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A truly extraordinary research effort is pressed to develop
a full understanding of the properties of matters at the
nanoscale and its possible applications. The aim of the
special issue is to include the recent advances in new and
original theoretical, experimental, and/or simulation works
in narrow-gap, nanoscaled, and low-dimensional structures
for infrared detectors, solar cells, and transistors.

Among a large number of submissions, we have selected
10 papers for publication in the special issue. The work
reported by H. Cui et al. is believed to be very useful in
measuring the minority carrier lifetime of HgCdTe photode-
tector by using optical and electrical methods. The paper by
Y. Liu et al. reports an experimental work for determining
temperature-dependent stress state in thin AlGaN layer
of AlGaN/GaN HEMT heterostructures by near-resonant
Raman scattering. The theoretical modeling is in good
agreement with the measurements. M. J. Wang et al. and
W. W. Wang et al. published two papers on InGaAs/GaAs
quantum dot/quantum well infrared photodetector. Both
papers are highly important for the design, fabrication,
and characterization of quantum dot/quantum well infrared
photodetectors. A two-dimensional simulation for effects
of structure parameters on shot channel effects of low-
dimensional nanoscaled inversion-mode InGaAs MOSFETs
has been investigated in detail by C. H. Yu et al. The paper by

L. Li and D. Xiong reports a mathematical model for inves-
tigating photoresponse of long-wavelength AlGaAs/GaAs
quantum cascade detectors. The theoretical results for sim-
ulating photoresponse of AlGaAs/GaAs detectors could be
of immense importance for the designing of AlGaAs/GaAs-
based optoelectronic devices. An interesting work on model-
ing and design of graphene GaAs junction solar cell reported
by Y. Kuang et al. has also been considered for publication.
D. Yin et al. report on synthesis, characterization, and photo-
luminescence on the glass doped with AgInS2 nanocrystals.
The paper by F. Liu et al. presents a detailed investigation
on shell thickness-dependent strain distributions of confined
Au/Ag and Ag/Au core-shell nanoparticles, providing an
effective method to manipulate the strain distributions of the
Au/Ag and Ag/Au nanoparticles by tuning the thickness of
the shell. The paper by G. Shanmuganathan and I. B. S. Banu
reports influence of codoping on the optical properties of
ZnO thin films synthesized on glass substrate by chemical
bath deposition method, confirming that codoped ZnO thin
films can be suitable candidates for antireflecting coating and
optoelectronic devices. It is believed that the special issue
will be of significant interest to the scientists and researchers
working in the areas related to the narrow-gap semicon-
ductors and low-dimensional structures for optoelectronic
applications.
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We demonstrated a synthetic process on the glass doped with AgInS
2
nanocrystals through sol-gel method under a controlled

atmosphere. X-ray powder diffraction and X-ray photoelectron spectra revealed that the AgInS
2
crystalline phase had formed in

the glass matrix. Transmittance electron microscopy showed that these AgInS
2
crystals had spherical shape and good dispersed

form in the glass matrix, and their diameter distribution was mainly focused on three size regions. Furthermore, the glass doped
with AgInS

2
nanocrystals exhibited three photoluminescence peaks located at 1.83 eV, 2.02 eV, and 2.21 eV, which were ascribed to

the introduction of AgInS
2
nanocrystals in the glass.

1. Introduction

In the last two decades, semiconductor nanocrystals have
attracted tremendous attention due to their unique electronic
and optical properties [1, 2]. Such nanocrystals have poten-
tial applications for future photonic devices and electronic
devices such as light emitting diodes, solar cell materials,
nonlinear optical devices, and biooptical imaging devices [2–
4]. Typically of semiconductormaterials, II-VI-type semicon-
ductor nanocrystals have drawn more attention due to their
considerable fluorescent properties [5]. But, unfortunately,
the constituents of these II-VI semiconductors often include
some toxic elements such as Cd, As, Pb, Hg, and Se [6,
7], which are not an environmental friendly model. Thus,
developing a semiconductor with nontoxic constituents is
very important for more wide applications in the future.
One thing worth mentioning is the ternary I-III-VI

2
-type

semiconductors like AgInS
2
, which has been recognized as

an ideal replacement [8–10]. AgInS
2
crystals with the band-

gap energy of 1.9 eV, specially, exhibit a chalcopyrite structure
[11]. Such AgInS

2
-based materials are often used to develop

high-efficiency Cu(In,Ga)Se
2
solar cells because the lattice

parameter of AgInS
2
crystals is almost the same as that

of Cu(In,Ga)Se
2
crystals [12]. In particular, some studies

showed that some AgInS
2
crystals with nanolevel size dis-

tribution and well-defined spherical morphology exhibited
considerable photoluminescence and high quantum yield (∼
41%) [13], indicating that the morphology and size distribu-
tion of AgInS

2
nanocrystals should be controlled effectively

in practical applications. Thus, how to achieve a suitable
morphology and size distribution of AgInS

2
nanocrystals will

be very crucial in the synthetic process.
Nanocrystals glasses, namely, by adding nanolevel crys-

talline particles into the glass matrices, are one of the most
interesting issues in materials science. The reason is that
glasses seem to be preferable for optical devices because
of their ease of fabrication in desirable shapes and sizes,
high transparency, good chemical and thermal durability,
threshold to optical damage, and so forth [14], which make
them promising matrices for loading different nanocrystals,
thereby giving glasses some good performances. Conse-
quently, a variety of nanocrystals glasses have been developed
for many applications, such as solid state laser [15], nonlin-
ear media [16], and photonic applications [17]. Under this
background, researchers have been trying to employ differ-
ent methods for realizing the development of nanocrystals
glasses. In this paper, we demonstrated an effective path
to achieve the synthesis of the glass doped with AgInS

2
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Figure 1: Photograph of as-obtained glass: (a) AgInS
2
nanocrystals glass and (b) pure glass.
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Figure 2: XRD pattern of the as-obtained glass. The JCPDS pattern of AgInS
2
crystals is also shown.

nanocrystals through sol-gel method under a controlled
atmosphere. By adjusting these parameters including temper-
ature, time, and atmosphere, AgInS

2
nanocrystals with well-

defined spherical morphology and suitable size distribution
were successfully doped in the glass matrix. It meant that
nanocrystals-glass material, which has both the properties
of semiconductor and optical glass, could be realized in the
same material system. In addition, microstructure and pho-
toluminescence of the glass doped with AgInS

2
nanocrystals

were also studied in this paper. We believe that the path
will provide a reference to realize the synthesis of different
semiconductor nanocrystals in the glass matrices, which is
very necessary and significant to study the photonics and
optoelectronics in materials science.

2. Experimental Section

In a typical synthetic process, bulk glass doped with AgInS
2

nanocrystals was synthesized through sol-gel method under
a controlled atmosphere. The stoichiometric composition of
the glass was designed for the following: Na

2
O (7mol%),

B
2
O
3
(23mol%), and SiO

2
(70mol%) ∙ AgInS

2
(1.5mol%).

The synthetic process of the stiff gel agreed with our previous
work [18]. Silver and indium nitrate salts were chosen to
form AgInS

2
nanocrystals. Specific synthetic process of the

glass doped with AgInS
2
nanocrystals showed the follow-

ing. Firstly, the yellow-brown stiff gel containing silver and
indium ions was heated in oxygen atmosphere at 450∘C
and kept for 10 h at this temperature. Secondly, the aerogel
was exposed to hydrogen atmosphere at 450∘C for 10 h
to form Ag-In alloy nanocrystals and then the aerogel
was further heated in hydrogen sulfide atmosphere up to
600∘C. Finally, an indehiscent, well-densified brown glass
doped with AgInS

2
nanocrystals was obtained, as shown

in Figure 1(a). Meanwhile, transparent pure post glass was
shown in Figure 1(b).

The crystalline phase was performed on a Germany
Bruker X-ray diffractometer from 10∘ to 70∘. The formation
of AgInS

2
was measured by AXIS ULTRA DLD X-ray pho-

toelectron spectrometer. Transmission electron microscopy
was recorded on a FEI Tecnai F20 transmission electron
microscope for the morphology, size distribution, and crys-
talline phase of AgInS

2
nanocrystals.The photoluminescence

spectra of the as-obtained glass were measured by Horiba
Jobin Yvon 6400 Raman scattering spectrometer with a
325 nm laser as the excitation source at room temperature.

3. Results and Discussion

Figure 2 represented an X-ray powder diffraction (XRD)
result of the as-obtained glass, in which several characteristic



Advances in Condensed Matter Physics 3

Ag 3d core
In

te
ns

ity
 (a

.u
.)

365 370 375 380
Binding energy (eV)

Ag 3d5/2

Ag 3d3/2

(a)

In 3d core

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)
440 445 450 455

In 3d5/2

In 3d3/2

(b)

S 2p 

S 2p core

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)
159 160 161 162

(c)

Figure 3: XPS pattern of AgInS
2
nanocrystal: (a) Ag 3d core level spectrum; (b) In 3d core level spectrum; (c) S 2p core level spectrum.

diffraction peaks corresponding to (120), (002), (121), (122),
and (040) of orthorhombic AgInS

2
crystals (JCPDS-25-1328)

are observed. No other diffraction peaks are observed in
the diffraction curve, indicating that the desired product for
AgInS

2
crystals has formed in the glass matrix. Moreover, the

characteristic diffraction peak shapes are broad, suggesting
that the as-obtained AgInS

2
crystals should be small in size.

Figure 3 represented the high-resolution XPS result of the
as-obtained glass, from which the Ag 3d, In 3d, and S 2p
XPS spectra are evident. Figure 3(a) shows that the binding
energies of Ag 3d

3/2
and Ag 3d

5/2
located at 373.6 eV and

367.5 eV with a peak spacing of 6.1 eV, which agreed with
the standard reference XPS spectrum of Ag (I). Similarly, the
peak spacing of In 3d

3/2
and In 3d

5/2
located at 452.4 eV and

444.8 eV is 7.6 eV, matching well with In (III), as shown in
Figure 3(b). Figure 3(c) shows that the S 2p is an asymmetric
peak, maybe resulting from the recombination of S 2p

1/2
and

S 2p
3/2

. Meanwhile, the Ag 3d and In 3d XPS spectra also
reveal that the actual molar ratio of Ag and In is about 0.96 : 1,
which is almost approximate to 1 : 1. The XPS result agreed

well with the XRD result, indicating that AgInS
2
crystals have

formed in the glass matrix.
To clarify the morphology, distribution, and crystalline

phase of AgInS
2
crystals in the glass matrix, transmission

electron microscopy (TEM) measurement was performed.
Figure 4(a) shows that the precipitated AgInS

2
particles

appear in a spherical shape and good dispersed form, and
the diameter size of these AgInS

2
particles mainly focuses

on three different regions, as shown in Figure 4(b), including
8∼12 nm accounting for 20%, 12∼16 nm accounting for 50%,
and 16∼20 nm accounting for 30%, after counting all particles
in Figure 4(a). Figure 4(c) shows the high-resolution TEM
result (HRTEM), in which the atomic planes with lattice
fringe are observed, indicating a typical crystalline structure.
The insets shown in the red square and circle frames are
an enlarged image for the lattice fringe, as shown in the
main panel of Figure 4(c). The lattice fringe spacing is equal
to 0.357 nm corresponding to the (120) plane of AgInS

2

crystals in an orthorhombic crystal system (JCPDS-25-
1328). Figure 4(d) shows the selected area electron diffraction
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Figure 4: TEM analysis of the as-obtained glass: (a) morphology image; (b) size distribution; (c) HRTEM image; (d) SAED image.

(SAED) pattern taken in a zone filled with nanoparticles.The
estimated diffraction radii rings correspond well to AgInS

2

lattice planes (120), (202), (123), and (124), respectively. TEM
results further confirm the analytical results of XRD and XPS
measurements.

Figure 5 represented the photoluminescence result of the
pure and as-obtained glasses, which are excited at 325 nm.
In a prescribed wavelength scope, it is noticed that no
photoluminescence emission peak appears in the pure glass
(Curve (a)). However, three photoluminescence emission
peaks located at 1.83 eV, 2.02 eV, and 2.21 eV are evident in
the as-obtained glass (Curve (b)). Obviously, the different
photoluminescence of the two glasses should derive from
the AgInS

2
nanocrystals in the glass. Interestingly, the pho-

toluminescence emission peaks appear on three different
photon energy positions, which could be attributed to the
size distribution of AgInS

2
nanocrystals in the glass. Figures

4(a) and 4(b) show that the diameter sizes of these AgInS
2

nanocrystals are mainly focused on three different regions,
indicating that the different photoluminescence emission
positions are correlative with the size distribution.Hamanaka
et al. and Ogawa et al. had also come to a similar conclusion

[10, 19]. They discovered that the photoluminescence peaks
of the AgInS

2
nanocrystals shifted towards a lower energy

with increasing nanocrystals size. Such a size-dependent shift
of the emission peak should be attributed to a quantum
confinement effect of carriers in AgInS

2
nanocrystals. Thus,

the photoluminescence should derive from the transition
between the lowest quantized levels of the valence and
conduction bands in the as-obtained glass. The results also
suggest that the as-obtained glass will have better tunability
from orange-green to deep red region by adjusting the size
distribution of the AgInS

2
nanocrystals in the glass. The

relevant work is still in progress.

