FF (%) 82 81 82 74
𝜂 (%) 3.28 4.82 4.88 3.76
𝑅sh (KΩ) 147 137 107 82
𝑅

𝑠
(Ω) 123 127 129 246

For sample D, the 𝑉oc reduction is obvious, which may be
related to the enhanced generation of the saturation current
determined by various mechanisms such as the recombina-
tion current of defects or diffusion current [28]. Furthermore,
the two equivalent resistances connected in series (𝑅

𝑠
) and in

shunt (𝑅sh) also can be extracted from the slope of 𝐼-𝑉 curves
at open circuit and short circuit circumstances, respectively.
The results have been summarized in Table 2. For an efficient
solar cell, low 𝑅

𝑠
and large 𝑅sh features are necessary which

decrease power loss of solar cell in addition to affecting FF.
Table 2 shows that the 𝑅

𝑠
increases a little from samples A

to C and causes a dramatic jump for sample D. We think
that the increase in 𝑅

𝑠
is responsible for the increase of the

i-layer thickness [29]. For sample D, a lot of point defects
in the i-layer resist the current flow and result in a high
series resistance. The resistance of 𝑅sh decreases a little from
samples A to C and decreases dramatically for sample D.This
decrease of𝑅sh is responsible for the increase of the nonradia-
tive recombination centers coming from point defects in the
i-layer. In general, the fill factor (FF) value could reflect the
performance of solar cell. When FF is closed to 100% which
means the solar cells possess ideal 𝐼-𝑉 characteristic and
allowmaximumpower delivered to the load, the FF is defined
as the ratio of maximum power to the product of 𝐼sc and 𝑉oc.
Either a large𝑅

𝑠
or a small𝑅sh will reduce the FF.According to

the information in Table 2 we organized, the relevant results
of sample A show low 𝑅

𝑠
and large 𝑅sh features reflecting

a good FF property. In contrast, a poor FF property of the
sample D could be reasonable due to a high 𝑅

𝑠
and a low 𝑅sh.

Another key performance characteristic of a solar cell
is the efficiency 𝜂, which is the ratio of maximum out
power to the incidental light power. Table 2 shows the 𝜂

values for samples A to D are between 3 and 5%. According
to a previous literature [30], Shu et al. proposed that the
conversion efficiency of GaInP p-i-n solar cells could achieve
around 5% with 1mA/cm2 photocurrent density generated
using similar measurement methods to ours. In our cases, no
antireflection coating layer applied in our devices is probable
a reason for low efficiency. From the data shown in Table 2,
it could be found that samples B and C have better efficiency
than samples A and D. From these key performance charac-
teristics, we can understand that the optimized thickness of
the i-layer is critical and in the range around 0.5 to 0.75 𝜇m.
The crystal quality of the i-layer is dependent on the thickness
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of the i-layer. Both the performance and the built-in electric
field of solar cells actually rely on a suitable thickness of i-layer
with high quality.

4. Conclusions

In conclusion, we have presented the study on built-in
electric fields and optical properties of GaInP p-i-n solar cells
with different i-layer thicknesses. A series of experiments
determined the built-in electric field strengths and i-layer
quality for all samples and confirmed that the optimized i-
layer thickness is around 0.5 to 0.75 𝜇m. For the sample with
thinner i-layer thickness, solar cells could not absorb all of
the sun light efficiently. Therefore, the short circuit current
and output power would be low. In addition, a lot of point
defects are generated in the sample with thicker layer and the
built-in electric field is not high enough to drive out all of
photo-induced current.
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We investigated experimentally the plasmon-enhanced photoluminescence of the amorphous silicon quantum dots (a-Si QDs)
light-emitting devices (LEDs) with the Ag/SiO

𝑥
:a-Si QDs/Ag sandwich nanostructures, through the coupling between the a-Si QDs

and localized surface plasmons polaritons (LSPPs) mode, by tuning a one-dimensional (1D) Ag grating on the top.The coupling of
surface plasmons at the top and bottom Ag/SiO

𝑥
:a-Si QDs interfaces resulted in the localized surface plasmon polaritons (LSPPs)

confined underneath the Ag lines, which exhibit the Fabry-Pérot resonance. From the Raman spectrum, it proves the existence of
a-Si QDs embedded in Si-rich SiO

𝑥
film (SiO

𝑥
:a-Si QDs) at a low annealing temperature (300∘C) to prevent the possible diffusion

of Ag atoms fromAg film.The photoluminescence (PL) spectra of a-Si QDs can be precisely tuned by a 1D Ag grating with different
pitches and Ag line widths were investigated. An optimized Ag grating structure, with 500 nm pitch and 125 nm Ag line width, was
found to achieve up to 4.8-fold PL enhancement at 526 nm and 2.46-fold PL integrated intensity compared to the a-Si QDs LEDs
without Ag grating structure, due to the strong a-Si QDs-LSPPs coupling.

