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Advances in the growth, analysis, and characterization of various narrow-gap semiconductors and low-dimensional optoelectronic device structures have brought revolution into the
modern day’s information and communication technology
including optical communication and computing systems.
The main objective of this special issue is to include the recent
advances in the experimental and theoretical research related
to the growth, transport, and infrared properties of narrowgap semiconductors and the fabrication, characterization,
analysis, and simulation of various low-dimensional devices
including quantum and nanostructures using narrow-gap
semiconductors for optoelectronic applications. The basic
aim of this special issue is to bring together in one publication the outstanding papers reporting new and original
theoretical, experimental, and/or simulation works in the
areas related to the narrow-gap semiconductors and lowdimensional structures.
Among a large number of submissions received from
various researchers, we have selected only 7 papers for publication in this special issue. The work reported by H. Cui et
al. is believed to be very useful in understanding the effects of
metal-semiconductor contacts on the transient photovoltaic
characteristics of HgCdTe-based photovoltaic arrays by using
ultrafast lasers. In another paper, H. Cui et al. have analyzed
the electrical modulation properties of the output intensity
of two-photon absorption (TPA) pumping in HgCdTe photodiodes, which could be interesting for controlling a steady

output intensity of TPA by adjusting electric field in HgCdTebased photodetectors. Both papers of H. Cui et al. are highly
important for the design, fabrication, and characterization
of HgCdTe-based infrared photodetectors. The paper of D.
P. Samajdar and S. Dhar reports a mathematical model for
investigating the valence band structure of alloy systems
InAs1−x Bix and InSb1−x Bix by using the concept of valenceband anticrossing technique. The theoretical results for band
structure of InAs1−x Bix and InSb1−x Bix could be of immense
importance for the designing of diluted Bi-doped narrow-gap
InAs- and InSb-based mid-/long-wavelength optoelectronic
devices. A two-dimensional simulation for the effects of
donor-like surface traps on two-dimensional electron gas
(2DEG) and drain current collapse of AlGaN/GaN high
electron mobility transistors (HEMTs) has been investigated
in detail by C. Yu et al. The paper of C. Zheng et al. reports
the effects of same temperature GaN cap layer thickness
on the quality of the InGaN quantum well material and
the well/barrier interface of InGaN/GaN multiquantum-well
based green light-emitting diodes grown on silicon substrates
by MOCVD method. An interesting work on the phosphorescence of molecularly doped LEDs with blended polymer
host and wide emission spectra reported by J. Wang et al. has
also been considered for publication. The paper by R. Zhou et
al. presents a detailed investigation on the second-harmonic
generation (SHG), sum frequency generation (SFG), and
difference frequency generation (DFG) from gold film with
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a periodic subwavelength air nanohole patterns by means
of the three-dimension (3D) finite-difference time-domain
(FDTD) algorithm, revealing the second-order nonlinearity
in triangular lattice perforated gold film due to surface
plasmas resonance.
The guest editors have tried their best to select only a
few papers out of many covering both the theoretical and
experimental state-of-the-art research in the area of this
special issue. It is believed that this special issue will be of
significant interests to the scientists and researchers working
in the areas related to the narrow band gap semiconductors
and low-dimensional optoelectronic structures.
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We have studied the excitation second-order nonlinearity through a triangular lattice perforated gold film instead of square
lattice in many papers. Under the excitation of surface plasmas resonance effect, the second order nonlinearity exists in the
noncentrosymmetric split-ring resonators arrays. Reflection of fundamental frequency wave through a triangular lattice perforated
gold film is obtained. We also described the second harmonic conversion efficiencies in the second order nonlinear optical process
with the spectra. Moreover, the electric field distributions of fundamental frequency above the gold film region are calculated.
The light propagation through the holes results in the enhancement of the second order nonlinearity including second harmonic
generation as well as the sum (difference) frequency generation.

1. Introduction
Nonlinear optical responses have been subject of intensive
studies due to the development of nanofabrication techniques
[1–6]. Second harmonic generation (SHG) is a powerful tool
for probing physical and structure properties of the interface
and surface of materials [7–12]. The SHG in square lattice
with different structures, such as double-hole arrays or semiconductor nanoparticles arrays, has also been well studied
[12, 13]. The underlying physical mechanism of SHG in metal
nanoparticles has been explored numerically and experimentally [14–18]. The plasmonic oscillations of the conduction
electrons inside the metal can induce the localized surface
plasmon (SP) resonances. These localized surface plasmon
(SP) resonances play important role in the process of nonlinear optical responses. The SHG from different SP resonance
configurations such as split-ring resonators [17, 18], sharp
metal tips [19, 20], metallodielectric multilayer structures
[21], imperfect spheres [22, 23], and L-shaped and T-shaped

nanoparticles [9, 24–26] has been investigated. The theory
of second harmonic generation (SHG) in three-dimensional
structures consisting of arbitrary distributions of metallic
spheres made of centrosymmetric materials is developed by
means of multiple scattering of electromagnetic multipole
fields [27]. Other theoretical methods with various kinds of
approaches for the SHG have been developed by using the
finite difference time domain (FDTD) method [13].
In this work, we present the surface plasmas excitation
of the SHG in three-dimensional triangular lattice structures
consisting of noncentrosymmetric split-ring resonators. We
obtained the reflection spectra of fundamental frequency
wave through a triangular lattice structures consisting of
split-ring resonators. We also described the SH conversion
efficiencies in the second-order nonlinear optical process
with the spectra of second harmonic generation field. We
find that the SH conversion efficiencies of SHG signal are in
the range of about 10−12 –10−14 . The electric field distributions
of fundamental frequency and second harmonic are also
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calculated by FDTD simulation. We have investigated the
second-harmonic generation (SHG), sum frequency generation (SFG), and difference frequency generation (DFG). The
enhanced SP resonance causes the increase of local secondorder nonlinearity.
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Second-order nonlinearity of split-ring resonators nanostructures has been studied with the classical theoretical method in [13]. We consider the three-dimensional triangular
lattice structures consisting of gold split-ring resonators.
The permittivity 𝜀𝑟 (𝜔) of the gold split-ring resonators has
the form

ay

.
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The 𝛾 is collision frequency, and 𝑤𝑝 = √𝑒2 𝑛0 /𝑚𝑒 𝜀0 is the
plasma frequency of gold. The plasma frequency and collision
frequency are taken as 𝑤𝑝 = 1.367 × 1016 s−1 and = 6.478 ×
1013 s−1 , respectively.
There are two computational loops for the calculations of
the fundamental and second harmonic fields in the FDTD
program. The FDTD method to calculate the first-order field
at the fundamental frequency has been discussed in [13]. The
FDTD approach is also applied for the numerical calculation
of the second-order equations. If we consider the secondorder nonlinearity of the gold, the electric and magnetic field
can be obtained as follows:

A

𝜔𝑝2

Figure 1: The structure of a triangular lattice structures consisting
of gold split-ring resonators with the thickness ℎ = 30.5 nm and the
lattice periodic 𝑎 = 𝑎𝑥 = 𝑎𝑦 = 305 nm. There is the unit cell shape
with 𝑏 = 219 nm, 𝑐 = 131 nm and 𝑑 = 97 nm. The input light wave is
polarized along the 𝑦 direction and propagates along the 𝑧 direction.
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Here, 𝑘 represents the 𝑥, 𝑦, and 𝑧 coordinates. 𝐽(1) and
𝐽 represent the current density vectors of fundamental
and harmonic waves, respectively. 𝐸(1) and 𝐸(2) , 𝐵(1) , and
𝐵(2) are the electric field and magnetic flux intensity vectors
of fundamental and harmonic waves, respectively. 𝑛0 is
the ion density, 𝑚𝑒 is the electron mass, and 𝑆(2) is the
nonlinear source of the plasma for second-order nonlinearity,
respectively.
The structure of a triangular lattice perforated gold
film is shown in Figure 1. The perfectly matched absorbing
boundary conditions are employed at the bottom and top
of the computational space along the 𝑧 direction, and the
(2)
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Figure 2: Reflection (transmission and absorption) spectra of
fundamental frequency wave through a triangular lattice perforated
gold film.
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2. Theory and Method

z

periodic boundary conditions are used on the boundaries of
𝑥 and 𝑦 directions. The incident wave is polarized along the
𝑦 direction and propagates along the 𝑧-axis. The triangular
lattice structure consists of split-ring resonators with the
thickness ℎ = 30.5 nm and the lattice periodic 𝑎 = 𝑎𝑥 =
𝑎𝑦 = 305 nm. The unit cell shape of split-ring resonator has
𝑏 = 219 nm, 𝑐 = 131 nm, and 𝑑 = 97 nm. The input light wave
is polarized along the 𝑦 direction and propagates along the 𝑧
direction.

3. Results and Discussions
First, the normalized reflection (transmission and absorption) spectra of fundamental frequency wave through a
triangular lattice perforated gold film are investigated here,
and the calculation results are shown in Figure 2. There
are two different SP resonance modes at the wavelengths
636 nm and 1548 nm for reflection spectra. These localized
SP resonances at the wavelengths 636 nm and 1548 nm play
important role in the process of nonlinear optical responses.
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Figure 3: (a) The FTS for 𝐸𝑦(1) component of fundamental frequency field at the wavelength 636 nm. The FTS for (b) 𝐸𝑥(2) and (c) 𝐸𝑦(2)
component of second-harmonic generation at the wavelength 318 nm.
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Figure 4: The electric field (a) 𝐸𝑥(1) and (b) 𝐸𝑦(1) distribution of fundamental frequency above the gold film region at wavelength 636 nm,
respectively.

The nonlinear optical responses from different SP resonance
in split-ring resonators can result as different second-order
nonlinearity.
To obtain the SHG with a triangular lattice perforated
gold film patterns, the input light wave 𝐸𝑦(1) is polarized along
the y direction with wavelengths 𝜆 1 or 𝜆 2 :
𝐸𝑦(1)

2𝜋𝑐𝑡
= 𝐸0 sin (
),
𝜆 1,2

(3)

where 𝐸0 is amplitude. We consider the wavelengths 𝜆 1 =
636 nm or 𝜆 2 = 1548 nm in (3) in order to satisfy the transmission of the fundamental frequency waves, respectively.
When the continuous wave 𝐸𝑦(1) at wavelength 𝜆 1 =
636 nm is incident through the triangular lattice perforated
gold film, one can see Fourier transform spectrum (FTS)
of fundamental frequency wave at the wavelength 636 nm

in Figure 3(a). The FTS of the 𝐸𝑥(2) and the 𝐸𝑦(2) component
of SHG at the wavelength 318 nm in Figures 3(b)-3(c),
respectively, are also shown. To describe the SH conversion
efficiencies in the second-order nonlinear optical process, the
normalized SH intensity is defined as follows:
2
 (2)
 𝐸 (2𝜔0 ) 
 ,

𝜂 =  (1)
 𝐸 (𝜔0 ) 



(4)

where 𝜔0 is the freqency of the incident FF wave. The 𝑥polarized SH conversion efficiencies are about 10−13 while
the 𝑦-polarized SH conversion efficiencies are about 10−14 for
the fundamental frequency wave at the wavelength 636 nm as
shown in Figures 3(b)-3(c). The electric field distributions of
𝐸𝑥(1) and 𝐸𝑦(1) for fundamental frequency field above the gold
film region at wavelengths 636 nm are also shown in Figures
4(a)-4(b), respectively.
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Figure 5: (a) The FTS for 𝐸𝑦(1) component of fundamental frequency wave at the wavelength 1548 nm. The FTS for (b) 𝐸𝑥(2) and (c) 𝐸𝑦(2)
component of second-harmonic generation at the wavelength 774 nm.
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Figure 6: The electric field (a) 𝐸𝑥(1) and (b) 𝐸𝑦(1) distribution of fundamental frequency above the gold film region at wavelength 1548 nm,
respectively.