4. Conclusion

We design a path successfully to realize the synthesis of
the glass doped with AgInS

2
nanocrystals by sol-gel method

under a controlled atmosphere. XRD and XPS analysis show
that the AgInS

2
nanocrystals have formed in the glass,

and these AgInS
2
nanocrystals have spherical shape, good

dispersed form, and three main size distribution regions
observed in TEM analysis, which will cause three significant
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Figure 5: Photoluminescence spectra of the as-obtained glasses: (a)
pure glass and (b) AgInS

2
nanocrystals glass.

photoluminescence emission peaks located at 1.83 eV, 2.02 eV,
and 2.21 eV, respectively. The reason is attributed to a quan-
tum confinement effect of carriers in AgInS

2
nanocrystals.

We believe that the synthetic path will become a promising
technique in the optical glass materials. In particular, the
tunability of emission color in the nanocrystals glass will have
a potential application in solid laser, LED, nonlinear optics,
and so forth.
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The electrical characteristics of In
0.53

Ga
0.47

As MOSFET grown with Si interface passivation layer (IPL) and high 𝑘 gate oxide
HfO
2
layer have been investigated in detail. The influences of Si IPL thickness, gate oxide HfO

2
thickness, the doping depth, and

concentration of source and drain layer on output and transfer characteristics of the MOSFET at fixed gate or drain voltages
have been individually simulated and analyzed. The determination of the above parameters is suggested based on their effect
on maximum drain current, leakage current, saturated voltage, and so forth. It is found that the channel length decreases with
the increase of the maximum drain current and leakage current simultaneously. Short channel effects start to appear when the
channel length is less than 0.9𝜇m and experience sudden sharp increases which make device performance degrade and reach
their operating limits when the channel length is further lessened down to 0.5 𝜇m.The results demonstrate the usefulness of short
channel simulations for designs and optimization of next-generation electrical and photonic devices.

1. Introduction

In
0.53

Ga
0.47

As alloys with higher electron mobility are ideal
channel materials to implement metal-oxide-semiconductor
filed effect transistors (MOSFETs) [1, 2]. In

0.53
Ga
0.47

As is
believed to be easier to obtain unpinned surface Fermi level
and thus can potentially provide better transistor performan-
ces compared to other III-Vmaterials. At present, low dimen-
sional nanoscaled III-V semiconductorMOSFETs have recei-
ved particular attention for their potential applications in
photodetectors and solar cells [3–10]. As MOSFET scaling
approaches physical and technical limits, various specific gate
oxides and passivation techniques have been developed to
further increase the device performance of In

0.53
Ga
0.47

As
MOSFETs. Among them, silicon interface passivation layer
(IPL) technique has been successfully employedwhere silicon
IPL acts as a barrier layer to prevent reactions between oxygen

and In
0.53

Ga
0.47

As layer [11]. The bonds between oxygen
and Ga atoms which are closely associated with interface
states are replaced by Ga-Si and As-Si bonds during the
growth of silicon interface layer [12]. Another functional
layer, Ga

2
O
3
, Al
2
O
3
, or HfO

2
, is also usually deposited as gate

oxide in MOSFET structures to improve drain currents [13].
High performance In

0.53
Ga
0.47

As MOSFET with silicon IPL
and HfO

2
gate oxide has been demonstrated experimentally.

However, quantitative analysis of device behavior of this kind
of MOSFET is still further needed.

In this paper, the electrical characteristics of nanoscaled
In
0.53

Ga
0.47

As MOSFET grown with Si IPL and high 𝑘 gate
oxide HfO

2
layer are investigated. The effects of various

parameters, such as thickness of Si IPL and HfO
2
layers

and thickness and doping concentration of drain and source
areas, on drain current and 𝐼off are systematically analyzed.
Changes of threshold voltage, subthreshold characteristics
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Figure 1: Schematic device structure of In
0.53

Ga
0.47

As MOSFET.
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Figure 2: Si IPL thickness dependence on output (a) and transfer (b) characteristics.

translation, and saturation region due to short-channel effect
caused by decrease of In

0.53
Ga
0.47

As channel length are also
investigated.

2. Method and Device Structure

Schematic device structure of the In
0.53

Ga
0.47

As MOSFET is
shown in Figure 1. The thickness of unintentionally doped
In
0.53

Ga
0.47

As channel layer, silicon IPL, and HfO
2
gate oxide

layer is 200 nm, 1 nm, and 10 nm, respectively. All the lengths
of gate 𝐿

𝑔
, source 𝐿

𝑠
, and drain 𝐿

𝑑
are equal to 5𝜇m. The

extended length 𝐿ext between source and drain contacts is
10 𝜇m. The doping concentration in source and drain areas
is 5 × 1018/cm3. The transverse width of this MOSFET𝑊 is
600𝜇m. Physical models applied in our simulation include
drift-diffusion equation, band gapnarrowing (OldSlotboom),

doping-dependent degradation and high field saturation for
mobility, Fowler-Nordheim tunneling model for gate leakage
current, and Shockley-Read-Hall (SRH) recombinationmod-
els [14].

3. Results and Discussion

Figure 2 shows output and transfer characteristics with a
thickness of Si IPL varying from 0.5 nm to 2.5 nm at a fixed
gate or drain voltage. Maximum drain current, 𝐼ds, increases
linearly with the decrease of thickness of Si IPL as shown
in the first inset. This increase can be accounted for by the
increase of electric field strength under gate electrode with
decrease of thickness of Si IPL, which subsequently raises the
electron concentration induced in In

0.53
Ga
0.47

As channels.
The interpretation can also explain the increase of power-up
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current 𝐼on and leakage current 𝐼off with decrease of thickness
of Si IPL in the transfer characteristics curves in the second
inset. Simultaneously, the effect of Si IPL as a barrier layer
between oxygen and In

0.53
Ga
0.47

As layers may be diminished
by the decrease of its thickness. The significant increases
of 𝐼off when the gate voltages 𝑉

𝑔
approach larger negative

voltages, as the arrow indicates, are attributed to the depletion
in the drain area close to gate electrode in In

0.53
Ga
0.47

As
channels, which increases tunneling probability of carriers
between drain and gate electrode [15].Therefore, the determi-
nation of thickness of Si IPL should be a result of compromise
between drain currents and role of a barrier layer. A value
between 1.0 nm and 1.5 nm is suggested to be set for the
thickness of Si IPL based on above simulation results.

Figure 3 shows output and transfer characteristics with
a thickness of gate oxide HfO

2
layer varying from 5 nm to

25 nm at a fixed gate or drain voltage. Due to the variation of
electric field strength under gate electrode, maximum drain
current 𝐼ds andpower-up current 𝐼on increasewith decrease of
thickness of HfO

2
layer. Stronger 𝐼ds and 𝐼on are beneficial to

improving device performance of In
0.53

Ga
0.47

As MOSFETs.
Leakage current 𝐼off also exhibits sharp increasewith decrease
of thickness of HfO

2
layer as explained in Figure 2, especially

when the thickness is reduced to 5 nm. This occurrence is
not desired to improve device performance. Based on these
results, an ideal value of thickness of HfO

2
layer should be

kept larger than 10 nm.
Figure 4 shows influences of doping depth of source

and drain layer on output and transfer characteristics at a
fixed gate or drain voltage. The decrease of doping depth
of source and drain layers leads to a decrease of maximum
drain current 𝐼ds and an increase of turn-on voltage 𝑉on. The
former decrease is negative for device development, whereas
the latter increase is desired for it is helpful to enlarge the
linear operation zone of In

0.53
Ga
0.47

As MOSFETs. Different
from the aforementioned effects of Si IPL thickness and
HfO
2
thickness, the doping depth of source/drain layer has

obvious influence on 𝐼on instead of 𝐼off . 𝐼on increases quickly
with increase of doping depth. Therefore, a larger doping
depth in source and drain layers is preferred for improving
device performance. However, increase of doping depth is
restricted by the geometrical sizes of In

0.53
Ga
0.47

AsMOSFETs
themselves.

Figure 5 shows influences of doping concentration of
source and drain layer on output and transfer characteristics
at a fixed gate or drain voltage.The increase of doping concen-
tration produces a desired increase of maximum drain cur-
rent 𝐼ds and an undesired decrease of turn-on voltage𝑉on. As a
result for balance between 𝐼ds and𝑉on, a middle-value doping
concentration is preferred in practice. When the doping
concentration increases ten times from 5 × 1018/cm3 to 5 ×
10

19
/cm3, 𝐼ds only increases about 40%, indicating that impu-

rity scattering which inhibits electrical current increasing
begins to dominate [16]. Here, the doping concentration of
source/drain layer also has obvious influence on 𝐼on instead
of 𝐼off as previous doping depth.

Figure 6 shows influences of channel length on output
and transfer characteristics at a fixed gate or drain voltage.
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Figure 6: Channel length dependence on output (a) and transfer (b) characteristics.

Saturated drain current 𝐼ds and saturated voltage 𝑉
𝑠
both

increase with the decrease of channel length.The appearance
of saturated drain current is a result of unvaried pinch-off
voltage at the point where the potential drop across the oxide
at the drain terminal is equal to threshold voltage 𝑉

𝑇
. When

the channel length is further lessened down from 0.5 𝜇m to
0.1 𝜇m, the depletion region at the drain terminal extends lat-
erally into the channel, reducing the effective channel length
and causing the drain current to be nomore saturated.This is
the so-called channel length modulation that drain currents
begin tomove upwardwith increase of drain voltagewhen the
channel length is substantially shortened as Figure 6(a) illus-
trates. Meanwhile, the reduction of channel length causes the
drain terminate to be closer to source terminate, producing
an obvious increase of leakage current 𝐼off and weaker effect
of gate electrode on drain currents, as Figure 6(b) shows.
Power-up current 𝐼on shows a linear relationshipwith channel
length. This is consistent with previous reports [14].

Figure 7 shows influences of channel length on threshold
voltage 𝑉

𝑇
and subthreshold characteristics ∇𝑉

𝑇
at a fixed

drain voltage. A transverse shift of subthreshold characteris-
tics ∇𝑉

𝑇
is observed for different channel lengths, an impor-

tant feature of drain induced barrier lowing (DIBL) effect.
The DIBL effect is a result of increase of injected electrons
from source area to channel induced by lowering of potential
barrier height between drain and source electrodes when the
channel length is lessened [17].The shift of subthreshold char-
acteristics ∇𝑉

𝑇
starts to become most obvious and the device

performance degrades quickly when the channel length is
lessened down to a critical value of 0.5𝜇m, much bigger than
that of Si-based npn MOSFETs [18, 19]. In the InGaAs-based
MOSFETs, the channel layer InGaAs is unintentionally doped
whereas the channel layer in Si-based devices is𝑝-type doped,
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Figure 7: Channel length dependence on threshold voltage and shift
of subthreshold characteristics.

which will induce less Fermi energy difference between drain
and source electrodes. Then the corresponding potential
barrier height in the InGaAs MOSFETs is comparatively
smaller than that of Si-based MOSFETs [20–22]. This is the
physical mechanism where DIBL effect is much obvious in
the InGaAs MOSFETs. Threshold voltage 𝑉

𝑇
experiences a

similar sudden decrease when the channel length is lessened
down to the same value of 0.5𝜇m.These results mean that the
InGaAsMOSFETs start to show short channel effect at a value
of 0.9 𝜇m of channel length and reach their operating limits
when the channel length is further lessened down to 0.5 𝜇m.
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4. Conclusion

In conclusion, the electrical characteristics of In
0.53

Ga
0.47

As
MOSFET grown with Si IPL and high 𝑘 gate oxide HfO

2

layer have been investigated in detail. The decrease of Si
IPL thickness and gate oxide HfO

2
thickness is beneficial to

improving device performance by increasing the maximum
drain current.However, rather small Si IPL thickness and gate
oxide HfO

2
thickness result in sharp increase of leakage cur-

rent and device performance degradation. The increase of
source and drain layer doping depth brings about largermax-
imum drain current and almost has little negative influence
on saturated voltage and leakage current. Unfortunately,
increase of doping depth is limited by the geometrical size of
MOSFETs themselves. The increase of source and drain layer
doping concentration also has dual influences. On the one
hand, it helps to improve the maximum drain current. On
the other hand, it produces a lowered saturated voltage and
smaller device linear operating limits.The decrease of chann-
el length increases the maximum drain current and leakage
current simultaneously. Short channel effects start to appear
when the channel length is lessened down to about 0.9 𝜇m
and experience sudden sharp increases which make device
performance degrade and reach their operating limits when
the channel length is further lessened down to 0.5 𝜇m.
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The photodetector based on double barrier AlAs/GaAs/AlAs heterostructures and a layer self-assembled InAs quantum dots and
In
0.15

Ga
0.85

As quantum well (QW) hybrid structure is demonstrated. The detection sensitivity and detection ability under weak
illuminations have been proved.The dark current of the device can remain at 0.1 pA at 100K, even lower to 3.05×10−15 A, at bias of
−1.35V. Its current responsivity can reach about 6.8 × 105 A/Wwhen 1 pw 633 nm light power and −4V bias are added. Meanwhile
a peculiar amplitude quantum oscillation characteristic is observed in testing. A simple model is used to qualitatively describe.The
results demonstrate that the InAs monolayer can effectively absorb photons and the double barrier hybrid structure with quantum
dots in well can be used for low-light-level detection.

1. Introduction

Low dimensional nano-scaled III-V semiconductor is a
promising candidate material for future high-performance
electronics and optoelectronics, including high-mobility
field-effect transistors (FETs), long-wavelength infrared pho-
todetectors, and phototransistors [1–5]. Currently, there is
great interest in exploring highly sensitive photodetector
for potential applications in remote sensing, spectroscopy,
and even air quality monitoring in industrial or medical
and pro-environment detection. In order to approach the
photon counting mode, the very high photoexcited carrier
multiplication factor is a basic requirement [6, 7]. Recently,
it has been demonstrated that resonant tunneling structure
containing a layer of self-assembled quantumdots (QDs)may
be used as a very high photoexcited carrier multiplication for
low-light-level detection [8–12].