1. Introduction

Silicon quantum dots (Si QDs) light-emitting devices (LEDs)
have been intensively investigated as a promising light source
in recent years, for the next generation of Si-based optoelec-
tronic integrated circuits (OEICs) [1–4]. The advantage of Si
QDs LEDs lies in the compatible fabrication process with
complementary metal-oxide-semiconductor (CMOS) and
the low cost fabrication. However, realizing practical appli-
cations for Si QDs LEDs in OEICs requires high emission
intensity, narrow spectral band, and low-temperature synthe-
sis of Si QDs. Recently, surface plasmons (SPs), both surface
plasmon polaritons (SPPs) and localized surface plasmon
polaritons (LSPPs), have attracted a great deal of attention for
their significant enhancements of photoluminescence (PL)
intensity by coupling Si QDs into the near-field of SPs [5–
8]. Meanwhile, the modified electromagnetic response of SPs
in metal-insulator-metal (MIM) sandwich nanostructures

through the coupling of SPs has been widely studied [9–16].
The coupling interaction via near-fields strongly depends on
the thickness of the insulator and the structure parameter of
texturing metallic surfaces. According to Fermi’s golden rule,
the electrical field intensity and the density of states of the
LSPPs mode at the emitter position are directly related to the
radiative recombination rate (Γrad) for exciton dipoles of a-Si
QDs [17, 18]:

Γrad =
2𝜋

ℏ
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2

𝜌 (𝜔) , (1)

where 𝜇 denotes the exciton dipole moment of a-Si QDs,
𝐸 is the electrical field intensity, and 𝜌(𝜔) is the density of
states of the LSPPs mode. The radiative recombination rate
of a-Si QDs can be greatly enhanced by a-Si QDs-LSPPs
coupling, resulting in an increase in the PL intensity of a-Si
QDs. Although the enhancement of PL intensity of crystalline
Si QDs (c-Si QDs) has been reported through SPs coupling
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Figure 1: Schematic view of a-Si QDs LEDs with a Ag/SiOx:a-Si
QDs/Ag sandwich nanostructures.

Table 1: The structural parameters of samples A–E, and the Ag
grating with Ag line width 𝑑 and pitch 𝑝 on the SiO

𝑥
:a-Si QDs film.

Sample A is the reference sample without Ag grating structure.

Sample 𝑑 𝑝 𝑑/𝑝

A — — —
B 100 nm 400 nm 0.25
C 125 nm 500 nm 0.25
D 150 nm 600 nm 0.25
E 175 nm 700 nm 0.25

effect [5–8], there has been no previous report concerning the
enhanced PL intensity of a-Si QDs LEDs through a-Si QDs-
LSPPs coupling, within the MIM sandwich nanostructures.
In this paper, we report the enhanced PL integrated intensity
and the narrower full width at half-maximum (FWHM)
of the PL spectra for a-Si QDs LEDs, with the Ag/SiOx:a-
Si QDs/Ag sandwich nanostructures relative to the a-Si
LEDs without Ag grating, resulting from the strong coupling
between a-Si QDs and LSPPs. The maximum 4.8-fold PL
enhancement factor and 246% enhancement of PL integrated
intensity have been observed, for an optimized Ag grating
structure by a strong a-Si QDs-LSPPs coupling.We also prove
the formation of a-Si QDs embedded in Si-rich SiOx film
(SiOx:a-Si QDs) with low annealing process (300∘C) and that
the measured PL spectra of SiO

𝑥
:a-Si QDs originate from the

quantum confinement effect (QCE) [19–22].

2. Experiments

The fabrication process of the trilayer Ag/SiO
𝑥
:a-Si QDs/Ag

sandwich nanostructures is described as follows. Silicon
substrate was first coated with a 100 nm-thick Ag film using
thermal evaporation. Then, the 100 nm-thick Si-rich SiO

𝑥

(SRO, 𝑥 < 2) film was deposited on the Ag film by
using plasma enhanced chemical vapor deposition (PECVD)
system at the pressure of 67 Pa with nitrogen-diluted 5% SiH

4

and N
2
O as the reactant gas sources.The flow rate of N

2
O gas

was maintained at 30 sccm and the SiH
4
/N
2
O flow rate ratio

of 5.53 : 1. The sample was heated to 350∘C and the radio fre-
quency power was kept at 30W during the SRO film growth.
After the deposition, the SRO film was annealed at 300∘C for
1 hr in a quartz furnace with flowing N

2
gas, to form a SiO

𝑥
:a-

Si QDs film.Then, a 1D periodic Ag grating was fabricated on

the top of SiO
𝑥
:a-Si QDs film using electron-beam (e-beam)

lithography (Elionix ELS-7500) and liftoff process. First, a
300 nm-thick positive-type e-beam resist (NipponZeonZEP-
520A) is spun on the top of sample followed by the subsequent
e-beam lithography to define the grating pattern with the
pitch 𝑝 and line width 𝑑. The duty cycle (𝑑/𝑝) of Ag grating
is fixed at 25%. Second, a 50 nm-thick Ag film is deposited
onto the patterned e-beam resist and the Ag grating is
fabricated by liftoff process in an exclusive remover (Nippon
Zeon ZDMAC). Figure 1 shows the schematic representation
of device with Ag/SiO

𝑥
:a-Si QDs/Ag sandwich nanostruc-

tures. The structural parameters of devices (samples A–E)
are listed in Table 1. Scanning electron microscopy (SEM)
images of Ag gratings (samples B–E) are shown in Figure 2.
The room-temperature photoluminescence (PL) spectra were
acquired under the excitation from a He-Cd laser operating
at 𝜆excitation = 325 nm and with an average power of 50mW.
The PL intensity within 350 nm and 750 nm was recorded
using a monochromator (CVI DK240) in conjunction with a
photomultiplier (Hamamatsu R928) and a digital multimeter
(HP 34401A). The reflection spectra were measured in an
optical microscope consisting of a monochromator (Horiba
Jobin Yvon iHR 320) and a broadband halogen lamp as a
white light source incident through a 20x objective (NA =
0.75) to the normal of the metal surface (𝑧-axis). And the
reflected light was collected with the same objective. The
refraction index of Si-rich SiO

𝑥
film was determined by

an ellipsometer (JA Woollam M-2000DI). The thickness of
each Ag film and SiO

𝑥
:a-Si QDs film was measured by an

atomic force microscope (AFM, Veeco D5000). The Si/O
composition ratio and concentration-depth profile of SRO
film were measured by X-ray photoelectron spectroscopy
(XPS, Thermo Fisher Scientific Theta probe). The existence
and the size of a-Si QDs were measured by a Raman
spectroscopy (Horiba Jobin Yvon T64000).

