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Recently, the study of low-dimensional materials has gained
significant interest for a variety of photonic and optoelec-
tronic applications. Low-dimensional materials exist in a
kind of systems in which electronic state wavefunction is
confined, at least in one of the three dimensions. Decreasing
the dimensionality of the materials to the nanoscale in
one, two, or three directions leads to thin film structures
(2D), wires (1D), or dots (0D), respectively. Thus the low
materials possessing quantum size effects have significantly
changed their electronic properties and deeplymodified their
photonic and optoelectronic performances when compared
with their bulk form. Due to their varied electronic and
optical properties, lowmaterials have been utilized for a wide
range of applications, such as transistors, nonlinear optics,
ultrafast optics, electrooptic modulator, photovoltaics, plas-
monics, and photodetectors. The importance to these device
applications is an enhanced understanding of fundamental
structural, electronic, optical, quantum simulations, thermal,
and luminescent properties. In this special issue, several
authors have been invited to submit original research articles
that will motivate the continuing efforts to study the basic
physical properties of low-dimensional materials.

Photonic composite containing both Yb3+, Er3+ codoped
Ba
2
LaF
7
andAg nanocrystals has been fabricated through the

melt-quenching and heating treatment method. Due to the
surface plasmon resonance of Ag nanoparticles, spontaneous
upconversion and stimulated emissions from Yb3+, Er3+ ions
have been efficiently enhanced in Ba

2
LaF
7
nanocrystals. The

result suggests an effective way to improve the luminescent

performance for upconversion materials. Based on the
effective-mass approximation and variational procedure, the
external electric field effect on shallow-donor impurity states
has been investigated in zinc-blende In

𝑥
Ga
1−𝑥

N/GaN sym-
metric coupled quantum dots. The donor binding energy is
studied as a function of the dot thickness, the dot radius, the
external electric field, and the impurity position.

Temperature dependence of the energy band diagram of
AlGaN/GaN heterostructure has been studied by D. Chen
et al. through theoretical calculation and experiment. Their
work offers important theoretical and experimental basis for
the performance degradation of AlGaN/GaN high electron
mobility transistors with increasing temperature. Based on
first-principles calculations, the atomic and electronic prop-
erties of Ge/4H-SiC heterojunction have been investigated by
L. Li et al. Considering the importance in silicon photonics,
S. Feng et al. have studied a micro-nano Si/SiGe/Si double
heterojunction electron-optic modulation structure. Based
on the density functional theory, the structural and optical
properties of 𝛼-quartz cluster with oxygen-deficiency centers
defects have been studied by R. Zhang et al.

Z. Wu et al. have reported the structural and transport
properties of wafer-scale 2D layered materials fabricated by
pulsed laser deposition method. Based on the deposited uni-
form 2D few-layer MoS

2
, back-gated field effect transistors

have been developed.The growth parameters have important
effects on the photonic and electronic properties of the thin
films. The effects of deposition temperature on structural,
optical properties and laser damage of LaTiO

3
thin films
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have been studied by C. Yang et al. Organic polymer-based
photovoltaic systems provide a practicable alternate to more
standard solid-state devices for solar-harvesting applications.
A. Kelley et al. have investigated roles of delocalization
and local packing based on quantum simulations of charge-
separation at a model donor-acceptor interface.

It is believed that the publication of this special issue
will be of reference value for readers working in the areas
related to low-dimensional materials for photonic and opto-
electronic applications.

Shenghuang Lin
Gongxun Bai

Zhike Liu
Zaiquan Xu
Zhixin Hu
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LaTiO
3
films were prepared under various deposition temperatures using electron beam evaporation on Si and fused quartz

substrates. The relationship between the deposition temperature and structure and properties of optics was investigated by XPS,
XRD, and various optical testing. The results showed that the LaTiO

3
film is amorphous when the deposition temperature is below

200∘C.The refractive index of LaTiO
3
films increases from 1.8302 to 1.9112 at 1064 nm with the rise of deposition temperature. The

extinction coefficient of LaTiO
3
films is less than 10−6 in the range of 350 to 1700 nm. The laser damage threshold increases at first

and then decreases with the increase of deposition temperature.Themaximum of the laser damage threshold was 18.18 J/cm2 when
the deposition temperature was 150∘C. Compared with TiO

2
film, the chemical structure and the laser damage threshold of LaTiO

3

film are more stable by preparation of electron beam evaporation.

1. Introduction

Thin films began to be applied in the 1930s, and now it has
been widely used in optics, microelectronics, materials, and
other fields. However, with the application of high-power
laser, the optical thin film which is an important part of the
optical system has become a weak segment. For decades, the
researchers have done a lot of work on improving the damage
threshold of the thin film in optics field. For high refractive
index materials, researchers focused on HfO

2
, TiO
2
, ZrO

2
,

and so on [1–5].
In recent years, with the discovery of high-temperature

superconductivity and the development of its physical mech-
anism, the physical properties of LaTiO

3
due to the strong

correlation of La-Ti-O doped with Ag, Cu, Fe, or Sr were
extensively researched [6–9]. Meanwhile, the studies indi-
cated that the performance of TiO

2
would be improved by

La
2
O
3
doped and obtained a high stability refractive index

material—LaTiO
3
[10, 11]. Based on that, Philippe Com-

bette studied the morphology, structure, nonconductivity,
and dielectric properties of LaTiO

3
films under different

deposition parameters (RF power, deposition pressure, and

deposition temperature) [12]. Su Junhong studied the effect
of deposition temperature on optical properties and laser
damage characteristics of LaTiO

3
films [13]. However, few

studies have made a systematic study on the relationship
between structure and optical properties of LaTiO

3
thin films.

As we know, the preparing parameters have an important
effect on the properties of the film [14, 15]. Therefore, the
effects of deposition temperature on the optical and the laser
damage properties of LaTiO

3
thin films were studied in this

paper.

2. Experimental

LaTiO
3
films were deposited by electron beam evaporation

(ZZS500-1/G Chengdu Nanguang Vacuum Technology Co.
Ltd., China) on Si (100) and fused quartz substrates.The films
were deposited by using the LaTiO

3
pellets (purity 99.99%,

provided by Beijing Nonferrous Metal Research Institute) as
starting material. Si (100) and fused quartz substrates were
cleaned ultrasonically in alcohol solution before deposition.
The base pressure was 3 × 10−3 Pa and the working pressure
was 2 × 10−2 Pa, oxygen was introduced in the vacuum
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Figure 1: XRD spectra of sample deposited at 200∘C.

chamber and the gas flow was kept at 4 sccm, the electron
beam current was 110mA, and the deposition temperature,
respectively, was 50, 75, 100, 125, 150, 175, and 200∘C.

Optical parameters of the LaTiO
3
films, including refrac-

tive indexes, extinction coefficient, and physical thickness,
were measured by spectroscopic ellipsometry (J.A. Woollam
M-2000UI, American). The structure of the samples was
measured by X-ray diffraction (XRD, X’Pert PRO MPD)
with 2𝜃 angle in the range of 10–90∘ at room temperature.
The transmission spectra of the films were measured by
spectrophotometer (HitachiU-3501, Japan). The elemental
composition and the element’s chemical states of the as-
deposited LaTiO

3
films were investigated by X-ray photo-

electron spectroscopy (XPS, PHI5400). Laser damage char-
acteristics of LaTiO

3
films were measured by the film and

optical element laser damage threshold testing instrument.
The laser induced damage threshold (LIDT) of thin films
was measured in “1-on-1” regime according to ISO standard
11254-1 by means of 1064 nm 𝑄-switch pulsed laser with a
pulse length of 10 ns.

3. Result and Discussion

3.1. Different Deposition Temperature

3.1.1. X-Ray Diffraction Analysis. The XRD spectra shown in
Figure 1 revealed that no apparent diffraction peak can be
found but an amorphous package around 2𝜃 = 28∘. It means
that the film even deposited at the highest temperature of
200∘C is still amorphous.

3.1.2. XPS Spectrum Analysis. Figure 2 shows the XPS char-
acteristic spectra of La, Ti, O, and contamination C, which
were detected in the XPS survey spectra of the film prepared
at 125∘C. The peak of Ti2p3 of 457.97 eV in Figure 2 was
close to the value of 457.80 eV in Ti

2
O
3
[16]. The peak of

La3d5 was 834.12 eV corresponding to 834.80 eV of La
2
O
3

[17]. It indicated that the film was essentially composed of
La
2
O
3
and Ti

2
O
3
. The XPS results of films deposited at

different temperatures are listed in Table 1. It showed that

the ratio of total La and Ti atomic content to O atomic
content was approximated to 2 : 3 and increased slightly with
the increase of deposition temperature. It indicates that the
increase of deposition temperature benefited the formation of
LaTiO

3
. Meanwhile, the change of the ratio was not obvious,

indicating that the evaporation is stability.

3.1.3. Optical Properties. Optical properties can be char-
acterized by refractive index and transmittance which are
important parameters for optical applications [18].The results
of optical constants 𝑛 and 𝑘 of LaTiO

3
films were shown

in Figure 3. As shown in Figure 3(a), the refractive index
increases with the rise of the deposition temperature in the
wavelength range from 350 to 1700 nm. From the analysis
of XPS results, it has been known that the difference in
composition of the film is small. Therefore, the increase in
refractive index could be the major mobility of the film
atoms on the substrate at higher deposition temperatures,
which would help to achieve high aggregation densities and
lead to the increase in the refractive index. Simultaneously,
Figure 3(a) showed that the refractive index increased from
1.8302 to 1.9112 at the wavelength of 1064 nm with a small
variation of 0.081. However, some studies have shown that
the refractive index of TiO

2
films dramatically increases from

1.8458 to 2.0721 when the substrate temperature increased
from 50 to 250∘C [19]. The variation is as high as 0.2263.
Consequently, the refractive index change of LaTiO

3
films is

much smaller than that of TiO
2
film with the same change of

deposition temperature. In other words, LaTiO
3
film is better

than TiO
2
film in structural stability at different deposition

temperatures. In addition, some researcher concluded that
the refractive index of TiO

2
film deposited by electron

beam evaporation at 200∘C is 2.07–1.95 in the wavelength
of 400–900 nm, while the refractive index of LaTiO

3
film is

2.04–1.93 under the same conditions. Obviously, the refrac-
tive index of LaTiO

3
film is almost equal to that of TiO

2
film.

FromFigure 3(b), it can be seen that the extinction coefficient
of all samples is less than 10−6 in the wavelength range of 350
to 1700 nm, which showed that the absorption of the film was
smaller.

The transmission spectra of samples at different depo-
sition temperatures were shown in Figure 4. With the
exception of the transmittance less than 80% at range of
424–480 nm due to optical interference, it can be observed
that the transmittance of all samples are greater than 80%
at wavelengths over 330 nm. The transmittance curves of
500–700 nm wavelength range were shown in Figure 4. As
shown, the higher the deposition temperature, the closer
the maximum transmittance of the LaTiO

3
film and the

substrate transmittance. At the wavelength of 592 nm, the
highest transmittance 93.44% occurs in the 200∘C deposited
film, which is very close to the substrate transmittance of
93.47%. Coinciding with extinction coefficient curve, the
results of transmittance indicated LaTiO

3
films could be used

as excellent transparent layers.

3.1.4. Laser Damage Property. In general, multilayer optical
coatingswere prepared by alternative depositing high and low
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Figure 2: XPS spectra of four elements La, Ti, O, and C.

Table 1: Content of elements in the films prepared at different deposition temperature.

Deposition temperature At (%)
C1s La3d O1s Ti2p (La3d + Ti2p): O1s

50 6.01 22.42 58.29 13.28 0.6125
75 5.79 22.27 58.82 13.12 0.6017
100 4.32 22.61 59.85 13.22 0.5987
125 4.58 22.87 59.36 13.19 0.6075
150 2.46 23.30 60.74 13.50 0.6059
175 2.98 23.53 60.00 13.49 0.6170
200 3.65 23.83 58.88 13.64 0.6364

refractive indexmaterials.The high refractive indexmaterials
were metal oxide material mostly, which were prone to lose
oxygen during deposition process and became a shortcoming
of multilayer film in the field of laser damage. Therefore, it
was necessary to study the laser damage properties of LaTiO

3

films.
The surface damage morphologies of LaTiO

3
films pre-

pared at 50, 150, and 200∘C have been presented in Figure 5.
This group of experiments was performed at 180mJ pulsed
laser energy. The damage performance of films deposited
at different temperatures was directly analyzed from the
damage spot area. As shown in Figure 5, all the samples were

damaged. Among them, the shedding area on the surface
of the film deposited at 50∘C was the largest one, which
indicated the film damage was the most serious. When the
deposition temperature was from 150 to 200∘C, the shedding
area was increased slightly. However, in general, there is no
significant difference in damage morphologies of the films
prepared at different deposition temperatures.

The LIDT of different deposition temperatures were
shown in Figure 6. The LIDT increased with the rise of
deposition temperature from 50 to 150∘C. The maximum
value of LIDT was 18.18 J/cm2 at 150∘C. However, the LIDT
start to decrease when the deposition temperature was higher
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Figure 3: Refractive index (a) and extinction coefficient (b) of samples.
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Figure 4: Transmittance curve of the films prepared at different
deposition temperatures.

than 150∘C. The LIDT of the 200∘C deposited film closing to
15.91 J/cm2 of the 50∘C one reaches to 15.78 J/cm2. It can be
seen that the LIDT of the film did not change monotonically
with the increase of deposition temperature and it was the
maximum at 150∘C.

In combination with XPS analysis, it was found that
composition of the film prepared at different temperatures
changed slightly so as to have little effect on the LIDT.
Therefore, the depositing temperature became the main
factor to affect the laser damage property. It concludes that
the higher LIDT can be obtained at the higher depositing
temperature. Firstly, at the higher deposition temperature the
film had higher concentration density and thermal capacity

than that at the lower deposition temperature. Secondly,
the higher deposition temperature not only improved the
hardness of the films but also enhanced the adhesion between
film and substrate. These results dramatically improved the
film against the rapid heat expansion when the high energy
laser propagated in the film. Finally, the higher deposition
temperatures make the atoms of the film to gain more kinetic
energy, which would increase the atomic migration velocity
and reduce the defects of the film. However, the higher
temperature also leads to an increasing internal stress of
film, which can be observed from the crack around damage
boundary of the film prepared at 200∘C and results in the
decrease in LIDT.

Compared with the TiO
2
film [20], the LIDT of LaTiO

3

film is about 15.78–18.18 J/cm2, which is higher than that of
TiO
2
film deposited at 200∘C about 4.2 J/cm2.

4. Conclusion

The deposition parameters have important effects on the
performance of the film. The deposition temperature effects
on structural and optical properties and laser damage of
LaTiO

3
thin films were studied in this paper. The results

show that the refractive index of LaTiO
3
film increased

with substrate temperature. The extinction coefficient was
less than 10−6 in the wavelength range of 350 to 1700 nm,
which shows that the absorption of LaTiO

3
film is very

small. It can be used as an ideal optical coating material. The
LIDT increases at first and then decreases with increase of
deposition temperature, and the maximum is 18.18 J/cm2 at
the deposition temperature of 150∘C and is higher than TiO

2

film. But all the differences of performance were small and
were insensitive to deposition temperature. Overall, process
stability of the LaTiO

3
film is better than those of TiO

2
film.

The LaTiO
3
film is an excellent optical coating and laser

protection material.



Advances in Condensed Matter Physics 5

50 m 50 m 50 m

200∘C150∘C50∘C

Figure 5: Damage morphologies of LaTiO
3
film prepared at different deposition temperature.
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The electro-optic modulator is a very important device in silicon photonics, which is responsible for the conversion of optical
signals and electrical signals. For the electro-optic modulator, the carrier density of waveguide region is one of the key parameters.
The traditional method of increasing carrier density is to increase the external modulation voltage, but this way will increase
the modulation loss and also is not conducive to photonics integration. This paper presents a micro-nano Si/SiGe/Si double
heterojunction electro-optic modulation structure. Based on the band theory of single heterojunction, the barrier heights are
quantitatively calculated, and the carrier concentrations of heterojunction barrier are analyzed. The band and carrier injection
characteristics of the double heterostructure structure are simulated, respectively, and the correctness of the theoretical analysis is
demonstrated.Themicro-nano Si/SiGe/Si double heterojunction electro-optic modulation is designed and tested, and comparison
of testing results between the micro-nano Si/SiGe/Si double heterojunction micro-ring electro-optic modulation and the micro-
nano Silicon-On-Insulator (SOI) micro-ring electro-optic modulation, Free Spectrum Range, 3 dB Bandwidth, 𝑄 value, extinction
ratio, and other parameters of the micro-nano Si/SiGe/Si double heterojunction micro-ring electro-optic modulation are better
than others, and the modulation voltage and the modulation loss are lower.

1. Introduction

With the rapid development of optoelectronic technology,
optoelectronic devices have entered the nano era [1, 2], and
many nanotechnology has been used in silicon photonics [3–
5]. The reduced size of the device can improve the utilization
rate of the chip area, but also the higher performance of the
device is required, and the silicon epitaxialmaterial is selected
tomake optoelectronic devices with higher performance. For
example, the epitaxial InP material on silicon substrate is
used to fabricate laser [6], the epitaxial Ge material is used
to make detector [7], the epitaxial SiGe material is used
to fabricate modulator [8], and so forth. In optoelectronic
integration, the electro-optic modulator is a very important
device, which is responsible for the conversion of optical
signals and electrical signals [9, 10]. For the electro-optic
modulator, the carrier density of waveguide region is one
of the key parameters. When the injected carrier density of

waveguide region is greater, the change of refractive index
is greater, and also the modulator is more easily modulated
[11, 12]. The traditional method of increasing carrier density
is to increase the external modulation voltage, but this way
will increase the modulation loss and also is not conducive to
photonics integration [8, 13]. So SiGe technology is oneway to
solve this problem in silicon photonics. Photonics Electronics
Technology ResearchAssociation (PETRA) andUniversity of
Tokyo have made a high-speed and highly efficient Si optical
modulator with strained SiGe layer and demonstrated highly
efficient modulations of 0.67 and 0.81 V⋅cm for V𝜋L at dc
reverse bias voltages of −0.5 and −2Vdc, respectively, and also
demonstrated a high-speed operation of 25Gbps for the Si-
MOD at a wavelength of around 1.3𝜇m [14]. University of
Toronto has made SiGe BiCMOS linear modulator drivers,
and the measured differential gain and bandwidth are over
20 dB and 70GHz, respectively, and P1 dB is −2.5 dBm [15].
Ghent University demonstrated single-wavelength, serial
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Figure 1: Si/SiGe/Si-OI structure.

and real-time 100GB/s NRZ-OOK transmission over 500m
SSMF with a GeSi EAM implemented on a silicon photonics
platform. The device was driven with 2Vpp without 50Ω
termination, allowing a low-complexity solution for 400GbE
short-reach optical interconnects [16].

This paper presents a micro-nano Si/SiGe/Si double het-
erojunction electro-optic modulation structure, which can
greatly improve the carrier injection concentration and
decrease modulation voltage and loss. It is an ideal electro-
optic modulator, which is conducive to the photonics inte-
grated circuit miniaturization and integration and also pro-
vides a new way for the research of micro-nano optoelec-
tronic devices based on silicon.

2. Structure and Energy Band

Based on the SOI PIN electro-optic modulation structure,
a micro-nano Si/SiGe/Si double heterojunction electro-optic
modulation structure is presented, which is abbreviated as
Silicon/Silicon Germanium/Silicon-On-Insulator (Si/SiGe/
Si-OI) structure, as shown in Figure 1. The bottom of the
structure is On-Insulator (OI) material, the P+ and N+
regions in the top layer are silicon materials, and the I region
is SiGe material in Figure 1. P+ region is doped by B element,
and the doping concentration is 1 × 1019 cm−3. N+ region is
doped by P element, and the doping concentration is also 1 ×
1019 cm−3. I region is N type intrinsic SiGe, and the doping
concentration is 1 × 1015 cm−3. In Figure 1, structure param-
eters are H = 220 nm, h = 50 nm,W = 400∼600 nm, and the
width between active region and waveguide (𝑊𝑠) is a variable
value.