When the continuous wave 𝐸𝑦(1) at wavelengths 𝜆 1 =
1548 nm is incident through the triangular lattice perforated gold film, one can see FTS of fundamental frequency
wave at the wavelength 1548 nm in Figure 5(a). The FTS of
the 𝐸𝑥(2) and the 𝐸𝑦(2) component of SHG at the wavelength
774 nm in Figures 5(b)-5(c), respectively, are also shown. The
𝑥-polarized SH conversion efficiencies are about 10−12 while
the 𝑦-polarized SH conversion efficiencies are about 10−14 for
the fundamental frequency wave at the wavelength 1548 nm
as shown in Figures 5(b)-5(c). The electric field distribution
of 𝐸𝑥 and 𝐸𝑦 for fundamental frequency field above the gold
film region at wavelengths 1548 nm is also shown in Figures
6(a)-6(b), respectively.
To obtain the second-order nonlinearity including
second-harmonic generation as well as the sum (difference)
frequency generation of the triangular lattice gold film
with split-ring resonators patterns, the input light wave

𝐸𝑦(1) is polarized along the 𝑦 direction with two different
wavelengths 𝜆 1 and 𝜆 2
𝐸𝑦(1) = 𝐸0 sin (

2𝜋𝑐𝑡
2𝜋𝑐𝑡
) + 𝐸0 sin (
),
𝜆1
𝜆2

(5)

where 𝐸0 is amplitude. We consider two wavelengths 𝜆 1 =
636 nm and 𝜆 2 = 1548 nm in (5).
When the continuous wave 𝐸𝑦(1) with two different
wavelengths 636 nm and 1548 nm is incident through the
triangular lattice perforated gold film, it is found that there are
four peaks for second-order nonlinearity at the wavelengths
318 nm, 451 nm, 774 nm, and 1080 nm in Figure 7, respectively. The second-order nonlinearity modes at wavelengths
318 nm and 774 nm are obtained from the SP modes of two
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Figure 7: The FTS of second-order nonlinearity signals at the wavelength 318 nm, 451 nm, 774 nm, and 1080 nm for the two continuous wave
𝐸𝑦(1) incidence at the wavelengths 𝜆 1 = 636 nm and 𝜆 2 = 1548 nm, respectively.

incident continuous waves with wavelengths 636 nm and
1548 nm due to the SHG effect, respectively. The secondorder nonlinearity mode at wavelengths 451 nm is the sum
frequency field signals for two incident continuous waves
with wavelengths 636 nm and 1548 nm. And the SH conversion efficiencies of sum-frequency field signal for two
fundamental frequency wave incidence is about 10−13 or
10−14 . The second-order nonlinearity mode at wavelength
1080 nm is the difference frequency field for two incident
continuous waves with wavelengths 636 nm and 1548 nm.
The transmission of the fundamental light results from an
enhancement of the local field. The strong local SP resonance
induces an increase of the four second-order nonlinearity
signals. The enhancement of the second-order nonlinearity
signals include second-harmonic generation as well as the
sum (difference) frequency generation.

4. Conclusions
Unlike SGH in square lattice perforated gold film in many
papers, we have studied the excitation of second-order nonlinearity signals through a triangular lattice perforated gold
film due to surface plasmas resonance effect. Based on the
FDTD method, the SH conversion efficiencies in the secondorder nonlinear optical process are studied. The electric field
distributions of fundamental frequency are calculated. The
second-order nonlinearity phenomenon including secondharmonic generation as well as the sum (difference) frequency generation is shown in our paper.
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The valence band anticrossing model has been used to calculate the heavy/light hole and spin-orbit split-off energies in InAs1−𝑥 Bi𝑥
and InSb1−𝑥 Bi𝑥 alloy systems. It is found that both the heavy/light hole, and spin-orbit split 𝐸+ levels move upwards in energy with
an increase in Bi content in the alloy, whereas the split 𝐸− energy for the holes shows a reverse trend. The model is also used to
calculate the reduction of band gap energy with an increase in Bi mole fraction. The calculated values of band gap variation agree
well with the available experimental data.

1. Introduction
Bi-containing III-V semiconductors are receiving great
amount of interest in the last few years owing to their
potential application in optoelectronic devices operating in
the near to long infrared wavelength regions with enhanced
capability. These materials are obtained by incorporating a
small amount of Bi in the host semiconductor resulting in a
major reduction in the material band gap. A comprehensive
review of the state of the art in these materials has been
provided in a recently published monogram [1]. Alloys,
such as, GaAsBi, InGaAsBi, GaSbBi, InAsBi, and InSbBi, are
being investigated for various target applications. The narrow
band gaps InSb1−𝑥 Bi𝑥 and InAs1−𝑥 Bi𝑥 have been mostly
investigated for applications in infrared detectors operating
in the 3–5 and 8–12 𝜇m spectral range [2] though the large
miscibility gap and very low equilibrium solid solubility of
Bi in the host semiconductors present certain difficulties in
their growth [3]. Presence of Bi is also reported to reduce
the dependence of the energy band gap of the alloys with
temperature [4] which makes it possible to fabricate laser
diodes with temperature insensitive emission wavelengths

[5]. In case of the well-investigated dilute III-V nitride
alloys, the interaction of the N related resonant state with
the conduction band of the host semiconductor causes the
reduction in band gap. However, in III-V bismide alloys,
the band gap reduction occurs due to a restructuring of the
valence band as a result of the interaction of the Bi impurity
level with the same band [6]. This interaction produces a
splitting of both the heavy hole and the light hole energy
bands into 𝐸+ and 𝐸− energy levels where the split 𝐸+ level
moves up in energy resulting in the observed band gap
reduction. The valence band anticrossing (VBAC) model [7]
has been successfully used to explain the behavior of III-V
bismide materials. In this work, we have used this model to
calculate the valence band structure of the narrow band gap
semiconductors InAs1−𝑥 Bi𝑥 and InSb1−𝑥 Bi𝑥 .

2. Mathematical Model
A theoretical model was used earlier to describe the restructuring of valence bands in the bismuth containing III-V
semiconductors using k⋅p formalism [7]. The interaction
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Here 𝐻, 𝑆, and 𝑉 are given as [7]

1
(𝐿 + 𝐻) − Δ 0 − Δ𝐸SO 𝑥,
2
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).

(3)

On solving the above matrix, we get the relations for the four
distinct energy levels as explained by the VBAC model and
are given as

𝐸SO± =

−0.5

InAs

−1.0

InP

−1.5
−2.0
−2.5

InN
5.0

5.5
6.0
Lattice constant (Å)

6.5

7.0

3. Valence Band Structure for InAs1−x Bix

In the above equations, Δ𝐸VBM and Δ𝐸SO , respectively, denote
the difference in valence-band maximum and spin-orbit splitoff band energies between the end point compounds and
𝑥 is the mole fraction of bismuth incorporated into the
semiconductor alloy. Δ 0 gives the value of the split-off energy
gap of the host semiconductor which for InAs, InSb, and
GaSb are 0.39 eV, 0.81 eV, and 0.76 eV, respectively [9]. 𝑉
is the matrix element describing the coupling between the
host valence band and the Bi related impurity level and
𝐶Bi is the coupling parameter which is used as a fitting
parameter in our model [10]. 𝐸Bi denotes the position of the
heavy/light hole levels of the impurity atoms and 𝐸Bi−SO gives
the corresponding spin-orbit split-off level [7].
The solution of the 12 × 12 matrix 𝐻0 yields four distinct
eigen values corresponding to the heavy/light hole 𝐸+ and 𝐸−
energy levels and the spin-orbit-split off energy levels 𝐸SO+
and 𝐸SO− . Hence the 12 × 12 Hamiltonian reduces to a 4 × 4
matrix given by

𝐸HH/LH± =

InSb

(2)

𝑉 = 𝐶Bi √𝑥.

𝐻𝑅 = (

InBi
0.0

Figure 1: Plot of valence band offset versus lattice constant for Incontaining III-V binaries. The values of VBO and lattice constants
for these compounds are obtained from [9].

𝐻 = 𝐿 = Δ𝐸VBM 𝑥,
𝑆=

0.5

Valence band offset (eV)

of the impurity bismuth atoms with the valence band of
the corresponding host semiconductor was described by a
12 × 12 Hamiltonian which included 6 p-like states of the
semiconductor lattice atom and the 6 localized p-like states
of the added impurity atoms [8]. At the Γ point, where k = 0,
the 12 × 12 matrix can be written as:

1
2 + 4𝑉2 ) ,
(𝐿 + 𝐸Bi ± √𝐿2 − 2𝐿𝐸Bi + 𝐸Bi
2

1
2
+ 4𝑉2 ) .
(𝑆 + 𝐸Bi−SO ± √𝑆2 − 2𝑆𝐸Bi−SO + 𝐸Bi−SO
2
(4)

For VBAC calculations, we have considered Type I band
alignment between InAs and InBi. The theoretically calculated band gap of InBi, as predicted by quantum dielectric
theory by Barnett [11] is −1.62 eV. The valence band offset
for InBi is found out to be 0.35 eV from Figure 1 (drawn by
using the data from [9]) corresponding to its lattice constant
of 6.686 Å [12]. The valence band offset Δ𝐸VBM between the
end point compounds in InAs1−𝑥 Bi𝑥 is obtained as 0.94 eV
from an extrapolation of the variation of valence band offsets
with lattice constants in Figure 1.
The value of the spin-orbit splitting energy for InBi is
reported as 2.2 eV [12]. Hence the values of the valence band
offset, conduction band offset, and spin-orbit split-off band
offset for the end point compounds InAs and InBi are found
out to be 0.94 eV, −1.03 eV, and −0.87 eV, respectively. Using
the value of the atomic spin-orbit splitting energy for Bi
of 1.5 eV [7], the position of the heavy/light hole levels for
Bi, denoted by 𝐸Bi , is found to be located 0.4 eV below the
valence band maximum (VBM) of InAs [5] and the location
of corresponding spin-orbit split-off level 𝐸Bi−SO is 1.9 eV
below the VBM of InAs. The theoretical band gap of the
ternary semiconductor is defined as the difference in energy
between the VBAC calculated valence-band maximum and
conduction band minimum obtained from the virtual crystal
approximation (VCA) calculations, 𝐸CB−VCA , which can be
written as [7]
𝐸CB−VCA = 𝐸𝑔 − Δ𝐸CBM 𝑥

(5)

𝐸𝑔 is the band gap of InAs and Δ𝐸CBM = 1.03 eV is the
conduction band edge offset between InAs and InBi. In
InAs1−𝑥 Bi𝑥 , the reported band gap reduction is 55 meV per
1 at % of Bi in the host semiconductor [12]. Using this value,
we have calculated the value of the fitting parameter 𝐶Bi to be
1.26 eV.
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Figure 2: Position of the 𝐸+ and 𝐸− related heavy/light hole and
spin-orbit split-off bands as a function of Bi mole fraction for
InAs1−𝑥 Bi𝑥 , calculated using VBAC model.