3. Results and Discussions

3.1. Material Analysis of SiOx:a-Si QDs Film. Figure 3(a)
shows that the concentration-depth profiles of the SiOx:a-
Si QDs film were performed by using Si 2𝑝, O 1𝑠, and Ag
3𝑑 peaks from XPS analysis. The average Si concentration
of the SiOx:a-Si QDs film is about 48.27 at. %. High Si/O
composition ratio for the SiOx:a-Si QDs film is observed,
due to the high SiH

4
/N
2
O flow rate ratio of 5.53 : 1 during

the PECVD growth. Since there are excessive Si atoms and
insufficient O atoms, the Si atoms could move simply and
accumulate to form a-Si QDs, without being restrained by Si-
O bonds of the SiOx film during the annealing process [23,
24]. Hence, we conclude that the a-Si QDs can be synthesized
at a low annealing temperature (300∘C). The Ag atoms did
not diffuse into the SiOx:a-Si QDs film from bottom Ag film
after annealing process, as shown in Figure 3(a). Raman spec-
troscopy was used to analyze the size of Si QDs through the
energy shift of the Raman peak and the correspondent line
broadening [25]. Figure 3(b) shows that the Raman spectrum
of SiOx:a-Si QDs film can be separated into two components.
One component corresponds to the a-Si QDs, exhibiting a
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Sample D Sample E

Figure 2: SEM images of a series of Ag gratings (samples B–E). Scale bar is 1𝜇m.

peak at 490 cm−1 with a FWHM of 33 cm−1. The Raman
downshift and FWHM value show that the sizes of a-Si QDs
are about 1.7 nm. Figure 3(c) presents the room-temperature
PL spectrum of a-Si QDs LEDs without Ag grating structure
(sample A), showing that the center emission wavelength is
about 510 nm.The center emission wavelength of our 1.7 nm-
sized a-Si QDs shows a good agreement with the theoretical
study of light emission properties of SiOx:a-Si QDs film [20].
Hence, the existence of a-Si QDs embedded in the SiOx
matrix with the low annealing process (300∘C) is hereby
proved by the Raman spectrum. Also, the main PL peak
of a-Si QDs does not overlap with the PL spectrum from
the oxygen related defects [26–28]. On the other hand, the
smaller the a-Si QDs (∼1.7 nm) are, the stronger the QCE is
to surpass the interface state recombination [22, 29]. Hence,
we conclude that the measured PL spectrum originates from
the QCE of the a-Si QDs.

3.2. Optical Property Analysis (Sample A–D). The reflection
spectra of samples B–E are shown in Figure 4which exhibited
reflection dips that can be attributed to the extinction due
to the excitation of LSPPs confined at the top Ag/SiOx:a-Si
QDs interface. It is because when the SiOx:a-Si QDs film is
thin enough, the SPPs excited at the top Ag/SiOx:a-Si QDs

interface by TM-polarized light emitted by the a-Si QDs
will couple with the SPPs at the bottom Ag/SiOx:a-Si QDs
interface via evanescent fields [11–16]. The strong coupling
effect causes the excitation of LSPPs, which exhibits the
Fabry-Pérot resonance in the 𝑥 direction between the two
sidewalls of the Ag line [11–15]. It is found that the LSPPs
resonances satisfy this equation:

𝑑 ≈

𝑚𝜆

2𝑛eff (𝜆)
, (2)

where 𝑑 is the Ag line width, 𝜆 is the resonance wavelength
of the LSPPs (the wavelength of the minimum reflection),
𝑛eff is the effective refractive index of the SiOx:a-Si QDs
film at 𝜆, and 𝑚 is an integer (LSPPs modes). The observed
resonance wavelengths for each sample are 425 nm (sample
B, 𝑚 = 1), 526 nm (sample C, 𝑚 = 1), 629 nm (sample D,
𝑚 = 1), 731 nm, and 380 nm (sample E, 𝑚 = 1 and 𝑚 =
2), respectively. The LSPPs resonance wavelength increases
with the Ag line width. The original refraction indices of the
SiOx:a-Si QDs film that were determined by ellipsometer at
425, 526, 629, 731, and 380 nm are 𝑛 = 1.97, 1.95, 1.94, 1.93,
and 1.99, respectively. In our Ag/SiOx:a-Si QDs/Ag sandwich
nanostructures, the effective refraction index of SiOx:a-Si
QDs film increased to 1.076–1.083 times of the original values,
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Figure 3: (a) XPS depth profiles for Si, O, and Ag elements in SiOx:a-Si QDs film and at SiOx:a-Si QDs film/Ag film interface. (b) Raman
spectrum of SiOx:a-Si QDs film. The spectrum is separated into two components corresponding to the a-Si QDs and the Si substrate (by
Gaussian fit). (c) PL spectrum of sample A.