In order to facilitate comparison and analysis, two kinds
of PIN modulation structures with Si and SiGe materials
are established. One is the PIN modulation structure with
Si based on the SOI PIN structure, which is abbreviated
as SOI structure, as shown in Figure 2(a). The other is the
PIN modulation structure with SiGe based on the Silicon
Germanium-On-Insulator (SiGe-OI) PIN structure, which is
abbreviated as SiGe-OI structure, as shown in Figure 2(b).
The doping concentration and structure parameters of two
structures are the same as Si/SiGe/Si double heterojunction
electro-optic modulation structure.

Si/SiGe/Si-OI structure is composed of P type Si with the
high doping concentration, N type SiGe with the low doping

concentration, andN type Si with the high doping concentra-
tion. Capital P andN representWide BandGap Semiconduc-
tor, and lowercase n represents Narrow Band Gap Semicon-
ductor. So the PIN structure can be equivalent as a Pn hetero-
junction and a nN heterojunction structure, and the band
diagram is shown in Figure 3 under the equilibrium state.

When the PIN structure is working, the main carriers of
n region are composed of electron from the P region and hole
from the N region, and the barrier height is a key parameter
who can influence injection efficiency of electron and hole.
After heterojunction band of Si/SiGe/Si-OI structure is ana-
lyzed, the hole barrier height of Pn heterojunction of the Si/
SiGe/Si-OI structure is represented by the following formula
[17]:

−𝑞𝑉𝐷 = −𝑘0𝑇 ln
𝑛𝑖(Si)𝑛𝑖(SiGe)

𝑁𝐷𝑁𝐴
−
0.73𝑥

2
, (1)

where 𝑞𝑉𝐷 is the barrier height, 𝑘0 is the Boltzmann con-
stant, 𝑇 is the absolute temperature, 𝑛𝑖(Si) is the intrinsic
carrier concentration of silicon, 𝑛𝑖(SiGe) is the intrinsic carrier
concentration of Silicon Germanium, 𝑁𝐷 is the doping
concentration of n region, 𝑁𝐴 is the doping concentration
of P region, 𝑥 is the Ge content. Formula (1) indicates that
the hole barrier height of Pn heterojunction is related to the
doping concentration of P region and n region, the band gap
of materials, the temperature, and the Ge content. When the
temperature is constant, the lower the doping concentration
of P region and n region, the lower the hole barrier height.
The narrower the band gap, the higher the intrinsic carrier
concentration, and the lower the hole barrier height. The
bigger the Ge content, the lower the hole barrier height.

Assuming that𝑁𝐴 = 10
19 cm−3,𝑁𝐷 = 10

15 cm−3, and the
Ge content is 0.2, so the hole barrier height of Pn heterojunc-
tion can be calculated equal to −𝑞𝑉𝐷 = 0.7 eV at room
temperature. For SOI structure and SiGe-OI structure, the Pn
junction is homojunction, and the hole barrier height can be
analyzed according to the following formula [17]:

−𝑞𝑉𝐷1,2 = 𝐸FP − 𝐸Fn = −𝑘𝑇 ln
𝑛2𝑖
𝑁𝐷𝑁𝐴
, (2)

where 𝐸FP is the Fermi level of the P region and 𝐸Fn is the
Fermi level of the n region. The hole barrier height of Pn
homojunctions of the SOI structure can be calculated equal
to −𝑞𝑉𝐷1 = 0.82 eV, and the hole barrier height of Pn homo-
junctions of the SiGe-OI structure can be calculated equal to
−𝑞𝑉𝐷2 = 0.733 eV. In the same conditions, the hole barrier
height of the Si/SiGe/Si-OI structure is lowest, and the hole
barrier height of the SOI structure is highest. This result can
be verified by Silvaco CAD software, as shown in Figure 4
[17].

The electron barrier height of nN heterojunction of the
Si/SiGe/Si-OI structure can be represented by the following
formula [17]:

𝑞𝑉𝐷 = 𝑘𝑇 ln
𝑁𝐷𝑛𝑖(SiGe)

𝑁𝐷𝑛𝑖(Si)
−
0.73𝑥

2
, (3)

where𝑁𝐷 is the carrier concentration of N region and𝑁𝐷 is
the carrier concentration of n region. Formula (3) indicates
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Figure 3: The band diagram of Si/SiGe/Si-OI structure under the
equilibrium state.

that the electron barrier height of the nN heterojunction of
Si/SiGe/Si-OI structure is also related to the doping concen-
tration of N region and n region, the band gap of materials,
the temperature, and the Ge content. When the temperature
is constant, the lower the doping concentration of N region,
the lower the hole barrier height. The higher the doping
concentration of n region, the lower the hole barrier height.
Thewider band gap of n region, the lower the intrinsic carrier
concentration, and the lower the hole barrier height. The
narrower the band gap of N region, the higher the intrinsic
carrier concentration, and the lower the hole barrier height.
The smaller the Ge content, the lower the hole barrier height.

Assuming that𝑁𝐷 = 10
19 cm−3,𝑁𝐷 = 10

15 cm−3, and the
Ge content is 0.2, so the electron barrier height of nN hetero-
junction can be calculated equal to 𝑞𝑉𝐷 = 0.2 eV at room
temperature. For SOI structure and SiGe-OI structure, the nN
junction is homojunction, and the electron barrier height can
be analyzed according to the following formula [17]:

𝑞𝑉𝐷1,2 = 𝐸FN − 𝐸Fn = 𝑘𝑇 ln
𝑁𝐷
𝑁𝐷
. (4)

The electron barrier height of nN homojunctions of the
SOI structure can be calculated equal to 𝑞𝑉𝐷1 = 0.24 eV, and
the electron barrier height of nN homojunctions of the SiGe-
OI structure can be calculated equal to 𝑞𝑉𝐷2 = 0.24 eV. In the
same conditions, the electron barrier height of the Si/SiGe/Si-
OI structure is lowest, and the electron barrier height of the

SOI structure is highest. This result can be verified by Silvaco
CAD software, as shown in Figure 4.

When the forward bias voltage is set between P region
and N region, the original balance between carrier diffusion
motion and drift motion is broken, and the PIN device is
under nonequilibrium state. Because the doping concentra-
tion of the I region is very small, the resistance is very large.
The doping concentration of the P region and the N region
is very large, and the resistance is very small, so the external
positive bias voltage is basically born in the I region. The
forward bias voltage produces an electric field opposite to
the Built-in Electric Field in the I region, which weakens the
intensity of the electric field in the I region and reduces the
space charge, so the barrier height decreases. Because the hole
barrier height of Pn heterojunction and the electron barrier
height of nN heterojunction of Si/SiGe/Si-OI structure all are
lower than the barrier height of SiGe-OI structure and SOI
structure, so the band of Si/SiGe/Si-OI structure is flattened
first under the forward bias voltage. In other words, the
Si/SiGe/Si-OI structure has the higher carrier injection at the
same forward bias voltage. At 1 V forward voltage, the band
simulations of three type modulation structures are shown in
Figure 5 [17].

3. Result Analysis

In order to verify that the Si/SiGe/Si-OI structure has better
characteristics, the carrier concentration of the SOI struc-
ture, the SiGe-OI structure, and the Si/SiGe/Si-OI structure
are shown in Figure 6. Figure 6(a) shows the relationship
between the electron concentration and modulation voltage
for three structures, and Figure 6(b) shows the relationship
between the hole concentration and modulation voltage.
It can be seen from Figure 6 that, with the increase of
modulation voltage, the carrier concentration of three kinds
ofmodulation structure all are gradually increased.When the
modulation voltage exceeds 0.6V, the carrier concentration
of the Si/SiGe/Si-OI structure is significantly greater than the
carrier concentration of the SOI structure; when the modu-
lation voltage is greater than 0.75V, the carrier concentration
of the Si/SiGe/Si-OI structure is significantly greater than the
carrier concentration of SiGe-OI structure; when the modu-
lation voltage is up to 0.9V, the carrier concentration of the
Si/SiGe/Si-OI structure is 6× 1018 cm−3, but the SOI structure
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Figure 4:The band simulation of three type modulation structures: (a) Si/SiGe/Si-OI structure, (b) SiGe-OI structure, and (c) SOI structure.

0 0.4 0.8 1.2 1.6 2 2.4

0.2

−0.2

−0.4

−0.6

−0.8

−1

0

Ba
nd

 E
ne

rg
y 

(e
V

) 

Valence Band Energy
Conduction Band Energy

Horizontal Size (um)

(a)

0 0.4 0.8 1.2 1.6 2 2.4

0.2

−0.2
−0.4
−0.6
−0.8
−1

0

Ba
nd

 E
ne

rg
y 

(e
V

) 

Valence Band Energy
Conduction Band Energy

Horizontal Size (um)

(b)

0 0.4 0.8 1.2 1.6 2 2.4

0.2

−0.2
−0.4
−0.6
−0.8
−1

0

0.4

Ba
nd

 E
ne

rg
y 

(e
V

) 

Valence Band Energy
Conduction Band Energy

Horizontal Size (um)

(c)

Figure 5: At 1 V forward voltage, the band simulation of three type modulation structures: (a) Si/SiGe/Si-OI structure, (b) SiGe-OI structure,
and (c) SOI structure.

and the SiGe-OI structure reach the same carrier concentra-
tion at 2V modulation voltage; when the modulation voltage
reaches 2V, the carrier concentration of the Si/SiGe/Si-OI
structure could increase to 1.5 × 1019 cm−3. Assuming the
SOI structure and the SiGe-OI structure all work at 2V
modulation voltage, so the Si/SiGe/Si-OI structure can work
only at 0.9 V modulation voltage. From that we can see the
modulation voltage of electro-optic modulator effectively is
reduced, and the injection efficiency of electro-optic modu-
lator effectively is improved for the Si/SiGe/Si-OI structure.

In order to verify the correctness of the theoretical
analysis and simulation results, we havemade themicro-nano
Si/SiGe/Si double heterojunction electro-optic modulation,
as shown in Figure 7. For the modulation of the optical part,
the micro-ring modulation structure is selected. Figure 7(a)
shows schematic diagram of the micro-nano Si/SiGe/Si
double heterojunction micro-ring electro-optic modulation,
Figure 7(b) shows Laser Scanning Confocal Microscopy
(LSCM) picture of device by LEXT-OLS4000, Figure 7(c)
shows Scanning Electron Microscope (SEM) picture of

micro-ring structure by JSM-6700F, and Figure 7(d) shows
SEM of device. The waveguide width is 450 nm, the ridge
waveguide height is 220 nm, the planar waveguide height is
50 nm, the gap between waveguide andmicro-ring is 200 nm,
the micro-ring radius is 10 𝜇m, the doping concentration of
P+ region is 1 × 1019 cm−3, the doping concentration of N+
region is 1 × 1019 cm−3, and the doping concentration of I
region is 1× 1015 cm−3. At the same processing conditions and
device parameters, the micro-nano SOI micro-ring electro-
optic modulation is also made for testing comparison.

The transmission spectrum of the micro-nano Si/SiGe/Si
double heterojunction micro-ring electro-optic modulation
has been tested, as shown in Figure 8. From that we can see
the Free Spectrum Range (FSR) is 9.44 nm, and the 3 dB
Bandwidth of the resonant peak is 0.12 nm, near the 1549 nm.
The corresponding 𝑄 value is 12900, and the extinction ratio
of the resonant peak is 11.2 dB.

At the same testing conditions, the transmission spec-
trum of the micro-nano SOI micro-ring electro-optic mod-
ulation has also been tested, as shown in Figure 9. From that
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Figure 6:The relationship between the carriers concentration andmodulation voltage: (a) electron concentration and (b) hole concentration
for three structures.

we can see the Free Spectrum Range (FSR) is 9.41 nm, and
the 3 dB Bandwidth of the resonant peak is 0.13 nm, near
the 1548 nm. The corresponding 𝑄 value is 11900, and the
extinction ratio of the resonant peak is 7.0 dB.

From the comparison of testing results between the mi-
cro-nano Si/SiGe/Si double heterojunction micro-ring elec-
tro-optic modulation and the micro-nano SOI micro-ring
electro-optic modulation, we can see that Free Spectrum
Range, 3 dB Bandwidth, 𝑄 value, extinction ratio, and other
parameters of the micro-nano Si/SiGe/Si double heterojunc-
tion micro-ring electro-optic modulation are better than that
of the micro-nano SOI micro-ring electro-optic modulation,
and 𝑄 value and the extinction ratio are especially greater
than that of the micro-nano SOI micro-ring electro-optic
modulation.

The test result of the micro-nano Si/SiGe/Si double heter-
ojunction micro-ring electro-optic modulation is shown in
Figure 10. The forward bias voltages are 0, 1, 1.1, 1.2 V, respec-
tively. From that we can see the resonant peak has obviously
been blue-shifted after the forward bias voltage is set. When
the forward bias voltage is 1 V, the value of blue-shift is
0.71 nm.

When the forward bias voltages are 0, 1.5, 1.8, 2 V, respec-
tively, the transmission spectrum of the micro-nano SOI mi-
cro-ring electro-optic modulation has been tested, as shown
in Figure 11. From that we can see the resonant peak has
also obviously been blue-shifted after the forward bias voltage
is set, but the modulation effect is worse than Si/SiGe/Si
modulation. Only when the forward bias voltage is up to 2V,
the value of blue-shift is 0.71 nm.

From the comparison of testing results between the
micro-nano Si/SiGe/Si double heterojunction micro-ring
electro-optic modulation and the micro-nano SOI micro-
ring electro-optic modulation, we can see that the modula-
tion efficiency of the micro-nano Si/SiGe/Si double hetero-
junction micro-ring electro-optic modulation is better than
that of themicro-nano SOImicro-ring electro-opticmodula-
tion at the same processing conditions and testing conditions.
In otherwords, themodulation voltage of themicro-nano Si/-
SiGe/Si double heterojunctionmicro-ring electro-opticmod-
ulation is lower than that of the micro-nano SOI micro-
ring electro-optic modulation, and the modulation power of
the micro-nano Si/SiGe/Si double heterojunction micro-ring
electro-optic modulation is lower too. So the testing results
are consistent with previous theoretical analysis and simula-
tion results.

4. Conclusions

This paper presents a micro-nano Si/SiGe/Si double hetero-
junction electro-optic modulation structure. Based on the
band theory of single heterojunction, the barrier height of the
new structure is quantitatively analyzed, and the formulas of
barrier height are gotten using the numerical calculus and
derivation. The reason of carrier injection enhancement in
the new structure is analyzed.On the simulation platform, the
new structure, SiGe-OI structure, and SOI structure are sim-
ulated. From the comparison of simulation results, when the
modulation voltage is up to 0.9V, the carrier concentration of
the new structure is 6 × 1018 cm−3, but the SOI structure and
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double heterojunction electro-optic modulation is made and
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tested. Comparison of testing results between themicro-nano
Si/SiGe/Si double heterojunction micro-ring electro-optic
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Figure 11: The static modulation of the micro-nano SOI micro-ring
electro-optic modulation.

modulation and the micro-nano SOI micro-ring electro-
optic modulation, Free Spectrum Range, 3 dB Bandwidth, 𝑄
value, extinction ratio, and other parameters of the micro-
nano Si/SiGe/Si double heterojunction micro-ring electro-
optic modulation are better than others, and the modulation
voltage and the modulation power are lower. So, the micro-
nano Si/SiGe/Si double heterojunction electro-optic modu-
lation structure is an ideal device structure to replace the tra-
ditional SOI and SiGe-OI electro-optic modulators structure.
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Direct growth of uniform wafer-scale two-dimensional (2D) layered materials using a universal method is of vital importance for
utilizing 2D layers into practical applications. Here, we report on the structural and transport properties of large-scale few-layer
MoS2 back-gated field effect transistors (FETs), fabricated using conventional pulsed laser deposition (PLD) technique. Raman
spectroscopy and transmission electron microscopy results confirmed that the obtained MoS2 layers on SiO2/Si substrate are
multilayers.The FETs devices exhibit a relative high on/off ratio of 5 × 102 andmobility of 0.124 cm2V−1S−1. Our results suggest that
the PLD would be a suitable pathway to grow 2D layers for future industrial device applications.

1. Introduction

Atomically layered two-dimensional (2D) materials are
intriguing for both electronic and optoelectronic applica-
tions, because of their unique electrical, optical, andmechan-
ical properties [1–4]. Among these 2D layered materials,
molybdenum dichalcogenides (MoS2), where the layered
S–Mo–S are bonded by van der Waals interactions with
Mo and S atoms which are bonded by strong covalent
interactions, have attracted extensive interests due to their
considerable band gap and high carrier mobility. Both the-
oretical estimations and experimental observations indicate
an indirect to direct energy bandgap transition whenMoS2 is
thinned from bulk to monolayer, while its bandgap increases
from ∼1.2 eV to ∼1.8 eV [5–8]. Owing to the extraordinary
layer-dependent bandgap behavior, MoS2 is considered a
promising candidate to overcome the shortages belonging
to zero-bandgap graphene, providing a possible solution
for next-generation electronic applications [9]. For instance,
monolayer and few-layer MoS2 based field effect transistors
(FETs) have been reported, possessing high on/off ratios
exceeding 103 [10–12]. The mobility in monolayer MoS2 FETs

in vacuum reported so far is 8 cm2v−1s−1 [13–15], which is
lower than the theoretical value (410 cm2v−1s−1) [15]. The
mobility in few-layer FETs at room temperature could reach
470 cm2v−1s−1[16]; the value is close to the theoretical value
(200∼500 cm2v−1s−1) estimated through phonon scattering
limit [17]. Even with the desirable requirement for industrial
applications, to date,most ofworks have focused on exploring
themethods of large scale, high qualityMoS2 thin films. Con-
ventional methods to obtain MoS2 layers include mechanical
exfoliation, chemical vapor deposition (CVD), and PLD [18–
20]. However, it is inconvenient to control the scale size and
thickness of samples using mechanical exfoliation method.
The layer nucleation in CVDmethods is difficult with a rigor
experimental condition, resulting nonuniform MoS2 layers.
Up to now, PLD method has successfully been employed
for the deposition of large-scale layered materials, including
graphene, black phosphorous (BP), MoS2, and InSe [21–23].
One of the main advantages of using PLD is the convenience
to control the layer numbers of the large-scale 2Dmaterials by
solely varying the pulses numbers. In this work, we report the
structural and transport characterization of few-layer MoS2
back-gated FETs fabricated via PLD technique.
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Figure 1: Schematic diagram of (a) PLD equipment; (b) MoS2 back-gated FETs structure.

2. Materials and Methods

Few-layer MoS2 films with the dimension of 10mm × 10mm
were fabricated on the surface-cleaned SiO2 (300 nm)/p+-
Si wafer by PLD (KrF 248 nm) with a laser energy of
200mJ/pulses and a frequency of 5Hz. Figure 1(a) illustrates
the experimental setup of the PLD system. A commercial
MoS2 pellet (HeFei Crystal Technical Material Co., Ltd.) was
used as the target.The target and substrate distance was set at
5 cm. Before deposition, the chamber was evacuated to a base
pressure of ∼1 × 10−5 Pa to avoid the oxidation of the MoS2
films. The SiO2/Si substrates temperature was maintained at
700∘C during the growth. Both target and substrate were
rotated during the deposition to obtain a uniform film.When
the laser pulses strike the MoS2 target, the formed plasma
including atoms and ions will reach substrates. The thickness
ofMoS2 films can be controlled by the number of laser pulses.
Here the pulse numbers for growth MoS2 films are set to be
1200 pulses. The atoms valence in MoS2 was measured by X-
ray photoelectron spectroscopy (XPS). Raman spectroscopy
and transmission electronmicroscopy (TEM)were employed
to confirm the thickness ofMoS2 films. To construct the FETs
structure, radio frequency magnetron sputtering technique
was used to deposit Au/Ti electrodes on surface of MoS2
layers and back of SiO2/Si substrates. The deposition time of
Au/Ti electrodes is 2min and 20 s, respectively.The schematic
diagram of the fabricated FETs device is shown in Figure 1(b).
The transport and transfer measurements were conducted in
a Keithley 4200 semiconductor characterization system. All
the tests were executed at 300K in atmosphere.

3. Results and Discussion

Raman spectroscopy was a commonly used technique to
estimate the thickness of the 2D materials [24]. As shown in
Figure 2(a), two prominent characteristic peaks are attributed
to the mode of MoS2 atomic layers vibration (in-plane 𝐸2𝑔

1

mode: ∼382 cm−1 and out-of-plane 𝐴1𝑔 mode: ∼407 cm−1).