4. Valence Band Structure for InSb1−x Bix
The valence band anticrossing interaction in InSb1−𝑥 Bi𝑥 can
be modelled by considering a valence band offset of 0.59 eV
between InSb and InAs as can be observed from Figure 1.
Thus, assuming the constancy of the localized impurity levels
relative to the vacuum level, the Bi related impurity level
𝐸Bi is located 1.0 eV below the VBM of InSb, whereas the
corresponding spin-orbit split-off band is located at a depth of
2.5 eV below the VBM of InSb. The values of Δ𝐸VBM , Δ𝐸CBM ,
and Δ𝐸SO are found in a way similar to that for InAs1−𝑥 Bi𝑥
The value of Δ𝐸VBM obtained from Figure 1 is 0.35 eV. Using
this value and the value of energy gap for InBi, the value of
Δ𝐸CBM is found out to be −1.44 eV and the value for Δ𝐸SO is
−1.04 eV. The value of the fitting parameter 𝐶Bi is calculated
as 0.33 eV using experimentally obtained band gap reduction
of 19 meV per at % of Bi in InSbBi [13].
Figure 4 presents the variation of the heavy/light hole
and the spin-orbit split-off bands as a function of Bi mole

0.02
0.03
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0.04

0.05

VCA
VBAC
H. Okamoto et al.

Figure 3: Theoretically calculated band gap of InAsBi as a function
of Bi mole fraction using VCA and VBAC model. Experimental
values of band gap are taken from [3].

HH/LH E+

0.0
−0.5

Energy (eV)

Figure 2 shows the valence band structure of InAs1−𝑥 Bi𝑥
as a function of Bi mole fraction 𝑥. The positions of the
energy levels are calculated using (4). It can be noted from
the figure that a repulsion exists between the 𝐸+ and 𝐸− levels
corresponding to the heavy hole/light hole bands and the
spin-orbit split-off energy bands. Both the heavy hole and the
light hole 𝐸+ levels are found to move up by about 45 meV
for 1 at % Bi in the material with a corresponding downward
movement of the 𝐸− level. In the spin-orbit split-off band, the
𝐸SO+ level moves up by about 28 meV per at % Bi. The upward
movement of the 𝐸+ level is mostly responsible for the band
gap reduction in III-V bismides. Figure 3 gives the variation
of band gap as a function of Bi mole fraction calculated
using relation (5) and VBAC. Satisfactory agreement of the
theoretical prediction with available experimental values is
shown in the figure.
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Figure 4: Calculated values of the 𝐸+ and 𝐸− related heavy/light
hole, and the spin-orbit split bands in InSb1−𝑥 Bi𝑥 , as a function of
Bi mole fraction 𝑥.

fraction 𝑥 for InSb1−𝑥 Bi𝑥 . Here the 𝐸+ level moves up by
4.6 meV for each at % Bi in the alloy, whereas the 𝐸SO+ level
increases by 14.5 meV for the same amount of Bi. These values
are smaller as compared to those for InAs1−𝑥 Bi𝑥 due to the
larger separation between the 𝐸+ and 𝐸− levels and the SO+
and SO− levels. This occurs due to the fact that the Bi related
impurity level 𝐸Bi and the spin-orbit split-off level 𝐸Bi−SO are
located at a greater depth from the VBM of InSb than in InAs
which reduces the interaction between the coupled bands.
Figure 5 shows the reduction in band gap with the increase
in Bi mole fraction calculated using VBAC and VCA model.

4

The Scientific World Journal
0.20

Energy (eV)

0.15

0.10

0.05
0.00

0.01

0.02
0.03
InBi mole fraction (x)

0.04

0.05

VCA
VBAC

Figure 5: Band gap of InSbBi as a function of Bi mole fraction 𝑥
calculated using VCA and VBAC model. The experimental points
(solid dots) are from [14, 15].

A good agreement of this plot with experimental values is also
presented in the same figure.

5. Conclusions
Valence band anticrossing model has been used to explore the
valence band structures of Bi-containing alloys InAsBi and
InSbBi. The theoretical results of band gap reduction agree
fairly with the experimental data. The upward shift in the
heavy/light hole 𝐸+ level and spin-orbit split-off level 𝐸SO+ is
observed in both cases. This upward movement of the heavy
hole/light hole 𝐸+ band is primarily responsible for the band
gap reduction in these Bi-containing alloys.
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GaN green LED was grown on Si (111) substrate by MOCVD. To enhance the quality of InGaN/GaN MQWs, same-temperature
(ST) GaN protection layers with different thickness of 8 Å, 15 Å, and 30 Å were induced after the InGaN quantum wells (QWs)
layer. Results show that a relative thicker cap layer is benefit to get InGaN QWs with higher In percent at fixed well temperature
and obtain better QW/QB interface. As the cap thickness increases, the indium distribution becomes homogeneous as verified by
fluorescence microscope (FLM). The interface of MQWs turns to be abrupt from XRD analysis. The intensity of photoluminescence
(PL) spectrum is increased and the FWHM becomes narrow.

1. Introduction
Although GaN-based blue/green LEDs have been commercially used in color digital display, liquid crystal display backlighting, traffic lamps, vehicle lamps, and general lighting
areas as the significant progress achieved in the material
growth and device manufacture, on the way to widely substitute the incandescent and fluorescent lamps as the general
lighting source, cost lowing and electricity to light convert
efficiency improvement are still required for III-nitride LEDs
[1, 2].
Generally estimated, substrates cost 25 to 35 percent of
the LED chips. So, how to reduce the cost of substrates is one
of the key tasks for researchers. Due to lack of high quality,
inexpensive, and large size GaN single-crystal substrate,
commercially used GaN LED structures are mostly grown
either on sapphire or SiC substrates. But there still exists
some deficiency for both substrates. For example; they both
are relatively expensive (especially SiC substrates) and hard,
which introduces great complexity and trouble to the device
fabrication processes and ultimately improves the devices
cost. Therefore, silicon is used by some researchers as substrate to grow GaN-based LEDs and reduce device cost for its
low cost, availability of large size, high surface quality, high

conductivity, and well-established processing techniques [3–
5]. Today GaN blue LEDs have already been grown on silicon
substrate by several groups, which provide one of the low-cost
solutions for solid state lighting [6–8].
Otherwise, the increase in efficiency and output of GaN
LEDs is still required. The difficulty to grow high efficient
LEDs is mainly due to the fundamental problem associated
with the growth of InGaN/GaN MQWs [9, 10]. Especially for
green LEDs, high-Indium content InGaN layers with good
crystal quality are necessary [11–13]. Hence, on the one hand,
InGaN QWs must be gained with homogeneous indium
incorporation. On the other hand, InGaN MQWs with abrupt
interface are also needed [14–16]. In this study, based on
the successful growth of crack free GaN epilayer on silicon
substrate [7], we researched the effect of cap layer thickness
on the quality of the InGaN QW material and the well/barrier
interface.

2. Experiment
The InGaN/GaN MQWs green LED structure (as shown in
Figure 1) was grown on silicon (111) substrate by Thomas
Swan 6 × 2 MOCVD with close-coupled showerhead
reactor. Before being loaded into reactor, silicon substrates
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130 nm GaN:Mg

AlN + AlGaN + satellite

−1
×6

3 𝜇m GaN:Si

0.3um AlN/AlxGa1−x N multilayer
Si (111) substrate

Figure 1: Epilayer structure of green InGaN/GaN light emitting
diodes on silicon (111) substrate.

were degreased by H2 SO4 : H2 O2 = 3 : 1 mixture solution and
etched with diluted HF (5%) solution to remove the surface
contamination and oxide layer. After 30 minutes H2 in situ
heating at 1100∘ C in reactor, only TMAl carried by H2 was
firstly injected into reactor for 2 minutes at about 800∘ C to
form a thin Al film on silicon surface and avoid silicon refused
by metal gallium and/or nitrificated to SiN by ammonia
(NH3 ). A 0.3 𝜇m AlN/Al𝑥 Ga(1−𝑥) N stress releasing layer and
3 𝜇m GaN:Si layer were then grown. 200 nm InGaN strain
prerelief layer and 6 periods InGaN/GaN MQWs were grown
on 𝑛GaN. 130 nm GaN:Mg layer was lastly capped on the
MQWs. For MQWs, every period was composed of InGaN
well layer, GaN cap layer at well temperature, and GaN barrier
layer at temperature 120∘ C higher than well. The cap layers
were designed with three thicknesses of 8 Å, 15 Å, and 30 Å
and those samples were marked as sample “A,” sample “B,” and
sample “C,” respectively. Double crystal X-ray diffractometry
(DCXRD) was used to characterize the structure quality of
MQWs. Fluorescence microscope (FLM) was used to get
fluorescence image of QWs under the optional excitation
wavelength from 380 nm to 420 nm. The selected wavelength
of dichroic mirror is 430 nm and barrier filter is 450 nm in
this study. Photoluminescence (PL) spectrum was used to
characterize the optical performance of InGaN/GaN MQWs
excitated with He-Ge 325 nm laser.

3. Results and Discussion
XRD Omega/2theta rocking scan was induced to check the
quality of MQWs. The scan range is from −5000arcsec to
+5000arcsec. The diffraction peak of GaN (0002) plan is set
on the symmetry scanning center of the rocking curve and
is located as 0 position of the 𝑥-coordinate. As shown in
Figure 2, satellite peaks clearly observed for samples B and
C on the left side of diffraction curves, indicating that fine
QW/QB periodic structure and abrupt QW/QB interface are
formed for MQW with 15 Å and 30 Å cap layer. 1st to 4th order
satellite peaks are also appeared for these two samples. Still, it
is found that 3rd and 4th order peaks widths of sample B are
even larger compared with those of sample C, showing that
sample B has relative worse QW/QB interface. Furthermore,
when the cap thickness is reduced to 8 Å (Sample A), the
satellite peaks become not easy to be distinguished from

Intensity (log a.u.)

GaN barrier layer (16 nm)
GaN LT-cap layer (8 Å, 15 Å, 30 Å)
InxGa1−x N well layer (3 nm)

−4
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Figure 2: DCXRD Omega-2theta rocking curve on GaN (0002)
plan for three samples. The center peak is defined as GaN (002) peak.
InGaN diffraction peak is marked as zero order peak.

the left side of diffraction curve. This means that clear
QW/QB periodic structure was not formed for the well being
destroyed when temperature ramping from well to higher
barrier temperature with only 8 Å thin cap layer. For samples
B and C, an overall peak can be differentiate from the left
of GaN (0002) peak, which is assigned to 0 order peak from
the well In𝑥 Ga(1−𝑥) N (0002) diffraction. As the insufficiently
resolution of the double crystal X-ray diffractionmeter, this
peak is not so clearly and encapsulated in GaN peak with a
small signal that appeared on the left shoulder of GaN (0002)
peak. For sample A, no 0 order peak can be resolved from
the curve. The reason may also be stem from the heat-damage
effect and heterogeneous In fraction of QW for sample A. For
all three samples, there are no clearly symmetric satellite
peaks on the right side of the diffraction curves as which lies
on the left side. One reason is that the X-ray intensity
decreases as the diffraction angle increases. Another reason is
that AlN and AlGaN multilayer was grown to release the
stress between Si substrate and GaN layer and the multilayer
diffraction peaks are also laid on the right of GaN (002) peak.
These peaks superpose with MQWs satellite peak, which
brings on an indecipherable overall peak.
The FLM images of the samples are showed in Figure 3. It
is found that sample A has an uneven FL image. Extra-bright
points are distributed on the picture. This is caused by the well
InGaN decomposed and segregated when ramping to grow
barrier and p-GaN at high temperature. For image of sample
B, the uneven points become not so serious. No extremely
bright points can be found from sample B. But some local
uneven areas still exist on the image. When cap thickness
increased to 30 Å, the image becomes more uniform and no
big bright points appear on it. The FL images are usually
used to reflect the Indian distribution in the well. It can
be concluded that the MQWs have a much more uniform
fluorescence microscope images as increasing the cap layer
thickness. Thicker cap would protect the well from being
decomposed. The results are also in accordance with the
conclusions from XRD test.
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Figure 3: The FLM images for three samples. The selected wavelength of dichroic mirror is 430 nm and barrier filter is 450 nm in the test.
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Figure 4: (a) PL spectra of the three samples are excitated by He-Ge 325 nm laser at room temperature. (b) Schematic diagram of optical
cavity effects of the MQWs light from the surface and GaN/Si interface reflection.