In the present work we discuss peculiar photoelectric
conversion characteristics in the double AlAs barrier, self-
assembled InAs QDs, and In

0.15
Ga
0.85

As QW hybrid struc-
ture. When the detector is illuminated with an energy which
exceeds GaAs band gap, the photoexcited electrons and holes
are generated in the undoped GaAs layers on each side of
two AlAs barriers. The photoexcited electrons drift or tunnel

by bias toward the lower potential energy and eventually
would be captured by the In

0.15
Ga
0.85

As QW. The similar
process also occur to holes, except that holes drift on the
opposite direction and are trapped in the InAs QDs. Due
to the spatial separation of electrons and holes, as well as
the additional in-plane localization provided by the QDs,
the excess electrons and holes could be stored for enough
long time. These photovoltaic effects in the wide GaAs
quantum well should have each imprint on the photoelectric
response. The electrons and holes trapped separately within
the In

0.15
Ga
0.85

As QW and InAs QDs induce a potential
which affects the tunneling characteristics [9, 10]. We can see
that the trapped charge strongly affects the tunnel current of
the detector which allows for the weak light detection.

The larger current oscillations appear when the detector
is illuminated with a 633 nm He-Ne laser under certain
conditions. It originates from quantized ballistic motion of
photoexcited carriers and is qualitatively different from RTD
[3–10]. More than dozens of resonant peaks reveal regions of
negative differential conductance in the photocurrent as bias
changed from−2V to 2.5 V and about 100K temperature.The
quantum oscillation appears with typical peak-to-peak volt-
age interval Δ𝑉pp ≈ 100mV. The electron (and hole) energy
levels confined with high quantum numbers successively
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Figure 1: Schematic diagramof the capturing of an electron andhole
photoexcited in a QW and QD under bias.

reach the top of the triangular potential as electric field
increased. It causes the tails of the Airy-type wave functions
near the classical turning point of the potential to overlap
strongly with the high density of free majority carriers in
the nearby 𝑛 doped electrodes. The enhancement of the
recombination rate leads to a modulation of the photocur-
rent measured as a function of applied bias. A model is
constructed based on methods of mathematical physics to
explain the photocurrent oscillations [10–12].

2. Device Test

Thephotodetector was grown byMBE on an 𝑛+-type (1 0 0)
GaAs substrate; a typical layer structure consists of a 1 𝜇m
thick Si-doped (1018 cm−3) GaAs buffer layer at the bottom,
an undoped 30 nmGaAs spacer, a 25 nmAlAs barrier, a 3 nm
GaAs interlayer, a 6 nm In

0.15
Ga
0.85

As QW, a 45 nm GaAs
wide well, 1.8ML self-assembled InAs QD layer, a 5 nmGaAs
overlayer, and the second 25 nm AlAs barrier. On the top,
30 nm undoped GaAs and 30 nm Si-doped (1018 cm−3) GaAs
were deposited as the capping layer. Ohmic contacts were
made both on the top and at the bottom of the detector
meanwhile. A rectangular aperture (50× 500𝜇m2) was left on
the top surface for optical access [10, 13]. The band diagram
profile of the detector along its epitaxial growth direction is
shown in Figure 1.

The 633 nm He-Ne laser beam with 50 𝜇m diameter was
focused on the photosensitive window of the detector. When
the bias is at ±1.7 V, the electric field reaches 1 × 107 V/m
and the photoexcited electrons and holes are generated in the
undoped GaAs layers on each side of the AlAs barriers. The
photocurrent-voltage curves of the detector can be recorded
by Keithley 4200-SCS. Figure 2 shows the I-V characteristics
at incidence light power changing from 0.1 picowatt (pW) to
100 nanowatt (nW).When the bias voltages range from below
+1V to −1.5 V reverse biases, the dark current remains 0.1 pA
although the active area is very large (50 × 500𝜇m2). When
the detector is biased at −1.35 V, the minimum dark current
is only 3.05 × 10−15 A. We can still see when the light power
exceeds 40 pW, the oscillatory photocurrent occurs at bias
voltages ranging from−2V to 2.5 V.Theoscillatory amplitude
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Figure 2: The I-V curves at different illumination power.

also decreases substantially when the bias exceeds 2.5 V or
is lower than −2V. The oscillatory characteristic disappears
when light power decreases lower than 40 pW and exceeds
100 nW at bias voltage of −0.6V.

We can see a reverse bias current valley shifted which
changed with illumination power as shown in Figure 2. And
the valley shifted more evident as stronger illumination. It
represents that the photoexcited holes trapped in the QDs
lead to the energy bands downward shift localized, such that
a lower bias is required for the detector to reach the large
tunneling current [1–7].

Figure 3 shows the higher responsivity of the detector
at low-light-level illumination. The current responsivity is
larger than 6.8 × 105 A/W when 633 nm light power with
1 pw at −3V bias is employed. Because an idea quantum
efficiency 𝜂 = 1, the spectral response 𝑅

𝜆=633 nm is expected
to be 0.51 A/W according to [14]

𝜂 =

𝐼

𝑝
/𝑒

𝑃/ℎ]
=

𝐼ℎ𝑐

𝑔𝑃𝑒𝜆

=

𝑅

𝑔

ℎ𝑐

𝑒𝜆

=

𝑅

𝑔

1.24

𝜆 (𝜇m)
. (1)

The gain of the detector can be estimated at least 1.3 × 106.
Further, the ratio of the photocurrent versus the dark current
can be calculated as shown in Figure 3. When the detector is
biased at −1.35 V, the minimum dark current can be gained
and then the magnitude of the photocurrent versus the dark
current is the largest at this moment.

Figure 4 plots the photocurrent spectra of the detector
at 77 K using Bruker FITR Vertex 80V. The detector shows
a good response in the spectral range from 550 nm up to
over 930 nm. The photocurrent peak at 818 nm is from the
GaAs bulk layer, while the peaks at 873 nm and 925 nm
should be attributed to the In

0.15
Ga
0.85

As QW and InAs QDs.
By the photocurrent spectra, we estimated that the current
responsivity at∼925 nm is dozen timesmore than 633 nmand
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thus potentially provides even higher sensitivity. The result
indicates that it is a promising detector for sensitive visible to
near-infrared imaging applications.

3. Analysis

3.1. Sensitivity. According to Figure 1, a simple model is
presented for the detector with one layer of InAs QDs and
thin In

0.15
Ga
0.85

As QW embedded at distances 𝐿dot and
𝐿well from one side of AlAs barrier. The QDs layer width is
neglectful for simplicity, such that QDs spatial distribution
and narrowQWcan bemodeled bymeans of a delta function.

Poisson’s equation with the boundary conditions is as follows
[15, 16]:

𝑑

2
𝜑

𝑑𝑥

2
= −

𝑒𝑁

𝑑

𝜀𝜀

0

−

𝑒𝑝dot
𝜀𝜀

0

𝛿 (𝑥 − 𝐿dot) +
𝑒𝑛well
𝜀𝜀

0

𝛿 (𝑥 − 𝐿well) ,

(2)

𝜑 (𝑤) = 0, (3)

𝑑𝜑

𝑑𝑥















𝑥=𝑤

= 0. (4)

The charge density in the right-hand side of Poisson’s
equation consists of three components: 𝑁

𝑑
is the constant

charge density of ionized impurity; 𝑝dot and 𝑛well are the
charge density accumulating in QDs and In

0.15
Ga
0.85

As QW,
respectively.The solution of (2) can be obtained by boundary
conditions shown in (3) and (4):

𝜑 (𝑥) ≈ −

𝑒𝑁

𝑑

𝜀𝜀

0

(𝑥 − 𝑤)

2

+

{

{

{

{

{

{

{

{

{

0, 𝑥 > 𝐿well,

−

𝑒𝑛dot
𝜀𝜀

0

(𝐿dot − 𝑥) , 𝑥 < 𝐿dot,

𝑒𝑛dot
𝜀𝜀

0

(𝐿well − 𝑥) , 𝐿dot < 𝑥 < 𝐿well.

(5)

At a larger negative bias, the photoexcited electrons will
drift or tunnel toward the side of the lower potential energy
and eventually would be captured by the In

0.15
Ga
0.85

As QW.
The photoexcited holes will drift on opposite direction and be
trapped in the InAs QDs. At weak illumination, the QDs and
QW layer make little effect on the potential profile because of
the very low 𝑝dot and 𝑛well. As the laser intensity increases, the
photoexcited electron-hole pair increases, which means 𝑝dot
and 𝑛well become larger, and induces Δ𝑉 photovoltaic effect
near the dots, as 𝑥 = 0:

Δ𝑉 ≈ −

𝑒𝑝dot
𝜀𝜀

0

𝐿dot. (6)

As the negative bias decreases, the InAs dots capture
more holes and the potential near the dots is pulled down
gradually. The In

0.15
Ga
0.85

As QW captures more electrons
and the potential near the QW is pulled up. Such a large
Δ𝑉 is enough to increase voltage drop of AlAs barrier. That
will influence the tunneling process through the AlAs barrier.
The higher photosensitivity of the detector indicates a long
dwell time of a photoexcited hole following capture at one of
the dots. Under appropriate bias voltage, the average electric
field in the active region (120 nm wide) of the detector is
107 V/cm. Assuming that the mobility of electron and hole
is 8000 cm2/V⋅s and 400 cm2/V⋅s, respectively, their transit
times are correspondingly about 1 × 10−14 s and 1 × 10−13 s,
which is on a much shorter time than the electron-hole
recombination time of about 1 × 10−9 s [10, 15, 16]. Since the
transition time is about four orders of magnitude shorter
than the electron-hole recombination time, it allows a very
high multiplication in detector. At a larger positive bias, the
photoexcited electrons will be captured by the InAs QDs and
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the photoexcited holes will drift on the opposite direction and
be trapped in the In

0.15
Ga
0.85

As QW.
For stronger confined ability of QDs compared to QW,

the InAs dots capture more holes at negative bias than
In
0.15

Ga
0.85

As QW at positive bias, and it can get higher
detector responsivity in reverse bias.

3.2. Current Oscillations. Under lower level photoexcitation,
the space charge density induced by the photoexcited carriers
is relatively small. We assume a constant electric field 𝐹

𝑧
in

the intrinsic regions on each side of the barrier layer. We can
model for carrier quantization in the formed potential wells
by using analytical solutions of the Schrödinger equation
at an infinite triangular quantum well. The quantization
energies 𝐸

𝑗
and eigenfunctions𝜓

𝑗
(𝑧) due to the 𝑧 component

of the carrier motions are given by [12]

−[

ℏ

2

2𝑚

∗

𝑒

𝜕

2

𝜕𝑧

2
+ 𝑉 (𝑧)]𝜓 (𝑧) = 𝐸𝜓 (𝑍) . (7)

The photoexcited electrons occupy the quantized energy
subbands 𝑗 of the triangular potential well. They are influ-
enced by low dimensional quantum effects. The energy of
carriers in each subband is given by [12]

𝐸

𝑗
= (

ℏ

2

2𝑚

∗
)

1/3

[

3

2

𝜋𝑞𝐹

𝑠
(𝑗 +

3

4

)]

2/3

, 𝑗 = 0, 1, 2, . . . .

(8)

The eigenfunctions 𝜓
𝑗
(𝑧) are given by Airy functions:

𝜓

𝑗
(𝑧) = 𝐴𝑖 [

2𝑚

∗
𝑞𝐹

𝑧

ℏ

2
(𝑧 −

𝐸

𝑗

𝑞𝐹

𝑧

)] . (9)

Energy level spacing of carriers in each subband is given
by

Δ𝐸

𝑗
≈ (

ℏ

2𝑚

∗
)

1/3

[

3

2

𝜋𝑞𝐹

𝑠
(𝑗 +

3

4

)]

−1/3

𝜋𝑞𝐹

𝑧
.

(10)

At appropriate bias voltage, an excited state subband with
quantum number 𝑗

𝑚
and energy 𝐸

𝑗𝑚
reaches the top of the

triangular quantum well and joins the continuum state of
extended electrons above (and below) the conduction (and
valence) band edge in the doped electrodes. The voltage
interval 𝑉

𝑗
− 𝑉

𝑗+1
, over successive (𝑗 + 1)th and 𝑗th levels,

reaches the ionization energy, and it can then be estimated
and compared with the measured voltage interval Δ𝑉pp
between the peaks of the photocurrent.

As electric field 𝐹
𝑧
increasing, the Airy function state 𝑗 of

a particular hole approaches the top of its triangular potential
well and its wave function increasingly overlaps with the
high density of majority electrons in the doped n-GaAs
electrode.The overlap increases the recombination rate of the
photoexcited holes in the 𝑗

𝑚
th subband, thus reducing their

contribution to the photocurrent by tunneling through the
AlAs barrier. As the voltage varies, successive Airy function
energy levels approach the top of the triangular potential
well and join a continuum state of extending the unbounded

states in the GaAs conduction band. Hence the competition
between tunneling and the bias-dependent modulation of
the recombination rate repeats itself, which gives rise to the
observed oscillatory photocurrent [12, 17–20].

In addition, the detector may be analogous to N-I-N
structure. The photoexcited electrons overlap between the
tails of their wave functions and the minority holes in the
n-doped layers are very small. The electrons recombination
rate with minority holes in the n-GaAs layer is too low to
modulate the photocurrent.

As the light power decreases lower than 40 pW as shown
in Figure 2, the space charge density induced by the carrier
density photoexcited is very small. The recombination cur-
rent is too low tomodulate the photocurrent.This leads to no
observation of photocurrent oscillations.