The distance between 𝐸2𝑔
1 and 𝐴1𝑔 Δ𝑓 is proportional to

thickness of MoS2 films, the 𝐸2𝑔
1 peak exhibits a red shift

with a blue shift of the 𝐴1𝑔 peak when the MoS2 thickness
decreased, andΔ𝑓 follows an empirical formula:Δ𝑓 = 26.45−
15.42/(1 + 1.44𝑛0.9) cm−1 [25]. According to the formula,
the thickness of MoS2 layers can be deduced: monolayer
∼18 cm−1, bilayer ∼22.4 cm−1, trilayer ∼23 cm−1, and few-
layer ∼25 cm−1. The cross-sectional TEM image (shown in
Figure 2(b)) exhibits a sharp and well-defined MoS2 layers.
A 7 nm thick MoS2 layer was grown on SiO2/Si wafer with an
interlayer spacing ∼0.68 nm, which is close to the theoretical
value of the MoS2 monolayer thickness (∼0.65 nm) [26].
These results are consistent with the Raman spectral results,
implying that the obtainedMoS2 films (Δ𝑓 = 25 cm−1) in this
work are few-layer sample.

In order to examine the sulfur deficiency in the MoS2
films, XPS analysis was carried out. As shown in Figure 3,
there are three peaks ofMo 3d, located at 229.18 eV, 232.67 eV,
and 235.97 eV. The first two peaks could be assigned to Mo
3d5/2 andMo 3d3/2, respectively.They are correlating toMo4+
state in MoS2. The third core level peak is correlating to
Mo6+ 3d3/2 state, and the fitted curves are shown in blue in
the image. Due to the existence of Mo6+, there should be S
vacancies in our samples. One possibility is the S missing
during the process of the growth of the films.Other possibility
is the reaction with oxygen to form MoO3 after the sample
taking out of the chamber. The existence of MoO3 will exert
influence on the optical and electrical characteristics of MoS2
thin films.

To investigate the electric properties of the MoS2 film,
back-gated FETs were fabricated based on few-layer MoS2
films grown on SiO2/Si substrates. As seen from Figure 4(a),
the relationship between drain current (𝐼ds) and drain voltage
(𝑉ds) at different back-gated voltage (𝑉𝑔) was investigated,
and the step of back-gated voltage is 5 V. A clear 𝑛-type semi-
conducting property was depicted which is consistent with
previous reports [27]. The 𝑛-type behavior of MoS2 sample
might be due to the impurities or existence of interstitial
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atoms in the interlayer gap. As shown in Figure 4(b), the
off-state leakage current (𝐼off ) is ∼10 nA, while the on-state
current (𝐼on) is ∼5 𝜇A; the on/off ratio is about 5 × 102, and
the ratio is compared to the ratio (∼103) of monolayer FETs
[10]. The mobility of multilayer MoS2 FETs can be estimated
based on the formula:

𝜇 =
𝐿

𝑊 × (𝜀0𝜀𝑟/𝑑) × 𝑉ds
×
𝑑𝐼ds
𝑑𝑉𝑔

(1)

and the channel length 𝐿 is 0.1mm, the channel width𝑊 is
1.5mm, 𝜀0 is 8.854 × 10

–12 F/m, 𝜀𝑟 is 3.9 [17], 𝑑 is the thickness
of SiO2 (300 nm), and𝑉ds in our experiment is 5 V.The value
of 𝑑𝐼ds/𝑑𝑉𝑔 can be obtained from the linear fit in Figure 4(b).

The mobility of the FETs calculated is 0.124 cm2v−1s−1, and
the value is similar to other multilayer back-gatedMoS2 FETs
[28]. A bit low mobility may be due to the impurity phase in
the film or the impurities and traps on the surface of SiO2
films [17]. Moreover, the nonlinear rectifying behavior in 𝐼ds-
𝑉ds curves and the saturation of current in the high positive
gate voltage imply a contact resistance between the electrodes
and the film, which could also result in an underestimated
mobility.

4. Conclusions

In summary, we have reported the PLD grown few-layer
MoS2 based FETs showing good transport characteristics
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Figure 4: FETs characterization of few-layer MoS2 film. (a) Transport characteristics at different 𝑉𝑔. (b) Transfer curves of MoS2 thin films
in logarithmic and linear scales.

with relatively highON/OFF ratio∼500, which is comparable
to monolayer and few-layer MoS2 FETs fabricated using
CVD-grown samples. Our results suggest that the PLDgrown
MoS2 films not only achieve large-scale size, but also present
moderate electric properties.The developed PLDmethod for
growth ofwafer-scale 2D layeredmaterialsmay provide a new
insight for further electronic applications.
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Organic Polymer-based photovoltaic systems offer a viable alternative to more standard solid-state devices for light-harvesting
applications. In this study, we investigate the electronic dynamics of a model organic photovoltaic (OPV) heterojunction consisting
of polyphenylene vinylene (PPV) oligomers and a [6, 6]-phenyl C61-butyric acid methyl ester (PCBM) blend. Our approach treats
the classical molecular dynamics of the atoms within an Ehrenfest mean-field treatment of the 𝜋-𝜋∗ singly excited states spanning
a subset of donor and acceptor molecules near the phase boundary of the blend. Our results indicate that interfacial electronic
states are modulated by C=C bond stretching motions and that such motions induce avoided crossings between nearby excited
states thereby facilitating transitions from localized excitonic configurations to delocalized charge-separated configurations on an
ultrafast time-scale. The lowest few excited states of the model interface rapidly mix allowing low frequency C-C out-of-plane
torsions to modulate the potential energy surface such that the system can sample both intermolecular charge-transfer and charge-
separated electronic configurations on sub-100 fs time scales. Our simulations support an emerging picture of carrier generation
in OPV systems in which interfacial electronic states can rapidly decay into charge-separated and current producing states via
coupling to vibronic degrees of freedom.

1. Introduction

Advances in both materials and device fabrication have led
to the development of highly efficient organic polymer-based
photovoltaic cell (OPV) in which the power conversion effi-
ciency is in excess of 10-11%under standard solar illumination
and efficiencies as high as 12% inmultijunctionOPVs [1].This
increase in power conversion efficiency indicates that mobile
charge carriers can be efficiently generated and collected
in well-optimized devices; however, the underlying photo-
physical mechanism for converting highly bound molecular
(Frenkel) excitons intomobile and asymptotically free photo-
carriers remains elusive in spite of vigorous,multidisciplinary
research activity [2–18].

It is generally recognized that the local microstructure
of the interface between the donor and acceptor materials
composing a bulk heterojunction cell plays a central role
in determining the overall efficiency of an OPV device.

Generally speaking, charge separation in OPV materials
occurs when excitons near the donor/acceptor (DA) interface
dissociate into either charge-transfer or charge-separated
states.

D∗ : A → D+ : A− or D+ ⋅ ⋅ ⋅A− (1)
These two states are distinguished by whether or not the
positively charged (hole) on an electron donor molecule is
directly adjacent to the acceptor anion, termed a charge-
transfer state (CT), or if the two charges are separated by
one ormoremolecular units, termed a charge-separated state
(CS). In the former (CT) case, the two charges are pinned
to the D : A interface by Coulombic forces which are only
weakly screened by the low dielectric nature of conjugated
organic systems. Curiously, recent ultrafast spectroscopic
measurements on optimized polymer : fullerene-based OPV
systems indicate that charge carriers begin to appear ≤ 100-
fs following photoexcitation [2, 12, 15, 19–22]. Moreover
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Figure 1: Snapshot of the three MD simulation cells: A, B, and C. The red and blue highlighted molecules denote the 𝜋-active units in our
system.

experiments by Gélinas et al., in which Stark-effect signatures
in transient absorption spectra were analysed to probe the
local electric field as charge separation proceeds, indicate that
electrons and holes separate by as much as 40 Å over the
first 100 fs and evolve further on a picosecond time scales to
produce unbound and freely mobile charge pairs [4].

It is generally recognized the electronic states at DA
interfaces are delocalized over multiple molecular units and
may well extend deeply into the bulk. As a result, the spatial
extent of these states presents a profound challenge to even
state-of-the-art ab initio quantum chemical methods. More-
over, one can not ignore the role of structural fluctuations
and intermolecular vibrations in modulating the electronic
energies. Recently, Bittner and Silva proposed that energy
level fluctuations due to thermal motions can lead to strong
quantummechanical coupling between excitonic and charge-
separated states [23]. Central to this theory is the fact that the
golden-rule transition rates between states can be determined
by examining energy gap fluctuations. This model unifies a
number of seeming disparate observations but lacks a desired
atomistic basis.

Here we employ a hybrid molecular mechanics/quantum
mechanics (MM/QM) approach to sample the electronic
excited states of a model bulk heterojunction system. Our
approach provides an explicit, semiempirical description of
the excited 𝜋-electronic states of select molecular units near
the interface between phase segregated donor and acceptor
molecular units. Our simulations indicate that interfacial
electronic states are modulated by C=C bond stretching
motions and that such motions induce avoided crossings
between nearby excited states thereby facilitating transitions
from localized excitonic configurations to delocalized charge-
separated configurations on an ultrafast time-scale.

2. Results

Our results build upon a model of charge separation in
donor : acceptor blends that we recently reported upon [24].
In this study, we considered a model blend of poly(p-
phenylene vinylene) (PPV) donor oligomers and phenyl-
C61-butyric acid methyl ester (PCBM) and defined the “𝜋-
active” region by selecting (by hand) a single PCBM and
three nearby PPV chains to assess the penetration of a
localized electronic state into the bulk region. In this paperwe
model a phase separated interface between PCBM and PPV
oligomers. While the semiempirical treatment does facilitate
including up to a few hundred 𝜋 electrons, we do need to be
judicious in choosing the “𝜋-active” region.

Figure 1 shows representativemolecular configurations of
the three cases studied in this paper. Each corresponds to a
periodic simulation cell in the 𝑥𝑦 plane following equilibra-
tion at 100K and 1 atm pressure and they are representative
of typical interfacial configurations. In each figure, the red
and blue colored spheres represent atoms included in the
quantum chemical description. In Case A, we selected 2
interfacial PCBMs and 3 nearby 𝜋-active PPV oligomers that
penetrate into the bulk polymer region, including a total of
230 C atoms. In Case B, we selected 3 PCBM and 3 nearby
PPV oligomers expanding the 𝜋-active molecules that form
the interfacial heterojunction, including a total of 288 C
atoms. Cases A and B differ solely in the initial selection
of the PPV oligomers included in the quantum mechanical
subspace. For comparison, inCase Cwe selected 1 PCBMand
3 PPV oligomers that penetrate into the bulk. In all cases,
we employ periodic boundary conditions in 𝑥𝑦𝑧 as in our
previous study [24]. This simulation was set up to be very
similar to case A, only adding a single PCBMmolecule to the
interfacial region.
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Figure 2: The dominant adiabatic states from simulations A (c, d) and B (a, b) as shown in Figure 1 The red and blue numbers denote the
electron/hole density as a percent on the indicated molecule. The states correspond to the 𝑥-axis in Figure 3. The four snapshots shown
represent typical states for our systems. (a, b) from left to right present an exciton located on the PCBMmolecule and a charge-transfer state.
(c, d) from left to right show a charge-separated state and a partly delocalized state.
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Figure 3: Histogram plot of the populations of adiabatic states in
systemsA, B, andC taken every fs. Each cluster represents a different
classification of the adiabatic states as shown in Figure 2.

These three cases are certainly not an exhaustive study of
all possible ways that an excitation can localize at an interface
and in general one should include all the C atoms as being
part of the 𝜋 system as to include the possibility for both
localized and delocalized excitations. However, such study is
not computationally feasible and we select these to test the
extent that low-lying excitations can penetrate into the bulk
region, how this penetrationmay facilitate charge separation,
and the extent that this plays into themixing between charge-
transfer, excitonic, and charge-separated configurations.

Over the course of eight 10 ps simulations, the lowest lying
excitation samples a variety of electronic states ranging from
localized excitons to charge-separated, charge-transfer, and
delocalized states. Figure 2 shows the charge density for four
typical eigenstates encountered over the course of a given
simulation. We characterize these as follows:

(i) Excitonic (EX) states characterized as having >50%
of the electron/hole density on a single molecule.
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The exciton state populates ≈ 58% of the states for
simulation A, ≈32% for simulation B, and ≈52% for
simulation C.

(ii) Charge-Transfer states (CT) characterized as having>50% of the electron/hole density occupying adjacent
molecules. The charge-transfer state populates ≈ 14%
of the states for simulation A, ≈19% for simulation B,
and ≈12% for simulation C.

(iii) Charge-Separated (CS) states characterized as having>50% of the electron/hole density occupying a PCBM
and a PPV separated by a singlemolecule.The charge-
separated state are populated ≈ 26% for simulation A,≈49% for simulation B, and ≈26% for simulation C.

(iv) Delocalized states (DLOC), characterized as having<50% of the electron/hole density on a single PPV or
PCBMmolecule.

For themost part, the lowest eigenstates in simulations A and
B do fall into the categories above. In simulation C, however,
the lowest electronic excited state spends about 10%of its time
as an eigenstate that cannot be neatly binned into the above
categories and corresponds to a fairly equal mixing between
excitonic and charge-transfer states and excitonic and charge-
separated states.

The striking difference between the blend (C) and the
phase separated cases (A and B) is that the stability of
localized excitons is very much determined by the proximity
between donor and acceptor molecules. In both A and
C, the 𝜋 electrons spend over half their time in excitonic
configurations and less than 30% of their time in charge-
separated configurations. In both A and C, the 3 PPV chains
included in the 𝜋 system are stacked into the bulk region
away from the PCBMs. In contrast in B, charge-separated
configurations, defined as a buildup of negative charge on the
more distant PCBM, dominate. Only rarely in all cases was
the excited state considered as “delocalized.”

The energy of the lowest excited state following excitation
at 𝑡 = 0 fs for simulations A and B is shown in Figure 4(a).
After excitation there is very little energetic relaxation in all
of the systems simulated. The simulations appear to cycle
through many adiabatic states in a short period of time
leaving the impression of a weak electron-phonon coupling.
This can be rationalized as the electron/hole density often
delocalize over multiple molecules and many conjugated
C-C bonds. Another striking effect of the systems is the
large number of avoided crossings that occur between the
lowest lying states. There is also a 20 fs oscillation in the CI
energies, driving the systems excited states into many regions
of strong coupling. The 20 fs oscillation also appears in the
autocorrelation and the Fourier transform of the gap ener-
gies, contributing the C=C bond stretching modes around≈1600 cm−1. The oscillation is contributed to small thermally
activated fluctuations within the simulation, showing that
even at 100K the thermal fluctuations possess sufficient
energy to bring these states into regions of strong electronic
coupling.

In Figure 4(b) we show a histogram of the 5 lowest
excitation energies accumulated over 40 ps of simulation time

following promotion to the lowest excited singlet state. The
energies take a Gaussian distribution around their respective
means and the distributions overlap. On average there is
an energy difference between 50 and 70meV between the
first and second excited state energies. This suggests that,
on average, there is a dense nearly continuous spectrum of
charge-separated excited states that can easily be brought into
strong electronic coupling by small fluctuations the system
brought about by nuclear motion. In other words, even though
the lowest excited state generally can be considered to be an
interfacial charge-transfer state, small nuclear motions rapidly
mix electronic configurations allowing such states to become
delocalized charge-separated states.

We next consider the origins of the energy fluctuations
evidenced in Figure 4(a). While we only show two 200 fs
segments of eight 10 ps simulations over this period, one
can see that the excitation energies are modulated and cover
a small range. The autocorrelation plots of the band gap
energies, shown in Figure 5, show that the correlation times
for the three simulations are very short≈ 8 fsmeaning that the
system changes rapidly enough that the oscillations observed
are independent of one another. By taking the Fourier
transform of the gap the IR active modes that contribute
to the modulation of the excitation energies inside of the
systems are found as shown in Figure 5. The modulation of
the excitation energy appears to be heavily dependent upon
the torsion, C=C, and C-H stretching modes. In each of the
plots three distinct regions can be seen, the low frequency
torsional modes occur between 200 and 500 cm−1, the C=C
stretchingmodes occur between 1300 and 1800 cm−1, and the
C-H stretching modes occur between 2800 and 3300 cm−1.
We conclude that small-scale vibronic fluctuations in the
molecular structures and orientations produce significant
energetic overlap between different adiabatic states to drive
the system from purely excitonic to purely charge-transfer on
a rapid time-scale.This is evidenced in the progression of the
excitation energies, as small fluctuations in these modes can
easily bring the excited states into strong coupling regimes.

According to the model outlined below the mean (Δ 0)
and variance (𝑉) of the energy gap distributions shown in
Figure 4 can be used as input to estimate the state to state
transition rate for a two-level system. We take 𝑇−1𝑑 ≈ 𝑉/ℏ as
an estimate of the decoherence time and we introduce 𝜏 as
the natural lifetimes of each state. The results are shown in
Table 1. The estimated transition rates are consistent with the
observations that the systems rapidly sample a wide number
of possible configurations over the course of the molecular
dynamics simulation. On average, the state to state couplings
of 56meV for simulation A and 48meV for simulation B
are comparable to the average energy gaps between the
lowest excited states. The strong electronic coupling allows
for rapid transitions; however, larger couplings also imply
shorter electronic decoherence times, effectively quenching
the ability of charges to separate by tunneling.

3. Discussion

We present here the results of hybrid QM/MM simulations of
the excited states of model PPV/PCBM heterojunction inter-
faces. Our results indicate that varying the blend ratio and
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Figure 4: (a) Excitation energies for simulations A and B for the first 200 fs following excitation to the lowest SCI state. Each colored line
corresponds to the excitation energy from the ground electronic state to one of the lowest 5 singlet excited states. (b) Histogram distributions
of the 5 lowest excitation energy levels over a 200 ps simulation. Throughout the simulation, colors of each histogram correspond to the
time-histories plotted in (a).

placement of the molecules comprising the heterojunction
greatly affect the distribution of states yet have little effect
upon the rate constants of the system. We also propose that
thermal noise can rapidly change the character of the lowest
lying excited state from purely excitonic to charge-separated
on a time-scale of sub-100 fs.

Simulations A and C have a very similar placement of
molecules, only differing in that simulation A adds a PCBM
molecule to the heterojunction. The addition of the PCBM

only slightly changes the distribution of states as seen in
Figure 4. The exciton states continue to be the most favoured
state inside the system, even slightly increasing in probability,
while the delocalized states slightly decrease in probability.
Simulation B completely changes the heterojunction, placing
three PPV and two PCBM molecules at the interface as seen
in Figure 1. The states generated by simulation B are radically
different from those seen in simulation A and C as seen in
Figure 4. The probability of finding the system in the exciton
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Figure 5: (a–c) Autocorrelation of the energy gap between first and second excited states for simulations A, B, and C. The correlation times
for all three simulations is 8 fs. (d–f) These plots show the active IR active modes that contribute to the modulation in the CI energies of
the systems. Three distinct regions are visible in each plot. The low frequency torsional modes occur between 200 and 500 cm−1, the C=C
stretching modes occur between 1300 and 1800 cm−1, and the C-H stretching modes occur between 2800 and 3300 cm−1.

Table 1: Estimated excited state (𝑖 → 𝑓) transition rates and
vibronic couplings for simulations A, B, and C.

Transition Δ 𝑜 (eV) ⟨𝑉⟩ (eV) 𝑇𝑑 (fs) 𝑘−1 (fs)
A
1→2 0.070 0.050 13.16 19.5
1→3 0.12 0.056 11.75 32.9
1→4 0.16 0.063 10.45 38.9
B
1→2 0.050 0.042 15.67 18.9
1→3 0.09 0.049 13.43 29.3
1→4 0.12 0.052 12.66 40.0
C
1→2 0.11 0.057 11.41 21.8
1→3 0.18 0.076 8.66 28.6
1→4 0.26 0.076 8.70 50.0

state is dramatically reduced while the charge-separated state
becomes predominant. This result is quite interesting as it
highlights that the complexity of simulating heterojunctions
resides not only in the size of the system but also on how the
donor/accepter interface is chosen.