due to the interaction between LSPPs and the induced image
dipole (which has the opposite orientation) [30]. Figure 5
shows themeasured room-temperature PL spectra of samples
A–E. The PL integrated intensity of samples B–E has been
enhanced compared to sample A as a reference sample by
increasing the radiative recombination rate of a-Si QDs due
to the coupling with LSPPs mode. According to Fermi’s
golden rule [18], when the exciton dipole moments (𝜇) of
a-Si QDs strongly couple to the near-field of LSPPs, the
radiative recombination rate of a-Si QDs can be enhanced by
the large density of states of LSPPs, resulting in an increase
in emission intensity. The largest enhancement of the PL
integrated intensity reaches 246% and the narrowest FWHM
of 67 nm for sample C, due to the close match between the
original center emission wavelength of a-Si QDs (510 nm)
and the LSPPs resonance wavelength (526 nm). Sample C
shows the strongest a-Si QDs-LSPPs coupling among samples

B–E. The mismatch between the original center emission
wavelength of a-Si QDs and LSPPs resonance wavelength for
samples B,D, andE results in not only the lower enhancement
of PL integrated intensity and broadened FWHM than
sample C, but also the distorted emission spectra. Hence, the
PL integrated intensities for samples B, D, and E are only
enhanced by 172%, 161%, and 132%, respectively. For samples
B, D, and E, the multipeaks in the PL spectra observed in
Figure 5 correspond to the original emission peak of a-Si
QDs and the respective excited LSPPs modes as shown in
Figure 4. The phenomenon is attributed to the increase in
the electric field intensity and the density of states of the
LSPPs mode at the emitter position as the wavelength is near
the LSPPs resonance, resulting in the enhancements of the
radiative recombination rate and the emission intensity. Also,
the main PL peaks of samples B, D, and E were shifted from
the original center emission wavelength of a-Si QDs towards
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Figure 4: Reflection spectra of samples B–E.
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Figure 5: PL spectra of samples A–E.

the respective LSPPs resonance wavelengths. Figure 6 shows
the plots of the PL enhancement factor, 𝐼grating(𝜆)/𝐼ref(𝜆),
where 𝐼grating(𝜆) and 𝐼ref(𝜆) are the PL intensities for the
samples with and without Ag grating. The plots of the PL
enhancement factor show a redshift with an increase in the
Ag line width that is similar to the tendency of reflection
dips, and it indicates that the PL enhancement factor strongly
corresponds with the LSPPs modes. From the results, a
maximum PL enhancement factor of 4.8 was observed at
526 nm for sample C due to the strong a-Si QDs-LSPPs
coupling. Therefore, it is worthwhile noticing the improved
design of Ag grating structure by tuning the pitch and Ag
line width for the largest PL integrated emission through the
strong a-Si QDs–LSPPs coupling.
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Figure 6: The plots of the PL enhancement factor of samples B–E.

4. Conclusions

In conclusion, we proposed the plasmon-enhanced PL inten-
sity of a-Si QDs LEDs with Ag/SiOx:a-Si QDs/Ag sandwich
nanostructures resulting from the strong coupling between
a-Si QDs and LSPPs modes. It was found that the LSPPs
were excited underneath the Ag lines, which exhibit the
Fabry-Pérot resonance resulting from the coupling of SPPs
between the top Ag grating and bottom Ag film. A narrowest
67 nm FWHM of PL spectrum, a maximum of 4.8-fold PL
enhancement factor, and the largest 2.46-fold PL integrated
intensity, compared to the a-Si QDs LEDs without Ag grating
structure, have been observed for an optimized Ag grating
structure by the strong a-Si QDs-LSPPs coupling.
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Hybrid organic photovoltaic devices (OPVDs) are fabricated using the electrostatic spray (e-spray) method and their optical and
electrical properties are investigated. E-spray is used to deposit a hybrid film (P3HT: PCBM/nanodiamond) with morphology
and optical characteristics onto OPVDs. The root-mean-square roughness and optical absorption increase with increasing
nanodiamond content.The performance of e-spray is comparable to that of the spin-coatingmethod under uniform conditions.The
device takes advantage of the high current density, power conversion efficiency, and low cost. Nanodiamond improves the short-
circuit current density and power conversion efficiency. The best performance was obtained with 1.5 wt% nanodiamond content,
with a current density of 7.28mA/cm2 and a power conversion efficiency of 2.25%.

1. Introduction

Organic photovoltaic devices (OPVDs) have received atten-
tion for large-area manufacturing. The roll-to-roll printing
process can be used to manufacture devices on flexible
substrates with transparent electrode [1]. OPVDs can be
fabricated using a solution-processed method, such as spin-
coating (SC), gravure printing, dip-coating, screen printing,
inkjet printing, and the electrostatic spray (e-spray) method.
OPVDs with an efficiency of as high as 8.3% have been
demonstrated [2].

The e-spray technique has been applied to OPVDs due
to their high surface to volume ratio. Polymers [3], bio-
materials [4], and metal oxides [5] with small feature sizes
have been fabricated using this method. The morphology
of e-spray droplets must be carefully controlled via several
parameters, such as applied voltage, distance between nozzle
and substrate, pressure, and solution injection rate. The
performance of OPVDs is determined by the spray diameter
and evaporation speed [6].