As photoexcitation range changed from 40 pW to 100 nW,
the oscillatory amplitude decreases evidently when bias volt-
age exceeds 2.5 V or becomes lower than −2V. At higher bias
the highest energy states in the triangular potential well are
no longer confined by the AlAs barrier so the photocurrent
increases rapidly. We note that carriers scattering at the
heterointerface between the QD and the surrounding AlAs
matrix strongly affects the radiative recombination of pho-
toexcited carriers. A possible explanation for the oscillatory
effect is that the QD layer gives rise to a scattering potential
which enhances the elastic scattering-assisted tunneling [12].

It is also interesting to note that photocurrent oscillates at
bias voltages that range from −0.6V to 2.5 V and disappears
at −0.6V negative bias whose higher photoexcitation state is
∼100 nW. The photoexcited electron-hole pairs induce larger
Δ𝑉 photovoltaic changed, so the tunneling current increases
rapidly and the recombination current is too low tomodulate
the photocurrent.

4. 64-Pixel Line Readout

To read out the weak light response, a 1 × 64 array readout
circuit and an on-chip integrated system for data processing
with low noise and high precision are designed. Figure 5 is
the readout response voltage of the 64-pixel line with laser
beam power at ∼1 nw, the integration time 29𝜇s, and indoor
temperature. Due to the working point of inconsistencies for
some pixels, their readout voltage is saturated and premature.
The inset shows the response voltage of themost normal pixel.
The response voltage is changed in approximate linear when
the light power changed from 10 pw to 100 pw. The response
voltage is 27mV at 10 pw illumination beam power and 35 𝜇s
integration time.The voltage responsivity reaches about 2.7 ×
109 V/W.

5. Conclusion

We have measured and analyzed the photoelectric char-
acteristics of the AlAs/GaAs/AlAs double barrier structure
photodetector, which contains a layer of self-assembled InAs
QD and thin In

0.15
Ga
0.85

As QW in AlAs double barriers.
The higher sensitivity is caused by the charge effect of the
photoexcited holes and electrons captured by surrounding
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Figure 5: Readout voltage of the 64-pixel linear array at 1 nW
illuminated beam (633 nm) power. The inset shows the 61th pixel
response voltage at indoor temperature and laser (633 nm) power
changed from 10 pw to 100 pw.

QDs and In
0.15

Ga
0.85

As QW, respectively. The oscillations
appear when the detector is illuminated with 633 nm He-Ne
laser beam at certain bias and incidence. The competition
between tunneling and the bias-dependentmodulation of the
recombination rate repeats itself giving rise to the oscillatory
photocurrent observed. Further, we find the photocurrent
tails up to 930 nm wavelength with high sensitivity. The
readout results demonstrate that the photodetector shows
good sensitivity when light power (633 nm) is as low as 10 pW
at indoor temperature.
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Graphene based GaAs junction solar cell is modeled and investigated by Silvaco TCAD tools. The photovoltaic behaviors have
been investigated considering structure and process parameters such as substrate thickness, dependence between graphene work
function and transmittance, and n-type doping concentration in GaAs. The results show that the most effective region for photo
photogenerated carriers locates very close to the interface under light illumination. Comprehensive technological design for
junction yields a significant improvement of power conversion efficiency from0.772% to 2.218%.These results are in good agreement
with the reported experimental work.

1. Introduction

Graphene, a single atom layer of carbon hexagons, has
attracted much attention owing to its unique structure and
fascination, such as low resistivity, ultra-high mobility, and
near-zero band gap [1]. Graphene has been produced in the
form of ultrathin sheets consisting of one or a few atomic
layers by chemical vapor deposition ormechanical exfoliation
and can be transferred to various substrates, which open a
wide field of potential applications such as high performance
electronic devices, photosensors, and smart composite [2, 3].
In particular the graphene film has a unique combination
of high electrical conductivity and optical transparency in
visible and near-infrared regions, which gives it the ability
to serve as an active layer for metal-semiconductor (M/S)
junction solar cells [4]. Recently, graphene based solar cells
had been fabricated on various substrates such as Si [5], CdS
[6], andGaAs [7]; much process has been achieved in the past
several years. Moreover graphene/semiconductor nanowires
heterojunction photoelectric devices have also been achieved
[8], which is combinedwith the unique one-dimensional (1D)
structural characteristics and versatile physical properties of
1D nanowires [9–12].

Graphene based junction solar cell could be fabricated
at room temperature which shows great potential in light

harvesting and conversion application with the advantage of
low cost, facile processibility, and environmental amity. Li
et al. reported the first graphene based silicon solar cell with
the average power conversion efficiency of about 1.65% [13].
After this work, many effects have been exerted to improve
the performance of solar cell by using silicon nanowire array
[14], modifying the work function of graphene [15], chemical
doping to graphene [16], and so forth. In comparison with
currently widely used silicon substrate, GaAs has direct band
gap and is highly resistant to radiationwhichmakes it suitable
for high efficiency solar cell design and space application.
The present technique can also provide the possibility to
combine large area graphene with GaAs [17, 18]. Jie group
transferred single and bilayer graphene sheets onto n-type
GaAs substrates and got a power conversion efficiency of
1.95% [19]. Behura et al. calculated the photovoltaic response
of graphene junction using the fundamental models for
voltage and current; they pointed out that grapheneGaAshet-
erojunction has a superior photovoltaic behavior to graphene
silicon junctions [20].

However, the device based grapheneGaAs junction is still
far lower in efficiency. The application of graphene in solar
cell requiresmuchmore investigation on devices especially in
structure and technical parameter optimizing. In this work,
simulation of graphene GaAs solar cells is carried out with
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Figure 1: Cross section of the graphene GaAs solar cell.

the effect of substrate thickness, graphene transmittance and
resistance, and n-type doping concentration. The graphene
GaAs solar cell was modeled using Silvaco TCAD tools while
the performance of solar cell was improved by parameter
optimization.

2. Structure and Modeling

As mentioned above, Figure 1 shows the cross section of the
graphene GaAs solar cell simulated using TCAD tools. The
device consists of three regions which are Gallium arsenide
(GaAs) substrate, SiO

2
window layer, and graphene layer

from bottom to the top area, respectively. Here the graphene
layer with a thickness of 10 nm was coated onto the silicon
substrate with 1 𝜇m × 12 𝜇m oxide window which could
decrease the surface recombination.

Basically, any semiconductor can form a Schottky junc-
tion with a certain metal if their work function difference
is big enough and the carrier density of the semiconductor
is moderate [21]. GaAs, with a direct band gap of 1.42 ev, is
a promising material for optoelectronic device application.
Calculations’ results indicate that graphene films form a
Schottky junction with GaAs, which is favorable for produc-
ing a relatively large built-in field [22].

The nonlinear I-V characteristic of the Schottky junction
can be expressed by the thermionic emission model:

𝐼

𝑠
= 𝐴𝐴

∗
𝑇

2
𝑒

−𝜙𝐵/𝐾𝑇
, (1)

N-type GaAs

E0

Ec

Ef

𝜙G

𝜒GaAs

h�

Graphene

𝜙GaAs

E�

Figure 2: Energy diagrams of graphene n-GaAs solar sell.

where 𝐴 is the contact area, 𝐴∗ is the effective Richardson
constant, 𝑇 is the absolute temperature, 𝐾 is Boltzmann
constant, and C

𝐵
is the barrier height

𝜙

𝐵
= 𝜙

𝐺
− 𝜒 (2)

for n-type semiconductor where C
𝐺
is the work function of

graphene and 𝜒 is the electron affinity of semiconductor.
Under illumination, the photoexcited electrons and holes

are generated in the GaAs substrate and then separated by the
built-in electric field at the Schottky junction. Electrons and
holes are collected by bottom electrodes and graphene film
which form a photovoltaic action for n-type GaAs as shown
in Figure 2.
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Table 1: Simulation parameters for graphene GaAs solar cell.

Parameter Description Value
𝐸

𝑔
GaAs band gap 1.42 ev

𝑁

𝑐
Effective density of states in CB 4.35e × 1017 cm−3

𝑁V Effective density of states in VB 8.16e × 1018 cm−3

𝜒 GaAs electron affinity 4.07 ev

𝜇

𝑒
GaAs electron mobility, 300K [23]

No doping: 8000 cm2/Vs
N-type doping 1 × 1014 cm−3: 7300 cm2/Vs
N-type doping 1 × 1015 cm−3: 5900 cm2/Vs
N-type doping 1 × 1016 cm−3: 4600 cm2/Vs

𝜇

ℎ
GaAs hole mobility, 300K

No doping: 400 cm2/Vs
N-type doping 1 × 1014 cm−3: 340 cm2/Vs
N-type doping 1 × 1015 cm−3: 302 cm2/Vs
N-type doping 1 × 1016 cm−3: 240 cm2/Vs

Table 2: Efficiency versus GaAs thickness, graphene work function and transmittance, and n-type doping concentration under AM1.5
illumination.

GaAs thickness
(𝜇m)

Graphene work function
(ev)

Graphene transmittance
(%)

N-type
doping
(cm−3)

𝐽sc
(mA/cm2)

𝑉oc
(V) FF 𝜂 (%)

1 4.55 93.1 No doping 7.082 0.255 0.344 0.772
2 4.55 93.1 No doping 8.483 0.268 0.406 1.174
5 4.55 93.1 No doping 8.261 0.281 0.473 1.392
10 4.55 93.1 No doping 7.519 0.289 0.433 1.196
5 4.4 95.4 No doping 8.613 0.263 0.451 1.298
5 4.8 85.3 No doping 7.951 0.296 0.496 1.481
5 4.8 85.3 1𝑒14 7.966 0.301 0.499 1.518
5 4.8 85.3 1𝑒15 8.054 0.332 0.518 1.755
5 4.8 85.3 1𝑒16 8.191 0.389 0.548 2.218

To investigate the performance of graphene based solar
cell, simulations were carried out using TCAD, which divides
into two steps since there is not graphene default involved in
the material declination. Firstly, we deposit 10 nm aluminum
film as anode electrode instead of graphene film using
ATHENA tool to generate the device structure. Secondly, we
redefine the anode electrode material as graphene layer using
ATLAS tool.

Graphene is modeled as a semimetal, a carrier mobility of
15,000 cm2/Vs.The carrier densities were calculated by Fermi
distribution and by adjusting the values of effective masses,
a thickness of 10 nm, and band gap such that the cattier
densities agree with experimental results. It is important
to point out that, for multilayer graphene film, the 𝐸-𝐾
dispersion relationship is weakly parabolic rather than linear
as in the case of monolayer graphene. Simulation parameters
used in Atlas tool for this device are listed in Table 1.

3. Result and Discussion

3.1. GaAs Substrate Thickness Effect. GaAs crystal is chosen
as absorption area. Graphene layer acts as a transparent
electrode, that is, for the intensity of photogenerated carriers.
A Schottky junction is built in for the difference between their

work functions. Figures 3(a)–3(d) show the photogeneration
rates of GaAs solar cell under AM1.5 illumination with
depth for absorption layer were maintained at 1𝜇m, 2 𝜇m,
5 𝜇m, and 10 𝜇m, respectively. The light could be absorbed
in barrier layer and inside the semiconductor. Both results
show themost effective absorption area located in the surface
attachment about 0.1 𝜇m. Meanwhile, Figure 3(d) shows that
10 𝜇m thickness is enough for full spectrum absorption since
the intensity of the photogenerated carriers dramatically
reduces in the deep area of GaAs substrate.

To investigate the effect of GaAs thickness on the perfor-
mance of solar cell, we calculate the current-voltage curves
and internal quantum efficiency (IQE) shown in Figures 4
and 5, respectively. Most carriers are generated around the
surface for GaAs under light illumination. At the condition of
the thickness below 5𝜇m, the absorption of long wavelength
photo is strengthened with the increase of thickness. In com-
parison the absorption of long wavelength photo decreases
when the thickness at 5 𝜇m and 10 𝜇m expects the absorption
peak at 870 nm which is according to the band energy level
of GaAs. As a result, the light current gets a peak value versus
different substrate thickness which leads to the biggest power
conversion efficiency at 1.392% (listed in Table 2).
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Figure 3: Photogeneration rate of graphene GaAs solar cell under AM1.5 illumination versus substrate thickness: (a) 1𝜇m, (b) 2 𝜇m, (c) 5 𝜇m,
and (d) 10 𝜇m.

3.2. Graphene Work Function and Transmittance Effect.
According to the theory model described in Figure 2, the
battier heightC

𝐵
is related to the difference between graphene

work function C
𝐺
and electron affinity 𝜒 of GaAs. Con-

sequently, higher work function increases C
𝐵
and further

enhances the built-in potential𝑉bi via the equation𝑉𝑏𝑖 = C𝐵−
𝑉

𝑛
, where𝑉

𝑛
means the distance between 𝐸

𝑐
and 𝐸

𝑓
in GaAs.

Therefore, the increase of graphenework function implies the
increase of 𝑉bi corresponding to the upper limitation of 𝑉oc.

Lancellotti et al. reported the dependence of graphene
work function and transmittance on the number of layers
[21]. We calculated the current-voltage curves and IQE
of graphene GaAs solar cells versus different graphene
work function considering the dependence of transmittance.
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We noticed that the IQE of three kinds of graphene layer
have almost the same absorption spectrum zone as shown
in Figure 7. However, the higher transmittance means the
lowerwork functionwhich leads to the balance between short
circuit current and open-circuit voltage as shown in Figure 6.
Accordingly, higher barrier also leads to a bigger fill factor.
As a result, we got the biggest power conversion efficiency at
1.481% (listed in Table 2).