The lighting characteristic of MQWs was taken by photoluminescence (PL) measurement with He-Ge 325 nm laser as
excitated source. The PL spectra of three samples are shown
in Figure 4(a). The peak wavelength is all loaded in green
wavelength ranged from 500 nm to 535 nm. All the spectra
are not smooth curve but have interference candy stripes
accompanying with the curve. Those stripes are from optical
cavity effects [17]. As shown in Figure 4(b), green light is
generated from MQW excitated by laser. Some fraction of
light is directly extracted out the wafer surface. Some fraction
of light is firstly reflected by GaN/Si interface and then
extracted out the wafer surface. The two lights have optical
path difference, forming regions of high and low intensities.
As the cap increases from 8 Å to 30 Å, the intensity of the PL
spectra increases and the peak wavelength is red-shifted from
500 nm to 530 nm. At the same time, the full width of half
maximum (FWHM) of the spectra becomes narrow. This can
also be explained by the well protection effect leading to
increasing the In component and uniformity with the thicker
cap layer.

4. Conclusions
In conclusion, GaN-based green LED structure with InGaN/
GaN MQWs has been grown on Si (111) substrate by

MOCVD. InGaN QW was found to decompose at the higher
temperature when growing GaN barrier and Mg-doped
GaN:Mg layer, which results in heterogeneous indium component in InGaN QW-layer and poor InGaN/GaN interface.
Same-temperature GaN cap layer after InGaN QW is effective
in preventing the InGaN decomposition. As the cap thickness
increases, the indium distributions become homogeneous as
verified by FL. The interface of MQWs turns out to be abrupt
from XRD analysis. The intensity of PL spectrum is increased
and FWHM becomes narrow. Thus, the cap layer is one of the
key optional tuning parameters to improve GaN-based green
MQWs quality and further to obtain high-efficiency LEDs.
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“Metalorganic vapor phase epitaxy grown InGaNGaN lightemitting diodes on Si(001) substrate,” Applied Physics Letters,
vol. 88, no. 12, Article ID 121114, 2006.
[4] A. Dadgar, C. Hums, A. Diez, F. Schulze, J. Bläsing, and A. Krost,
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The effect of donor-like surface traps on two-dimensional electron gas (2DEG) and drain current collapse of AlGaN/GaN high
electron mobility transistors (HEMTs) has been investigated in detail. The depletion of 2DEG by the donor-like surface states is
shown. The drain current collapse is found to be more sensitive to the addition of positive surface charges. Surface trap states
with higher energy levels result in weaker current collapse and faster collapse process. By adopting an optimized backside doping
scheme, the electron density of 2DEG has been improved greatly and the current collapse has been greatly eliminated. These results
give reference to the improvement in device performance of AlGaN/GaN HEMTs.

1. Introduction
Two-dimensional electron gas (2DEG) based AlGaN/GaN
high electron mobility transistors (HEMTs) have shown
promising advantages in high-power, high-frequency, and
high-temperature applications [1–4]. They have also demonstrated good properties in optoelectronic responses [5]. The
drain current collapse effect in these devices is a serious
obstacle at the present stage to further improve device
performances [6–8]. Some efforts have been made to explore
the mechanisms of drain current collapse, such as self-heating
[9–11], trapping [3], and surface states [12–15]. The bulk traps
in AlGaN/GaN layers which absorb electrons from channels
and virtual gate effects [12] which deplete the channel in the
device by the accumulated negative charges in the surface
have been found to be the main reason causing the reduction
of 2DEG in channels [16]. However, the influence of donorlike surface traps on the drain current collapse has not
been fully discussed. Donor-like traps mainly originate from
shallow impurities, interface states, and surface states. They
may interact with the negative charges in the surface which
have a decisive influence on the 2DEG in the HEMT channels

[12–16]. The effects of donor-like surface traps with different
energy levels and density have been ignored in previous work.
In this paper, we analyze these ignored effects in
AlGaN/GaN HEMTs with a two-dimensional device simulation method. We adopt the density of the surface charge as a
measurement of the activities of surface traps, since filling or
emptying charges on the surface from the traps can change
the charge density on the surface directly and influence the
response of the channel electrons to the voltage consequently.
The sensitivity of current collapse to the variation of negative
charges on the surface is firstly investigated for a better
understanding of behavior of donor-like surface traps.

2. Method and Device Structure
Two-dimensional drift-diffusion simulations of the AlGaN/
GaN HEMTs are performed. Device structure of the AlGaN/
GaN HEMT is shown in Figure 1. The gate length is 0.7 𝜇m
and the opening spaces between the contacts are 𝐿 GD =
0.7 𝜇m and 𝐿 SG = 2 𝜇m. The thickness of AlGaN layer with
composition of 35% aluminum is 29 nm. The mobilities of
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Figure 1: Cross-sectional structure of AlGaN/GaN HEMT. Positive
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electrons and holes in GaN layer are 100 cm2 V−1 s−1 and
30 cm2 V−1 s−1 , respectively. The mobilities of electrons and
holes in AlGaN layer are 100 cm2 V−1 s−1 and 5 cm2 V−1 s−1 ,
respectively [9, 17–21].
A positive sheet charge +𝜎pol caused by spontaneous
polarization and piezoelectric effect [22–24] is fixed at the
interface and the equivalent negative sheet charge −𝜎pol on
the AlGaN surface. The fixed sheet charge density is assumed
to be −1.15 × 1013 cm−2 on the AlGaN surface and 1.15
× 1013 cm−2 at AlGaN/GaN interface [25–27], respectively.
Surface states 𝜎𝑇 are considered uniformly distributed on the
regions between source and gate. When the surface states are
taken into calculation, the initial charge density is modified
by adding or removing static charges at the surface. The net
charge density between the contacts is expressed as 𝜎net =
−𝜎pol + 𝜎𝑇 . A default temperature of 300 K is employed in
simulations [28]. A transient voltage 𝑉dd = 6 V is applied to
the drain with maintaining gate bias 𝑉𝐺 = 0 V. The drain
voltage is pulsed from 0.1 V to 𝑉dd and the pulse time is
adjusted in each case.

3. Results and Discussion
In Figure 2, the reduction of average electron density in
the channel is shown as the surface charges, 𝜎𝑇 , change
from 0 to −5 × 1012 cm−2 . The increase of negative charge
density (NCD) on the surface leads to the depletion of 2DEG.
This is mainly caused by the induced positive charges that
appeared around the AlGaN/GaN interface by NCD, which
then neutralize the electrons in channel. Another point is
the same increase of electron density near the gate along 𝑋
direction as the previous increase of NCD. It provides clear
evidence of the existence of a virtual gate in this device.
The electric field intensities in both 𝑋 and 𝑌 direction as
the surface charges, 𝜎𝑇 , change from 0 to −5 × 1012 cm−2 are
shown in Figure 3. The electric field intensity in 𝑋 direction
is cut at AlGaN/GaN interface, 𝑌 = 0 nm, and in 𝑌 direction
is cut at 𝑋 = 0.25 nm, as shown in Figure 1. The electric field
intensity in both 𝑋 and 𝑌 directions decreases as the negative
surface charge density is increased. The decrease of electric
field intensity is consistent with the decrease of electron
density in Figure 2 and produces positive consequences.
Firstly, since the electric field intensity near the interface
is reduced, the electrons in the channel cannot acquire
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Figure 2: Electron density versus 𝑋 direction cut at AlGaN/GaN
interface. A depletion of 2DEG in channel due to negative charges
on the surface is shown.

high enough temperature, and the number of hot electrons
reduces. Moreover, the addition of negative charges at surface
makes surface potential lower and interface potential higher
[28, 29], which in turn causes the electron affinity to increase.
The higher electron affinity causes again the reduction of the
amount of hot electrons. Secondly, the quantum tunneling
effect is weakened with the increase of potential barrier
and the decrease of electron energy [30]. The weakening of
both hot electron and quantum tunneling effects prevents
electrons escaping from the channel. Therefore, the increase
of the negative charges on the surface is helpful in eliminating
the drain current collapse.
The comparison of drain current collapse under different
surface negative charges is shown in Figure 4 with a pulse
time of 2 ms. One open circle is with 5 × 10−12 cm−2 negative
charges added at surface and another open square is with
no negative charges. The peaks of the time-dependent drain
current under different amount of surface negative charges
are put together in order to have a better understanding of the
decay process of drain current. We can see that the collapse of
drain current in line (a) (with −5 × 1012 cm−2 in the surface) is
reduced because of the addition of negative charges at AlGaN
layer surface. The negative charges make the electrons more
difficultly escape from the channel. Besides, the drain current
in the line (a) takes less time to reach the steady state. In
other words, the process of drain current collapse with more
negative charges is accelerated.
The drain current response versus drain voltage under
different amount of surface charges is shown in Figure 5.
Taking case (a) as a standard example, cases (b) and (c) can be
considered as added 3𝜎pol positive charges and 3𝜎pol negative
charges on the surface of case (a), respectively. When the
negative charge −3𝜎pol is added to the surface as case (c), the
drain current does not decrease as much as the increase of the
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Figure 3: (a) Electric field intensity versus 𝑋 direction. (b) Electric field intensity versus 𝑌 direction.
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Figure 4: Comparison of drain current versus pulse time. The
curves of drain current are shifted to hold two peaks together for
better comparison.

drain current caused by the same amount of +3𝜎pol positive
charge added at the surface as case (b). This result means that
the transient drain current response to time of AlGaN/GaN
HEMTs is more sensitive to the presence of the positive
charges rather than the negative charges. In the HEMT
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Figure 5: Drain current response versus drain voltage under
different amount of surface charges.

device, the holes are the main origin of great difference in
sensitivity to the charge changes at the surface. The free holes
populate at the surface, and part of them is caused by the
inner electric field because the inner electric field divides a
couple of electrons and holes into two individual parts. Then,
these holes come to the surface, and part of the holes gathers
at the surface because they get to the surface to compensate
the extra negative charge added in the surface and maintain
the electric neutrality. Therefore, when the negative charges
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Figure 7: Drain current collapse at different trap density.