All three systems start with an exciton localized on the
PCBM and dissociating into a charge-transfer state with the

hole (or electron) delocalized over multiple polymer units
before localizing to form charge-separated states. There is a
wide range of electronic states tightly clustered within a small
energy band, allowing small changes in local bond lengths to
have a dramatic role in modulating the electronic couplings
between excited states. We speculate that the dramatic shift
in population seen in simulation B can be caused by disorder
in the PPV molecules reducing the band gap by 20meV. The
PPVmolecules comprising the interface region undergo large
distortions in the C-C torsion angles allowing the molecules
to cycle through a larger range of configurations inside of
a short time interval. The presence of more 𝜋 active PPV
molecules at the interface also appears to lead to more
avoided crossing regions and the ability of the system to
more efficiently dissociate excitons into charge-transfer and
charge-separated states to a distance to where their Coulom-
bic attraction is comparable to the thermal energy. While
the finite size of our system prevents further dissociation
of the charges, the results are suggestive that such interstate
crossing events driven by bond-fluctuations can efficiently
separate the charges. The results presented here corroborate
recent ultrafast experimental evidence suggesting that free
polarons can form on an ultrafast time scales (sub-100 fs)
and that thermally activated low frequency torsional modes
are key in effective electron hole separation in PPV/PCBM
heterojunctions.
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4. Methods

4.1. SimulationMethods. Our simulations employ amodified
version of the TINKER molecular dynamics (MD) pack-
age [25] in which the MM3 [26] intramolecular bonding
parameters are allowed to vary with the local 𝜋-electronic
density as described by a Parisier-Parr-Pople (PPP) semiem-
pirical Hamiltonian [27, 28]. Similar approaches have been
described by Lobaugh and Rossky [29] and Muller and
Warshel [30] to include electronic dynamics into an other-
wise classical force field description.

We assume that the nuclear dynamics of all atoms in the
system evolve according to a classical description

𝑚𝑖 ̈𝑟𝑖 (𝑡) = 𝐹𝑖 (r (𝑡) , 𝑃 (𝑡)) , (2)

where 𝐹𝑖(r(𝑡), 𝑃(𝑡)) is the force acting on atom 𝑖 at time 𝑡
and 𝑃(𝑡) is the instantaneous electronic density for the 𝜋-
electrons. The Fock operator for the 𝜋 electrons is given by

F𝜇𝜇 = 𝑊𝜇 + 12𝑃∘𝜇𝜇 (𝜇𝜇 | 𝜇𝜇)
+ ∑
𝜌 ̸=𝜇

(𝑃𝜌𝜌 − 𝑍𝜌)𝑉 (𝑟𝜇𝜌) ,
F𝜇] = 𝛽𝜇] (𝑟𝜇]) − 12𝑃∘𝜇] (𝜇𝜇 | ]]) ,

(3)

where 𝑊𝜇 is the valence state potential for a given atom type
and wemake the zero-differential overlap (ZDO) assumption
to write the electronic repulsion integrals as

(𝜇] | 𝜌𝜎) = (𝜇𝜇 | 𝜌𝜌) 𝛿𝜇]𝛿𝜌𝜎. (4)

The Greek indices correspond to atom-centred basis orbitals.
Note that we specifically distinguish 𝑃∘ as the ground state
(Hartree-Fock) electronic density. Both the hopping integrals𝛽𝜇] and Coulomb repulsion integrals are determined using
empirical formulas and depend upon the intermolecular
bonding between atoms, accounting for nonplanarity. The
molecular orbitals are eigenstates ofF

F𝜓𝑛 = 𝜖𝑛𝜓𝑛, (5)

where𝜓𝑛 is given as a linear combination of the atom-centred
orbitals

𝜓𝑛 = ∑
𝜇

𝑐𝑛𝜇𝜒𝜇. (6)

From the {𝑐𝑛𝜇} coefficients, we obtain the ground state density
matrix

𝑃∘𝜇] = 2∑
𝑛
𝑜𝑐𝑐

𝑐𝑛𝜇𝑐𝑛]. (7)

The electronic energy is given by

𝐸𝐻𝐹 = Tr [F𝑃∘] (8)

and is minimized by imposing the condition

⟨[F, 𝑃∘]⟩ = 0. (9)

Electronic 𝜋 → 𝜋∗ excitations are subsequently introduced
by using configuration interaction (singles) (CI-S) theory
where we write the excited state wave function as a linear
combination of elementary excitations between occupied and
unoccupied molecular orbitals

Ψ𝑘⟩ = ∑
ℎ∈𝑜𝑐𝑐

∑
𝑒∈𝑢𝑛𝑜𝑐𝑐

𝐶𝑒ℎ𝑘 𝜓ℎ𝜓𝑒⟩

= ∑
𝜇]

(∑
𝑒ℎ

𝐶𝑒ℎ𝑘 𝑐𝑒𝜇𝑐ℎ]) 𝜒]𝜒𝜇⟩
= ∑
𝜇]
𝐶𝜇]
𝑘

𝜒]𝜒𝜇⟩ ,
(10)

where the {𝐶𝜇]
𝑘
} coefficients give the electron/hole amplitude

in the atom-centred basis. These are eigenstates of the CI-
S Hamiltonian and we used a total of 10 occupied and 10
unoccupied Hartree-Fock molecular orbitals to construct
the electron/hole configurations for the CI calculations. The
excited state bond charge density matrix is constructed by
assuming that electron densities are added to the unoccupied
orbitals and hole densities are subtracted from the Hartree-
Fock ground state; namely,

𝑃𝜇] = 𝑃∘𝜇] + 𝑃𝑒𝜇] − 𝑃ℎ𝜇], (11)

where

𝑃𝑒𝜇] = ∑
𝜎

𝐶𝜇𝜎
𝑘
𝐶]𝜎
𝑘

𝑃ℎ𝜇] = ∑
𝜎

𝐶𝜎𝜇
𝑘
𝐶𝜎]𝑘 .

(12)

In the former, we sum over the occupied orbitals (holes)
and in the latter we sum over unoccupied orbitals. 𝑃𝜇] is
interpreted as the “bond charge”matrix whereby the diagonal
elements give the net 𝜋-electron count on site 𝜇 and the off-
diagonal 𝑃𝜇] terms give the 𝜋-bond order between sites 𝜇
and ]. Consequently, excitations systematicallymove electron
density from atom to atom and change the local bond orders.

Within the force field, bond force field parameters are
modified by assuming a linear interpolation between single
and double bonds. For example, we write the bond force
constant between C atoms 𝑖 and 𝑗 as

𝑘 = 𝑘2 − 𝛿𝑘 (1 − 𝑃𝑖𝑗) , (13)

where 𝑘2 is the force constant for a C=C double bond when𝑃𝑖𝑗 = 1, 𝑘1 is the bond force constant for a C-C single bond
when 𝑃𝑖𝑗 = 0, and 𝛿𝑘 = (𝑘2 − 𝑘1). In a similar definition, we
interpolate the equilibrium bond lengths between single- and
double bonds as

𝑙 = 𝑙2 + 𝛿𝑙 (1 − 𝑃𝑖𝑗) . (14)

This treatment is not limited to C-C bonds but is applied
to all heavy atoms contributing to the 𝜋 system. While the
MM3 parameter set was originally intended to account for
the electronic ground state, we assume that the parameters
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are transferable to the lower lying excited states. Modifying
the equilibriumbond orders and bond lengths allows theMM
calculation to respond to the migration of charge.

During the equilibration steps we assume the system to
be in its electronic ground state, after which we excite the
system to the first excited state and allow the system to
respond to the change in the electronic density within the
adiabatic Born-Oppenheimer approximation. It is important
to note that the excited state we prepare is not the state which
carries the most oscillator strength to the ground nor do
we account for nonadiabatic surface hopping-type transitions
in our approach [31–33]. The dynamics simulations shown
reflect the longer-time fate of the lowest lying excited state
populations and sample possible configurations that can be
accessed by the system. The combination of a classical MD
force field with a semiempirical description of a selected
few molecules within the system seems to be a suitable
compromise between a fully ab initio approach which would
be limited to only a fewmolecules and short simulation times
and a fully classical MD description which would neglect any
transient changes in the local electronic density [22].

4.2. Estimating State to State Rates. We can estimate the state→ state rates using the model by Bittner et al. [23, 24].
Consider a two-state system with coupling 𝜆 in which the
energy gap Δ(𝑡) fluctuates in time around its average Δ. In
a two-state basis the Hamiltonian can be written as

𝐻 = Δ (𝑡)2 𝜎𝑧 + 𝜆𝜎𝑥, (15)

where𝜎𝑘 are Paulimatrices. Note that (15) can be transformed
such that fluctuations are in the off-diagonal coupling,
becoming

𝐻 = Δ 02 𝜎𝑧 + 𝛿𝑉 (𝑡) 𝜎𝑥, (16)

where Δ 0 = Δ + 𝜆 and 𝛿𝑉(𝑡) = 0. The fluctuations in the
electronic energy levels are attributed to thermal and bond-
vibrational motions of polymer chains which can be related
to the spectral density, 𝑆(𝜔), via

𝑉2 = 𝛿𝑉2 (𝑡) = ∫+∞
−∞

𝑑𝜔2𝜋 𝑆 (𝜔) . (17)

Averaging over the environmental noise, we can write the

average energy gap as ℏΩ = √Δ20 + 𝑉2 with eigenstates

|Ψ+⟩ = cos 𝜃 |0⟩ + sin 𝜃 |1⟩
|Ψ−⟩ = − sin 𝜃 |0⟩ + cos 𝜃 |1⟩ , (18)

where tan 2𝜃 = |𝑉|/Δ 0 defines the mixing angle between
original kets. Consequently, by analysing energy gap fluctua-
tions, we can obtain an estimate of both the coupling between
states as well as transition rates. To estimate the average
transition rate between states the equations of motion for the

reduced density matrix for a two-level system coupled to a
dissipative environment are used.

̇𝜌11 = − 𝑖ℏ𝑉 (𝜌21 − 𝜌12) − 1𝜏1 𝜌11
̇𝜌22 = 𝑖ℏ𝑉 (𝜌21 − 𝜌12) − 1𝜏2 𝜌22
̇𝜌12 = − 𝑖ℏ𝑉 (𝜌22 − 𝜌11) − 1𝑇𝑑 𝜌12 −

Δ 0𝑖ℏ 𝜌12
̇𝜌21 = 𝑖ℏ𝑉 (𝜌22 − 𝜌11) − 1𝑇𝑑 𝜌21 +

Δ 0𝑖ℏ 𝜌21.

(19)

𝜏1 and 𝜏2 have been introduced as the lifetimes of each state
and 𝑇𝑑 is the decoherence time for the quantum superpo-
sition. The decoherence time can be related to the spectral
density via 𝑇−1𝑑 = 𝑉/ℏ. Taking 𝑇𝑑 to be short compared to
the lifetimes of each state, we can write the population of the
initial states as

𝜌11 (𝑡) = exp [−( 1𝜏1 − 𝑘)] , (20)

where 𝑘 is the average state to state transition rate. If we
integrate over all time we obtain an equation of the form

∫∞
0

𝜌11 (𝑡) 𝑑𝑡 = ( 1𝜏1 + 𝑘)−1 (21)

suggesting a form for the exact solution of (6). Taking
the Laplace transform of the equations of motion (6) and
assuming that our initial population is in state 1 (𝜌11(0) =1) the equations of motion become a series of algebraic
equations

−1 = − 𝑖ℏ𝑉 (𝜌21 − 𝜌12) − 1𝜏1 𝜌11
0 = 𝑖ℏ𝑉 (𝜌21 − 𝜌12) − 1𝜏2 𝜌22
0 = − 𝑖ℏ𝑉 (𝜌22 − 𝜌11) − 1𝑇𝑑 𝜌12 −

Δ 0𝑖ℏ 𝜌12
0 = 𝑖ℏ𝑉 (𝜌22 − 𝜌11) − 1𝑇𝑑 𝜌21 +

Δ 0𝑖ℏ 𝜌21

(22)

which produces a rate constant of the form

𝑘 = 2𝑉2ℏ2 𝑇𝑑(𝑇𝑑Δ 0/ℏ)2 + 1 . (23)
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Temperature dependence of the energy band diagram of AlGaN/GaN heterostructure was investigated by theoretical calculation
and experiment. Through solving Schrodinger and Poisson equations self-consistently by using the Silvaco Atlas software, the
energy band diagram with varying temperature was calculated.The results indicate that the conduction band offset of AlGaN/GaN
heterostructure decreases with increasing temperature in the range of 7 K to 200K, which means that the depth of quantum well
at AlGaN/GaN interface becomes shallower and the confinement of that on two-dimensional electron gas reduces. The theoretical
calculation results are verified by the investigation of temperature dependent photoluminescence of AlGaN/GaN heterostructure.
This work provides important theoretical and experimental basis for the performance degradation of AlGaN/GaN HEMT with
increasing temperature.

1. Introduction

AlGaN/GaN high electron mobility transistor (HEMT) has
attracted great interest for high temperature, high frequency,
and high power applications due to its intrinsic mate-
rial advantages, such as wide band gap, high breakdown
electric field, high electron saturation velocity, and high
two-dimensional electron gas (2DEG) concentration [1–3].
Although the performance of AlGaN/GaN HEMT has made
remarkable progress [4–7], the reliability, especially at high
temperature, has been and remains a major constraint in
realizing the true potentials of such devices [8–10]. Improve-
ments of reliability require a better understanding of the
degradation mechanism. The performance degradation of
AlGaN/GaN HEMTs with increasing temperature can be
largely attributed to the effect of temperature on 2DEG trans-
port properties [10–12]. The intrinsic physical reason for that
is the energy band diagram of AlGaN/GaN heterostructure
varies with temperature, which should be fully investigated.

However, there have been few reports on the temperature
dependence of the energy band structure of AlGaN/GaN
heterostructures until now. Wang et al. [13] calculated the
energy band diagramofAlGaN/GaNheterostructure at room
temperature, 250∘C and 500∘C, just to explain that the 2DEG
density decreases with increasing temperature. But there
is not detailed analysis and discussion. In this work, the
temperature dependence of the energy band structure of
AlGaN/GaN heterostructure was investigated by theoretical
calculation and experimental verification.

2. Theoretical Calculation

The AlGaN/GaN heterostructure used in this study consists
of a 2𝜇m thick GaN buffer layer and a 25 nm thick AlGaN
barrier layer, as shown in Figure 1. The Al composition of
the AlGaN layer is 0.3. The n-type doping level in both
GaN and AlGaN layers is set to be 1 × 1016 cm−3, to keep
consistent with the level for unintentionally doped samples
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Figure 1: Schematic of AlGaN/GaN heterostructure.
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Figure 2: The energy band diagrams of AlGaN/GaN heterostruc-
ture at different temperature.

in experiment. Considering the screening effect caused by
defects, the polarization charge densities are assumed to be
40% of the calculated values [14].

Through solving the Schrodinger and Poisson equations
self-consistently by using the Silvaco Atlas software [15], the
temperature dependent energy band diagram of AlGaN/GaN
heterostructure can be calculated. The calculation results
with temperature lower than 200K are shown in Figure 2. It
can be seen that the conduction and valence band energies
of both GaN and AlGaN layers increase with increasing
temperature, especially in the GaN layer. Compared with the
conduction band, the valence band shows larger shift with
varying temperature. So, the energy band gaps of GaN and
AlGaN layers decrease with increasing temperature. This is
consistent with temperature dependent band gap shrinkage
effect [16, 17].

Besides the energy band gaps, the conduction band offset
of AlGaN/GaN heterostructure also changes with temper-
ature. The conduction band profile near the AlGaN/GaN
interface with varying temperature is shown in Figure 3. It
can be seen that the conduction band offset between AlGaN
andGaN layers decreases with increasing temperature, which
means that the depth of the quantum well at AlGaN/GaN
interface becomes shallower and the confinement of that
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Figure 3:The conduction band profile of the AlGaN/GaN interface
for different temperature.

on 2DEG reduces. In addition, the 2DEG concentration in
unintentionally doped AlGaN/GaN heterostructures shows
a direct proportional relationship to the conduction band
offset, according to the following equation [13]:

𝑛𝑠 (𝑥) = 𝜎 (𝑥)𝑒
− ( 𝜀0𝜀 (𝑥)𝑑AlGaN𝑒2) [𝑒𝜙𝑏 (𝑥) + 𝐸𝐹 (𝑥) − Δ𝐸𝑐 (𝑥)] ,

(1)

where 𝜎(𝑥) is the polarization-induced bound charge, 𝜀(𝑥)
is the relative dielectric constant of AlGaN, 𝑑AlGaN is the
thickness of the Al𝑥Ga1−𝑥N barrier layer, 𝑒𝜙𝑏(𝑥) is the
Schottky barrier of the gate contact on top of AlGaN, 𝐸𝐹(𝑥)
is the Fermi level with respect to the GaN conduction-band-
edge energy, and Δ𝐸𝑐(𝑥) is the conduction band offset at
AlGaN/GaN interface. So, the 2DEG concentration decreases
with increasing temperature due to the reduction of the
conduction band offset Δ𝐸𝑐. The same temperature depen-
dence of the 2DEG concentration has been measured by
Khan et al. [18]. Therefore, the performance of AlGaN/GaN
HEMT will degrade with increasing temperature [19]. The
detailed temperature dependence of the energy band gaps
and conduction band offset in AlGaN/GaN heterostructure
is shown in Figure 4.

3. Experimental Verification

In order to verify the theoretical calculation, we investi-
gated temperature dependent photoluminescence (PL) of
AlGaN/GaN heterostructure, which can directly reflect the
energy band structure of the measured samples. In this work,
PL measurements were performed on the Al0.3Ga0.7N/GaN
heterostructure between 7K and 200K. The light source was
a He-Cd laser with a wavelength of 325 nm.
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Figure 5 shows the PL spectrum of the AlGaN/GaN
heterostructure at 7 K.The free exciton (FE) and donor bound
exciton (DBE) emissions in GaN are located at 3.498 eV
and 3.489 eV, respectively, and are much stronger than other
peaks. These two emissions are near-band-edge emissions,
which can directly reflect the band gap of corresponding
material. The broad peaks at 3.408 eV and 3.309 eV are
attributed to the one and two longitudinal optical (LO)
phonon replicas of the GaN FE emission, respectively. The
weak peak at 3.448 eV is attributed to recombination between
2DEG and photoexcited holes. Due to the strong built-in
internal electric field near AlGaN/GaN heterointerface, the
photoexcited holes diffuse rapidly into the flat-band region
of GaN.Therefore, the probability of recombination between
2DEG and photoexcited holes is low and its intensity is very
weak.

Figure 6 shows the PL spectra of AlGaN/GaN hetero-
structure with varying temperature in the range of 7 K to
160K. The inset shows the PL spectrum at 200K. It can be
seen from Figure 6 that the GaN FE and DBE emissions
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Figure 6: PL spectra of AlGaN/GaN heterostructure in the tem-
perature range of 7 K to 160K. The inset shows the PL spectrum of
AlGaN/GaN heterostructure at 200K.

exhibit obvious red shift with increasing temperature, indi-
cating the reduction of the band gap of GaN layer. This
is consistent with the result of theoretical calculation. The
intensity of the 2DEG PL peak is very weak and decreases
with increasing temperature. As shown in the inset of Fig-
ure 6, this peak disappears when the temperature reaches
200K. Different from the GaN FE and DBE peaks, the 2DEG
PL peak shows unobvious shift with increasing temperature.
It demonstrates that the energy separation between the
ground state of 2DEG and the valence band of flat-band
region in GaN layer does not change obviously with varying
temperature in the range of 7 K to 200K. Additionally, the
energy separation between GaN FE and 2DEG PL peak
gradually decreases with increasing temperature, which indi-
cates the depth of quantum well at AlGaN/GaN interface
becomes shallower. Therefore, the confinement of the inter-
face quantum well on 2DEG decreases with increasing tem-
perature. It is also consistent with the theoretical calculation
results.