3.3. N-Type Doping Effect. It is well known that the n-type
doping in GaAs can increase the Fermi energy level and
intensity of photogeneration carriers. For doping concen-
tration at 1 × 1014 cm−3, 1 × 1015 cm−3, and 1 × 1016 cm−3,
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Figure 6: Current-voltage curves of graphene solar cells versus
different graphene work function.
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Figure 7: IQE of graphene solar cells versus different graphenework
function.

the short-circuit current and open-circuit voltage are both
increased due to higher barrier height as shown in Figure 8.
The variation of 𝑉oc is much more significant than that of
𝐼sc which has great consistency with the IQE results shown
in Figure 9. In other words, n-type doping for GaAs mainly
affects the height of barrier which leads to the enhancement
of open-circuit voltage while the current generated by photos
does not show great shifts. It may be due to the movement
of depletion boundary in the region close to the interface of
graphene and GaAs with increasing doping density.
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Figure 8: Current-voltage curves of graphene GaAs solar cells
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4. Conclusion

Graphene based GaAs solar cell is modeled and then two-
dimensional simulation of this device is carried out using
Silvaco TCAD tools. The process of structure generation
and material definition is described in the front section. We
further compared the performance at different conditions
including GaAs thickness, graphene work function and
transmittance, and n-type doping concentration in GaAs
crystal in detail.The results show thatmost carriers generated
in the region locate very close to the interface under light

illumination.The comparison between higher work function
and lower transmittance of graphene shows that the work
function is more efficient for better performance. Moderate
n-type doping in GaAs leads to great increase of power
conversion efficiency while open-circuit voltage is much
more sensitive than short-circuit current of this kind of
device.
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The shell thickness-dependent strain distributions of the Au/Ag and Ag/Au core-shell nanoparticles embedded in Al
2
O
3
matrix

have been investigated by finite element method (FEM) calculations, respectively. The simulation results clearly indicate that
there is a substantial strain applied on both the Au/Ag and Ag/Au core-shell nanoparticles by the Al

2
O
3
matrix. For the Au/Ag

nanoparticles, it can be found that the compressive strain existing in the shell is stronger than that on the center of core and reaches
themaximumat the interface between the shell and core. In contrast, for theAg/Au nanoparticles, the compressive strain applied on
the core is much stronger than that at the interface and that in the shell.With the shell thickness increasing, both of the strains in the
Au/Ag and Ag/Au nanoparticles increase as well. However, the strain gradient in the shell decreases gradually with the increasing
of the shell thickness for both of Ag/Au ad Au/Ag nanoparticles. These results provide an effective method to manipulate the
strain distributions of the Au/Ag and Ag/Au nanoparticles by tuning the thickness of the shell, which can further have significant
influences on the microstructures and physical properties of Au/Ag and Ag/Au nanoparticles.

1. Introduction

Nanoparticles with core-shell structure have attracted inten-
sive scientific and technical interests due to their potential
applications in catalysis, drug delivery, microelectronics, sen-
sor, andmany other emerging nanotechnologies [1–5]. Partic-
ularly, the bimetallic nanoparticles with core-shell structure
have constantly been the subject of these studies because of
their improved electronic, optical, and catalytic performances
compared with those of monometallic nanoparticles [6, 7].
Moreover, it has been demonstrated that the composition,
size, shape, and surfacemodification of these bimetallic nano-
particles can be tailed for the targeted applications [8, 9].
Among them, Au/Ag and Ag/Au core-shell nanoparticles
have currently captured exponential attention due to their
unique optical and photonic properties. It has been illustrated
that Au and Ag present a broad absorption band in the visible

region of the electromagnetic spectrum [10–12], which can
be due to the collective oscillation of the free conduction
electrons induced by an interacting electromagnetic field [13].
Moreover, Au is a suitable candidate for biomedical appli-
cations because of its excellent performances on biocom-
patibility, chemical stability and easy surface modification,
and so forth. Therefore, the Au/Ag and Ag/Au core-shell
nanoparticles with surface plasmon enhancement and high
levels of sensitivity have tremendous applications for optical,
chemical, and bimolecular devices. For example, the genera-
tion of detectable Fano-resonance has been demonstrated in
Au/Ag core-shell structure [14], which has a great potential in
the subwavelength waveguides, and low-loss metamaterials
sensors [15–18].

On the other hand, strain engineering provides a general
strategy to control themorphology andmicrostructure of the
nanostructures, leading to an enhancement of their device
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Figure 1:Morphological cross-sectional strain distribution of embedded core-shell Au/Ag nanoparticles with the shell thickness of (a) 2.5 nm,
(b) 5 nm, (c) 7.5 nm, and (d) 10 nm, respectively.

performance. For example, quantum dots, a kind of nanos-
tructures for making high performance nanodevices, can be
realized by using self-assembled growth technique, which is
based on a process of strain accumulation and relaxation in
the system [19, 20]. For the core-shell nanoparticles confined
in a hostmatrix, a substantial strain is induced [21–25], which
can be used to tune the interplay between the core and shell
layers, the morphology [26, 27], and optical properties [28].
Therefore, for the Au/Ag and Ag/Au core-shell nanoparticles,
along with the enhanced light absorption, spectral tuning of
the surface plasmon resonance by strain can provide another
dimension besides the usual size and composition manipula-
tion. Here, the shell thickness-dependent strain distributions
of the Au/Ag and Ag/Au core-shell nanoparticles embedded
in Al
2
O
3
matrix have been investigated, respectively. The

simulation results offer an effectivemethod tomanipulate the
strain distributions of the Au/Ag and Ag/Au nanoparticles
by tuning the thickness of the shell, which can further
have significant influences on the surface states and surface
plasmon resonance of Au/Ag and Ag/Au nanoparticles.

2. Methods

In this paper, a FE calculation is performed to simulate the
strain distribution of embedded Au/Ag and Ag/Au core/shell
nanoparticles with different shell thickness. The interplay
between the strain and the structure of confined Au/Ag and
Ag/Au nanoparticles has been investigated. FE calculation
has been applied successfully to continuum modeling of
deformation [29] of materials. Recently, simulation on the
strain distribution of nanoparticles by FE method has been
widely studied [30, 31]. For materials at nanoscale, the simu-
lations by the continuum elastic FEmethod and the atomistic
strain calculations have reached a general qualitative agree-
ment [32, 33]. Many physical properties of nanomaterials,
including elastic anisotropy, thermal expansion, and three-
dimensional morphology, can be understood well by the
FE simulation results. In our simulation, the FE model for
the strain distribution is based upon the following assump-
tions. A spherical, linear-elastic core-shell Au/Ag or Ag/Au
nanoparticle is confined in an isotropic and linear-elastic
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Figure 2: X-Y plane strain profiles for Au/Ag nanoparticles with the shell thickness of (a) 2.5 nm, (b) 5 nm, (c) 7.5 nm, and (d) 10 nm,
respectively.

matrix.TheAu/AgorAg/Aunanoparticle surface iswelded to
the Al

2
O
3
matrix. The core size is 2.5 nm and the shell thick-

ness is 2.5 nm, 5 nm, 7.5 nm, and 10 nm for each nanoparticle,
respectively. The thermal expansion mismatch between the
nanoparticles and Al

2
O
3
matrix leads to a substantial strain

in the confined Au/Ag or Ag/Au nanoparticles. Young’s
modulus is taken to be 170GPa, 76GPa, and 360GPa for Au,
Ag, and Al

2
O
3
, while Poisson’s ratio is taken to be 0.42, 0.38,

and 0.24 for Au, Ag, and Al
2
O
3
, respectively.

3. Results and Discussion

Themorphological cross-sectional strain distributions for the
core-shell Au/Ag nanoparticles embedded in Al

2
O
3
thin film

with the shell thickness of 2.5 nm, 5 nm, 7.5 nm, and 10 nm are
presented in Figures 1(a)–1(d), respectively. It can be found
that the strain distributes inhomogeneously, which can be
tuned by the shell thickness. Correspondingly, the X-Y plane
strain profiles for embedded Au/Ag nanoparticle with the
shell thickness of 2.5 nm, 5 nm, 7.5 nm, and 10 nm are shown
in Figures 2(a)–2(d), respectively. Figures 2(a)–2(d) illustrate
quantitatively that there is a large compressive strain applied
on the Au/Ag nanoparticle by the Al

2
O
3
matrix. The strain

is weaker in the core than that in the shell. It reaches the
maximum at the interface and decreases with the layer away
from the interface. With the shell thickness increasing, it
can be seen that the strain existing in the core-shell Au/Ag
nanoparticles becomes stronger. The strain distribution in
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Figure 3: Morphological cross-sectional strain distribution of confined Ag/Au nanoparticles with the shell thickness of (a) 2.5 nm, (b) 5 nm,
(c) 7.5 nm, and (d) 10 nm, respectively.

the core keeps homogenous. However, the inhomogeneousity
of strain distribution existing in the shell is enhanced.

Similarly, the morphological cross-sectional strain distri-
butions for Ag/Au nanoparticles embedded in Al

2
O
3
thin

films with the shell thickness of 2.5 nm, 5 nm, 7.5 nm, and
10 nm are presented in Figures 3(a)–3(d), respectively. The
X-Y plane strain profiles for embedded Ag/Au nanoparticle
with the shell thickness of 2.5 nm, 5 nm, 7.5 nm, and 10 nm
are illustrated in Figures 4(a)–4(d), respectively. It also can
be seen that there is a compressive strain applied on the
Ag/Au nanoparticles by the Al

2
O
3
matrix. However, the

strain distributes quite differently from that in the Au/Ag
nanoparticle, which reaches the maximum in the core and
decreases monotonously from the core to the shell in the
Ag/Au nanoparticles.With the shell thickness increasing, the
strain increases as well. The strain distribution in the core
keeps homogenous, and the inhomogeneousity of strain dis-
tribution existing in the shell is enhanced.

For a comparison, Figure 5 illustrates the strain distri-
butions and the strain gradient for the Au/Ag and Ag/Au
nanoparticles with the shell thickness of 2.5 nm, 5 nm, 7.5 nm,
and 10 nm, respectively. It can be found that, for both of
Au/Ag and Ag/Au nanoparticles, the strain is enhanced with
the increasing of the shell thickness. Moreover, the strain
increases faster for Ag/Au than that for Au/Ag nanoparticles.
For these two core-shell nanoparticles with the same shell
thickness, the strain on the core is larger for Ag/Au than
that for Au/Ag nanoparticles, which can be due to the larger
Young’s modulus of Au than that of Ag.The strain gradient in
the shell decreases gradually with the increasing of the shell
thickness for both of Ag/Au ad Au/Ag nanoparticles. How-
ever, the strain gradient in the shell decreases faster for Au/Ag
than that for Ag/Au nanoparticles. The homogeneous strain
distribution in the core and the inhomogeneous strain in the
shell can have a significant influence on the microstructure
and morphology of Au/Ag and Ag/Au nanoparticles, which
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Figure 4: X-Y plane strain profiles of Ag/Au nanoparticles with the shell thickness of (a) 2.5 nm, (b) 5 nm, (c) 7.5 nm, and (d) 10 nm,
respectively.

plays an important role in tuning the surface states and sur-
face plasmon resonance of Au/Ag and Ag/Au nanoparticles.

4. Conclusion

In summary, the shell thickness-dependent strain distribu-
tions of the Au/Ag andAg/Au core-shell nanoparticles embe-
dded in Al

2
O
3
matrix have been investigated by FEM cal-

culations, respectively. The simulation results clearly indicate
that there is a substantial strain applied on both the Au/Ag
and Ag/Au core-shell nanoparticles by the Al

2
O
3
matrix,

and the strain distributes homogeneously in the core and

inhomogeneously in the shell. For the Au/Ag nanoparticle,
the strain reaches themaximum at the interface and is weaker
in the core than that in the shell. For the Ag/Au nanoparticles,
the strain decreases monotonously from the core to the shell.
For these two nanoparticles with the same shell thickness, the
strain in the core is larger for Ag/Au than that for Au/Ag
nanoparticles. With the shell thickness increasing, both of
the strains in Au/Ag and Ag/Au nanoparticles are enhanced,
and the strain gradient in the shell decreases gradually.These
results demonstrate an effective method to manipulate the
strain distributions of the Au/Ag and Ag/Au nanoparticles by
tuning the thickness of the shell, which plays an important
role in optical properties of Au/Ag and Ag/Au nanoparticles.
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This paper presents experiment measurements of minority carrier lifetime using three different methods including modified open-
circuit voltage decay (PIOCVD) method, small parallel resistance (SPR) method, and pulse recovery technique (PRT) on pn
junction photodiode of the HgCdTe photodetector array.The measurements are done at the temperature of operation near 77K. A
saturation constant background light and a small resistance paralleled with the photodiode are used to minimize the influence of
the effect of junction capacitance and resistance on theminority carrier lifetime extraction in the PIOCVD and SPRmeasurements,
respectively. The minority carrier lifetime obtained using the two methods is distributed from 18 to 407 ns and from 0.7 to 110 ns
for the different Cd compositions. The minority carrier lifetime extracted from the traditional PRT measurement is found in the
range of 4 to 20 ns for 𝑥 = 0.231–0.4186. From the results, it can be concluded that the minority carrier lifetime becomes longer
with the increase of Cd composition and the pixels dimensional area.

1. Introduction

Minority carrier lifetime is an important characteristic to
evaluate the quality of photovoltaic material and the perfor-
mance of the photoelectronic devices [1]. The basic theory of
minority carrier recombination through recombination cen-
ters was put forth in 1952 [2]. Even though many techniques
have been developed in order to determine the minority
carrier lifetime for Si-based or Ge-based devices, the carrier
lifetime for the HgCdTe photovoltaic infrared focal plane
array (IRFPA) photodetector [3–6] is still a puzzling question,
especially for the pn junction devices. This is because the
instability of HgCdTe material, in which the characteristics
may change during the formation process of device, results
in the differences between the actual and design parameters
such as carrier concentration and the junction depth and so
forth. These issues have many uncertainties effects on the
minority carrier lifetime in the pn junction device.