are added at the surface, they do not reduce the drain current
because some of them are neutralized by holes in the surfaces
first.
Transient drain current responses versus time with 𝑉gs =
0 V and a fixed trap density of 4 × 1013 cm−2 are shown in
Figure 6. Transient voltages are applied to drains. The time
for the voltage to turn on is about 10−8 s. The energy levels
of the donor type traps are referenced to the edge of valence
band and set to be 3.2 eV, 3.1 eV, 3.0 ev and 2.9 eV, respectively.
For better comparison, the different peak values of the drain
currents are hold together. A noticeable decrease in the decay
value of drain current can be observed as the donor-like trap
energy level goes higher. The increase of DTI (donor-like trap
ionization) leads to the increase of number of positive charges
accumulating in the surface. When the drain voltage jumps
up from 0 V to 6 V, millions of electrons are injected into the
drain electrode and then couple with these positive charges.
This process causes the decrease of positive charge density
(PCD). We can consider the decrease of PCD as addition
of negative charges in the surface. From discussion above,
we know that the addition of negative charges weakens not
only the hot electron effects, but also the quantum tunneling
effects. Therefore, the collapse amount is reduced as the
energy level goes higher.
Meanwhile, the noticeable decrease in the decay time is
also observed as the donor-like trap energy level goes higher.
Higher energy level traps produce more positive charges and
then these charges are neutralized by injected electrons. As
more negative charges are added on the surface, depletion
process is accelerated, and thus the transient drain current
costs less time to reach the steady states. The decay time
with different donor-like trap energies is shown in the inset.
The decay time does not change linearly with the change
in the energy level but decreases exponentially along with

the increase in donor-like traps energy level. As the energy
level becomes higher, the differences of decay times become
smaller. This is also the result of change of surface charges.
The higher energy levels cause more positive charges to
populate at the surface and then these positive charges are
partially captured by electrons. It means that more negative
charges are added at the surface. Similar to the discussion
above, the drain current response is not sensitive to the
presence of the negative charges. Thus, after the appearance
of more negative charges at the surface, the current collapse
process is weakened.
The transient response at different values of trap density
on the surface with a fixed trap energy level 3.1 eV is shown in
Figure 7. The trap densities are considered with (a) 𝜎𝑇 = 4 ×
1013 cm−2 , (b) 𝜎𝑇 = 4 × 1014 cm−3 , and (c) 𝜎𝑇 = 4 × 1015 cm−2 .
The differences of decay time become smaller with increasing
trap density. Similar to the explanation of Figure 6, it can
be concluded that the variation of charge in the surface has
great role in the current response. The trap density of (c),
namely, 4 × 1015 cm−2 , has the most positive charge density at
the surface. After the voltage is shifted from 0.1 V to 6 V, the
electrons injected from drain electrode are captured by the
positive charges. The process causes negative charge density
to be increased at the surface. Because the current response
is less sensitive to the addition of negative charge density, the
case (c) in which more negative charges are captured has less
decay time compared to case (a).
To eliminate the negative influence of surface trap density
on the surface, we suggest an optimizing scheme with
backside doping [9, 29] to improve the performance of these
HMETs. The total thickness of GaN layer is 75 nm, the
bottom 35 nm is doped with phosphorus (2 × 1018 cm−3 ).
The GaN layer of 75 nm can restrict electron effectively. The
doping of the bottom modulates the energy band structure
[9] and thus not only prevents the electron going into the
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bulk traps, but also makes a bigger potential well for holding
more electrons. When considering the advantages of backside
doping and the disadvantages of parasitic conductance, the
doping concentration and the thickness of doping layer have
to be optimized as previously reported work [9, 29]. Figure 8
shows the comparison of drain current collapse before and
after backside doping. It can be seen that the drain current has
been enhanced and the collapse in drain current has almost
been eliminated. After introducing the backside doping, we
can improve the electron density in the device and eliminate
the drain current collapse effect greatly.

4. Conclusions
The effects of donor-like surface traps on current collapse of
AlGaN/GaN HEMTs have been systematically investigated. It
is demonstrated that the negative charges have been neutralized by the positive charges on the surface. Thus, the current
response is less sensitive to the presence of the negative
charge. Based on the response of drain current, the ionization
of donor type traps is thought to cause the reduction of decay
time and the acceleration of decrease of drain current. The
ionization process collects holes and then induces an increase
in the number of negative charges gathering on the surface.
Higher energy levels or larger density of donor type traps
leads to the increase of ionization of donor type traps in the
surface and subsequently causes the reduction of decay time
and the weakening of current collapse amount. By adopting
the backside doping in the bottom of GaN layer with 50 nm
thickness, the energy band structure can be regulated and
more electrons can be accumulated in the channel. Then, the
collapse of drain current has been eliminated effectively. Our
results are beneficial to the improvement of drain current in
AlGaN/GaN HEMTs.
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Stable green light emission and high efficiency organic devices with three polymer layers were fabricated using bis[2-(4 -tert-butyl
phenyl)-1-phenyl-1H-benzoimidazole-N,C2 ] iridium(III) (acetylacetonate) doped in blended host materials. The 1 wt% doping
concentration showed maximum luminance of 7841 cd/cm2 at 25.6 V and maximum current efficiency of 9.95 cd/A at 17.2 V. The
electroluminescence spectra of devices indicated two main peaks at 522 nm and 554 nm coming from phosphor dye and a full width
at half maximum (FWHM) of 116 nm. The characteristics of using blended host, doping iridium complex, emission spectrum, and
power efficiency of organic devices were investigated.

1. Introduction
Organic light-emitting diodes (OLEDs) have attracted more
and more attention for their various potential applications
such as display, backlight for liquid crystal display, and nextgeneration light sources since Tang and Vanslyke reported the
bright green OLEDs with sandwiched structure [1–3]. Most
phosphorescent OLEDs (PhOLEDs) typically were made up
of a thin light emitting layer sandwiched between electron
and hole blocking layers as well as charge transport layers by
means of high vacuum evaporation techniques [4, 5]. The use
of these multilayer architectures by vacuum deposition is expected to pose a challenge in reducing device manufacturing
costs and controlling the doping concentration precisely. In
contrast, solution processing of polymer-based organic semiconductors offers the potential for fabrication of electronic
devices at a significantly reduced cost. Whether by spin coating or by ink jet printing, a variety of efforts have enabled high
performance OLEDs to be commercialized [6, 7]. Burroughes
reported the polymer organic light emitting diodes (PLEDs)
using poly(p-phenylene vinylene) (PPV) as emission layer
between indium-tin oxide (ITO) anode and metal cathode
[8]. Polyvinylcarbazol film doped with dyes of coumarin 6,

coumarin 47, and Nile red were used to fabricate PLED with
ink-jet printing method by Hebner et al. [9]; the characteristics of the printing device were similar to the film with same
composition deposited by spin coating method. Multicolor
polymer light-emitting devices with solution processing have
also been explored with cross-linked photochemically characteristic materials [10, 11].
But solution processed polymer light emitting devices are
typically made up of not more than three layers, in which one
of the layers performed the simultaneous tasks of charge
transport and light emission [12]. Most of conjugated polymers typically indicate hole-only or electron-only transporting characteristic, which cause the unbalance holes and electrons in the emission layer. The unbalance charge within the
device is unsuitable for improving power efficiency of PLEDs.
Therefore, to achieve high efficiency PLEDs, several factors
need to be considered, including the balance of electrons and
holes, strong radiative transitions for singlet excitons, efficient
light extraction, and developing phosphorescence emitters
with triplet-triplet energy transfer characteristic.
Nonconjugated polymer poly(N-vinylcarbazole) (PVK)
has been a commonly used polymer host for phosphorescent
dyes [13–15]. But PVK has, however, an inherent defect in that
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its electron and hole mobility difference are too large [16]. In
contrast to PVK-hosted PLEDs, the performances of PFOhosted PLEDs could be enhanced from the selective removal
of the electron-transporting material during fabrication of
the functional layer [17], so that using PVK as hole transporting layer and PFO blended host layer is more suitable for high
efficiency polymer device.
In this study polymer organic devices with three polymer
layers structure including hole injection layer, hole transporting layer, and emission layer were fabricated using iridium
complex as emission material by solution process. The addition of injection layer was used to increase the device stability and hole injection. The emission layer consisted of phosphor dye and mixed polymer host which blended hole and
electron transporting materials. High efficiency and wide
emission spectra organic polymer devices with different doping concentrations were fabricated and characterized.
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Figure 1: Absorption spectra of (tpbi)2 Ir(acac) material. The inset
was cyclic voltammetry curve of the iridium dye.
10000

The PLEDs fabrication was described as follows: substrates
coated with indium tin oxide (ITO) were first cleaned with
water and organic solvents and then underwent surface treatment involving oxygen plasma. This was followed by coating a 50 nm thick layer of poly(ethylene dioxythiophene):
poly(styrene sulfonic acid) (PEDOT:PSS) spun on ITO films
at 4000 rpm. And then 40 nm thick conductive polymer PVK
acting as hole transporting layer was spun on the substrate
surface. Next, blended host polymer with Ir(III) complex was
spin-coated at room temperature under ambient conditions
from a CHCl3 solution, resulting in 80 nm thick films. The
blended conductive polymer host, poly(9,9-di-n-octylfluorene-2,7-diyl) (PFO) + 30 wt% 2-(4-tert-butylphenyl)-5-(4biphenylyl)-1,3,4-oxadiazole (PBD), was obtained from a
commercial supplier and was used as host material without
purification. The phosphorescent dye bis[4-tert-butyl-1
phenyl-1H-benzimidazolato-N,C2 ] iridium(III) (acetylacetonate) [(tpbi)2 Ir(acac)] was synthesized in our lab and used to
fabricate small molecular organic device with high efficiency
[18]. Finally, a 4 nm thick Ba metal and 150-nm-thick aluminum cathode layer were deposited on the substrate in high
vacuum environment through a shadow mask with 5 mm
width openings. The devices thus obtained have a typical
structure of ITO/PEDOT:PSS (50 nm)/PVK (40 nm)/PFO +
30 wt% PBD:(tpbi)2 Ir(acac) (𝑥%) (80 nm)/Ba (4 nm)/Al
(150 nm) (𝑥 = 1, 2, 4, and 8 for device A, B, C, and D, resp.).
The metal layer thicknesses were determined in situ by
oscillating quartz thickness monitors and an ellipsometer for
the evaporated and spin-coated films, respectively. EL spectra
and Commission International De L’Eclairage (CIE) (1931)
coordinates of the devices were measured with a PR650 spectroscan spectrometer. Luminance (𝐿), current density (𝐽),
and bias voltage (𝑉) characteristics were recorded simultaneously with the measurement of EL spectra by combining the
spectrometer with a Keithley 2400 programmable voltagecurrent source.

8000

10
1

6000

0.1

4000

0.01
1E-3

2000

1E-4

0
0

5

10

15
20
Voltage (V)

Device A
Device B

25

30

Luminance (cd/m2 )

2. Experiments

Current density (mA/cm2 )

100

35

Device C
Device D

Figure 2: Current density-voltage-luminance characteristics of four
doping concentration devices.