4. Conclusions

In summary, temperature dependence of the energy band
diagram of AlGaN/GaN heterostructure was investigated.
Through theoretical calculation and experiment verification,
it is confirmed that the band gaps of both AlGaN and
GaN layers and the conduction band offset of AlGaN/GaN
heterostructure decrease with increasing temperature in the
range of 7 K to 200K. So the depth of quantum well at
AlGaN/GaN interface becomes shallower and the confine-
ment of that on 2DEG reduces. This work provides impor-
tant theoretical and experimental basis for the performance
degradation of AlGaN/GaN HEMT with increasing temper-
ature.
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The structural and optical properties of 𝛼-quartz cluster with oxygen-deficiency centers (ODCs) defects have been investigated
based on the density functional theory (DFT). For cluster models with ODC(I) defect, with the increasing of cluster size and shape,
the equilibrium length of Si-Si bond decreases.The excitation peaks of clustermodels withODC(I) defect are from6.87 eV to 7.39 eV,
while the excitation peaks of cluster models with ODC(II) defect are from 5.20 eV to 5.47 eV. We also study the interconversion
between ODCs (≡Si-Si≡ bond and divalent Si) induced by UV irradiation. Our study predicted the existence of a metastable
structure of ODC(I) for the first time in literature. Our results are in good agreement with the previous results and provide strong
theoretical support to the viability of the processes.

1. Introduction

As one of the most important crystalline oxides, 𝑎-quartz
is widely used in microelectronics, piezoelectric devices,
optical elements, and geological dating, as well as a support
in heterogeneous catalysis and other fields of research and
technology. Up to now, a large number of experimental and
theoretical studies have been devoted to the characterization
of the structure of point defects in 𝛼-quartz [1–3]. Among
many defect centers in 𝛼-quartz, oxygen-deficiency centers
(ODCs) are believed to play a vital role in the irradiation
process and subsequent photostructural changes [4] and thus
have attracted much attention in research [5–10].

The crystal structure and symmetry determine that at
least two distinct diamagnetic ODCs can form in SiO2
and they are commonly denoted as ODC(I) and ODC(II),
giving rise to the photoabsorption bands at ∼7.6 and ∼5.0 eV,
respectively [4, 11]. ODC(I) is a general consensus of the
“relaxed oxygen vacancy,” namely, the ≡Si-Si≡ bond, having

a Si-Si bond distance about 2.3 Å [4]. As for ODC(II), there
has been a large amount of controversy [4, 12–14] on the
structural model. At least two alternatives were proposed.
One is the “unrelaxed oxygen monovacancy,” namely, the
≡Si⋅ ⋅ ⋅ Si≡ bond, having a Si⋅ ⋅ ⋅ Si distance similar to that of
regular Si-O-Si bonding (3.1 Å) [11], and the other is the
“divalent Si,” having two Si-O bonds and a lone pair of
electrons in a Si 𝑠𝑝2 hybrid orbital [15–17].

It has been found that the completely unrelaxed geometry
with a Si-Si distance of 3.1 Å is not a stable arrangement and
is unlikely for the ground state [17]. Indeed, the observed
optical properties of ODC(II) can be reproduced almost sat-
isfactorily by the divalent Si model rather than the unrelaxed
oxygen vacancy model [18–20]. It seems that ODC(II) is
more inclined to the divalent Si model. On the other hand,
some researchers have shown that even a puckered unrelaxed
oxygen vacancy proposed originally for𝛼-quartz has a barrier
of only ∼0.2–0.3 eV against the relaxation into the stable ≡Si-
Si≡ bond [21, 22]. It was suggested that an interconversion
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Table 1: Structural properties of the six cluster models with ODC defects in Figure 1.

Cluster size Bond length (Å) Bond angle (degree)
𝑑1 𝑑2 𝑑3 O-Si-O Si-O-H

Si2H6 2.34 1.48 1.48 – –
Si2O6H6 2.67 1.65 1.64 105.89 127.82
Si5O15H12 2.53 1.77 1.65 107.17 132.68
Si8O24H18 2.43 1.62 1.63 109.25 131.94
SiO2H2 1.63 1.63 0.80 100.90 –
Si3O8H6 1.67 1.64 1.62 107.70 132.19

may occur between the divalent defect and the relaxed oxygen
vacancy upon ultraviolet irradiation, although a detailed
mechanism of this interconversion is unknown.

In theoretical studies, it is generally accepted that the
main intrinsic defect process in SiO2 is the Frenkel mecha-
nism, that is, formation of a pair of an oxygen monovacancy
(Si-Si bond) and an interstitial oxygen atom (O0) from a
regular Si-O-Si bond. This mechanism has been verified
in amorphous SiO2 [23–28], where its disordered structure
influences both the defect creation and migration. Further-
more, clear experimental evidence for (1) in the ordered
lattice of crystalline SiO2 has been given [29]. However,
the remaining main unsolved question about ODC(II) is to
explain the observed close relationships between ODC(II)
and ODC(I). Both centers accommodate the same amount of
oxygen deficiency and it is suggested that at some configura-
tions they can interconvert. Details of this process in𝛼-quartz
are still not unambiguously established [30]

≡Si-O-Si≡ ℎV→≡Si-Si≡ +O0 (1)

In order to reveal preferable structure of 𝛼-quartz cluster
withODC(I) defect and the intrinsicmechanismof structural
conversion from ODC(I) to ODC(II) in 𝛼-quartz clusters,
we apply the first-principles calculation to different cluster
models. The size and shape effect of cluster models is
included. Our study predicted the existence of a metastable
structure of ODC(I) for the first time in literature. Our
results also suggested themechanismof structural conversion
from ODC(I) to ODC(II) in 𝛼-quartz clusters. We applied
the first-principle calculation based on density functional
theory (DFT) and time dependent density functional theory
(TDDFT) implemented in ORCA program to the electronic
structure properties and optical properties. Our paper is
organized as follows. In Section 2, the models and methods
are described. The results and discussions are presented in
Section 3. Finally, a summary of the main conclusions of this
work is given in Section 4.

2. Computational Methods

We have studied clusters with various size. The formulas
are Si2H2, Si2O6H6, Si5O15H12, Si8O24H18, SiO2H2, and
Si3O8H6, as shown in Figure 1.

In order to avoid the spurious states caused by the −O∙
defects located the boundary of the cluster, we use hydrogen
atoms to passivate all clusters. The distance between the

capping hydrogen atoms and the oxygen atoms is 0.80 Å
[31]. In the process of optimization, the interior atoms were
allowed to move freely, while the terminal hydrogen atoms
and surface oxygen atoms were frozen.Themain geometrical
parameters are given for each cluster in Table 1.

The ORCA quantum chemistry program was used in
all calculations. DFT and the hybrid density functional
B3LYP method [32, 33] were employed to perform the
geometry optimization. Following geometry optimization,
TDDFT (nroots = 16) was used for the sake of calculating
the electronic excited states. Triple-𝜁-quality basis sets with
one set of polarization functions (TZVP) were employed
for the Si, O, and H atoms, respectively [34]. In the self-
consistent field calculations, tight scf convergence and a dense
integration grid were selected. The maximum element of the
direct inversion of iterative subspaces (DIIS) error vector is
set as 5 × 10−7. The structural optimization is allowed to be
relaxed until the maximum force on each atom becomes less
than 0.01 eV/Å and maximum energy change between two
steps is smaller than 1 × 10−8 Eh. The density change is no
more than 1 × 10−7 Eh [35, 36].

3. Results and Discussion

3.1. Preferable Structure of 𝛼-Quartz Cluster with ODC(I)
Defect. ODC(I) defect pair is created by shifting an inter-
stitial oxygen atom (O0) from a regular Si-O-Si bond and
constitutes a pair of an oxygenmonovacancy (Si-Si bond) (see
(1)). In (1), bonds with three oxygen atoms were represented
by ≡. For the purpose of finding out the cluster models which
have the stable structure, prediction of the apposite Si-Si
band length becomes a key object.The Si-Si band length (𝑑1)
increased from 2.0 Å to 3.5 Å, which is the main structure
change, as shown in Figures 1(a)–1(d). Figure 2 shows the
relationship between the total energy and Si-Si bond length
in singlet state of four clusters with ODC(I) defects. The total
energy of the 𝛼-quartz clusters will have the lowest value
along with the increasing of the Si-Si bond length.The cluster
size can represent a bulk structure. In order to describe the
singlet state adequately, relaxation processes were performed
with four cluster models.

To improve the accuracy of the calculations, we consider
the parent molecule disilane, Si2H6 cluster model (see Fig-
ure 1(a)). The cluster model contains a direct Si-Si bond. As
a result of the structural scan and geometry optimization, we
have found that, in Figure 2(a), the equilibrium bond length
in singlet state of Si2H6 cluster model is 2.34 Å, similar to
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Figure 1: Illustrations of each of the six clusters used for S0 → S1 transition energy for 𝛼-quartz cluster configurations with oxygen-deficiency
centers. (a) Si2H6 withODC(I), (b) Si2O6H6 withODC(I), (c) Si5O15H12 withODC(I), (d) Si8O24H18 withODC(I), (e) SiO2H2 withODC(II),
and (f) Si3O8H6 with ODC(II). We use hydrogen atoms to passivate the oxygen atoms which terminate our cluster models.

the ordinary Si-Si bond length of 2.36 Å [31]. However, Fig-
ures 2(b)–2(d) show that the singlet state equilibrium bond
lengths of Si2O6H6, Si5O15H12, and Si8O24H18 cluster models
are 2.67 Å, 2.53 Å, and 2.43 Å. With the increasing of cluster
size and shape, the equilibrium Si-Si bond length decreases.

3.2. Electronic Structure Properties and Optical Properties of
ODC(I). We compared the electronic density of states (DOS)
of the four clusters with ODC(I) defects (see Figure 1) so that
the geometric effect on the electronic structure can be seen
clearly. Figure 3 shows the total electronic DOS for Si2H6,
Si2O6H6, Si5O15H12, and Si8O24H18 clusters. In a nutshell,

the electronic DOS of all the clusters shows notable structural
sensitivity. The DOS for Si2H6 cluster reveals more uniform
distributions than the other three cases, because of the small
size. When the valence band states participate in optical
transitions of point defects, the structural dependence of
electronic state will result in different OA spectra.

The wave function of highest occupied molecular orbital
(HOMO) and the electron localization function (ELF) are
used to analyze the electronic structure of cluster with
ODC(I) defect.We calculate the ELF and thewave function of
HOMO on four clusters (see Figures 1(a)–1(d)) to clarify the
charge distribution aroundODC(I) defect. From the electron
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Figure 2: The relationship between total energy and Si-Si bond
length in the four clusters with ODC(I) defects. (a) Si2H6, (b)
Si2O6H6, (c) Si5O15H12, and (d) Si8O24H18.

density, we can approximately derive ELF, introduced by
Becke and Edgecombe [37]. The ELF pictures are shown
in Figure 4. For the singlet state of the clusters, the ELF
was, respectively, computed using the DFT/B3LYP, at the
stable geometry of the singlet state. The nature of bonding
between Si-Si atoms and charge transfer process is shown
in the ELF. The transition can be depicted as an excitation
from the top valence band to the ODC(I) defect level in the
gap. The excited electron of the ODC(I) defect is located
mainly on the central silicon atom. Figures 4(e)–4(h) show
the wave function of HOMO.The excited electron transfer in
the ODC(I) defect can be found in here too.

Table 2 and Figure 5 show the optical properties calcu-
lated from four clusters with ODC(I) defects by TDDFT-
B3LYP, neglecting other paramagnetic defects. The singlet-
to-singlet (s0 → s1) excitation energy of Si2H6 cluster was
calculated to be 7.39 eV, which agrees well with the previously
reported excitation energies (∼7.6 eV) [36, 38]. On the other
hand, the calculated s0 → s1 excitation energy of Si2O6H6,
Si5O15H12, and Si8O24H18 clusters was 6.87∼7.04 eV. These
excitation energy values are only slightly smaller than the
experimental s0 → s1 transition energy (∼7.6 eV), because the
basis sets (def2-TZVP) may not be flexible for highly energy.
Analyzing these data, the nature of the 7.6 eV absorption band

1.4
1.2
1

0.6
0.8

0.4

0

sta
te

D
en

sit
y 

of

−15 −10 −5 0 5 10

Energy (eV)

(a)

0.8
0.6
0.4
0.2
0

sta
te

D
en

sit
y 

of

−15 −10 −5 0 5 10

Energy (eV)

(b)
1.6

1.2

0.8

0.4

0

sta
te

D
en

sit
y 

of

−15 −10 −5 0 5 10

Energy (eV)

(c)

2
1.5
1

0.5
0

sta
te

D
en

sit
y 

of

−15 −10 −5 0 5 10

Energy (eV)

(d)

Figure 3: Total density of states (TDOS) of four clusters with
ODC(I) defect. (a) Si2H6, (b) Si2O6H6, (c) Si5O15H12, and (d)
Si8O24H18. The red vertical dashed lines align to highlight highest
occupied molecular orbital (HOMO) level.

cannot be ascribed to a single point defect in 𝛼-quartz with
ODC(I) defects. It can be explained as a manifestation of the
localized states of the disordered structure of silica modified
by an oxygen deficit.

3.3. Electronic Structure Properties and Optical Properties of
ODC(II). The ODC(II) defect has been the subject of con-
siderable interest since the discovery of the photorefractive
effect in SiO2, and consequently, their microscopic structure
and optical properties have been extensively studied using the
cluster approach. Figure 6 shows the DOS of the 𝛼-quartz
cluster models with ODC(II) defects computed by DFT-
B3LYP. We calculate the total electronic DOS for SiO2H2
and Si3O8H6 clusters (see Figures 1(e) and 1(f)), so that we
can explore the geometric effect on the electronic structure.
On the whole, the electronic DOS of the cluster shows
remarkable structural sensitivity. We note that the details of
the electronic structure are essentially dependent on the 𝛼-
quartz cluster size and shape. Such structural dependence of
electronic state will result in different excitation energy when
these valence band states participate in optical transition of
point defects.

To further illustrate the electronic structure of cluster
withODC(II) defect, we also present the electron localization
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(a) Si2H6 (b) Si2O6H6 (c) Si5O15H12 (d) Si8O24H18

(e) Si2H6 (f) Si2O6H6 (g) Si5O15H12 (h) Si8O24H18

Figure 4: (a)–(d) ELF of the Si-Si band in 𝛼-quartz cluster configurations with ODC(I); (e)–(h) orbital wave function of HOMO in 𝛼-quartz
cluster configurations with ODC(I). Green and blue color represent positive and negative phase of the orbital wave function, respectively.

Table 2: Summary of computed s0 → s1 transition energy of the cluster configurations with ODC(I) defects, neglecting other paramagnetic
defects.

Cluster size Transition energy (eV) Oscillator strength
f

Reference value
(eV)

Si2H6 7.39 0.03 8.66a

Si
2
O
6
H
6

6.87 0.44 7.47a

Si5O15H12 7.04 0.15
7.60b

Si8O24H18 6.88 0.09
aReference [27]. bReference [29].

function (ELF) (see Figures 7(a) and 7(b)) and the wave
function (see Figures 7(c) and 7(d)) of HOMO on the two
clusters. In order to research the charge distribution around
ODC(II) defect, we plotted the ELF. For the singlet state of
the clusters, the ELF was, respectively, computed using the
DFT/B3LYP. The nature of divalent Si and charge transition
process can be obtained in the ELF picture.The transition can
be described as the lowest singlet excited state corresponding
to a single electron promotion from the Si lone pair 𝑠𝑝
orbital to a vacant 𝑝𝜋 orbital on the same atom. The excited
electron of theODC(II)defect is locatedmainly on the central
siliconatom.Thewave function ofHOMOis shown in Figures
7(c) and 7(d). The excited electron transfer in the ODC(II)
defect can also be found.

Table 3 shows the optical properties calculated from two
clusters with ODC(II) defects by TDDFT-B3LYP, neglecting
other paramagnetic defects. s0 → s1 transition energies of the
SiO2 with ODC(II) defects were calculated by Trukhin [10],
Lü et al. [8], and Adelstein et al. [7] using different cluster
models and different levels of theory. These studies yield

almost the same calculated results concerning s0 → s1. In our
work, the s0 → s1 transition energies of Si2H6 and Si3O8H6
clusters are, respectively, calculated to be 5.47 eV and 5.20 eV,
which agreewell with the previously reported excitation ener-
gies. Analyzing these data, the nature of the 5.0 eV absorption
band can be ascribed to a single electron promotion from the
Si lone pair 𝑠𝑝 orbital to a vacant 𝑝𝜋 orbital on the same atom.

3.4. Photoinduced Interconversions of ODC Defects in 𝛼-
Quartz. A theoretical study of the interconversion models of
amorphous silicon dioxide has been performed by Uchino
et al. [39] who proposed a mechanism for the ODC(I)
→ ODC(II) transformation based on photoionization of
ODC(I). However, a detailed mechanism of this interconver-
sion in 𝛼-quartz is unknown. To get better knowledge about
the detailed photoinduced interconversion mechanism of
ODC defects in 𝛼-quartz, we here employ quantum-chemical
program (ORCA) using Si5O15H12 cluster model.

Starting from the ground state geometry of Si5O15H12
cluster model with ODC(I) (see Figure 1(c)), we have excited
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Table 3: Summary of computed s0 → s1 transition energy for the ODC(II) defects cluster configurations, neglecting other paramagnetic
defects.

Cluster size Transition energy
(eV)

Oscillator strength
f

Reference value
(eV)

Experiment
(eV)

Si2H6 5.47 0.17 5.50a, 5.60b
5.0d

Si3O8H6 5.20 0.14 5.17c, 5.30b
aReference [24]. bReferences [8, 28]. cReference[27]. dReference [6].
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Figure 5: The OA spectra of four clusters calculated by TDDFT,
which have ODC(I) defects. Gaussian broadening of 0.5 eV is used.
(a) Si2H6, (b) Si2O6H6, (c) Si5O15H12, and (d) Si8O24H18.

the model into the triplet (𝑇1) state which is 4.11 eV higher
in single point energy [31]. The cluster model relaxes under
the modified potential energy surface, the Si-Si disconnects
and expands up to 3.02 Å (see Figure 8(a)), which is slightly
longer than the equilibrium bond length (2.53 Å) calculated
for Figure 1(c), thus inducing a large distortion surrounding
the defect. Following the reaction path toward the ODC(II)
(see Figure 8(c)), we find the transition state (see Figure 8(b))
and the computed relaxation energy is 0.46 eV higher than
the 𝑇1 state of Si5O15H12 cluster model with ODC(I). The
transition state cannot be stable.

By further decreasing the reaction coordinate, Si5O15H12
cluster transforms spontaneously into the ODC(II) configu-
ration and the computed relaxation energy is 0.30 eV lower
than the transition state of Si5O15H12 cluster model. This
implies that the transition state configuration corresponds to
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Figure 6: Total density of states (TDOS) of two clusters with
ODC(II) defect. (a) SiO2H2; (b) Si3O8H6. The red vertical dashed
lines align to highlight highest occupiedmolecular orbital (HOMO)
level.

a metastable minimum and is possible to relax into a lower
energy configuration shown in Figure 8(c) during thermal
processes. Among the many possible local configurations
of the ODC(I) defect in 𝛼-quartz, only a small fraction is
expected to transform into the ODC(II) upon excitation.
Although our used cluster model is small, other local con-
figurations different from ours may be more favorable for the
interconversion.

4. Conclusions

TheDFTmethod was employed to study the structures of six
different cluster models for 𝛼-quartz with ODCs defects. We
predict the apposite Si-Si band length in order to search for
the stable structure of cluster models with ODC(I) defects.
For Si2O6H6, Si5O15H12, and Si8O24H18 cluster models with
ODC(I) defect, with the increasing of cluster size and shape,
the equilibrium Si-Si bond length decreases. The OA spec-
troscopic properties and excitation energies are calculated
based on TDDFT. For clusters with ODC(I), the nature of the
7.6 eV absorption band can be explained as a manifestation
of the localized states of the disordered structure of silica
modified by an oxygen deficit. However, for clusters with
ODC(II), the nature of the 5.0 eV absorption band can be
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(a) SiO2H2 (b) Si3O8H6 (c) SiO2H2 (d) Si3O8H6

Figure 7: (a)-(b) ELF of the divalent Si in 𝛼-quartz cluster configurations with ODC(II). (c)-(d) Orbital wave function of HOMO in 𝛼-quartz
cluster configurations with ODC(II). Green and blue color represent positive and negative phase of the orbital wave function, respectively.