Previous studies results show that the lifetime obtained
is widely distributed in the range of ns∼𝜇s [7] for different

testing techniques, Cd composition, active junction area,
and growth conditions. Since the investigation of the car-
rier lifetime is beneficial to understand the recombination
mechanism, the measurements must be carried out on the
actual devices to extract the minority carrier lifetime. Here,
on the junction type HgCdTe IRFPA, we compare minority
carrier lifetimes measured by PIOCVD method [8, 9], SPR
method [10], and PRT [11] for a series of Cd compositions
and the pixels dimensional area.

2. Device Description and Experimental Setup

The Hg
1−xCdxTe photovoltaic array detector was grown by

MBE epitaxy on GaAs substrates. An ion implantation was
fabricated on the p-type HgCdTe layer through B+ ion
implantation to form the n+ region. The acceptor and donor
concentration were 𝑁

𝑎
≈ 8 × 10

15 cm−3 and 𝑁
𝑑
≈ 1 × 10

17

cm−3, respectively.The n+ heavy-doping areawas 50 × 50 𝜇m2
or 28 × 28 𝜇m2. A ZnS film was evaporated on the surface
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as a passivation layer. The metal contacts were deposited
on either side of the n-on-p junctions in preparation for
photovoltaic measurements. The sample was mounted in
a liquid nitrogen-cooled Dewar for measurements and the
temperature was close to 77K.

The transient photovoltage of the photodetectorwas stim-
ulated by the incident laser pulse, which was generated by an
optical parametric oscillator (OPO) and difference frequency
generator (DFG) pumped with a picosecond Nd:YAG pulsed
laser. The laser pulse duration was 30 ps and the repetition
rate was 10Hz. An Oriel THL (tungsten halogen lamp, Oriel
63355) was used as the bias light source to stimulate the
steady-state photovoltage. The nanosecond electric pulses in
the PRT measurement were generated by an Agilent 33250A.
The sample under test was connected via BNC coaxial cable
in series with a 50Ohm matched load resistance. An Agilent
Infiniium 54832B oscilloscope was used to record the optical
and electrical methods signals obtained.

3. Lifetime Measurement Techniques and
Results Discussions

3.1. Photo-Induced Open-Circuit Voltage Decay Method. The-
oretically, when the HgCdTe photodiode is excited by the
pulsed laser, the photoresponse shows a rapid increase and
slow decay process. As it has been analyzed in the previous
report [8, 9], however, the decay curve profiles are dominated
by the RC discharge time constant and trap energy level cap-
ture effects on excess carrier’s relaxation. In order tominimize
the effects of the equivalent junction capacitor and the carrier
traps in the HgCdTe photodiode, a constant background
illumination has been introduced in the traditional OCVD
method, which can be called photo-induced open-circuit
voltage decay (PIOCVD) method.

The composition of Hg
1−xCdxTe in our experiments is

𝑥 = 0.231 (𝜆Eg ∼8.6 𝜇m), 𝑥 = 0.305 (𝜆Eg∼4.6 𝜇m), 𝑥 =
0.343 (𝜆Eg ∼ 3.7 𝜇m), and 𝑥 = 0.418 (𝜆Eg ∼ 2.9 𝜇m). The
detectors were processed into 50 × 50 𝜇m2 area of planar
structures. By increasing the bias light intensity, the steady-
state photovoltage will saturate the junction potential barrier
of the photodiode. When the steady-state photovoltage does
not increase with the rising of the background intensity,
the photogenerated carriers recombination will dominate the
decay time constant, which is related to the minority car-
rier lifetime. In agreement with this picture, photovoltage
transient decay can be fitted by a one-order exponential
function.

Figure 1 shows the situation that the DC photovoltage has
been saturated. The photovoltage transient decay time con-
stant can be determined from the best fit to the experiment,
and consequently the minority carrier lifetime is obtained.
The results show that the minority carrier lifetime is in the
range of 18∼407 ns for 𝑥Cd = 0.231∼0.4186 at 77K. With the
Cd composition increasing, the minority carrier lifetimes
show an increasing tendency. By comparing the lifetime
values of different pixels in one-component array, it is found
that there are some distinctions between the different pixels,
which can be attributed to the nonuniformity of the HgCdTe
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Figure 1: Photovoltaic transient profile of the HgCdTe photodiode
illuminated by the laser pulses and the saturate bias light intensity.

material or due to the fabrication process variations of the
detector.

3.2. Small Parallel Resistance Method. In order to minimize
the effects of the equivalent junction, we can parallel a small
resistance in the load circuit of the photodiode in the tran-
sient photovoltage measurement, which is called the small
parallel resistance (SPR) method [10]. In this situation, the
load resistance combines with the junction series resistance
to parallel with the junction shunt resistance. Although all
these resistances contribute to theRC discharge time constant
and impact the photovoltage decay curve, the influence of
the junction shunt resistance on the RC constant can be
minimized because the load resistance and the junction series
resistance are much less than the junction shunt resistance.
Thus, the delay effect of the RC discharging process on the
photovoltaic decay curve is weakened and the time constant
will be dominated by the minority carrier recombination,
consequently.

The dependence of bias light intensity on the photo-
voltage decay profile in SPR is very different from that in
the PIOCVD measurement. Figure 2 is the photovoltage of
the HgCdTe photodiode illuminated by laser pulses with
different bias light intensity when a 50Ω resistance has been
connected in the load circuit. Since the bias light illuminating
nearly does not influence the transient photovoltage curves,
RC discharging can be excluded from the photovoltage
decay process; therefore, the minority carrier lifetime can be
correlated to the decay time constant.The area size measured
in the experiment is 50 × 50 𝜇m2 and 28 × 28 𝜇m2. The one-
order exponential function can fit well with the experiment
indicating that transient photovoltage decay is an exponential
characteristic, which is shown in Figure 3. Thus, the photo-
generated minority carrier lifetime can be extracted. Using
this method, we measured the minority carrier lifetimes for
different Cd components and different area dimensions of the
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HgCdTe photodiode.They show that the carrier lifetime is in
the range of 0.7∼110 ns at 77 K. The lifetime becomes longer
with the increase of Cd composition that is consistent with
the PIOCVD measurement result. The results also show that
the minority carrier lifetime decreases with decreasing area
because of perimeter surface recombination effects, which
coincides with previous works [12, 13].

3.3. Pulse Recovery Technique. The pulse recovery technique
(PRT) [11] is a widely used method to determine the minor-
ity carrier lifetime in the pn junction diodes, which was
developed in 1954. When the photodiode is rapidly switched
from forward into reverse bias, the excess minority carriers
which remained from forward bias injectionmust recombine
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Figure 4: Reverse recovery current transient recorded on the diode
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before current flow through the diode can drop to near
zero [14]. There are two different decay phases which can
be distinguished in the reverse current signals: one is the
constant recovery current component and the other one is the
reverse current dropping to near zero subsequently. Figure 4
shows the reverse recovery current transient recorded on the
device as a function of varying initial reverse bias.The average
minority carrier lifetime 𝜏 can be calculated from 𝑡

𝑠
and the

ratio of forward current to reverse current, which is shown in
Figure 5.

The active area of the devices used in this experiment
is 50 × 50 𝜇m2 and 28 × 28 𝜇m2. The lifetime distributes in
the range of 4 to 30 ns for 𝑥Cd = 0.231∼0.419 at 77K. The
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composition using three experimental methods.

results also show that the value of the lifetime becomes longer
with the increase of Cd composition. This is also consistent
with the PIOCVD and SPR measurement results.

3.4. Results Discussions. From the above discussion, we
measured the HgCdTe photodiode with different Cd com-
positions and the pixels dimensional area using the three
different techniques including PIOCVD, SPR, and PRT. The
minority carrier lifetime extracted from these methods is
summarized and shown in Figure 6. It is clear that no
matter which kind of experiment methods is adopted the
minority carrier lifetime values obtained from these methods
show the same increasing trend with the increase of Cd
compositions. The values of the minority carrier lifetime
show the increase with the increase of Cd composition. On
the other hand, the minority carrier lifetimes extracted from
the three methods are unequal. For example, the carrier
lifetime obtained from PIOCVD is sometimes bigger than
the ones from PRT. This is because the RC effect cannot
be avoided in a pn junction photodiode no matter in what
bias-light conditions in PIOCVDmeasurement. Since the RC
discharging process delays the photovoltage decay cure, the
minority carrier lifetime is bigger than the real values. In
addition, the entire region of the device is in a high-injection
condition, and the minority carrier lifetimes are larger than
low injection [1], consequently. For the PRT measurements,
recombination theory dictates that the minority carrier life-
time will be affected seriously by the surface recombination.
Particularly, for the thin base region photovoltaic device, its
dominance effect is even more pronounced. The effective
minority lifetime profile can be given by including both
surface recombination and diffusion of carriers:

𝜏eff =
𝑑

𝑆

+

𝑑

2

𝜋

2
𝐷

,
(1)

where 𝑑 is the simple thickness perpendicular to the surface
plane, 𝑆 is the surface recombination velocity, and 𝐷 is the
diffusion coefficient. This equation describes the effective
carrier lifetime as a function of depth due to the surface
recombination and diffusion of carriers within the sample to
the surface. In this reason, the measured value is smaller than
the base region value. Another correlate point to be cleared
up is the influence of pixels dimensional area on the minority
carrier lifetime measurement. Form Figure 6, one can see
that the minority carrier lifetime of HgCdTe photodiode
with the pixels dimensional area of 2500𝜇m2 is larger than
that with the pixles dimension area of 784𝜇m2 in the SPR
measurements. Because the HgCdTe IRFPAwas fabricated to
the planar junction structure, the active area is related to the
junction area. Large decrease in the lifetime with decreasing
device size suggests that surface recombination plays an
important role in limiting effective device minority carrier
lifetime which may be interpreted as the effect of specific
surface area on the minority carrier lifetime [15]. The smaller
the pixel dimension area is, the larger the specific surface
area is, and the greater the effect of surface recombination is,
consequently.

4. Conclusion

In summary, the work described in this paper presented
the two kinds of minority carrier lifetime optical measure-
ment methods including the PIOCVD method and the SPR
method and the electrical method based on PRT. In the opti-
cal measurement method, a constant bias light illumination
and a small resistance parallel in the load circuit were used to
minimize the junction RC discharging process, respectively.
The measurement results of the three methods show that the
values of the minority carrier lifetime will increase with the
increase of Cd compositions. It also shows that the lifetime of
PIOCVD is larger than that of PRT, which can be attributed
to the RC discharging effect in PIOCVD and strong surface
recombination effect in PRT. The experiment methods and
the conclusion of this paper will have significance for the
HgCdTe device design and optimization.
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We simulated and analyzed a resonant-cavity-enhancedd InGaAs/GaAs quantum dot n-i-n photodiode using Crosslight Apsys
package.The resonant cavity has a distributed Bragg reflector (DBR) at one side. Comparing with the conventional photodetectors,
the resonant-cavity-enhanced photodiode (RCE-PD) showed higher detection efficiency, faster response speed, and better
wavelength selectivity and spatial orientation selectivity. Our simulation results also showed that when an AlAs layer is inserted
into the device structure as a blocking layer, ultralow dark current can be achieved, with dark current densities 0.0034A/cm at
0V and 0.026A/cm at a reverse bias of 2V. We discussed the mechanism producing the photocurrent at various reverse bias. A
high quantum efficiency of 87.9% was achieved at resonant wavelength of 1030 nmwith a FWHM of about 3 nm.We also simulated
InAs QD RCE-PD to compare with InGaAs QD. At last, the photocapacitance characteristic of the model has been discussed under
different frequencies.

1. Introduction

Low dimensional III–V semiconductor nanostructures have
been widely studied on their electronic and optical proper-
ties for device applications. Among the nanostructures, the
resonant-cavity-enhanced photodetectors (RCE-PDs) have
been extensively studied due to their novel physical mech-
anism and special device applications over the past two
decades [1–7]. A RCE-PD is usually constructed by placing
multiple active layers at the peak positions of a standing wave
in a resonant cavity, sandwiched between two distributed
Bragg reflectors (DBRs).

The DBRmirrors are usually made of quarter wave stacks
with a periodic modulation of refractive indices. Metals are
usually not used as mirrors because they do not provide
wavelength selectivity [2]. RCE-PDs also have the ability of
wavelength selectivity.When light is incident on the detector,
the light will enter the cavity and interfere in the internal
cavity which consisted of two mirrors if the wavelength and
the cavity mode match. So optical field is enhanced andmore
light will be absorbed, generating more carriers in the cavity.
Compared with the conventional detectors, the responsivity
is greatly improved. This makes the RCE-PD with high

detection efficiency, fast response speed, ability to work in the
absence of bias voltage, and their wavelength selectivity and
spatial orientation selectivity especially suitable for optical
fiber communication system that requires high wavelength
accuracy.

1.06 𝜇m is a specificwavelength used inNd:YAG laser sys-
tems. These systems have been widely deployed in industrial
manufacturing, medicine, remote sensing, space communi-
cation, and so forth. To achieve high sensitive detection at
this wavelength, resonant-cavity-enhanced- (RCE-) PDswith
quantum dots (QDs) as absorption layers were explored to
reach a peak quantum efficiency of 65–75% [8–10]. However,
DBR mirrors make it difficult for the device to extract
photogenerated carriers. To solve this problem, Bennett et
al. and Sun et al. fabricated an InGaAs/GaAs quantum dot
n-i-n RCE-PDs with only a bottom DBR mirror which
still has the resonant coupling nature and achieved peak
photoresponsivity of 0.75A/W at 1.4 V [11, 12].