3. Results and Discussions
In order to indentify the energy transferring from blended
polymer host to the doped (tpbi)2 Ir(acac), the absorption
spectra and cyclic voltammetry curve of iridium dye were displayed in Figure 1. There were two absorptive peaks at 388 nm
and 416 nm, which were covered by the photoluminescence
spectra of mixed PBD:PFO, which indicated the feasibility of
energy transfer from host to doped dye. From the absorption
and cyclic voltammetry curve, the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy level were 5.1 eV and 2.7 eV, respectively.
The current density-voltage-luminance characteristics of four
doping concentration devices were shown in Figure 2. The
turn-on voltage (defined as the voltage when organic device
luminance reached 1 cd/m2 ) of 1%, 2%, 4%, and 8% doping
concentration devices were 10.0 V, 9.8 V, 12.4 V, and 12.2 V,
respectively. The lower doped devices (1% and 2%) showed
higher current density than the heavy doped devices (4% and
8%) at the same driving bias. The shift of current densityvoltage curves to higher voltages as doping concentration
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Figure 3: The normalized EL spectra of devices A, B, C, and D at
20 V and Gauss fit results. EL spectrum of SMOLED was shown for
comparing.

increasing could be attributed to charge-trapping effect [19].
When more iridium complex was doped in host material,
more trapping center formed for the free carriers because the
HOMO and LUMO level of (tpbi)2 Ir(acac) were between that
of PFO and PBD blended host, so that the current density
of device became lower at the same driving voltage when
increasing the doping concentration. As the forward bias
increased (over turn-on voltage), the luminance of organic
devices enhanced sharply and reached to the maximum values of 7841 cd/cm2 (at 25.6 V), 7171 cd/cm2 (at 27.2 V), 4180
cd/cm2 (at 29.6 V), and 2264 cd/cm2 (at 30 V) for devices
A, B, C, and D, respectively. The device luminance changing
trends of different doping concentration devices were in conformity with the current density, which was that higher doping concentration organic device showed lower device luminance at the same bias. The more the doped phosphor dye
in the polymer layer, the more the traps or lacunas formed in
the organic device, which would capture more charge carriers
and affect the emission process of device.
The normalized EL spectra of polymer devices A, B, C,
and D at 20 V bias were suggested in Figure 3. There were two
obvious emission peaks around 522 nm and 554 nm, which
were attributed to the emission of (tpbi)2 Ir(acac). The emission peak coming from phosphor dye could be identified by
small molecular organic light-emitting diodes (SMOLED)
with CBP as host material. The SMOLED doped by the phosphor dye had been fabricated with device structure ITO/
CuPc (40 nm)/𝛼-NPD (45 nm)/CBP:(tpbi)2 Ir(acac) (3 wt%,
30 nm)/BCP (20 nm)/Alq3 (20 nm)/LiF (1 nm)/Al (100 nm),
and EL spectrum of the device was also shown in Figure 3
for comparing [18]. But the strongest emission peak was
changed from 522 nm to 554 nm for polymer device, and the
spectrum width of PLED was nearly double that of SMOLED.
The spectrum of polymer light-emitting diodes covered from

5.3 eV

5.8 eV

PFO

6.2 eV

PBD

6.3 eV

CBP

Figure 4: Energy level diagram of polymer light emitting device
fabricated in this study.

490 nm to 690 nm, and full width at half-maximum (FWHM)
of emission spectrum was 116 nm (from 504 nm to 620 nm),
which was 68 nm for SMOLED (from 500 nm to 568 nm).
There was an obvious spectra extension at the long wave
region (∼600 nm), which might be caused by the blended
polymer host materials. To describe the phenomenon clearly,
energy level of polymer device was shown in Figure 4. In
small molecular organic device with (tpbi)2 Ir(acac) doped in
CBP host, the HOMO and LUMO energy level of iridium
complex and CBP were 5.1 eV and 2.7 eV, 6.3 eV, and 3.0 eV,
respectively. (tpbi)2 Ir(acac) molecules could be excited by
those excitons with energy transfer from CBP host, but the
kinds of excitons formed in CBP were simplex because of
single energy level structure. In the blended polymer host
structure of this research, the HOMO and LUMO energy
level of PFO and PBD were 5.8 eV and 2.1 eV, 6.2 eV, and
2.6 eV, respectively. The HOMO and LUMO energy level of
(tpbi)2 Ir(acac) could be identified by the cyclic voltammetry
curve as shown in the inset of Figure 1. After doping iridium
complex in the blended polymer host, the phosphor dye could
be excited by trapping the free carriers directly in the host
layer and accepting energy transfer from host excitons. The
blended polymer host promoted the energy transferring from
different energy level to phosphorescent dye, which could
extend the emission spectrum to yellow light region width of
polymer emission device. The Gaussian multipeak simulation
indicated that there were three peaks (513 nm, 548 nm, and
596 nm) in the phosphor emission spectrum, and the total fitting spectrum curve was highly consistent with the test result
as shown in Figure 3. The emission peak at 596 nm occupied
near 50% of the total emission spectra area, which indicated
this energy level accepted about 50% energy transfer from
polymer host and formed effective light emission.
PEDOT:PSS layer spun on ITO films was used to improve
the substrate smoothness, and the other important role was
that this film has approximate work function with ITO anode
[20], which would be good for hole injection due to the
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Table 1: Some detailed characteristics of four organic devices with different doping concentrations, including turn-on voltage, maximum
luminance, current density at 20 V, maximum current, and power efficiency.
𝐿 max (cd/m2 )

𝐽20 V (mA/cm2 )

𝜂𝑝max (lm/W)

𝜂𝑙max (cd/A)

10.0
9.8
12.4
12.2

7841
7171
4180
2264

12.8
8.2
2.1
1.2

1.84
1.54
1.44
0.80

9.95
6.96
7.52
5.78

lower height of injection barrier. PVK was a very good hole
transporting and wide band gap material but not an electron
transporting material [21], so that PVK could be used as
hole transporting layer with blocking electronic function.
PVK was also a high molecular weight material, which was
helpful in forming thin dense films with high uniformity and
improving the film-forming quality for the emitting layer and
finally improving the stability of device. The HOMO and
LUMO level of PFO were estimated to be 5.8 eV and 2.1 eV
[22], so that the wide band gap (3.7 eV) of PFO made it
difficult to form ohm contacts for free carriers injecting into
emission layer, which was unsuitable to obtain high efficiency
device. In order to decrease the LUMO energy level barrier
and promote electron transporting ability, 30 wt% PBD was
mixed to form blended host matrix. PBD was widely used
as electron transporting layer, which showed the HOMO
and LUMO level of 6.2 eV and 2.6 eV, respectively [23]. The
LUMO level of PBD was very near to the work function of
Ba layer, which was inserted between PFO:PBD blended layer
and Al cathode with a super-thin film thickness. The 4 nm
Ba film promoted the injection of electrons from cathode to
host layer to be much easier than that directly from Al metal
(work function, 4.7 eV). The addition of PVK transporting
layer, PFO:PBD blended host layer, and Ba buffer layer was
propitious to increase the stability and efficiency of polymer
device.
The power efficiency (𝜂𝑝 ) and current efficiency (𝜂𝑙 ) of
four doping concentration devices (device A: 1 wt%, device
B: 2 wt%, device C: 4 wt%, and device D: 8 wt%) at different
biases were shown in the Figure 5. Both 𝜂𝑝 and 𝜂𝑙 initially
increased to the maximum value and then decreased as the
bias voltage increased for those polymer devices. The maximum 𝜂𝑙 of device A, B, C, and D were 9.95 cd/A (at 17.2 V),
6.96 cd/A (at 20.8 V), 7.52 cd/A (at 21.4 V), and 5.78 cd/A (at
26.2 V), respectively. The maximum luminance and power
efficiency of four devices (shown in Table 1) became lower
when increasing the doping concentration. The doping phosphor dye was not only the emission center but also traps for
free carriers in emission layer, which could be predicted from
the device energy level diagram shown in Figure 4. More free
carriers would be trapped in the devices when adding more
phosphor dye in the blended host layer, which would affect
the current density, numbers of emission elements, and
finally the whole device efficiency. This point could be proved
by the current density curve of four devices at high driving
voltages shown in Figure 2. The current density of device
A (1 wt% doping concentration) was 12.8 mA/cm2 and decreased to 1.2 mA/cm2 for device D (8 wt% doping concentration) at 20 V forward bias, which were listed in Table 1. The
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Figure 5: The power efficiency and current efficiency of four doping
devices at different biases.

roll-off of external quantum efficiency of electroluminescent
device at large current density was due to triplet-triplet (T-T)
annihilation for most phosphorescent organic device. Endo
et al. analyzed T-T annihilation for Ir(ppy)3 doped CBP host
devices, and a best fit of the model to the data was obtained
[24]. Almost all organic devices indicated a gradual decrease
in efficiency at the high current density (according to high
voltage). The quantum efficiency of light emission (𝜂) can be
calculated from the following equation:
𝜂
𝐽
1 + 8𝐽
= 0 (√
− 1) .
𝜂0 4𝐽
𝐽0

(1)

In (1), 𝜂0 is the quantum efficiency without triplet-triplet
annihilation, and 𝐽0 in (2) is the “onset” current density at
𝜂 = 𝜂0 /2:
𝐽0 =

4𝑞𝑑
.
𝑘TT 𝜏2

(2)

In which 𝑞 is the electron charge, d is the thickness of the
exciton formation zone, 𝜏 is the phosphorescent life time, and
𝑘TT is the T-T annihilation rate constant. As the current density (driving bias) increased, the efficiency annihilation
became more obvious as shown in (1). For comparing, the
turn-on voltage (𝑉on ), maximum lumiance (𝐿 max ), current
density at 20 V (𝐽20 V ), maximum power efficiency (𝜂𝑝 max ),
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and current efficiency (𝜂𝑙 max ) were list in Table 1. Stable green
light emission, wide emission spectra, and high efficiency of
9.95 cd/A could be achieved with the 1 wt% doping concentration polymer device with blended host materials.

4. Conclusions
Different doping concentration polymer organic devices with
iridium complex doped in PFO:PBD blended host material
were fabricated using spun coat process. The EL spectra of devices indicated stable green light emission from
(tpbi)2 Ir(acac) with two main peaks at 522 nm and 554 nm
and a wide FWHM of 116 nm from 504 nm to 620 nm. Maximum current efficiency of 9.95 cd/A could be reached at
17.2 V bias and slowly rolled off as the driving voltage increased. High quality, easy fabricated white light emission
polymer device could be anticipated with this wide emission
spectra device structure.
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The electrical modulation properties of the output intensity of two-photon absorption (TPA) pumping were analyzed in this paper.
The frequency dispersion dependence of TPA and the electric field dependence of TPA were calculated using Wherrett theory
model and Garcia theory model, respectively. Both predicted a dramatic variation of TPA coefficient which was attributed into the
increasing of the transition rate. The output intensity of the laser pulse propagation in the pn junction device was calculated by
using function-transfer method. It shows that the output intensity increases nonlinearly with increasing intensity of incident light
and eventually reaches saturation. The output saturation intensity depends on the electric field strength; the greater the electric
field, the smaller the output intensity. Consequently, the clamped saturation intensity can be controlled by the electric field. The
prior advantage of electrical modulation is that the TPA can be varied extremely continuously, thus adjusting the output intensity
in a wide range. This large change provides a manipulate method to control steady output intensity of TPA by adjusting electric
field.

1. Introduction
Two-photon absorption (TPA) is a third-order nonlinear
absorption process which is closely related to the imaginary
part of nonlinear susceptibility of the material [1]. Because
TPA has different selection rules than one-photon absorption
(OPA), it is widely used in the spectroscopy analyzing of
semiconductor [2]. Moreover, two-photon absorption (TPA)
is an effective process to fulfill the nonlinear optical devices
[3] owing to its high transparency at low incident intensity
while blocking the transmission at high intensities. Although
some theoretical investigations [4, 5] and experimental measurements [6] about TPA properties have been reported early,
the constant electric field effects of TPA on the transmission
intensity have not received much attention. This is surprising
considering that strong fields are often present in semiconductor-based photonic devices, such as pn junction photovoltaic device. The lack of research is detrimental to the application of nonlinear optical devices.
In this paper, the dispersion dependence of TPA on photon frequency is calculated using second-order perturbation
theory. Then, the electric field modulation effect of two-photon absorption coefficient (TPAC) in HgCdTe photodiode is

simulated from a two-band model. The results show that the
TPAC in space charge region (SCR) is enhanced dramatically
by the build-in electric field. A TPA Franz-Keldysh Effect
(FKE) mentioned by Garcia is adapted to interpret this
phenomenon. On this basis, the dependence of output intensity on electric field is calculated using the TPA modulation
relationship. It shows that the output intensity can be manipulated continuously by adjusting the bias voltage.