(a)

(b)

(c)

+0.46 ？６

−0.30 ？６

Figure 8: Schematic illustration of the proposed interconversion mechanism from ODC(I) defect into ODC(II) defect in the lowest triplet
(𝑇1) excited state. The red arrows stand for transformation of preexisting point defects and recombinations. (a) Optimized geometry of the
Si5O15H12 cluster with ODC(I), 𝑑1 = 3.02 Å, 𝑑2 = 3.05 Å, and 𝑑3 = 1.65 Å. (b) The transition state geometry of the Si5O15H12 cluster,
𝑑1 = 3.13 Å, 𝑑2 = 1.86 Å, and 𝑑3 = 1.80 Å. (c) Optimized geometry of the Si5O15H12 cluster with ODC(II), 𝑑1 = 3.07 Å, 𝑑2 = 1.64 Å, and
𝑑3 = 1.91 Å.

ascribed to a single electron promotion from the Si lone pair
𝑠𝑝 orbital to a vacant 𝑝𝜋 orbital on the same atom. We also
study the detailed photoinduced interconversion mechanism
of ODCs defects in 𝛼-quartz. We predicted the existence
of a metastable structure of ODC(I) for the first time. Our
results provide strong theoretical support to the viability of
the processes.
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First-principles calculation is employed to investigate atomic and electronic properties of Ge/SiC heterojunction with different
Ge orientations. Based on the density functional theory, the work of adhesion, relaxation energy, density of states, and total
charge density are calculated. It is shown that Ge(110)/4H-SiC(0001) heterointerface possesses higher adhesion energy than that
of Ge(111)/4H-SiC(0001) interface, and hence Ge/4H-SiC(0001) heterojunction with Ge[110] crystalline orientation exhibits more
stable characteristics. The relaxation energy of Ge(110)/4H-SiC(0001) heterojunction interface is lower than that of Ge(111)/4H-
SiC(0001) interface, indicating that Ge(110)/4H-SiC(0001) interface is easier to form at relative low temperature. The interfacial
bonding is analysed using partial density of states and total charge density distribution, and the results show that the bonding is
contributed by the Ge-Si bonding.

1. Introduction

SiC semiconductor has become one of the most excellent
materials for ultraviolet-sensitive devices owing to its wide
bandgap [1, 2]. However, it is not sensitive to the infrared
and visible light region. Ge/SiC heterojunction was employed
to solve the problem, in which the Ge layer of micro-
nanostructure was used as an absorption layer for near-
infrared (NIR) light [3]. By using the Ge/SiC heterojunction,
SiC-based NIR light-operated device could be realized. The
Ge/4H-SiC heterostructures are prepared by using low pres-
sure chemical vapor deposition (LPCVD) on 4H-SiC(0001)
substrates. Details of the growth process could be found in
[4–6]. However, the lattice mismatch between Ge(111) prim-
itive cell (𝑎Ge(111) = 4.000 Å) and 4H-SiC(0001) primitive
cell (𝑎4H-SiC(0001) = 3.078 Å) is as large as 23.0%, which
can cause distortion or even dislocation near the interface,
leading to a poor crystalline quality of the Ge epilayer. Hence,
it is necessary and imperative to investigate the atomic and
electronic properties of the Ge/SiC heterojunction.

First-principles calculation based on density functional
theory (DFT) has been widely used as an important micro-
scopic study method in recent years. The first-principles
calculation can be implemented to predict material proper-
ties and, consequently, a lot of valuable results have been
achieved. Li et al. [7] used the first-principles method to
investigate the interface adhesion energy, interface energy,
interface fracture toughness, and electronic structure of
the 𝛽-SiC(111)/𝛼-Ti(0001) heterojunction. Six kinds of C-
terminated 𝛽-SiC(111)/𝛼-Ti(0001) models were established
to study the effect of stack position and inclination angle
on interface bonding and fracture toughness. Lin et al.
[8] investigated the atomic structures and electronic prop-
erties of interfaces between aluminum and four kinds of
ceramics with different orientations. They discovered that
aluminum metal carbide interface is more stable than alu-
minum metal nitrides interface and, moreover, the (111)
interfaces were found to possess the largest adhesion energy.
He et al. [9, 10] studied the Si(111)/6H-SiC(0001) het-
erojunction by using the first-principles. It is found that
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Figure 1: A schematic of Ge(111)/4H-SiC(0001) heterointerface model.

the Si-terminated Si(111)/6H-SiC(0001) heterojunction has
higher adhesion energy and lower relaxation degree than C-
terminated Si(111)/6H-SiC(0001) heterojunction. Xu et al. [11]
have studied interfacial properties and electronic structure of
Al(111)/4H-SiC(0001) interface.

In this paper, we present first-principles calculations of
adhesion energy, relaxation energy, density of states, and
total charge density of Ge(111)/4H-SiC(0001) interface and
Ge(110)/4H-SiC(0001) interface, while analysing the elec-
tronic structure, geometry property, and the corresponding
physical picture. Furthermore, the first-principles methods
are used to investigate the structure of Ge/SiC heterointer-
face, which can provide a theoretical basis for the growth of
Ge/SiC heterojunctions in experiment.

2. Methods

All the calculations in this work were implemented by using
the Cambridge Serial Total Energy Package (CASTEP) Code
[12, 13], which are based on the density functional theory
(DFT) [14]. Generalized gradient approximation (GGA) of
Perdew–Burke–Ernzerhof (PBE) scheme was employed to
describe the exchange-correlation functional [15]. By com-
paring the lattice constants of GGA(PBE) and local density
approximation (LDA) [16] with Caperlay-Alder Perdew-
Zunger (CA-PZ) approximation algorithms, it is shown that
the deviation of GGA(PBE) is smaller than that of LDA(CA-
PZ). Therefore, the GGA-PBE function is implemented in
the following Ge/4H-SiC(0001) heterojunction calculation.
In order to make the system stable and the calculation speed
optimal, plane wave cut-off energy was selected as 550 eV for
a bulk, a surface, and an interface. The sampling of irre-
ducible edge of Brillouin zone was performed with a regular
Monkhorst-Pack grid with 7 × 7 × 7 k points for the bulk and
5 × 5 × 1 k points for the surface and interface, respectively.
The SCF convergence threshold was 2.0 × 10−6 eV/atom, and
the convergence tolerance for energy was selected as 2.0 ×
10−5 eV/atom. The force tolerance, stress, and displacement
tolerance were set as 0.05 eV/Å, 0.1 GPa, and 0.002 Å, respec-
tively. To avoid interaction between surface atoms, a vacuum
layer of 13 Å was selected for each surface and interface
system.

3. Results and Discussions

3.1. Ge/4H-SiC Heterojunction Model. Figure 1 displays the
interface structure of the Ge(111)/4H-SiC(0001) heterojunc-
tion based on the TEM characterizations [3]. The primitive
cells of Ge(111) surface and 4H-SiC(0001) surface possess
lattice constants of [01-1]Ge = 4.000 Å, [11-20]SiC = 3.078 Å.
The lattice matching is 3 : 4 of Ge to SiC with a residual
mismatch of 2.60% in the two parallel orientations using the
smallest supercell mismatch. In order to saturate suspension
bonding, H atoms are employed to passivate the surface. Fig-
ure 2 shows the Ge(110)/4H-SiC(0001) heterojunction. The
primitive cells of Ge(110) surface and 4H-SiC(0001) surface
with constants lattice of [001]Ge = 5.658 Å, [1-10]Ge =
4.000 Å, [10-10]SiC = 5.331 Å, and [-12-10]SiC = 3.078 Å
are cleaved due to the Ge[110] growth orientation on 4H-
SiC(0001). The lattice matching is revealed as 1 : 1 Ge to SiC
with a residual mismatch of −5.78% and 3 : 4 Ge to SiC with
a lattice mismatch of 2.60% in the two parallel orientations.
The interlayer distances of Ge(111)/4H-SiC(0001) interface
and Ge(110)/4H-SiC(0001) interface are optimized by energy
calculation before evaluating the interfacial properties of
heterostructures.The functional relationship between energy
and interlayer spacing is shown in Figure 3. Both of
the Ge(111)/4H-SiC(0001) and Ge(110)/4H-SiC(0001) het-
erostructures have the same optimized interlayer distances of
2.30 Å. Similar conclusions are given in [17].

Because of the large lattice mismatch strain, the lattice
mismatch between 4H-SiC and Ge is totally accommo-
dated by misfit dislocations (MD) rather than by uniform
elastic strains [1, 2]. The lattice mismatch of the Ge/4H-
SiC interfaces can be calculated, as shown in Table 1. The
Ge(111)/4H-SiC(0001) interface has the same 3 : 4 Ge-to-SiC
matching mode with a residual mismatch of 2.60% along
both theGe[01-1] andGe[2-1-1]orientations. In contrast, the
situation of the Ge(110)/4H-SiC(0001) interface is different,
along Ge[1-10] orientation, the Ge-to-SiC matching mode is
still 3 : 4; along the vertical orientation of Ge[001], the Ge-
to-SiC mode changes to 1 : 1 and the residual mismatch
changes to −5.78% correspondingly. The MD densities of the
Ge(111)/4H-SiC(0001) interface and Ge(110)/4H-SiC(0001)
interface are as low as 5.334× 1014 cm−2 and 1.523× 1014 cm−2,
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Figure 2: A schematic of Ge(110)/4H-SiC(0001) heterointerface model.
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Figure 3: The interlayer spacing of Ge(110)/4H-SiC(0001) and Ge(111)/4H-SiC(0001) heterointerfaces.

respectively, as shown in Table 1. In addition, the Ge(110)/4H-
SiC(0001) interface has fewer defects than the Ge(111)/4H-
SiC(0001) interface.

3.2. Heterointerfaces Properties

3.2.1. Adhesion Energy and Relaxation Energy. To gain an
insight into the binding strength of the interface, we calcu-
lated the work of adhesion (𝑊ad), which is defined as the

reversible work to separate an interface into two free surfaces
given by the difference in total energy between the interface
and its initial isolated slabs according to the following
formula [18–20]:

𝑊ad =
(𝐸Ge + 𝐸SiC − 𝐸Ge/4H-SiC)

(𝑁𝐴)
, (1)

where 𝐸Ge and 𝐸SiC are the total energy of Ge slab and SiC
slab, where one slab remained and the other is replaced by
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Table 1: The lattice mismatch of the Ge/4H-SiC heterostructures calculated with the domain matching model.

Growth orientation Ge-to-SiC
matching mode Residual mismatch MD density

Ge(111)/4H-SiC(0001)
Ge[01-1]
SiC[11-20]

Ge[2-1-1]
SiC[1-100]

Ge[01-1]
SiC[11-20]

Ge[2-1-1]
SiC[1-100] 5.334 × 1014 cm−2

3 : 4 3 : 4 2.60% 2.60%

Ge(110)/4H-SiC(0001)
Ge[001]
SiC[10-10]

Ge[1-10]
SiC[-12-10]

Ge[001]
SiC[10-10]

Ge[1-10]
SiC[-12-10] 1.523 × 1014 cm−2

1 : 1 3 : 4 −5.78% 2.60%

Table 2: Unrelaxed and relaxed 𝐸Ge, 𝐸4H-SiC(0001), 𝐸Ge/4H-SiC, and𝑊ad.

𝐸Ge(111) (eV) 𝐸4H-SiC(0001)(eV) 𝐸Ge(111)/4H-SiC(0001) (eV) 𝑊ad (J/m
2)

Unrelaxed −5777.006 −12844.091 −18642.163 0.104
Relaxed −5777.551 −12845.745 −18644.926 0.106

𝐸Ge(110) (eV) 𝐸4H-SiC(0001) (eV) 𝐸Ge(110)/4H-SiC(0001) (eV) 𝑊ad (J/m
2)

Unrelaxed −3207.981 −8523.457 −11742.871 0.193
Relaxed −3208.026 −8524.842 −11746.039 0.222

Table 3: Relaxation energies of Ge(111)/4H-SiC(0001) and Ge(110)/4H-SiC(0001) interfaces.

Heterojunction 𝐸total (eV) 𝐸total (eV) 𝐸relaxion (eV/atom)
Ge(111)/4H-SiC(0001) −18642.163 −18644.926 −0.017
Ge(110)/4H-SiC(0001) −11742.871 −11746.039 −0.030

vacuum in the same supercell, respectively.𝐸Ge/4H-SiC denotes
the total energy of the interface system, 𝑁 is the number of
atoms at the interface in the model, and 𝐴 is the interfacial
area. Based on (1), the variable values are obtained and listed
in Table 2.

In addition, the relaxation energy 𝐸relaxion can be deter-
mined by an expression as follows:

𝐸relaxion =
(𝐸total − 𝐸total)
𝑁

, (2)

where 𝐸total and 𝐸total are the total energies of the unrelaxed
and relaxed interface systems, respectively, and 𝑁 is the
number of atoms in the system. Based on (2), the variable
values are obtained and listed in Table 3.

Table 2 shows that the bonding energy of the unrelaxed
interface is smaller than that of the relaxed one, indicating
that the relaxed interface is more stable. It is also shown
that the adhesion energy of Ge(110)/4H-SiC(0001) inter-
face is higher than that of the Ge(111)/4H-SiC(0001) inter-
face, indicating that Ge(110)/4H-SiC(0001) heterointerface
is more energetically stable than Ge(111)/4H-SiC(0001) het-
erointerface. As shown in Table 3, the relaxation energy
of Ge(110)/4H-SiC(0001) interface is lower than that of
Ge(111)/4H-SiC(0001) interface, suggesting that Ge(110) films
are easier to deposit on 4H-SiC(0001) substrates at relative
low temperatures, which is consistent with the conclusions in
[6].

The influence of relaxation on the atom positions at the
Ge/4H-SiC interfaces is investigated. Figures 4(a) and 4(b)
represent the atom-stacking structures of the post-optimized

Ge(110)/4H-SiC(0001) interface and Ge(111)/4H-SiC(0001)
interface, respectively. It is shown that the position of atoms
near the interface deviates from the original position to some
extent, displaying certain displaces. To quantitatively com-
pare the extent of relaxation between Ge(110)/4H-SiC(0001)
and Ge(111)/4H-SiC(0001) interface, corresponding varia-
tions of 𝑋𝑌𝑍 coordinates and variations of distance were
calculated, as shown in Figures 4(c)–4(j).The first and second
layers of atoms at the interface severely deviate from the
equilibrium position. Approaching to the bulk materials, the
deviations decrease drastically, suggesting that, as the inter-
face formed,merely one or two layers of atoms at the interface
were significantly influenced. In the meantime, one can also
observe that at the interface the variation of Ge atoms is
larger than that of SiC atoms, indicating that the relaxation
occurs mainly on the Ge side. It is shown that the variation of
atoms in Figure 4(d) is larger than that in Figure 4(c), which
is attributed to the fact that the lattice mismatch in the
𝑌 direction is greater than that in the 𝑋 direction at the
Ge(110)/4H-SiC(0001) interface. However, the variation of
the atoms in Figure 4(g) is almost the same as that in
Figure 4(h), since the lattice mismatch in the 𝑌 direction is
commensurate to that in the 𝑋 direction at the Ge(111)/4H-
SiC(0001) interface.

3.2.2. Electronic Structure and Bonding. In order to under-
stand the essence of bonds of Ge(111)/4H-SiC(0001) and
Ge(110)/4H-SiC(0001) interfaces, the total charge density
and charge density difference of Ge(111)/4H-SiC(0001) and
Ge(110)/4H-SiC(0001) interfaces are calculated, as shown in
Figures 5(a)–5(d), respectively. High charge accumulation
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Figure 4: Ge(110)/4H-SiC(0001) heterointerface and variations of 𝑋𝑌𝑍 coordinates and variation of distance are shown in (a) and (c–f),
respectively. Ge(111)/4H-SiC(0001) heterointerface and variations of 𝑋𝑌𝑍 coordinates and variation of distance are shown in (b) and (g–j),
respectively.
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Figure 5: Total charge density for Ge(111)/4H-SiC(0001) (a) and Ge(110)/4H-SiC(0001) heterojunction (c). The charge density difference for
Ge(111)/4H-SiC(0001) (b) and Ge(110)/4H-SiC(0001) heterojunction (d).

appears between interfacial Ge and Si atom at theGe(111)/4H-
SiC(0001) interface, indicating that Ge-Si bonding is formed
at the interface. The charge density difference of Ge(111)/4H-
SiC(0001) interface is displayed in Figure 5(b).The blue areas
represent the depletion region of the charges, and the yellow
areas show the accumulation region of the charge. It is shown
that an extremely large amount of charges, which mainly
come from the bulkmaterials near the interface, accumulated
at the Ge(111)/4H-SiC(0001) interface, suggesting the forma-
tion of Ge-Si bonding at interface due to the transfer of bulk
materials. For Ge(110)/4H-SiC(0001) interfaces, there are lots
of charge accumulation between Ge atom of Ge crystal and Si
atom of SiC crystal in interface, as shown in Figures 5(c) and
5(d). Therefore, the existence of Ge-Si bonding is proved.

An insight into the bonding properties of Ge(110)/4H-
SiC(0001) interface and Ge(111)/4H-SiC(0001) interface are
provided by calculating the partial density of states (PDOS)
of the interface. The partial density of states (PDOS) of
Ge(110)/4H-SiC(0001) interface and Ge(111)/4H-SiC(0001)
interface are shown in Figures 6(a) and 6(b), respectively.

It reveals that relaxation merely occurs in one or two layers
of atoms near the interface by analysing atoms position at
the interface. For comparison, hereby, the partial density of
states (PDOS) of Ge bulk and 4H-SiC bulk are displayed in
Figures 6(a) and 6(b) as well for comparison, and, as a result,
several distinct features can be observed. Firstly, compared to
the case of bulk materials, the first and second layers exhibit
delocalization and lower density, suggesting that electrons in
the first and second layers are transferred into the interface
and involved in the formation of bonding. Secondly, the
distribution of density of states of the first and second layers
shifts from the low energy region to the high energy region
as compared to the case of bulk materials, which is largely
caused by the rearrangement of the atoms and the formation
of the interface. Finally, the distribution of density of states of
the first and second layers on the Ge side severely deviates
from that of the bulk, showing similarity to the distribution
of density of states on the SiC side. Similar situation occurs
on the distribution of density of states of the first and second
layers on the SiC side, indicating that the distribution of
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Figure 6: Partial density of state (PDOS) of Ge(110)/4H-SiC(0001) (a) and Ge(111)/4H-SiC(0001) heterojunctions (b).
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density of states at the interface is influenced by the bulk
materials on both sides. As shown in Figure 6(a), on the Ge
side, the significant peaks appear in the ranges from −12.5 eV
to −6 eV, −6 eV to −5 eV, −5 eV to 1 eV, and 1 eV to 2.5 eV. The
densities of states from −12.5 eV to −6 eV and 1 eV to 2.5 eV
originate mainly from the Ge-4s, −5 eV to 1 eV is mainly
from the Ge-4p, and the Ge-4s and Ge-4p are mixed to the
density of states from −6 eV to −5 eV, indicating the presence
of Ge-Ge bonds.The density of states from−16 eV to−13 eV is
mainly originated from the C-2s and Si-3s,−13 eV to−10 eV is
mainly associated with the C-2s and Si-3p, −10 eV to −7.5 eV
is mostly related to the C-2p and Si-3s, and −7.5 eV to 0 eV
is largely originated from the C-2p and Si-3p. By comparing
with the bulk material, the distribution of density of states
at the heterointerface shifts toward low energy slightly.
Furthermore, by comparing the Ge(110)/4H-SiC(0001) and
Ge(111)/4H-SiC(0001) heterointerfaces, for the first Ge layer
of Ge slab and the first Si layer of 4H-SiC slab, several
distinct resonance peaks appear in the range of −4 eV to
0 eV as well. As shown in Figure 6(b), Ge(111)/4H-SiC(0001)
heterointerface significant resonance peaks appear as well.
The peaks mainly originate from the orbital hybridization of
Si-3p and Ge-4P, indicating the formation of Ge-Si bond at
the interface.