2. Materials and Methods

The device structure to be imported into APSYS was con-
structed according to the structure in [12]. As shown in
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Figure 1: (a) The schematic diagram of the resonant-cavity-enhanced photodetector (RCE-PD). (b) The simplified 3D view of the device
constructed.
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Figure 2: Energy band diagram profile along epitaxial growth direction under equilibrium.

Figure 1(a), it consists of a Si-doped 1 𝜇m GaAs buffer layer
and a DBR (𝑛-doped) with 30 pairs of quarter-wavelength
(𝜆/4) GaAs/AlAs layers. The active region is 380 nm thick
undoped GaAs spacer and 23 periods of 6 nm-In0.5Ga0.5As
QDs layers. Finally, the top layers in sequence are 50 nm
undopedGaAs spacer, 3 nm thickAlAs blocking layer, 157 nm
GaAs spacer, and a 175 nm 𝑛

+ GaAs cap layer. The doping
concentration for all the 𝑛+ layers is 1 × 1018 cm−3. QD sheet
density of 3 × 1010 cm−2 and a square (80 𝜇m × 80 𝜇m)
openingwas left on the top for optical access.The temperature
is set to be room temperature. Plotted in Figure 1(b) is a
simplified 3D structure view of the device constructed by
Lumerical software. The energy band diagram of the device
at thermal equilibrium along the epitaxial growth direction is
plotted in Figure 2.

Figure 3(a) is the simulated QD PL spectrum at room
temperature. The peak at 1.13 𝜇m is emission from the
quantum dots and 960 nm is from the wetting layer [9, 13].
Figure 3(b) is the gain of the absorption layer at different
incident wavelengths. The largest gain appearing at 1.13𝜇m
indicated that electron-hole pairs generated in the active
region reached a maximum.

3. Results and Discussion

Figure 4(a) is the current-voltage characteristics of the
InGaAs QD RCE photodetector simulated at 1030 nm wave-
length. The suppressed dark current in the n-i-n structure
is attributed to the blocking effect by the AlAs layer. The
current increases as the reverse bias increases. In the process
of optical transition, the excited electrons from the con-
duction band and the excited holes from the valence band
will form excitons in QDs. The quantum dots can capture
the excitons very effectively. Potential barrier prevents the
electron-hole from moving in the opposite direction. Thus
the tunneling probability through the potential barrier is
very small. Exciton ionization is mainly thermal ionization.
The electron can escape from the quantum dots producing a
photocurrent at a certain temperature.The escape of electrons
and holes changes electric potential, resulting in a decrease of
the effective potential barrier, which makes bound electrons
and holes in the quantum dots tunnel through the barrier,
thus increasing the photocurrent. It is observed that the
dark current increases a little at 0.5 V or less. When the bias
is 0.5 V, photocurrent is only 0.02A/cm. The slow increase
of photocurrent density at lower applied voltage is because
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Figure 3: (a) Simulated PL spectrum. (b) Absorption layer gain spectrum.
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Figure 4: (a) Current-voltage characteristics of the InGaAs QD RCE photodetector. The inset shows the 𝐼-𝑉 characteristics at high bias
voltage. (b) Current-voltage characteristics of the InAs QD RCE photodetector.

the main mechanism for photocurrent generation is due to
thermal ionization. We also found that as the bias increased
from 0.5V to 2V the photocurrent density increased 1
order of magnitude from 0.02A/cm to 0.34A/cm.This rapid
increase of photocurrent density is because the interaction of
thermal ionization and tunneling ionization caused exciton
ionization.

We also simulated 𝐼-𝑉 characteristic curve at high bias,
as shown in Figure 4(a) inset. Photocurrent increases as the
bias voltage increases. But when bias voltage exceeds 2 volts,
photocurrent stays at about the same value as the bias voltage
increases. This is because the majority of excitons are ionized

when bias voltage is above 2 volts and thuswould not generate
photocurrent.

The electric current characteristic (𝐼-𝑉) of InAs QD RCE
simulated still to compare with InGaAs QD. But it is seen
from Figure 4(b) that the photocurrent reaches saturation
under low bias. So, the paper has discussed the effect of the
resonant cavity, showing why the InGaAs/GaAs quantum dot
is, rather than others quantum dot (InAs/GaAs).

The quantum efficiency of a QD-RCE photodetector is
determined by the cavity resonant wavelength relative to
the exciton absorption peak. When these two wavelengths
overlap, the photodetector has the ideal quantum efficiency,
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Figure 5: Responsivity spectra of the RCE photodetector under different reverse bias voltages.

showing wavelength selectivity. Full width at half maximum
(FWHM) can reflect the wavelength selectivity of RCE
photodetector. Consider

FWHM =

𝜆

2

0
(1 − √𝑅

1
𝑅

2
𝑒

−𝜉𝛼𝑑
)

2𝜋𝜂

𝑔
𝐿eff

4
√𝑅

1
𝑅

2
𝑒

−𝜉𝛼𝑑/2
. (1)

Here, 𝑅
1
and 𝑅

2
are the reflection coefficients of the top

DBR and the bottom DBR, respectively. 𝛼 is the absorption
coefficient and 𝑑 the thickness of the absorption layer. 𝐿eff
is the equivalent cavity length, 𝑛

𝑔
is the group refraction

rate, 𝜆
0
is the mode wavelength, and 𝜉 is the standing wave

enhancement factor.
The device photocurrent spectra at different bias voltages

were simulated. Figure 5 shows the spectral responsivity
simulation of the RCE photodetector under different applied
reverse bias voltages. The resonant peak wavelength was at
1030 nmwith 3 nm full width at halfmaximum(FWHM).The
responsivity increases with the applied reversed bias between
0V and 3V and maintains the same shape. The responsivity
is approximately 0.25A/W at 1.0 V bias and increases to
0.73W/A upon 1.4 V bias and the quantum efficiency is 30.1%
and 87.9%, respectively, which agreeswith the reported results
in [12].

Figure 6(a) shows the 𝐶-𝑉 simulation performed at 𝐹 =

100KHz, 1MHz, and 10MHz in InGaAs QDs. More carriers
will extend across the QDs and the excited state and the
ground state will be filled with increasing reverse bias. So,
the higher the reverse bias, the larger the capacitance value,
as a result of the greater portion of the QD assembly being
populated [14–17]. We also simulated 𝐶-𝑉 characteristic
of InAs QD RCE to compare with InGaAs QD as shown
in Figure 6(b). The photocurrent has reached saturation at
1.0 V. It is similar to Figure 4(b), the 𝐼-𝑉 characteristic. The
theoretical fit of the capacitance is obtained using a simple

model based on the definition of the capacitance (𝐶 =

𝑑𝑄/𝑑𝑉) [18] where the charge is given by the integral of the
density of states and the energy distribution:

𝐶dot = 𝑞𝐴𝐿∑

𝑖

𝜕

𝜕𝑉dot
(∫𝐷

𝑖
(𝐸, 𝑉dot) × 𝑓 (𝐸, 𝑉dot) 𝑑𝐸) . (2)

The summation is assumed over all 𝑖 subbands, where
𝐷

𝑖
(𝐸, 𝑉dot) is the electron density of state for 𝑖th subband in

QDs, 𝑓(𝐸, 𝑉dot) is the Fermi-Dirac energy distribution, 𝑉dot
is the voltage across the quantum dots scaled by level-arm
relationwhen the band bending is neglected, and𝐿 is the level
arm coefficient.

Comparing with 90.3%, the experimentally measured
results for quantum efficiency and the discrepancy in the
device responsivity in our computed result can be attributed
to the number of quantum dots used in simulation. The
device in the experimental result has 22 pairs of QDs, whilst
in simulation the lowest quantum dot number allowed was
limited by the calculation procedure. And to some extent,
this result further demonstrated QD RCE-PD’s potential in
achieving high quantum efficiency, high response rate, and
better wavelength selectivity.

4. Conclusions

In summary, we have simulated an n-i-n RCE photodetector
grown on a GaAs substrate with operating wavelength at
1.03 𝜇m. The responsivity is 0.73A/W at 1.4 V bias with a
FWHM of 3 nm. A high quantum efficiency of 87.9% was
observed in the calculation. The device has reduced dark
current of 0.0034A/cm at the bias of 0V and 0.026A/cm at
the reverse bias of 2.0 V.



Advances in Condensed Matter Physics 5

0 1 2 3
0

10

20

30

40

50
Ca

pa
ci

ta
nc

e (
nF

/m
)

−1−2−3

Voltage (V)

100 KHz
1MHz
10MHz

(a)

0 1 2 3
0

10

20

30

40

50

60

−1−2−3

Voltage (V)

100 KHz
1MHz
10MHz

Ca
pa

ci
ta

nc
e (

nF
/m

)

(b)

Figure 6: (a) 𝐶-𝑉 simulation figure of the InGaAs QD RCE photodetector under different frequents. (b) 𝐶-𝑉 characteristics of the InAs QD
RCE photodetector.
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The temperature-dependent stress state in the AlGaN barrier layer of AlGaN/GaN heterostructure grown on sapphire substrate was
investigated by ultraviolet (UV) near-resonant Raman scattering. Strong scattering peak resulting from theA

1
(LO) phononmode of

AlGaN is observed under near-resonance condition, which allows for the accurate measurement of Raman shifts with temperature.
The temperature-dependent stress in the AlGaN layer determined by the resonance Raman spectra is consistent with the theoretical
calculation result, taking lattice mismatch and thermal mismatch into account together.This good agreement indicates that the UV
near-resonant Raman scattering can be a direct and effective method to characterize the stress state in thin AlGaN barrier layer of
AlGaN/GaN HEMT heterostructures.

1. Introduction

Recently, AlGaN/GaN heterostructures have attracted con-
siderable attention due to their potential use in high-power,
high-temperature, and high-frequency electronic devices
[1–5]. The high-temperature application is one important
advantage of the AlGaN/GaN-based devices over GaAs-
based and Si devices [6–8]. It is well known that the strain
and stress in the AlGaN barrier layer due to lattice mismatch
(LMM) and thermal mismatch between AlGaN and the
underlying layers have important effect on the formation
and transport properties of two-dimensional electron gas
(2DEG) in AlGaN/GaN heterostructures [9–11]. Therefore,
the investigation on the temperature dependence of stress
or strain in AlGaN barrier layer is necessary for under-
standing the temperature-dependent electrical properties of
AlGaN/GaN heterostructure and improving the reliability of
the AlGaN/GaN based devices.

In previous reports, the strain or stress in the AlGaN
layer of AlGaN/GaN heterostructures was characterized
typically by using X-ray diffraction [12, 13]. However, the
reflection peaks of some asymmetric planes in AlGaN barrier
layer are always invisible due to the thin thickness and
poor interference of the plane [12]. So, the in-plane lattice
constant and the biaxial strain of AlGaN layer cannot be
measured directly using this method. Raman spectroscopy
is an effective method for the residual stress measurement
of crystal films. However, in the prior studies on Raman
measurements of AlGaN/GaN heterostructures, the visible
(532 nm, 488 nm) Raman spectroscopy is mainly used to
detect the stress and 2DEG channel temperature by measur-
ing the phonon frequency of GaN averaged over the whole
buffer layer [14, 15], which cannot reflect directly the stress
state in the AlGaN barrier layer.

In this work, we investigated the temperature-dependent
stress state in the thin AlGaN barrier layer of AlGaN/GaN
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Figure 1: (a) UV Raman spectra of AlGaN/GaN heterostructure with varying temperature and (b) the local amplified graph of the A
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heterostructure by means of UV near-resonant Raman scat-
tering. The Raman measured results are in good agreement
with those from theoretical calculation, taking LMM and
thermal mismatch into account together.

2. Experiment

The AlGaN/GaN heterostructure used in this study was
grownon sapphire substrate bymetal-organic chemical vapor
deposition. The sample consists of a 2 𝜇m thick unintention-
ally doped GaN layer, a 1 nm thick AlN spacer layer, and a
25 nm thick undoped Al

0.27
Ga
0.73

N barrier layer.

The Raman scattering spectra were recorded by using
an HR800 Jobin-Yvon spectrometer equipped with a liquid-
nitrogen-cooled charge-coupled device in a backscattering
geometry. A 325 nm He-Cd laser was used as an excitation
source. A temperature stage with a quartz window was used
to heat the sample from 80 to 600K in flowing nitrogen.

3. Results and Discussion

3.1. The Stress in AlGaN Barrier Layer Determined by Near-
Resonant Raman Scattering. Thetemperature-dependentUV
Raman spectra of AlGaN/GaN heterostructure are shown
in Figure 1. Compared to the visible Raman spectrum of
AlGaN/GaN heterostructure [19], a new peak near 785 cm−1
occurs in the UV Raman spectrum. This peak corresponds
to the A

1
(LO) mode of the AlGaN layer according to the Al-

composition dependent A
1
(LO) phonon frequency [20]. As

shown in Figure 1, the A
1
(LO) phonon mode of the AlGaN

layer shows enhancement effect in intensity and red shift in
frequency with increasing temperature.