A solar cloth of P3TH:PCBM blend was fabricated using
the electrospinning technique [7]. The power conversion

efficiency was up to 1.9% when the surface roughness
was reduced by depositing a solvent consisting of o-
dichlorobenzene and acetone via the e-spray method [6].
OPVDs with a power conversion efficiency that exceeds
3.25% have been produced using the e-spray method, which
rearranges the boundaries and constructs more continuous
interpenetrating networks by solvent vapor soaking treat-
ment [8]. The e-spray method is a promising technique
for the deposition of a polymer blend layer onto OPVDs
with low cost, roll-to-roll processing, and large-area man-
ufacturing. Nanodiamonds have received a lot of interest
as a semiconductor material, due to their strong ultraviolet
absorption and high thermal conductivity. Nanodiamonds
(1.5 wt%) embedded in OPVDs via the spin-coating method
can enhance efficiency and reliability [9]. The active layer of
OPVDs doped with nanodiamond with a grain size of 50 nm
was shown to have the highest efficiency [10].

The present study investigates P3HT:PCBM/nanodia-
mond hybrid film prepared for OPVDs using the e-spray
method. The effects of nanodiamond content in OPVDs on
themorphology, optical absorption, photoluminescence, and
photovoltaic performance are determined.
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Figure 1: Schematics of (a) device structure with P3HT:PCBM/na-
nodiamond as the active layer and (b) e-spray method.

2. Experimental Procedure

Indium tin oxide (ITO) substrates were sequentially cleaned
with acetone, isopropanol, and deionized water via ultrason-
ication for 10min to remove contaminants and then etched
with a pattern before being placed into a reactive ion etching
system for oxygen plasma treatment to increase the ITO
surface hydrophilicity. After PEDOT:PSS was spin-coated
onto the substrates at 2600 rpm for 1min, the samples were
annealed at 120∘C for 30min. The active layer consisted of
P3HT (FEM Inc.) and PCBM (Nano-C) (at a weight ratio of
1 : 0.8) dissolved in 1,2-dichlorobenzene (DCB) with various
concentrations of nanodiamond (average grain size of about
50 nm). We have used nanodiamond (ND, ITRI Taiwan)
of the sizes of about 50 nm, prepared by the detonation
method. Figure 1(a) shows the device structure of the hybrid
OPVDs in which the P3HT:PCBM/nanodiamond film was
the active layer. A schematic of the e-spray method is shown
in Figure 1(b).The distance between the metal nozzle and the
substrate was 12 cm, the spray area was 6 cm2, and the applied
voltage was 10 kV.The hybrid solution was injected at a rate of
10 𝜇L⋅min−1.The e-spraywas applied to the substrate 12 times,
each for 20 seconds.The active layerwas annealed at 120∘C for
15min after being allowed to dry naturally. Then, a Ca buffer
layer (25 nm) and an Al electrode (100 nm) were deposited
onto the substrate via thermal evaporation. The active area
was about 0.04 cm2. All deposition processes were conducted
at room temperature.

(a)

Nanodiamond

(b)

Figure 2: TEM images of films deposited by e-spray method: (a)
P3HT:PCBM and (b) P3HT:PCBM doped with 1.5 wt% nanodia-
mond.

The morphology of the photoactive layer was mea-
sured with transmission electron microscopy (TEM) and
atomic forcemicroscopy (AFM).The absorption spectrawere
obtained using an ultraviolet-visible (UV-Vis) spectrome-
ter (Hitachi, U-3010). The current-voltage measurements
were obtained using a source meter (Keithley, 2410) and a
solar simulator (TELTEC) with an AM1.5 filter under an
irradiation intensity of 100mV cm−2. For external quantum
efficiency (EQE) measurements, a xenon lamp (Oriel, 66150,
75W) was used as the light source. All the samples were
measured at room temperature.

3. Results and Discussion

The active layer was deposited via the e-spray method in a
glove box and then annealed to reduce contact resistance
with the electrodes. The crystallinity and hole transport of
P3HT increased after annealing at 120∘C [8]. By electrostatic
spraying of the mixed liquid, the solution will be atomization
form mutually exclusive electronic, the uniform surface on
the substrate form atomized mixture. Spin-coating was used
to form a smooth film surface. The surfaces of the films after
e-spray deposition were quite rough, which is attributed to
the evaporation of the solution and the solution injection
rate. The morphology of the droplets was affected by the
electron transfer of OPVDs. E-spray deposition must be
determined before the film is already naturally dried because
the performance of OPVDs would seriously be affected by
morphology of the film surface.The parameters of the e-spray
process must be carefully controlled. E-spray deposition uses
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Figure 3: AFM images of P3HT:PCBM film doped with nanodiamond at concentrations of (a) 0, (b) 0.5, (c) 1.5, and (d) 3wt%.

10% less polymermaterial than does the spin-coatingmethod
for a given film thickness. Using the e-spray method for the
fabrication of the active layer of OPVDs thus reduces costs.
The nanodiamond was dispersed in different film. The metal
electrode has bad contact cause recombination of electrons
and holes, this results induce e-spray has obvious irregular
structure.

TEM images of PEDOT:PSS/P3HT:PCBM/nanodiamond
film prepared via the e-spray method are shown in Figure 2.
The grain size of P3HT:PCBM film (see Figure 1(a))
is about 200 nm. Particles aggregated to form large
agglomerates, which then form the composite film with
a continuous network structure. The surface area, number of
donor/acceptor interfaces of the active layer, and thus charge
generationwere increased by the e-spraymethod. Figure 2(b)
shows a TEM image of P3HT:PCBM/nanodiamond film.
The nanodiamond was dispersed well and embedded in

the P3HT:PCBM (1 : 0.8) polymer quite uniformly. The
average diameter of the nanodiamond was about 50 nm.
OPVDS with this nanodiamond size exhibited highest power
conversion efficiency in a previous study [10].