2. Theory Model
2.1. Frequency Dispersion Dependence of TPAC. The twophoton process where the two-photon transition occurs from
an initial state |𝑖⟩ to a final state |𝑓⟩ involving simultaneous
absorption of two photons was theoretically predicted by
Göppert-Mayer [7] in 1931. Since the transition probability is
proportional to 𝛿(𝐸𝑓 − 𝐸𝑖 − ℎ𝜔1 − ℎ𝜔2 ), it may be obtained
from Fermi golden rule:
𝑊(2) =

2𝜋  (2) 2
⃗
∑ 𝑀𝑐V  𝛿 (𝐸𝑐 (𝑘⃗
𝑐 ) − 𝐸V (𝑘V ) − 2ℎ𝜔) ,
ℎ

(1)
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where 𝑘⃗
is the wave vector of the internal motion of the excit(2)
is the transition matrix element, respectively.
ing and 𝑀𝑐V
In order to solve (1), the energy band, momentum matrix
element, and the intermediate state should be approximated
to simplify the calculation. However, the approximations and
simplifying assumptions used in this process would result in
a large discrepancy between the calculation and experiment
results of TPAC. In the computing models presented in the literatures, Wherrett [8] model has been generally recognized.
From the second-order perturbation theory, the interaction

between initial state |𝑖⟩ and final state |𝑓⟩
matrix element 𝐻𝑓𝑖
associated with the absorption of one photon can be obtained
as:
(2)
𝑀𝑐V
=

∑𝑖 𝐻𝑐𝑖 𝐻𝑖V
,
⃗
𝐸 (𝑘)
− ℎ𝜔
𝑖V

(2)

2𝑚 3/2
1
1/2
[( 2𝑐V ) (2ℎ𝜔 − 𝐸𝑐 − 𝐸V ) ]
𝜋ℎ
ℎ
2

𝑞
2𝜋𝐼
× [(
)(
)
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𝑛𝑐
[

1/2
1/2 2
 (2) (2𝑚𝑐V ) (2ℎ𝜔 − 𝐸𝑐 − 𝐸V )

× ⟨𝑆𝑐V
(
) ⟩] ,


ℎ

 ]
(3)
(2)
= ∑𝑖 𝑝𝑐𝑖 𝑝𝑖V [𝐸𝑖V ((2𝑚𝑐V )1/2 (2ℎ𝜔 − 𝐸𝑐 − 𝐸V )1/2 /ℎ) −
where 𝑆𝑐V
ℎ𝜔 ]−1 and 𝑝 represents 𝜀⋅𝑝. Retaining the matrix element corresponding to the direct contribution, TPAC can be expressed
as

𝛽 (𝜔) = 2
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where 𝑛, 𝑝𝑓𝑖 , and 𝜀 are refractive index, momentum matrix
element, and radiation polarization, respectively. For the spin
degeneracy for the bands, the TPA transition rate 𝑊(2) can be
written as

4
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2

Figure 1: The calculating frequency dependence of TPAC and incident photon energy.

show a decreasing tendency if the photon energy increased
more. This indicates that there is a maximum value in the
TPAC. The effects of the external electric field on TPAC have
been more complicated; in the electric field, the problem is
further complicated and will be discussed below.
2.2. Electric Field Dependence of TPAC. A two-band model
consisting of heavy-hole and light-hole bands mentioned by
Garcia [4] is used to discuss the dependence of TPAC on
electric field here. Using a nonparabolic approximation of the
state’s density, the impact of electric field intensity on the TPA
transition probabilities can be derived from the Fermi golden
rule [4]:
1
𝑊2 =
∑ ∑ ∫ 𝑑𝑘𝑊(2) (𝑘) ,
(2𝜋)2 𝑛 𝑛
2/3
 2
𝑃  2𝜋𝑚𝑐 𝜔𝑁 2
ℎ2
𝑊(2) (𝑘) =  V𝑐  (
)(
)
2𝜋ℎ
𝑚𝑘 ⋅ 𝑧̂
2𝑀𝐹𝑒

3/2

(4)

,

where 𝑐, 𝑞, 𝐸𝑔 and ℎ𝜔 are speed of sound, electron charge,
energy gap, and incident photon energy, respectively. 𝑃 ∝
𝑝𝑐V ℎ/𝑚 is Kane momentum parameters. 𝑓 is defined as the
numerical factor. Equation (4) shows the frequency dispersion relation of TPAC.
Figure 1 shows the frequency dispersion relation of TPA.
It can be seen that the TPAC is almost equal to zero for an incident photon energy less than half energy gap; this shows that
no transition occurs between energy bands. The TPAC will
continuously increase with the photon energy when the photon energy is larger than half energy gap. Then, the TPAC will

(5)


𝑒𝑘 ⋅ 𝑧̂𝐴 0 2
2

× 𝐼𝑁 (
) [𝐴𝑖 (𝛿2 ) 𝑎𝑛𝑐 𝑎𝑛V ]

𝑚𝑐 𝜔𝑐 
𝑐
× 𝛿 (𝐸𝑘⊥
+ 𝐸𝑘V  ⊥ + 𝐸𝑒 − 𝐸ℎ + 𝐸𝑔 − 2ℎ𝜔) ,

where 𝑃V𝑐 , 𝐹, 𝐴𝑖(𝑧), 𝑚𝑐 , 𝑚V , and 𝑚𝑢 are interband momentum
matrix element, electric field, Airy function, effective mass of
electron and hole, and the reduced mass, respectively. In the
whole excitation process, principle of energy conservation is
satisfied by 𝛿 function, while momentum conservation is satisfied by Δ𝑘 = 𝑘𝑐 − 𝑘V = 0; thus the TPAC can be derived
as
1/2

(2)

𝛽

5𝜋 𝐾(𝐸𝑝 𝐸𝑔 𝐸𝜇 )
)
(𝜔, 𝐹) = (
𝑛2 (2ℎ𝜔)5
2√3

2
× {2 [𝜀02 𝐴𝑖2 (𝜍0 ) − 𝜍0 𝐴𝑖 (𝜍0 ) ]
−𝐴𝑖 (𝜍0 ) 𝐴𝑖 (𝜍0 ) } ,

(6)
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Figure 2: The dependence of TPAC on the build-in electric field
strength. The circle points are the experimental data, and the line
represents the calculation data.
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where 𝜍0 = (2ℎ𝜔 − 𝐸𝑔 )/𝐸𝜇 , 𝐸𝜇 = (ℎ2 𝑒2 𝐹2 /2𝑚𝜇 ) , is the
characteristic energy of the dc electric field. Because of the
introduction of this parameter, the TPAC will change with
the electric field strength. 𝐸𝑝 is the transition matrix. 𝐾 =
1940 cm/GW (eV) is a material-independent constant.
Using the expression in (6), the TPAC at different electric
field is simulated (shown in Figure 2). We compared the simulation results with the two-photon absorption experimental
results of HgCdTe photodiode [6]. The HgCdTe photodiode
used in this work was prepared by the literature methods
[6, 9–12]. As one can see, the calculated and the experimental
data have a similar dependence on the electric field at 0 < 𝐹 <
30 kV/cm. However, if the electric field 𝐹 > 30 kV/cm, the
calculation data still increase, while the experimental TPAC
shows saturation. This can be attributed to the saturation of
the electric field in the pn junction in this range, and the electric field strength in the SCR will not increase anymore.
Figure 2 shows that the TPAC at 0 V (𝛽1 = 10.5 cm/MW)
has been enhanced by about seven times comparing to zero
electric field (𝛽0 = 1.5 cm/MW). When the built-in electric
field varies from 13.4 kV/cm to 30 kV/cm, TPAC will be
enhanced into 198 cm/MW, about 19 times increasing. This
significant enhancement is attributed to the FEK of the TPAC
in SCR. The absorption coefficient increased in the strong
electric field of SCR by increasing the coupling intensity of
electron and hole wave functions. FKE occurs because the
electric field assisted tunneling process in SCR makes the
effective energy gap shrink for an electron in the interband
transition. The band gap shrinkage is proportional to the electric field [13] as Δ𝐸𝑔 ∼ 𝐹. Consequently, the electrons exited
from valance band have more probability to transmit into
the conduction band. This mechanism has made the TPAC
within the SCR increase [6, 14].

2.3. Electric Field Dependence of Output Intensity. Based on
the analysis given above, it can be known that the TPAC can
be adjusted effectively by varying the electric field applied,
thus changing the output light intensity. Undoubtedly, this
TPAC manipulating effect is very attractive for the nonlinear
optical devices such as optical limiter. In the following, we
will simulate the effects of TPAC manipulation on the output
intensity. The output intensity of pn junction can be solved
using function-transfer method [15]:
𝐼𝑛+1 ≈ 𝐼𝑛 −

𝛽𝐼𝑛2 Δ𝑥
,
(1 + 𝛽𝐼𝑛 Δ𝑥)

(7)

where Δ𝑥 is the cell thickness of absorption layer and 𝐼𝑛 is the
incident intensity of 𝑛 layer. As a result of back-illuminated,
the incident light passes through the flat band of 𝑝 region first
and then into the SCR. Comparing with the thick base region,
the thickness of the heavy doped emitter can be neglected.
Therefore, only the optical loss in flat belt layer and SCR is
considered here. Using the conclusion of TPAC modulation
mentioned above, the effects of TPAC manipulation on the
output intensity can be simulated, which is shown in Figure 3.
It can be seen from Figure 3 that, with the TPAC increasing, the output intensity will decrease dramatically. This can
be attributed the enhancement of TPA in SCR, resulting in
more carriers that are excited by the photons, and the output
intensity transmitted from material is weakened continually.
The inset of Figure 3 shows that the output intensity increases
non-linearly with increasing intensity of incident light and
eventually reaches saturation. The output saturation intensity
depends on the electric field strength the greater the electric
field, the smaller the output intensity. This shows that the
clamped saturation intensity can be controlled by the electric
field.

4

3. Conclusion
In conclusion, we calculated the dependence of electric field
on the TPAC and the output intensity in pn junction photodiode. Because of the TPA FKE, the TPAC could be manipulated by adjusting the electric field within the SCR. We simulated the dependence of electric field strength on the output
intensity. It shows that the clamped saturation intensity can be
controlled by the electric field. From the analysis of nonlinear
TPA in the semiconductor, one can obtain a method to
control steady output intensity of TPA pumping by adjusting
electric field or bias voltage. Since the TPA is an important
mechanism in semiconductors, our initial result on the electric field induced tunability of TPA, and its influence on the
output intensity would can be very useful for the nonlinear
optical device.
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The transient photovoltaic (PV) characteristic of HgCdTe PV array is studied using an ultrafast laser. The photoresponse shows an
apparent negative valley first, then it evolves into a positive peak. By employing a combined theoretical model of pn junction and
Schottky potential, this photo-response polarity changing curves can be interpreted well. An obvious decreasing of ratio of negative
valley to positive peak can be realized by limiting the illumination area of the array electrode. This shows that the photoelectric
effect of Schottky barrier at metal-semiconductor (M/S) interface is suppressed, which will verify the correctness of the model. The
characteristic parameters of transient photo-response induced from p-n junction and Schottky potential are extracted by fitting the
response curve utilizing this model. It shows that the negative PV response induced by the Schottky barrier decreases the positive
photovoltage generated by the pn junction.