4. Conclusions

First-principles calculations are utilized to gain an insight
into the interfacial properties of Ge/4H-SiC. The stability,
electronic structure, and bonding properties of Ge(111)/4H-
SiC(0001) and Ge(110)/4H-SiC(0001) are mainly studied.The
works of adhesion of Ge(110)/4H-SiC(0001) and Ge(111)/4H-
SiC(0001) interfaces are 0.222 J/m2 and 0.106 J/m2, respec-
tively. The work of adhesion of Ge(110)/4H-SiC(0001) inter-
face is higher than that of the Ge(111)/4H-SiC(0001) interface,
leading to that Ge(110)/4H-SiC(0001) interface is more stable
than Ge(111)/4H-SiC(0001) interface. Ge(110)/4H-SiC(0001)
interface is easier to form at low temperatures due to its lower
relaxation energy as compared with Ge(111)/4H-SiC(0001)
interface. Calculations on the electronic structure and PDOS
indicate that the Ge-Si bonds have been formed at the
interface, which are mainly due to the orbital hybridization
of Si-3p and Ge-4P.
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Based on the effective-mass approximation and variational procedure, the ground-state donor binding energy in a cylindrical zinc-
blende In𝑥Ga1−𝑥N/GaN symmetric coupled quantum dots (SCQDs) is investigated in the presence of the external electric field.
Numerical results show that the donor binding energy increases firstly until a maximum value, and then it begins to drop quickly
in all the cases with decreasing the dot radius. As the thickness of left dot and right dot decreases, the donor binding energy increases
monotonically at first, reaches a maximum value, and then drops rapidly for an impurity ion located at the right dot center and the
middle barrier center. Moreover, the donor binding energy for an impurity ion located at the center of the left dot is insensitive to
the variation of dot thickness for large dot thickness due to the Stark effect. Meanwhile, the impurity position plays an important
role on the change of the donor binding energy under the external electric field. In particular, the impurity position corresponding
to the peak value of the donor binding energy is shifted toward the left QD with increasing the external electric field strength.

1. Introduction

Recent advances in modern fabrication techniques have
made it possible to grow wide-band-gap GaN-based low-
dimensional semiconductor quantum structures [1, 2] and
In𝑥Ga1−𝑥N ternary alloys, as one of the most important
members of the group III nitride semiconductor family such
as quantum wells (QWs), quantum well wires (QWWs),
and quantum dots (QDs), and have attached considerable
attention due to their unique electronic and optical proper-
ties, as well as their potential applications in electronics and
optoelectronic devices [3, 4]. Using molecular-beam epitaxy
and metal-organic chemical-vapor deposition methods, the
distance between two material layers can precisely be con-
trolled within a few angstroms experimentally.Therefore, the
coupling effects between adjacent dots become significant
and cannot be neglected, and their electronic structure
and optical properties may be adjusted effectively. In the
past many years, much theoretical and experimental work

have been devoted in investigating electronic structure and
binding energy of a hydrogenic impurity in different shape
QDs [5–19]. Liu et al. [5] studied the oscillator strengths of the
optical transitions of vertically stacked self-assembled InAs
quantum disks. Dong et al. [6] studied single-electron and
two-electron vertically assembled quantum disks in an axial
magnetic field using the effective-mass approximation. Liu
et al. [7] theoretically analyzed the influence of compres-
sive stress on shallow donor impurity states in symmetric
GaAs/Al𝑥Ga1−𝑥As double quantum dots. L. Z. Liu and J. J.
Liu studied [8] hydrogenic-donor impurity states in coupled
quantum disks in the presence of a magnetic field. Wang [9]
also investigated the ground-state donor binding energy and
the average interparticle distances for a hydrogenic impu-
rity in double quantum dots by using variational method.
Pressure-dependent shallow donor binding energies have
been reported in single QDs [10] and coupled QDs [11]. Xia
et al. [12] investigated hydrostatic pressure effect of donor
impurity states in zinc-blende (ZB) InGaN/GaN asymmetric
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coupled quantum dots. Several factors affect the binding
energy of an impurity ion, including the applied external
perturbation (magnetic field, hydrostatic pressure), the size
of QDs, the barrier thickness, and the position of the donor
ion.

On the other hand, applying an external electric field
is also a powerful tool to change the electronic and optical
properties of low-dimensional semiconductor structures.The
Stark effect of donor impurity states in a QD is a major
subject for QD physics and applications [13, 14]. The external
electric field effect on donor binding energy has been the
subject of intensive investigation [15–19]. Xia et al. studied
the hydrogenic impurity states in ZB InGaN single QD in
the absence of the applied electric field (GaN/AlN coupled
QDs) [15, 16]. Jiang et al. [17, 18] presented the external
electric field influence on the donor binding energy in a ZB
GaN/AlGaN cylindrical (spherical) QD.We also investigated
the combined effects of an intense laser field, electric field,
and hydrostatic pressure on donor impurity states in zinc-
blende InGaN/GaN quantum dots [19].

However, as we know, multiple QDs rather than single
QD are adopted in the commonly used GaN-based optoelec-
tronic devices. And few papers are involved in investigating
the shallow donor impurity states in ZB In𝑥Ga1−𝑥N/GaN
SCQDs under the external electric field to date. Thus, it is
necessary to study the external electric field effect of the
donor impurity states in ZB GaN-based coupled QDs. In this
paper, using effective-mass approximation and variational
procedure, we report the calculation of ground-state donor
binding energy in coupled QDs in the presence of an electric
field along the growth direction of the SCQDs. The effects
of the structure parameters of the SCQDs, the impurity
position, and the applied electric field are all taken into
account. This work is organized as follows: in Section 2 we
present our theoretical framework, the numerical results are
discussed in Section 3, and finally, the conclusions are given
in Section 4.

2. Theoretical Framework

2.1. Hamiltonian. Within the effective-mass approximation,
the Hamiltonian for a hydrogenic impurity in a cylindrical
ZB In𝑥Ga1−𝑥N/GaN SCQDs under the influence of applied
electric field F in the 𝑧-direction, as shown in Figure 1, may
be written by [8]

�̂� = 𝐻0 − 𝑒2
4𝜋𝜀0𝜀 →𝑟 − →𝑟 0 (1)

with

𝐻0 = − ℏ2
2𝑚∗
𝑤,𝑏

[1𝜌
𝜕
𝜕𝜌 (𝜌

𝜕
𝜕𝜌) +

1
𝜌2

𝜕2
𝜕𝜑2 +

𝜕2
𝜕𝑧2]

− 𝑒2
𝜀𝑤,𝑏 →𝑟 − →𝑟 0

+ 𝑉 (𝜌, 𝑧) + 𝑒→𝐹𝑧,
(2)

where |→𝑟 − →𝑟 0| = [𝜌2 + (𝑧 − 𝑧0)2]1/2 is the distance between
an impurity ion and the electron. 𝐹 is the applied electric

field along the SCQDs growth direction. The subscripts 𝑤
and 𝑏 stand for dot layer and barrier layer materials, respec-
tively. 𝑚∗𝑤,𝑏 and 𝜀𝑤,𝑏 are the conduction effective masses and
dielectric constants of dot layer and barrier layer, respectively.𝑉(𝜌, 𝑧) is the radial and z-direction confinement potential
due to the conduction band offset in ZB In𝑥Ga1−𝑥N/GaN
SCQDs, which can be given as follows [10]:

𝑉 (𝜌, 𝑧)

= {{{{{
𝑉(𝜌) 𝜌 ≤ 𝑅, 𝜌 > 𝑅
𝑉 (𝑧) 𝑧 < −𝐿mb2 , −𝐿mb2 ≤ 𝑧 ≤ 𝐿mb2 , 𝑧 > 𝐿mb2

𝑉 (𝜌) = {{{
0 𝜌 ≤ 𝑅
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𝑉 (𝑧) =

{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{{

𝑉0 𝑧 < −(𝐿 lw + 𝐿mb)2
0 −(𝐿 lw + 𝐿mb)2 < 𝑧 < −𝐿mb2
𝑉0 −𝐿mb2 ≤ 𝑧 ≤ 𝐿mb2
0 𝐿mb2 < 𝑧 < (𝐿 rw + 𝐿mb)2
𝑉0 𝑧 > (𝐿 rw + 𝐿mb)2 ,

(3)

where 𝑉0 = 𝑄[𝐸𝑔(GaN) − 𝐸𝑔(In𝑥Ga1−𝑥N)]. 𝐸𝑔(GaN) and𝐸𝑔(In𝑥Ga1−𝑥N) are the band gap energies of the materials
GaN and In𝑥Ga1−𝑥N, respectively. In order to calculate the
ground-state donor binding energy in ZB In𝑥Ga1−𝑥N/GaN
SCQDs, the trial wave function may be written as follows
[11, 12]:

𝜙 (𝜌, 𝜙, 𝑧) = 𝑁𝑓 (𝜌) ℎ (𝑧) 𝑒𝑖𝑙𝜙𝑒−𝜆𝜌2−𝛽(𝑧−𝑧0)2 ,
𝑙 = 0, ±1, ±2, . . . , (4)

where N is the normalization constant and 𝜆 and 𝛽 are
variational parameters. Former 𝑓(𝜌) and latter ℎ(𝑧) are
the radial and the axial wave functions, respectively. The
former can be obtained through the Bessel function 𝐽𝑚
and the modified Bessel function 𝐾𝑚, while the latter can
be expressed by means of the Airy functions Ai and Bi. 𝑙
is the electron 𝑧-component angular momentum quantum
number. The former is given by [19]

𝑓 (𝜌) = {{{{{

𝐽0 (𝛼𝜌) 𝜌 ≤ 𝑅
𝐽0 (𝛼𝑅)𝐾0 (𝜏𝑅)𝐾0 (𝜏𝜌) 𝜌 > 𝑅, (5)
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Figure 1: A diagram of a cylindrical ZB In𝑥Ga1−𝑥N/GaN symmetric coupled QDs of the radius 𝑅, the left dot height 𝐿 lw, the middle barrier
width 𝐿mb, and the right dot height 𝐿 rw.The 𝑧-axis is defined to be the growth direction of the SCQDs, and the external electric field is applied
along 𝑧-axis of the coupled QDs.

where the constants (𝛼 and 𝜏) in (5) are determined from the
continuity of the derivative of the radial wave function at the
SCQDs boundary. The latter is given by

ℎ (𝑧)

=

{{{{{{{{{{{{{{{{{{{{{{{{{{{{{

𝐶1Ai (𝜀1) + 𝐷1Bi (𝜀1) −𝐿𝑏 − 𝐿 lw − 𝐿mb2 < 𝑧 ≤ −𝐿 lw − 𝐿mb2
𝐶2Ai (𝜀2) + 𝐷2Bi (𝜀2) −𝐿 lw − 𝐿mb2 < 𝑧 ≤ −𝐿mb2
𝐶3Ai (𝜀3) + 𝐷3Bi (𝜀3) −𝐿mb2 < 𝑧 ≤ 𝐿mb2
𝐶4Ai (𝜀4) + 𝐷4Bi (𝜀4) 𝐿mb2 < 𝑧 ≤ 𝐿 rw + 𝐿mb2
𝐶5Ai (𝜀5) + 𝐷5Bi (𝜀5) 𝐿 rw + 𝐿mb2 < 𝑧 < 𝐿 rw + 𝐿mb2 + 𝐿𝑏.

(6)

Here 𝜀𝑗 = ((2𝑚∗𝑤,𝑏(𝑝)/ℏ2)𝑒𝐹)1/3(𝑧 − 𝐸𝑧 − 𝑉(𝑧)/𝑒𝐹). The
coefficients𝐶𝑗 and𝐷𝑗 (j= 1, 2, 3, 4, and 5) of the eigenfunctionℎ(𝑧) at the interfaces can be obtained by using transfer matrix
methods [20]. The ground-state donor impurity energy
is evaluated by minimizing the expectation value of the
Hamiltonian with respect to the parameters 𝜆 and 𝛽. With
the adiabatic approximation, the donor binding energy of a
hydrogenic impunity 𝐸𝑏 is defined as the difference between
the ground-state energy of the system with and without
impurity; that is, [20]

𝐸𝑏 = 𝐸0𝜌 + 𝐸0𝑧 −min
𝜆,𝛽

⟨𝜓 | 𝐻 | 𝜓⟩
⟨𝜓 | 𝜓⟩ , (7)

where 𝐸0𝜌 and 𝐸0𝑧 are the radial and the axial ground-
state energies of the electron in ZB In𝑥Ga1−𝑥N/GaN SCQDs,
respectively.

3. Results and Discussion

We have calculated the ground-state donor binding energy𝐸𝑏 as functions of the dot radius R, the dot thickness𝐿 (𝐿 lw = 𝐿 rw = 𝐿), the middle barrier width 𝐿mb, the
impurity positions 𝑧0, and the applied electric field 𝐹 in a ZB
In𝑥Ga1−𝑥N/GaN SCQDs. All parameters used in the present
paper are the same as in [21]. The electron effective mass is𝑚∗𝑤 = [0.2(1−𝑥)+0.12𝑥]𝑚0 for In𝑥Ga1−𝑥Nmaterial and𝑚∗𝑏 =0.2𝑚0 for GaNmaterial [21], and𝑚0 is the free space electron
mass. The band gap energy of ZB In𝑥Ga1−𝑥N of indium
composition 𝑥 can be given as follows [21]: 𝐸𝑔(In𝑥Ga1−𝑥N) =0.78𝑥 + 3.52(1 − 𝑥) − 1.4𝑥(1 − 𝑥). The band offset ratio is
assumed to be 80 : 20. The concentration 𝑥 in the In𝑥Ga1−𝑥N
material is selected as 0.15.

The ground-state donor binding energy in a ZB
In𝑥Ga1−𝑥N/GaN SCQDs is displayed in Figure 2 as a
function of the dot radius for different external electric fields
(𝐹 = 0, 30, and 50 kV/cm). The impurity ion is located at the
left dot center (𝑧0 = −(𝐿 lw +𝐿mb)/2). It can be seen obviously
in Figure 2 that the donor binding energy increases firstly
until a maximum value, and then it begins to drop quickly in
all the cases with the decrease of the dot radius.The behavior
is related to the variation of the electron confinement in
ZB In𝑥Ga1−𝑥N/GaN SCQDs. The electron wave function
is more firmly localized inside the QD with decreasing
the dot radius, and the Coulomb interaction between the
electron and the impurity ion is enhanced, so the donor
binding energy increases correspondingly. However, below a
certain value of the radius, the donor binding energy starts
decreasing due to leakage of the electron wave function into
the barrier region. In addition, curves (1–3) also display that
the donor binding energy becomes larger with the increase
of the applied electric field. This can be explained that as
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Figure 2: The ground-state donor binding energy 𝐸𝑏 in a ZB
In𝑥Ga1−𝑥N/GaN symmetric coupled QDs as a function of the dot
radius R with 𝐿 lw = 5 nm, 𝐿mb = 1 nm, 𝐿 rw = 5 nm, 𝜌0 = 0. In these
calculations were considered three values of the applied electric
field—zero (curve 1), 𝐹 = 30 kV/cm (curve 2), and 𝐹 = 50 kV/cm
(curve 3).

the applied electric field becomes large, the electron wave
function can be shifted toward the left QD in the same spatial
confinement, thus leading to a larger donor binding energy.

Figure 3 displays the QD thickness effect on the ground-
state donor binding energy with the parameters (𝐿mb =
1.0 nm, 𝑅 = 10 nm, and 𝜌0 = 0) for three different
positions of the impurity ion: at the right dot center (curve
1), at the left dot center (curve 2), and at the middle barrier
center (curve 3). The external electric field along the growth
direction of the SCQDs is selected as F = 30 kV/cm. The
thickness of left dot and right dot are selected as the same 𝐿
in the calculation. It can be seen from curves (1 and 3) that
the donor binding energy increases monotonically at first,
reaches a maximum value, and then drops rapidly as the dot
thickness decreases. The physical reason can be explained
as follows: the size quantization confinement of the electron
wave function goes stronger with decreasing the thickness of
left dot and right dot, and the Coulomb interaction between
the electron and the impurity ion becomes larger, and the
donor binding energy increases correspondingly. When the
thickness of left dot and right dot decreases to a certain value,
the probability of the electron leaking into barrier region
increases greatly, and hence the Coulomb action between
the electron and the impurity ion diminishes accordingly.
Comparing curve 2 with the others, it is found that the donor
binding energy is insensitive (sensitive) to the variation of the
dot thickness for large (small) dot thickness for an impurity
ion located at the left dot center. This can be explained by
the fact that the electron wave function is strongly shifted
into the left QD for large dot thickness under the external
electric field and has less freedom to penetrate into the
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Figure 3: The ground-state donor binding energy 𝐸𝑏 in a ZB
In𝑥Ga1−𝑥N/GaN symmetric coupled QDs as a function of the QD
thickness 𝐿 (𝐿 lw = 𝐿 rw = 𝐿) for 𝑅 = 10 nm, 𝐿mb = 1 nm,𝐹 = 30 kV/cm, 𝜌0 = 0. Curves 1, 2, and 3 are for the impurity
positions 𝑧0 = (𝐿 rw + 𝐿mb)/2, −(𝐿 lw + 𝐿mb)/2, 0, respectively.

right QD. The average distance between the electron and
the impurity ion remains almost constant. Moreover, the
spatial confinement effect of the electron wave function
is much higher than the external electric field effect for
smaller dot thickness. When the dot thickness decreases to
a certain value, the probability of the electron penetrating
into the potential barrier increases greatly, and the Coulomb
interaction between the electron and the impurity ion is
weakened accordingly. These behaviors can be explained as
the competition effects between external electric field and
spatial confinement in a ZB In𝑥Ga1−𝑥N/GaN SCQDs.

The effect of the middle barrier width on the donor
binding energy for different impurity positions with the
parameters (R = 10 nm, 𝐿 lw = 4 nm, 𝐿mb = 1 nm, 𝐿 rw =4 nm, 𝐹 = 30 kV/cm) is displayed in Figure 4. It can be
seen in Figure 4 that when the middle barrier width 𝐿mb is
zero, the donor binding energy for the impurity ion located
at the center of left dot (curve 1) and right dot (curve 3)
is smaller than the one for the impurity ion located at the
center of middle barrier (curve 2). These behaviors can be
explained as follows. When the middle barrier width goes to
zero, the donor binding energy goes to the exact values for a
single QD with 𝑅 = 10 nm and 𝐿𝑤 = 8 nm. Therefore, the
electron can occupy a larger free space without the middle
barrier. The electron cloud is distributed mainly around the
impurity position 𝑧0 = 0. The average distance between
the electron and the impurity ion decreases, which leads to
the increase of the donor binding energy. Curves (1 and 3)
demonstrate that the donor binding energy decreases firstly,
reaches a minimum value, and then increases gradually as
the middle barrier thickness 𝐿mb increases. This is because
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Figure 4: The ground-state donor binding energy 𝐸𝑏 in a ZB
In𝑥Ga1−𝑥N/GaN symmetric coupled QDs as a function of the
middle barrier width 𝐿mb for 𝑅 = 10 nm, 𝐿 lw = 4 nm, 𝐿 rw = 4 nm,𝐹 = 30 kV/cm, 𝜌0 = 0 for different impurity positions 𝑧0.

the two QDs are decoupled due to the existence of the small
middle barrier width, and the probability of the electronwave
function in left dot and right dot penetrating into the middle
barrier becomes larger, which leads to the weakening of the
Coulomb interaction between the electron and the impurity
ion. Therefore, the donor binding energy decreases slightly.
Moreover, when the middle barrier thickness increases to a
certain value, the coupling effect between the two QDs on
the donor binding energy becomes weaker gradually under
the external electric field.The bigger themiddle barrier width
is, the stronger the localization effect of the electron wave
function in left dot and right dot is due to the Stark effect.The
probability of the electron wave function confined around
the impurity ion becomes large.Therefore, the donor binding
energy for the impurity ion located at the center of left dot
and right dot increases correspondingly. Comparing curve
1 and curve 2, in the same spatial confinement, the donor
binding energy for the impurity ion located at the center
of left dot is much larger than the one for the impurity
ion located at the center of right dot. This is because that
the applied electric field pushes greatly the electron wave
function into the left QD of the SCQDs. In addition, curve
2 also demonstrates that the donor binding energy for the
impurity ion located at the center of the middle barrier
decreases gradually with the increase of the middle barrier
width. This is because that the probability of the electron
wave function penetrating into the middle barrier becomes
small under the external electric field with the increase of
the middle barrier width. The Coulomb interaction between
the electron and the impurity ion weakens gradually, and the
donor binding energy decreases correspondingly.

In Figure 5, the external electric field effect on the ground-
state donor binding energy for different impurity positions
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Figure 5: The ground-state donor binding energy 𝐸𝑏 in a ZB
In𝑥Ga1−𝑥N/GaN symmetric coupled QDs as a function of the
electric field 𝐹 for 𝑅 = 10 nm, 𝐿 lw = 4 nm, 𝐿mb = 1 nm, 𝐿 rw = 4 nm,𝜌0 = 0. Curves 1, 2 are for the impurity positions 𝑧0 = −(𝐿 lw+𝐿mb)/2,(𝐿 rw + 𝐿mb)/2, respectively.