Figures 3(a)–3(d) show AFM images of P3HT:PCBM
doped with nanodiamond at concentrations of 0, 0.5, 1.5,
and 3wt%, respectively. The e-sprayed films had root-mean-
square (RMS) roughness values of 16.1, 17.3, 19.1, and 56.6 nm,
respectively. The spin-coated film had an RMS roughness
of 2.6 nm. The RMS roughness is higher for the e-sprayed
films due to the stack deposition of spray droplets. The
AFM surface morphology is shown high concentrations of
nanodiamond induce the highest rougher surface.

Figure 4 shows optical absorption spectra for P3HT:
PCBM doped with nanodiamond at concentrations of 0, 0.5,
1.5, and 3wt%, respectively. The absorption in the range of
400 to 650 nm is attributed to the absorption of P3HT [11].
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Figure 4: Absorption spectra of hybrid P3HT:PCBM film doped
with nanodiamond at various concentrations.
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Figure 5: Current density-voltage characteristics of hybrid OPVDs
doped with nanodiamond at various concentrations, under AM1.5G
at 100mW⋅cm−2 illumination.

The spectrum for the active film exhibited a small red shift
when the nanodiamond concentration was increased from 0
to 3wt%. The absorption intensity increased with increasing
nanodiamond concentration. The nanodiamond created a
scattering effect, which can lead to better absorption via the
active layer. The doping nanodiamond in organic solar cell
can increase the scattering effect of sunlight effectively. It
could be attributed to the reflection and refraction of sunlight
in organic hybrid active layer. The absorption intensity thus
increased with increasing generation of electron-hole pairs
by the nanodiamond, which enhances power conversion
efficiency [12].

Table 1: Photovoltaic performance of investigated OPVDs doped
with nanodiamond at various concentrations measured under
AM1.5G at 100mW⋅cm−2 illumination.

𝑉oc 𝐽sc FF 𝜂

(V) (mA/cm2) (%) (%)
Standard 0.60 6.10 49.87 1.82
0.5% 0.60 6.37 51.33 1.96
1.5% 0.60 7.28 51.42 2.25
3.0% 0.58 5.54 43.04 1.38

The performance of OPVDs with active film doped
with nanodiamond at various concentrations is shown in
Table 1. Figure 5 shows the current density-voltage (J-V)
characteristics of the e-sprayed hybrid OPVDs measured
under an illumination intensity of 100mW⋅cm−2. The pho-
tovoltaic performance of the 400 nm thick active layer spin-
coated at 600 rpm was very similar to that of the e-sprayed
layer. The open-circuit voltage, short-circuit current density,
fill factor, and power conversion efficiency values of the
OPVD obtained using the spin-coating method are 0.6V,
5.4mA⋅cm−2, 56.27%, and 1.82%, respectively. The short-
circuit current density for the e-sprayed active layer is higher
than that of the spin-coated layer. The fill factor of the e-
sprayed active layer is lower because the active layer/metal
electrode has imperfect contact with the roughness surface.

Hybrid OPVDs with P3HT:PCBM/nanodiamond films
with nanodiamond levels of 0, 0.5, 1.5, and 3wt% have
power conversion efficiency values of 1.82%, 1.96%, 2.25%,
and 1.38%, respectively. Nanodiamond improves the current
density for concentrations up to 1.5 wt%, which is attributed
to the absorption increase by the e-spray active layer.
The results reveal that 1.5 wt% nanodiamond doping into
OPVDs increases the short-circuit current density from 6.1 to
7.28mA⋅cm−2. The power conversion efficiency of the hybrid
OPVDs improved from 1.82% to 2.25%. However, when the
concentration of nanodiamond exceeds 3wt%, the efficiency
decreases due to an increase in leakage current [13, 14]. In this
study, we have achieved the performance 2.25 ± 0.1%. The
difference may lie in preparation of OPV hybrid film (e.g.,
process condition, machine, and material differences).

Figure 6 shows the EQE spectra for hybrid OPVDs with
various nanodiamond concentrations measured at room
temperature. The EQE spectra of the P3HT:PCBM/nanodia-
mond show a high conversion efficiency in the range of 300
to 650 nm [15]. Although all EQE spectra are similar in shape,
the EQE values for the OPVDs doped with 1.5 wt% nanodi-
amond are higher than those for OPVDs doped with 0, 0.5,
and 3wt% nanodiamond for all wavelengths. This difference
is due to an increase in the rate of exciton generation and
increased probability of exciton dissociation, which enhance
the short-circuit current density for P3HT:PCBMdopedwith
1.5 wt% nanodiamond.

4. Conclusion

E-sprayed P3HT:PCBM films doped with nanodiamond at
various concentrations were investigated. Active layer has
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Figure 6: External quantum efficiency spectra of hybrid OPVDs
doped with nanodiamond at various concentrations.

similarly stacked at e-spray method, AFM has the same trend
when nanodiamond is over 1.5 wt%, and root-mean-square
(RMS) roughness has significantly increased. Absorption
spectra of both the intensities increase with the concentration
being increased. The results reveal that 1.5 wt% nanodia-
mond doping into OPVDs increases the short-circuit current
density from 6.1 to 7.28mA⋅cm−2 at e-spray method, which
is due to e-spray increase interface with PEDOT:PSS and
active layer. The e-spray is worse than spin-coating with fill
factor, maybe the irregular structure form e-spray and metal
electrode has bad contact cause recombination of electrons
and holes. The best photovoltaic performance, in terms of
short-circuit current density and power conversion efficiency,
was obtained with 1.5 wt% nanodiamond doping. The e-
spray method can possibly be used for flexible and large-area
manufacturing.
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We investigated the effects of pre-TMIn treatment on the optical properties of green light emitting diodes (LEDs). Although
pre-TMIn treatment did not affect the epitaxial structure of quantum wells, it significantly improved the quality of the surface
morphology relative to that of the untreated sample. Indium cluster can be seen by high-resolution transmission electron
microscopy (HR-TEM), which is the explanation for the red-shift of photoluminescence (PL). Time-resolved photoluminescence
measurements indicated that the sample prepared with pre-TMIn treatment had a shorter radiative decay time. As a result, the light
output power of the treated green LED was higher than that of the conventional untreated one. Thus, pre-TMIn treatment appears
to be a simple and efficient means of improving the performance of green LEDs.