1. Introduction
Compared with Quantum-Well-Infrared Photodetector
(QWIP), HgCdTe Focal-Plane Array (FPAs) have the advantages of high detection rate, high response speed, and wide
detection band and have been widely applied in aerospace
infrared optical remote sensors, scientific satellites, military
defense and meteorological observation [1–3]. To realize the
conversion of optical signals into electrical signals, the photo
carriers will be injected into the readout circuit through
the HgCdTe-Metal interface in the basic pixel structure.
This requires the electrode forming an Ohmic contact at the
M/S interface [4]. Generally, the interface barrier layer will
become very thin if the metal contact with the heavily doped
n+ -HgCdTe, so that the carriers can tunnel through these
barriers. Thus, M/S interface can form an Ohmic contact. But
due to the fragile nature of the HgCdTe material, p HgCdTe
is not easy to form Ohmic contacts with metal, and it is
even possible to form a Schottky contact [5, 6]. Thus the I-V
characteristics will be impacted by the rectified characteristic
of the M/S interface electric field. The more obviously the
Schottky junction effect is, the serious influence of I-V
characteristic is likely to be suffered. Currently, this approach
has become a common means to research interface contact

characteristics and evaluate the quality of Ohmic electrodes
[7–9]. Nevertheless, there are still some deficiencies using
this method. Firstly, the interface information can only be
extracted from the I-V characteristic when the Schottky
junction effects become more serious. Secondly, the impact
of Schottky junction effect on the PV conversion mechanism
cannot be determined from I-V characteristic measurements.
The transient photovoltage (TPA) measurement will lead
to a variety of novel physical phenomena and a diversity of
new phases which the conventional optical characterization
methods are difficult to observe, and this will have a special
advantage for the enrichment and development of semiconductor optical theory. With the ultrafast pulsed laser excitation, optical devices will generate a lot of photo-generated
carriers, which is very sensitive to the internal electric
field of the semiconductor; thus, the transient photovoltaic
properties demonstrated will provide important clues about
the source of discovering new features for optoelectronic
devices. Generally, there is a big asymmetry of electric field
in Schottky barrier at M/S interface with the pn junction in
semiconductor devices, and the differences of the amplitude
and frequency characteristics will exist inevitably. This will
provide the possibility to extract the information from the
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Figure 1: Schematic diagram of the transient photovoltage technology (not to the scale).
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TPV. In this reason, this paper will carry out the detailed
studies the of PV response of HgCdTe PV array utilizing TPV.
The experiment results show an apparent negative valley first,
then it evolves into a positive peak. By employing a combined
theoretical model of pn junction and Schottky potential, this
photo-response polarity changing curves can be interpreted
well. Due to the Schottky barrier of M/S interface, the
negative PV response induced will decrease the positive
signal generated by pn junction, and consequently reducing
the response rate. Since the characteristics of p-n junction and
Schottky barrier will interfere each other in the conventional
I-V test, it is very difficult to assess the quality of the electrode.
While the characteristic can be distinguished by exploiting
the TPV, this method may have an advantage compared
with the conventional electrode assessment methods, and the
sensitivity is expected to be greatly improved.

2. Experiment
The HgCdTe planar pn junction PV detector was grown by
MBE on GaAs substrate with a buffer layer of CdTe. The
acceptor and donor concentration were 8 × 1015 and 1 ×
1017 cm−3 , respectively. The Cd composition was 0.298 (the
cutoff wavelength is approaching 4.8 𝜇m). The junction area
was 50 × 50 𝜇m2 . The experimental system consisted of four
major parts: liquid nitrogen (LN) Dewar, wavelength tunable
ultrafast pulsed lasers, energy monitoring system, and digital
Storage oscilloscope, which is shown in Figure 1 [10, 11].
The sample was mounted in LN Dewar for measurement,
and the temperature was near 77 K [10]. The incident laser
pulse was provided by a Picosecond Nd:YAG laser (EXSPLA
PG401/DFG). The Laser delivered pulse of 30 ps in duration
at a frequency 10 Hz. Comparing to the shortest rising
time of tens of nanoseconds in the pulsed response profile
of the HgCdTe photodiode, the 30 ps laser pulse can be
approximated as a 𝛿 function in our experiment. A small
portion of the laser beam was reflected by a beam splitter and
measured using an energy detector in order to monitor the
exciting energy. The pulsed photo-response of the HgCdTe
detector was measured from the voltage drop across a 50 Ω

(A) 5.8 kW/cm2
(B) 14.3 kW/cm2
(C) 29.7 kW/cm2

Figure 2: Transient PV response of the detector illuminated by the
pulsed laser with the photon energy larger than the bandgap for the
different incident intensity.

load-resistor. Both signals from the energy detector and the
HgCdTe detector were fed into an oscilloscope through BNC
connectors to monitor and record the pulse profiles. An
average of 200 pulsed profiles was recorded to eliminate the
pulse-to-pulse fluctuation and improve the signal to noise
ratio. An aperture was used to limit the illumination area of
the linear array detectors by blocking the laser beam.

3. Results and Discussion
The basic mechanism of n+ -on-p HgCdTe PV photodiode is
the following: The incident photon absorbed by p-HgCdTe
layer will generate photo carriers. These carriers will be separated by the build-in electric field and form the photovoltaic
response. Therefore, the ideal PV response should show a
rapid increase and slow decay process [10]. However, the
TPV response time profiles of the HgCdTe photodiode shows
an apparent negative valley during the first 15 ns, and then
it evolves a positive peak. By changing the excitation laser
intensity, the transient photo-response of the detector shows
the similar time evolution profiles, no matter for the case
of one-photon absorption (OPA) transition that the photon
energy is larger than the bandgap (shown in Figure 2) or
for the case of two-photon absorption (TPA) transition that
the photon energy is smaller than the bandgap (shown in
Figure 3). This shows that there is a new mechanism for the
photo-response polarity changing, where the phenomenon
has been observed before [11]. For subsequent discussion and
data analysis, some experimental results are listed here.
The negative TPV of experiment result can be attributed
to the Schottky barrier at the metal-HgCdTe interface.
Because the p- and n-electrodes of the array are in the same

The Scientific World Journal

3

0.015

Photovoltage (V)

Hg 0.702 Cd 0.298 Te
T = 77 K
𝜆 = 7.9 𝜇m

(D)

0.010
0.005

(C)

0.000

B)
(A)

of p-electrode interface is decreased. So the correctness of the
combined theory model is verified.
From the discussion mentioned above, one can interpret
this photo-response polarity changing TPV by employing
a combined theoretical model of pn junction and Schottky
potential. Since the Schottky barrier has the similar characteristic to n+ -on-p junction and the TPV curves of pn junction
show the form of a typical pulse function, the apparent TPV
curves of the detector can be expressed as a superposition of
two single pulse function:

−0.005

𝑉 (𝑡) = 𝑉schottky (𝑡) + 𝑉𝑝𝑛 (𝑡)
−0.010

= Δ𝑉schottky [1 − exp (−
−0.015
−50

0

Laser power density
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(B) 108.2 kW/cm2
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(C) 118.8 kW/cm2
(D) 182.5 kW/cm2

Figure 3: Transient PV response of the detector illuminated by the
pulsed laser with the photon energy smaller than the bandgap for
the different incident intensity.

plant, if a Schottky contact is formed at the interface of the
metal layer with the p-HgCdTe surface, then it will constitute
a class n+ -on-p junction. The opposite built-in electric field
of the Schottky barrier contact comparing to pn junction
provides the possibility for the generation of negative valley
and positive peak in the TPV, while the high-frequency characteristic of the Schottky barrier [12] provide the possibility
for the generation of negative PV prior to positive ones.
The negative PV response derived from Schottky barrier
mechanism of M/S interface can also be confirmed by the
transient PV response experiment measurement with and
without aperture added in the optical path for photon energy
larger (OPA, shown in Figure 4(a)) and smaller (TPA, shown
in Figure 4(b)) than the bandgap. For the array detector used
in this experiment, the common p-electrode configurations
surround all pixels in the linear array of the detectors. Because
the size of pixel is only 2.5 × 103 𝜇m2 , the spot of the incident
laser reaches 50 mm2 , which is about 2 × 104 times larger
than the pixel area. Thus the p-electrode covering area will be
illuminated inevitably and even will constitute a major part
of the light receiving area if the incident laser beam has been
not limited by aperture. If a Schottky contact is formed at the
interface of the metal layer with the p-HgCdTe surface, the
magnitude of the negative TPV generated from M/S interface
should be sufficient compare with that of pn junctions.
However, the negative PV valley will be suppressed, and
the positive PV will be enhanced when the size of the
incident laser beam is limited by aperture. Thus, the ratio of
negative valley to positive peak can be realized by limiting
the illumination area of the array electrode. The experimental
results demonstrate that the PV response effect of Schottky
barrier at M/S interface is suppressed if the illumination area

+ Δ𝑉𝑝𝑛 [1 − exp (−

𝑡
𝑡
)] exp (− )
𝜏1
𝜏2

(1)

𝑡
t
)] exp (−  ) ,
𝜏1
𝜏2

where Δ𝑉schottky , 𝜏1 , and 𝜏2 are the photovoltage, pulse rise
time, and fall time of Schottky contact, respectively. Δ𝑉pn , 𝜏1
and 𝜏2 are the photovoltage, pulse rise time and fall time of
pn junction, respectively.
The dash line in Figure 5 is the best that fits with (1). The
excellent fittings suggest a good reliability of the combined
theory model of pn junction and Schottky barrier. The PV
response curves of pn and Schottky barrier are also simulated
respectively. The characteristic parameters values of transient
photo-response are extracted from the fitting procedure. It
can be seen that the response extremum, pulse rise time
and fall time of the photovoltage generated by the Schottky
contact are −68 mV, 3.3 ns and 20 ns, respectively, while they
are 82 mV, 10 ns and 80 ns in pn junction. This shows that
the pulse PV response generated by the Schottky barrier is
negative and has a higher frequency characteristic respect
to the pn junction ones. Thus the photo-response shows
an apparent negative valley first, then it evolves into a
positive peak. On the other hand, the negative PV response
induced by the Schottky barrier will decrease the positive
signal generated by pn junction, consequently reducing the
response rate. As can be seen, although the simulation PV
peak shown in Figure 5 is 55 mV, the experimental PV peak
is partially offset by the negative PV induced by Schottky
contact to only 39 mV, reducing the response rate to less
than 70% of the simulation PV peak. If the performance of
the electrode is poor, a larger Schottky barrier high between
metal and the p-HgCdTe layers will exist at the interface.
Thus, the negative PV will be more significant, even stronger
than the positive PV. This is the reason why some HgCdTe
photovoltaic devices appear to be anomalies negative open
circuit voltage and the negative PV in the I-V test [13–15].

4. Conclusion
In summary, we have reported the effect of metalsemiconductor contact on the transient photovoltaic
characteristic of HgCdTe PV detector. The Schottky barrier
at the M/S interface cause the photo-response shows an
apparent negative valley first, then it evolves into a positive
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Figure 4: Transient PV response of the HgCdTe photodiode with no aperture and 1 mm aperture added in the optical path for incident
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Figure 5: Pulsed PV response profiles from HgCdTe photodiode
illuminated with 4.5 𝜇m laser pulses. The circle points are the
experiment results, and the dash line is the fitting curve obtained by
using the theory model. The dot line and dash dot line present the
simulation of pn and Schottky potential PV response, respectively.

peak. By employing a combined theoretical model of pn
junction and Schottky potential, the characteristic parameters of transient photo-response are extracted. Utilizing this
TPV characteristic of device, we can evaluate the electrode
quality at the interface of metal/HgCdTe. Compared with the
conventional I-V test, it can distinguish the characteristic
parameter from pn junction. Thus, our initial result on the
effect of M/S would make such TPV test a potential candidate
for electrode assessment methods.
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