(𝑧0 = −(𝐿 lw + 𝐿mb)/2 (curve 1), 𝑧0 = (𝐿 rw + 𝐿mb)/2 (curve
2)) is showed with the parameters (𝑅 = 10 nm, 𝐿 lw = 4 nm,𝐿mb = 1 nm, 𝐿 rw = 4 nm). For the impurity ion located
at the center of the left QD (curve 1), the increase of the
applied electric field F leads to an enhancement of the donor
binding energy. It is because that as the applied electric field
increases, the probability of the electron penetrating into
the left dot increases greatly, and the electron is strongly
confined around the impurity ion. In addition, curve 2
also shows that the donor binding energy increases firstly,
reaches a maximum value, and then decreases gradually.
The main reason is as follows: the smaller external electric
field enhances the localization effect of the electron wave
function in the right dot. The distance between the electron
and the impurity ion decreases, which causes the increase
of the donor binding energy. When the applied electric field
increases to a certain value, the probability of the electron in
the right dot leaking into barrier layer and left dot increases
greatly, which leads to the decrease of the donor binding
energy. In addition, the stronger the applied electric field is,
the more significant the change of the donor binding energy
is.The same effect has also been observed for vertical-stacked
InGaN/GaN multiple-quantum wells [20].

In Figure 6, the ground-state donor binding energy is
investigated as a function of the axial position 𝑧0 of the
impurity ion in the ZB In𝑥Ga1−𝑥N/GaN SCQDs with the
parameters 𝑅 = 10 nm, 𝐿 lw = 4 nm, 𝐿mb = 1 nm, 𝐿 rw =4 nm, 𝜌0 = 0 and with different external electric fields (𝐹 = 0,
30 kV/cm, and 50 kV/cm). Curve 1 demonstrates that, in the
absence of the electric field, the donor binding energy has
two maximum values, which are located at the center of left
and right QDs and symmetrical with respect to the middle
barrier center. This can be understood such that the electric
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Figure 6: The ground-state donor binding energy 𝐸𝑏 in a ZB
In𝑥Ga1−𝑥N/GaN symmetric coupled QDs as a function of the
impurity position 𝑧0 for 𝑅 = 10 nm, 𝐿 lw = 4 nm, 𝐿mb = 1 nm,𝐿 rw = 4 nm, 𝜌0 = 0 for different external electric field F = 0,
30 kV/cm, and 50 kV/cm.

field effect on the system disappears and leads to the coupled
QDs becoming a symmetrical configuration. The electron
wave function is strongly and symmetrically confined inside
left dot and right dot of the ZB In𝑥Ga1−𝑥N/GaN SCQDs in
the spatial confinement, and therefore the increment of the
Coulomb interaction between the electron and the impurity
ion that causes the increase of the donor binding energy. In
addition, it may also be seen in curves (2-3) that when the
external electric field is applied, only a maximum value is
remained. And the impurity position corresponding to the
peak value of the donor binding energy is shifted toward
left dot of the ZB In𝑥Ga1−𝑥N/GaN SCQDs with increasing
the external electric field. This is because the applied electric
field pushes greatly the electron wave function into left dot
of the SCQDs. Figure 6 also demonstrates that the stronger
the applied electric field is, the bigger the peak value of
the donor binding energy is. It is because the maximum
localization effect of the electron wave function in the ZB
In𝑥Ga1−𝑥N/GaN SCQDs strengthens as the applied electric
field increases. As a general feature, these behaviors can be
explained as the combined effects between external electric
field, quantum confinement, and coupled action of the
SCQDs.

4. Conclusion

In conclusion, we have investigated the combined effects of
an external electric field, spatial confinement, and coupled
action on a shallow donor impurity confined in a cylindrical
ZB In𝑥Ga1−𝑥N/GaN symmetric coupled QDs. The calcula-
tions were performed by using a variational procedure based
on the effective-mass approximation. The donor binding

energy is investigated as a function of the dot radius, the
dot thickness, the external electric field, and the impurity
position. Number results can be summarized as follows:(1) as the QD radius increases, the donor binding energy
increases firstly until a maximum value, and then it begins
to drop quickly in all the cases; (2) as the dot thickness L
decreases, the donor binding energy increases monotonically
at first, reaches a maximum value, and then drops rapidly for
the impurity located at right dot center and middle barrier
center. Moreover, the donor binding energy is insensitive
to the variation of dot thickness for large dot thickness
when the impurity ion is located at the left dot center. (3)
When the impurity ion is located at the center of left dot
and right dot, respectively, as the middle barrier thickness𝐿mb increases, the donor binding energy decreases firstly,
reaches a minimum value, and then increases gradually. And
the donor binding energy for the impurity ion located at
the center of middle barrier decreases gradually with the
increase of the middle barrier width. (4)The external electric
field significantly affects the distribution of the electron wave
function in the ZB In𝑥Ga1−𝑥N/GaNSCQDs.And the electron
wave function is shifted toward the leftQDunder the external
electric field. (5) In the absence of the electric field, the
donor binding energy has two maximum values, which are
symmetrically located on the center of left dot and right dot
of ZB In𝑥Ga1−𝑥N/GaN SCQDs. When the external electric
field is applied, only a maximum value is remained, and the
stronger the applied electric field is, the bigger the peak value
of the donor binding energy is. The main results obtained
in this paper might be suitable for other ZB semiconductor
quantum structures. We hope that these calculation results
can stimulate further investigations of the physics and device
applications of group III nitride materials.
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Glass ceramics containingYb3+, Er3+ codopedBa2LaF7 nanocrystals were fabricated viamelt quenchingmethod and the subsequent
heating treatment. The formation of Ba2LaF7 nanocrystals in the glass ceramics was confirmed by X-ray diffraction (XRD) and
transmission electron microscope (TEM). The spontaneous upconversion (UC) emission and the stimulated counterpart as a
random lasing action of Er3+, which were related to the characteristic transitions of Er3+ ions, were achieved in the Yb3+, Er3+-
doped Ba2LaF7 nanocrystals embedded glass ceramic hybrid. Furthermore, the absorption spectra verified the surface plasmon
resonance (SPR) band of Ag, which precipitated from the matrix glasses as Ag nanoparticles (NPs). By incorporating Ag NPs in the
glass ceramic hybrid, spontaneous UC emission intensity of Er3+ in visible region was significantly enhanced, while the threshold
of the random lasing was decreased from 480 to 350 nJ/cm2.

1. Introduction

The integration of novel luminescent nanometer materials
into glassy matrix can bring about new and promising optical
hybrid materials and photonic devices in recent years [1].
Great enhancement of optical emission efficiency was real-
ized in fluorosilicate glasses by the growth of the lanthanide
doped fluoride nanocrystals embedded in the glass matrix
[2]. Lanthanide-containing UC nanocrystals have become
distinct candidates for biomedical imaging, anticounter-
feiting, biological sensing, solar energy management, data
storage, and 3D volumetric displays, which enable higher-
energy emissions in the ultraviolet to visible spectral range by
upconverting two or more near-infrared excitation photons
[3, 4]. Once lanthanide ions are located inside the fluoride
nanocrystals, they will be in the low phonon energy envi-
ronment. So the multiphonon relaxation rates can be signif-
icantly reduced from some excited states [5, 6]. Oxyfluoride
glass ceramics combine the favorable properties of fluoride

crystal (low refractive index and phonon energy) and the
oxide glasses (high chemical stability and large solubility of
rare-earth (RE) ions). Thus, oxyfluoride glass ceramics have
potential applications in the fields of luminescence applica-
tions and laser [7].

Er3+-doped UC materials are popular due to their high
luminescence quenching concentration compared to other
rare-earth ions. In addition, Er3+ ions have a large spectral
overlap with Yb3+, and Yb3+ ions can absorb the photons of
980 nm effectively. Therefore, Yb3+ and Er3+ codoping mate-
rials can enhance the UC efficiency through the energy
transfer, which demonstrated that the Yb3+ and Er3+ codop-
ing materials exhibit excellent luminescent properties. SPR
arises by the collective oscillation of electrons on the metal
nanoparticles, which can have either beneficial or deleterious
effect depending on the position of the SPR peak and the
distance of the luminophore from the metal surface [8, 9].
Recently, SPR has been energetically used to improve the
emission efficiency of luminescent materials and devices.
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Figure 1: (a) DSC of 0.5 Ag sample. (b) XRD patterns of glass ceramic samples with different Ag concentration.

For example, the photoluminescence (PL) intensity in the
dye-doped polymers [10], CdSe quantum dots [11], Si quan-
tum dots [12], ZnO films [13, 14], and InGaN quantum wells
[15] was improved significantly due to the SPR excitation. In
contrast to the continuous efforts to spontaneous emissions,
little knowledge has been known in the stimulated counter-
parts. However, the incorporation of metallic nanostructures
into optical gain media may lead to a breakthrough of laser
devices, that is, to beat the diffraction limit with regard to
both of the physical dimension and optical mode size [16].
Besides, the enhanced local field occurring in hot spots is par-
ticularly important to trigger low threshold lasing resonance
because it can locally enhance the pump rate of gain media
[7, 17].

Thus, in this work, Yb3+, Er3+-doped Ba2LaF7 glass ce-
ramic as an effective UC material was synthesized via con-
ventional melt quenching technique and the subsequently
heat treatment. Besides, a nanosecond laser pumped random
lasing action has been achieved in the silicate oxyfluoride
glass ceramics containing Ba2LaF7 nanocrystals. By incorpo-
rating Ag NPs, spontaneous UC emission intensity of Er3+ in
visible region was drastically enhanced, while the threshold
of the random lasing decreased significantly from 450 to
350 nJ/cm2.

2. Experimental

The glass ceramic samples were prepared according to the
following composition (mol%): 45SiO2-15Al2O3-12Na2CO3-
20BaF2-6.5LaF3-1YbF3-0.5ErF3 doped with 𝑥 wt% of Ag2O
by the conventional melt quenching technique (𝑥 = 0,
0.1, 0.3, 0.5, 0.7), denoted as 0 Ag, 0.1 Ag, 0.3 Ag, 0.5
Ag, and 0.7 Ag. About 10 g of original material was fully
mixed and then melted in an air atmosphere at 1500∘C for
45min. The crucible was covered with an alumina cap to
avoid volatilization loss. The molten glass was cast into a
carbon plate maintained at about 300∘C. The glass samples
were annealed at 500∘C for 8 h to avoid internal stress. The

obtained glasswas thermally treated at 670∘C for 2 h to induce
crystallization.

XRD was performed using a D8 Focus diffractometer
(Bruker) with Cu-K𝛼 radiation (𝜆 = 0.15405 nm) in the 2𝜃
range from 20∘ to 70∘. The UC photoluminescence spectra
in the wavelength range of 450 to 700 nm were recorded by
using a HITACHIF-7000. Fluorescence spectrophotometer
was under the excitation of 980 nm laser diode with the
power of 2W. The absorption spectra were recorded in the
wavelength range from 350 to 600 nm using a Model U-
4100 Spectrophotometer. To detect the nucleation and growth
of Ag NPs, a TEM (JEM-2100) operating at an accelerating
voltage of 200 kV was used. For the laser measurement, a
Continuum Panther EX optical parametric oscillator and a
355 nm frequency-tripled Continuum Powerlite DLS 9010
Q-switched Nd: YAG laser were used to generate 980 nm
pump pulses of width and repetition rate of ≈6 ns and 10Hz,
respectively. The laser beam of diameter equal to 8mm was
focused on the surface of the glass ceramics by a cylindrical
lens with focal length of 100mm. Light emitted from the
side of the glass was recorded by an optical fiber connected
to a spectrum analyzer (Oriel MS257 monochromator with
spectral resolution ≈ 0.1 nm). The sample was placed in a
temperature regulating chamber with N2 (Linkam DSC 600
stage system). For the sample under pulse excitation, the
temperature rise was negligible due to the influence of the
optical pumping. However, for continuous wave excitation
samples, the average temperature of the samplemust be offset
18 K.

3. Results and Discussion

Figure 1(a) shows the differential scanning calorimetry (DSC)
spectrum of the 0.5 Ag sample. As can be seen in this
figure, there are three temperature parameters: the glass
transition temperature (𝑇𝑔) located in the vicinity of 574∘C
and temperature of two crystallization peaks (𝑇𝑐1, 𝑇𝑐2)
located at the vicinity of 630∘C and 745∘C. According to the
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Figure 2: (a) TEM micrograph of 0 Ag sample: the inset is the SAED pattern of the 0 Ag sample. (b) HR-TEM image of 0 Ag sample: the
inset is the enlargement of HR-TEM image of the corresponding sample. (c) TEM micrograph of 0.5 Ag sample. (d) HR-TEM image of 0.5
Ag sample: the inset is the enlargement of HR-TEM image of the corresponding sample.

differential thermal analysis (DTA) results analysis, in this
study, all the prepared glasses were heat-treated at 670∘C for
2 h to precipitate nanocrystals. Figure 1(b) displays the XRD
patterns of the samples by modulating the Ag concentration,
respectively. All the diffraction peaks of the samples are
in good agreement with hexagonal Ba2LaF7 (the standard
JCPDS 48-0099). No second phase is detected in the XRD
pattern, revealing that the high purity cubic phase of Ba2LaF7
has been fabricated.

The TEM micrograph of the 0 Ag sample in Figure 2(a)
demonstrates that Ba2LaF7 nanocrystals with the diameter of
7–12 nm distribute homogeneously among the glass matrix.
HR-TEM image of Figure 2(b) shows the presence of clear
and resolved lattice fringes of 0 Ag sample. The inset in
Figure 2(b) is the enlargement of HR-TEM image of the
corresponding sample. As shown in the inset of Figure 2(b),
the interplanar distance between the adjacent fringes is deter-
mined to be 0.427 nm, which matches well, respectively, with
those of the (111) plane of the cubic Ba2LaF7. The TEM image
of the 0.5 Ag sample is shown in Figure 2(c), indicating the
presence of near-spherical NPs distributed homogeneously
in the glass matrix with the particle size of about 2 to 4 nm.
Figure 2(d) is the HR-TEM image of 0.5 Ag sample and the
enlargement of HR-TEM image of the corresponding (the
inset of Figure 2(d)). It shows that the interplanar distance
between the adjacent fringes is determined to be 0.261 nm
ascribed to the (200) planes of Ag. Thus, it is unambiguous

evidence that Ag NPs are randomly distributed in the glass
matrix.

Figure 3(a) shows the UC photoluminescence spectra of
0 Ag, 0.1 Ag, 0.3 Ag, 0.5 Ag, and 0.7 Ag samples pumped by
980 nm with 60W/cm2 excitation density. The characteristic
green (540 nm) and red (658 nm) emissions, corresponding
to 4S3/2→

4I15/2 and
4F9/2→

4I15/2 transitions of Er
3+, respec-

tively, are simultaneously observed. The UC emission inten-
sity is greatly improved with increasing concentration of
Ag2O, and the maximum enhancement is realized when
the concentration of Ag2O is up to 0.5 wt%. Then, the UC
emission intensity decreases with further increase of Ag2O
concentrations. The inset exhibits the absorption spectra
of the 0 Ag, 0.1 Ag, 0.3 Ag, 0.5 Ag, and 0.7 Ag samples.
Absorption bands attributed to 4f-4f transitions of Er3+ ions
corresponding to transitions starting from the ground state
to the excited states are observed. As shown in the inset,
the absorption spectra of the sample with Ag2O show a
distinctive band centered at 420 nm that is attributed to the
SPR associated with the Ag NPs [18]. The primary reason
for such fluorescence intensification of RE ions which is
attributed to a local field enhancement induced by SPR of
metal NPs has been accepted [19–23].

In order to investigate the dependence of theUC emission
intensities on the Ag2O concentrations in detail, the emission
decay curves of the 4S3/2→

4I15/2 transitions of Er
3+ in the

series of Ag doped samples were measured under the 980 nm
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Figure 3: (a) UC luminescence spectra of samples with different Ag concentration under the excitation of 980 nm laser diode: the inset is
absorption spectra of samples by modulating the Ag concentration. (b) Room temperature luminescence decay curves of 4S3/2→

4I15/2 (Er
3+)

transition of the 0 Ag, 0.1 Ag, 0.3 Ag, 0.5 Ag, and 0.7 Ag samples.

excitation, as displayed in Figure 3(b). The effective experi-
mental lifetime can be evaluated as follows:

𝜏eff =
∫ [𝐼 (𝑡) ∗ 𝑡 ∗ 𝑑𝑡]

∫ [𝐼 (𝑡) ∗ 𝑑𝑡]
, (1)

where 𝐼(𝑡) represents the luminescence intensity at time 𝑡
after the cut-off of the excitation light. The lifetime of the
transitions of 4S3/2→

4I15/2 is determined to be 0.400, 1.122,
1.459, 0.982, and 0.732ms in the 0 Ag, 0.1 Ag, 0.3 Ag, 0.5
Ag, and 0.7 Ag samples, respectively. The lifetime decreases
after the first increase, and the variation tendency agrees
well with the change of UC luminescence intensities of green
emission.The lifetime result is an evidence of an accelerating
energy transfer from Yb3+ to Er3+ with increasing Ag NPs
content [24, 25], which indicates that some energy transfer
from fluorescent Ag NPs to Er3+ cannot be totally ignored.

Interestingly, microcavities can be realized by randomly
embedding Ba2LaF7:Yb

3+, Er3+ nanocrystals inside the glass
and random lasing action can be achieved in the glass
ceramic. The optically pumped spectra of 0.5 Ag sample
were collected under the 980 nm nanosecond laser beam;
it was found that the Ag NPs decorated glass ceramics
containing Ba2LaF7 nanocrystals exhibit a similar optically
pumped random lasing characteristic as the corresponding
glass ceramics without Ag. Figure 4(a) shows the lasing
characteristics of the glass ceramics with the decoration of
Ag NPs under different 980 nm pulsed excitation power at
room temperature. As the pump energy exceeds an excitation
threshold, 𝑃th, of 385 nJ/cm2 (i.e., kink of the light-light
curve as shown in Figure 4(b)), one sharp peak emerges from
the emission spectrum. In addition, further increase of the
excitation intensity increases the number of sharp peaks. In

this case, the sharp peaks represent the formation of closed-
loop paths for light (i.e., the realization of microcavities
due to the coherent optical feedback from the Ag NPs).
Figure 4(b) provides a direct proof of the central role of
local field enhancement in the emergence of low threshold
lasing resonance, and the threshold of the lasing decreased
from 480 to 350 nJ/cm2 with decorating of Ag NPs. It can
be safe to say that the enhanced local field occurring in hot
spots is particularly important to trigger low threshold lasing
resonance since it can locally enhance the pump rate of gain
media [26, 27]. The corresponding plot of Fourier transform
spectrum, as shown in Figure 4(c), exhibits periodic features,
indicating the formation of closed-loop paths, and the round-
trip cavity length of the randommodes inside the glass hybrid
is ca. 9.81 𝜇m. The inset of Figure 4(a) is the photograph of
the 0.5 Ag under the excitation of 980 nm nanosecond laser.
It is clearly seen that a collimated output beam is emitted
from one of the edge facets from the glass. The green spot
projected behind a lens represents an output beam of lasing.
This indicates that the output beam is highly directional and
spatially coherent at a particular direction.

4. Conclusions

The spontaneous UC emissions intensity of Er3+ is drastically
improved with the Ag NPs emerged in Ba2LaF7 glass ceramic
for the contribution of the SPR and some of the energy
transfer from Ag NPs to Er3+. Meanwhile, the stimulated
emission as a random lasing action is achieved in this hybrid
material. It is found that the incorporation of Ag NPs is
advantageous in reducing the threshold of the lasing action.
Therefore, the new class of hybrid glasses allows for fiber-
based devices to be developed for photonic applications or
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Figure 4: (a) Emission spectra of 0.5 Ag sample under different pump intensity of 980 nm nanosecond lasers: the inset is the photograph of
0.5 Ag sample under excitation of 980 nm nanosecond. (b) Integrated emission intensity of 0 Ag and 0.5 Ag samples versus pumping energy
density. (c) Plot of Fourier transform (FT) patterns of the lasing spectra of the 0.5 Ag sample.

as a useful tool for tailoring light-nanoparticles interactions
study.
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