1. Introduction

Group III-nitride materials have attracted much interest
for their use in optoelectronic applications because their
emission spectra cover a wide range from the infrared to the
deep ultraviolet [1–3]. Among them, indium gallium nitride
(InGaN) is the most promising material for the preparation
of high-efficiency, high-power light emitting diodes (LEDs),
which are employed widely in backlighting, traffic lights,
headlights, and general illumination [4]. Although InGaN-
based blue LEDs are well established, the InGaN-based green
LEDs continue to suffer from low efficiency,which limits their
further applications in white lighting devices.

V-shaped defects [5–7] readily format InGaN/GaNquan-
tum wells (QWs) having high indium mole fractions, trig-
gered by threading dislocations in the buffer layer. Several

factors can lead to a low-quality InGaN layer, including lattice
mismatch between InN and GaN [8], low miscibility of InN
[9, 10], phase separation [11], indium surface segregation [12],
andV-shaped defects [5–7]. A growth interruption technique
[13, 14] can be used to improve the quality of InGaN layers
and to enhance the luminescence intensity of LEDdevices. By
applying growth interruption at a high growth temperature,
the atoms in the InGaN layer can migrate to their minimum
energy sites to approach thermal equilibrium and decom-
position of In-rich regions, leading to a flat InGaN surface.
Another growthmethod inwhich trimethylindium (TMIn) is
employed during the growth interruption process is known as
“TMIn treatment” [15]; it can suppress InGaNdecomposition
and indium aggregation to achieve a more homogeneous
indium composition, a lower density of V-shaped defects,
higher energy states, stronger photoluminescence intensity,
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Figure 1: Growth conditions for pre-TMIn treatment in InGaN/
GaNMQW.

and shorter decay times. In this study, we examined the
effects of pre-TMIn treatment prior to QW growth on the
output power of InGaN-based green LEDs.Our experimental
results revealed that the light output intensity from a sample
subjected to pre-TMIn treatment exceeded that of conven-
tional LEDs at a quite high injection level, a result of stronger
quantum confinement ability arising from indium-rich sites.
Time-resolved photoluminescence (TRPL) revealed that the
radiative recombination effect of the TMIn-treated sample
was better than that of its untreated counterpart.

2. Experimental Methods

InGaN/GaN multiple quantum well (MQW) samples were
grown on a (0001) sapphire substrate using an atmo-
spheric pressure metal-organic chemical vapor deposition
system. Trimethylgallium, trimethylindium, trimethylalu-
minum, and ammonia (NH

3
) are used as precursors of the

Ga, In, Al, and N atoms, respectively. Bicyclopentadienyl and
silane are used as the p- and n-type dopant precursors. The
substrates were first heated in H

2
ambient to remove any

contaminants prior to performing the growth process. The
LED structures comprised a 25 nm low-temperature GaN
nucleation layer; a 1 𝜇m unintentionally doped GaN buffer
layer; a 3 𝜇m n-GaN layer; seven periods of MQW layers
featuring 2.7 nm InGaN well layers and 8 nm GaN barrier
layers; a 10 nm AlGaN electron blocking layer; and a 100 nm
p-GaN layer. There are two samples which are without and
with pre-TMIn flow and each sample has three sets of MQW
layers.Thedetail of pre-TMInflowcondition is (i) twopairs of
InGaN QWs and GaN barriers grown at 820∘C with a TMIn
preflow temperature of 820∘C; (ii) three pairs of InGaN QWs
and GaN barriers grown at 780 and 820∘C, respectively, with
a TMIn preflow temperature of 780∘C; and (iii) three pairs of
InGaN QWs and GaN barriers grown at 780∘C with a TMIn
preflow temperature of 780∘C. Before the deposition of the
InGaN QW layers, only TMIn and NH

3
were flowed into the

reactor. For easy understanding, the details are schematically
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Figure 2: XRD spectra for the LEDs prepared with and without
TMIn treatment.

represented in Figure 1. The final LEDs were fabricated, by
means of standard LED process technology, to have an active
area of 1 × 1mm2.

The epitaxial wafers were subjected to analysis through
high-resolution X-ray diffraction (HR-XRD), high-resolu-
tion transmission electron microscopy (HR-TEM), atomic
forcemicroscopy (AFM), TRPL, and room-temperature pho-
toluminescence; the light output power was measured to
characterize the optical properties of the LED devices.

3. Results and Discussion

Figure 2 displays the HR-XRD spectra of the LEDs prepared
with and without pre-TMIn treatment. The diffraction peak
ofGaN is identified andmarked in the curve; it arose from the
buffer and the n- and p-type contact layers. We used Vegard’s
law to calculate the indium composition from the lattice
parameters determined throughXRD.TheXRD curves of the
two samples are almost identical, implying that the structure
of the MQWs did not change as a result of TMIn treatment,
except for a slight increase in the indium content in the
InGaN layer.The indium compositions are 24.5% and 25% for
the samples without and with pre-TMIn treatment, respec-
tively. The satellite peaks suggested good quality interfaces
for the MQW structures. Our results confirm that indium
diffusion into the barrier could be suppressed and that
the indium composition became homogeneous after TMIn
treatment [15].

We usedAFMand SEM to observe the surfacemorpholo-
gies of the two samples (Figure 3). The surface morphology
of the sample that had experienced pre-TMIn treatment was
better than that of the untreated sample, with the root-mean-
square (RMS) surface roughness observed decreasing from
0.819 to 0.708 nm. Figures 3(c) and 3(d) show the surface
morphology of InGaN QWs layer etched by phosphoric acid
(H
3
PO
4
) for 30 s at 220∘C. The etch pits density is about 1.1

× 109 cm−2 and 7.3 × 108 cm−2 for the sample without and
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Figure 3: AFM and SEM images of the surface morphologies of the (a), (c) sample without TMIn treatment and (b), (d) sample with TMIn
treatment.

with TMIn treatment, respectively. This finding suggested
that TMIn treatment could improve the quality of the InGaN-
GaN interface, thereby potentially improving the optical
properties of green LEDs.

We used room-temperature photoluminescence to deter-
mine the center wavelengths of the two samples; Figure 4
displays their spectra. Photoluminescence peaks for the
untreated and treated samples appeared at 520 and 535 nm,
respectively; that is, a red-shift in the signal occurred after
TMIn treatment. In general, such a red-shift occurs upon
increasing the mole fraction of indium. Our XRD profiles in
Figure 2 reveal, however, that the indium content increased
only slightly. Considering the material properties of indium,
we believe that the red-shift was related to aggregation of
indium atoms in theQWduring TMIn treatment [15, 16].The
action of TMIn and NH

3
could not form a continuous InN

film, but rather InN islands, during the short treatment time
and under the high growth temperature. In order to prove
our thought, HR-TEMmeasurement was employed. Figure 5
presents the cross section HR-TEM images for two samples

(a) without TMIn treatment, (b) with TMIn treatment. From
Figures 5(a) and 5(b), the barriers and wells can be easily
distinguished. As we can see, the dark dots in Figure 5(b) are
much more than in Figure 5(a).These dark points are In-rich
cluster and their formation can be explained by pre-TMIn
flow treatment, which is the main reason for the red-shift of
PL.

We employed TRPL to examine the recombination rate of
green LEDs that had been preparedwith pre-TMIn treatment.
We fitted the PL decay profiles in Figure 6 with the following
double-exponential equation to obtain the decay time:

𝐼 (𝑡) = 𝐴

1
exp(− 𝑡
𝜏

𝑟

) + 𝐴

2
exp(− 𝑡
𝜏nr
) , (1)

where 𝐼(𝑡) is the PL intensity, 𝐴
1
and 𝐴

2
are the decay

parameters, and 𝜏
𝑟
and 𝜏nr are the decay times for radiative

and nonradiative recombination [17]. For the treated sample,
the values of 𝜏

𝑟
and 𝜏nr were 6.2 × 10−12 and 3.6 × 10−9 s,

respectively; for the untreated sample, they were 9.1 × 10−12
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Figure 4: Room-temperature photoluminescence spectra for the LEDs preparedwithout andwithTMIn treatment, with central peaks located
at 520 and 535 nm, respectively.
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Figure 5: HR-TEM images of MQWs for two samples, (a) without TMIn treatment and (b) with TMIn treatment.

and 3.4 × 10−9 s, respectively. Thus, the radiative decay time
decreased as a result of pre-TMIn treatment, leading to a
greater radiative recombination effect. Because carrier trans-
port into weakly localized states requires a certain energy
to overcome a potential barrier, it is more difficult for car-
riers to transfer into weakly localized states [17, 18]. In the
localized exciton model, trap centers are originated from a
spatial disorder such as the fluctuation of indium within
InGaN/GaN MQWs. Using TMIn treatment, the decay time
becomes shorter, because treatment leads to more strongly
localized stats due to the indium cluster [18].

Figure 7 plots the light output power (𝐿) and the voltage
(𝑉) with respect to the injection current (𝐼) for the pre-TMIn-
treated and untreated LEDs. The treated sample exhibited
higher output power throughout the whole injection current
density. At an injection current of 350mA, the light output

power of the treated LED was 59% higher than that of the
untreated LED and the forward voltages are 3.66 and 3.68V
for the samples without and with pre-TMIn treatment. We
attribute this enhancement in light output power to the
presence of In-rich clusters in the pre-TMIn-treated sample;
these clusters could confine electrons and holes efficiently. As
a result, indium treatment plays an important role in improv-
ing the luminescence of green LEDs.

4. Conclusion

Pre-TMIn treatment of the InGaN layer appears to be an
efficient means of improving the luminescence performance
of an InGaN green LED because it leads to a smoother
surface and a shorter radiative decay time. XRD revealed
that pre-TMIn treatment did not change the structure of the
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Figure 6: Time-resolved photoluminescence decay profiles of the LEDs prepared with and without TMIn treatment.
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Figure 7: Plots of light output power and forward voltage with respect to injection current for the LEDs prepared with and without TMIn
treatment.

MQWs and only slightly increased the indium concentration.
Photoluminescence spectra of the treated sample featured
a red-shifted peak wavelength, due to enhancement of the
indium-cluster, which can be seen by HR-TEM. In addition,
the light output power improved significantly when the LED
was prepared with pre-TMIn treatment of the InGaN layer.
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