The temperature dependence of the intensity of the
A
1
(LO) phonon mode in AlGaN can be explained by

studying the resonant Raman scattering in the structure
with varying temperatures. By solving the Schrodinger and
Poisson equations self-consistently using the Silvaco Atlas
software, we can get the band diagram of the structure with
varying temperature. The band gaps of AlGaN and GaN in
the temperature range of 80–600K are shown in Figure 2.
The band gap of the AlGaN barrier layer is closer to the
excitation energy than that of the GaN layer in the whole
temperature range. The resonant Raman scattering arises
from the AlGaN barrier layer. The band gap of the AlGaN
barrier layer decreases and becomes closer and closer to the
excitation energy with the increasing temperature. So, the
intensity of the A

1
(LO) phonon mode of AlGaN increases

with the increasing temperature.
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Figure 3: (a) Raman shift of A
1
(LO) mode of AlGaN as a function of temperature together with the contribution of thermal expansion of

lattice and phonon decay effects. (b) Temperature-dependent stress in AlGaN and its contribution to the Raman shift.

Table 1: Model parameters for AlGaN, GaN, and substrate [16].

Material 𝜃

1
(K) 𝜃

2
(K) 𝜃

3
(K) 𝜃

4
(K) 𝑋

1
(10−7/K) 𝑋

2
(10−7/K) 𝑋

3
(10−7/K) 𝑋

4
(10−7/K)

GaN
𝑎 75 581.25 1684.375 0.487 52.152 4.21
𝑐 75 590.625 1675 0.621 47.312 1.125

AlN
𝑎 125 600 1852.5 −4.348 44.074 35.056
𝑐 100 528.75 1723.75 −5.174 29.857 39.565

Al0.27Ga0.73N
𝑎 88.5 586.313 1729.77 −0.0818 4.997 1.254
𝑐 81.75 573.919 1688.16 −0.0943 4.26 1.1504

Sapphire
𝑎 135 565.625 1231.25 5468.75 1.2176 53.401 35.613 23.661
𝑐 135 598.438 1468.75 5198.438 2.856 72.079 23.202 29.087

There are several reasons for the frequency shift of
phonon mode with varying temperature. The anharmonicity
of the crystal lattice gives rise to the thermal expansion of
lattice and phonon decay [21, 22]. The frequency shifts due
to these two effects are denoted as Δ𝜔

𝑒
(𝑇) and Δ𝜔

𝑑
(𝑇),

respectively. In an isotropic approximation, the term Δ𝜔

𝑒
(𝑇)

is given by [21, 22]

Δ𝜔

𝑒
(𝑇) = −𝜔

0
𝛾∫

𝑇

0

[𝛼

𝑐
(

̃

𝑇) + 2𝛼

𝑎
(

̃

𝑇)] 𝑑

̃

𝑇,
(1)

where 𝛼

𝑎
and 𝛼

𝑐
are the temperature-dependent thermal

expansion coefficients along 𝑎- and 𝑐-directions, 𝜔
0
is the

harmonic frequency of the optical phonon mode, and 𝛾

is the Grüneisen parameter. Here, the thermal expansion
coefficient with variable temperature was described within
multifrequency Einstein model [16]. Consider

𝛼 =

𝑛

∑

𝑖=1

𝑋

𝑖

(𝜃

𝑖
/𝑇)

2 exp (𝜃
𝑖
/𝑇)

[exp (𝜃
𝑖
/𝑇) − 1]

2
, (2)

where𝑋
𝑖
and 𝜃

𝑖
are model parameters listed in Table 1.

Taking into account symmetric decays of the zone-
center phonons into two phonons and three phonons with
frequencies 𝜔

0
/2 and𝜔

0
/3, respectively, the termΔ𝜔

𝑑
(𝑇) can

be described by [23]

Δ𝜔

𝑑
(𝑇) = 𝐴 [1 + 2𝑛 (𝑇,

𝜔

0

2

)]

+ 𝐵 [1 + 3𝑛 (𝑇,

𝜔

0

3

) + 3𝑛

2
(𝑇,

𝜔

0

3

)] ,

(3)

where 𝐴 and 𝐵 are constants and 𝑛(𝑇, 𝜔) = [exp(ℏ𝜔/𝑘
𝐵
𝑇) −

1]

−1 is the Bose-Einstein distribution function which
describes the thermal occupation number of phonon
states. The parameters 𝛾, 𝜔

0
, 𝐴, and 𝐵 for AlGaN are 1.56,

793 cm−1, −4.646 cm−1, and −0.115 cm−1, respectively. The
contributions of the thermal expansion of lattice and phonon
decay effect to the frequency shift of A

1
(LO) mode in AlGaN

are shown in Figure 3(a).
Besides the phonon frequency shift due to the thermal

expansion of lattice and the decay of optical phonon into
phonon with lower energy, the temperature-dependent stress
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Figure 4: Schematic of the generation of thermal stress inmultilayer
structure.

in crystalline also contributes to the frequency shift, which is
denoted as Δ𝜔

𝑠
(𝑇) [24]. Consider

Δ𝜔

𝑠
(𝑇) = 2𝑎

𝜆
𝜎

𝑥𝑥
+

̃

𝑏

𝜆
𝜎

𝑧𝑧
. (4)

For A
1
(LO) mode in Al

0.27
Ga
0.73

N, the phonon deformation
potentials 𝑎

𝜆
, ̃𝑏
𝜆
equal 1.001 and −1.576 cm−1/GPa, respec-

tively [24]. The temperature-dependent phonon frequency
should be written as

𝜔 (𝑇) = 𝜔

0
+ Δ𝜔

𝑒
(𝑇) + Δ𝜔

𝑑
(𝑇) + Δ𝜔

𝑠
(𝑇) . (5)

According to the measured 𝜔(𝑇) and the calculated Δ𝜔

𝑒
(𝑇)

and Δ𝜔

𝑑
(𝑇) as shown in Figure 3(a), the temperature-

dependent Δ𝜔
𝑠
(𝑇) and the corresponding stress in AlGaN

can be obtained. The results are shown in Figure 3(b). The
measured stress in AlGaN increased from 1.88GPa at 80K
to 2.28GPa at 600K.

3.2.Theoretical Calculation. In order to identify the accuracy
of the stress determination in thin AlGaN barrier layer by
analyzing near-resonant Raman spectroscopy, we calculate
the temperature-dependent stress state of AlGaN layer theo-
retically by applying a stress model with multilayer structure.
The total stress in the AlGaN barrier layer of AlGaN/GaN

heterostructure grown on sapphire substrate consists of two
parts: one is thermal stress due to thermal mismatch between
AlGaN and the underlying GaN/substrate and the other is
induced by LMM between AlGaN and GaN.

Figure 4 shows the analysis of thermal stress generated in
multilayer structure [25]. An elastic multilayer structure at
growth temperature𝑇

𝑔
is shown schematically in Figure 4(a),

where 𝑖 denote layer number. When temperature decreases
Δ𝑇, there are unconstrained strains in different layers. Hence,
the free thermal strain, 𝛼

𝑖
Δ𝑇, is generated in this layer 𝑖,

as shown in Figure 4(b). Then, in order to achieve displace-
ment compatibility, uniform tensile/compressive stresses are
imposed on the individual layers (Figure 4(c)). Finally, the
whole structure bends due to the asymmetric stresses in the
multilayer structure (Figure 4(d)).

Based on the logical analysis described in Figure 4, the
thermal stress in the AlGaN/GaN/sapphire structure can be
calculated using the analytical model proposed by Hsueh and
Evans [26] which decomposes thermal strain into a uniform
component and a bending component. The thermal stress in
AlGaN by taking a first-order approximation (i.e., ignoring
termswith orders of 𝑡

𝑖
higher than one) is expressed as follows

[25]:

𝜎thermal = ∫

𝑇

𝑇𝑔

𝑌

2
[𝛼

𝑎,𝑠
− 𝛼

𝑎,2
+ 4

𝑌

1
𝑡

1
(𝛼

𝑎,1
− 𝛼

𝑎,𝑠
)

𝑌

𝑠
𝑡

𝑠

+ 4

𝑌

2
𝑡

2
(𝛼

𝑎,2
− 𝛼

𝑎,𝑠
)

𝑌

𝑠
𝑡

𝑠

]𝑑

̃

𝑇,

(6)

where the subscripts 𝑠, 1, and 2 denote the substrate, GaN,
and AlGaN, respectively, 𝑌 is biaxial modulus given in terms
of elastic constants 𝐶

𝑖𝑗
as 𝑌 = 𝐶

11
+ 𝐶

12
− 2𝐶

2

13
/𝐶

33
, and 𝑡 is

layer thickness. Here, the elastic constants, biaxial modulus,
and lattice constant of AlGaN are calculated from Vegard’s
law. The above parameters are listed in Table 2.

Based on the above analysis, the temperature-dependent
thermal stress in AlGaN layer can be calculated numerically.
The calculated result as shown in the insert of Figure 5
indicates that the biaxial compressive stress in AlGaN layer
decreases with the increasing temperature in the temperature
range of 80–600K below growth temperature.

Besides the thermal stress, the stress due to LMMbetween
AlGaN andGaN also contributes to the total stress in AlGaN.
This stress can be calculated using the following equations
[10]:

𝜀

𝑥𝑥
=

𝑎

1
− 𝑎

2

𝑎

2

=

𝑎

1

𝑎

2

− 1,

𝜎LMM = (𝐶

11
+ 𝐶

12
−

2𝐶

2

13

𝐶

33

) 𝜀

𝑥𝑥
,

(7)

where 𝑎

1
, 𝑎
2
are lattice constants of strain-free GaN and

Al
0.27

Ga
0.73

N in 𝑐-plane, respectively.𝐶
𝑖𝑗
is elastic constant of

Al
0.27

Ga
0.73

N.These parameters are also listed in Table 2.The
stress due to LMM between AlGaN and GaN is 3.272GPa.
The total stress in AlGaN which is the sum of 𝜎thermal and
𝜎LMM with varying temperature is also shown in Figure 5.
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Table 2: Parameters used in theoretical calculation.

Material 𝐶

11
(GPa) 𝐶

12
(GPa) 𝐶

13
(GPa) 𝐶

33
(GPa) 𝑌 (GPa) 𝑡 (𝜇m) 𝑎 (Å)

GaNa 390 145 106 398 478.5 2 3.206
AlNb 410 149 99 389 508.6 3.131
Al0.27Ga0.73N 395.5 146 104 395.6 486.7 0.025 3.1858
sapphire 496 164 115 498 606.9 800
aPolian et al. [17].
bMcNeil et al. [18].
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Figure 5: Temperature-dependent stress in AlGaN barrier layer
determined by Raman scattering and theoretical calculation. The
inset shows the temperature dependence of thermal stress inAlGaN.

The total stress increases from 1.89GPa at 80K to 2.27GPa
at 600K, which is consistent with the result obtained from
near-resonant Raman scattering.

4. Conclusions

The temperature-dependent stress state in the AlGaN bar-
rier layer of AlGaN/GaN heterostructure was investigated
by UV near-resonant Raman scattering. Strong scattering
peak resulting from the A

1
(LO) phonon mode of AlGaN is

observed under near-resonance condition. The temperature-
dependent stress in the AlGaN layer determined by the
resonance Raman spectra is consistent with the theoretical
calculation result.This good agreement indicates that the UV
near-resonant Raman scattering can be a direct and effective
method to characterize the stress state in thin AlGaN barrier
layer of AlGaN/GaN HEMT heterostructures.
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We study the photoresponse and photocurrents of long-wavelength infrared quantum cascade detectors (QCDs) based on
AlGaAs/GaAs material system. The photocurrent spectra were measured at different temperatures from 20K to 100K with a low
noise Fourier transforming infrared spectrometer.Themain response peak appeared at 8.9 𝜇mwhile four additional response peaks
from 4.5 𝜇m to 10.1 𝜇mwere observed as well. We confirmed that the photocurrent comes from phonon assisted tunneling and the
multipeak behavior comes from the complicated optical transition in the quantum cascade structure. This work is valuable for the
future design and optimization of QCD devices.

1. Introduction

Quantum cascade detectors (QCDs) are photovoltaic detec-
tors. They can operate under zero bias applied and conse-
quently do not suffer any dark current which is expected as a
promising alternative of quantum well infrared photodetec-
tors (QWIPs) [1, 2]. For focal plane array (FPA) application,
the QCDs perform pure photoresponse current to reach
a longer integration time [3] and lower noise equivalent
temperature difference (NETD) [4]. Based on bound-to-
bound intraband transition, the linewidth ofQCDs is narrow,
whichmeans high selectivity towavelength.Moreover, QCDs
have been shown to work at higher temperature [5] and been
reported in different materials and all infrared atmospheric
windows [5–9].

To prevent false-alarm and improve detection accuracy,
two color FPAs were studied and fabricated [10–12]. Conven-
tionally, two-color detection is achieved by two single-color
detectors fabricated together. So, secondary photoresponse
peaks are undesired which would act as cross talk and
noise in response spectra. QCDs perform excellent for the
narrowband detection. But confined with their multisized
quantum wells, the photoexcited transitions are complicated.
As a result, several secondary peaks appear. To eliminate cross

talk and further improve the detector’s performance, detailed
study on the secondary peaks is of particularly importance.

2. Materials and Methods

The samples under study are GaAs/AlGaAs QCDs designed
to operate at 8.9 𝜇m [3, 13]. The wafer used to fabricate
this QCD sample was grown by molecular beam epitaxy
(MBE), and the layer sequence from substrate to top was
400 nm n-doped GaAs bottom contact (Si-doped to 1 ×
1018 cm−3), 40 periods of 7 coupled Al

0.33
Ga
0.67

As/GaAs
superlattice active region, and 350 nm n-doped GaAs top
contact in which doping concentration is equal to the bottom
contact. The first QW of each period absorbs incident
light and is n-doped with the doping concentration 5 ×
1017 cm−3. The thickness of different QWs and barriers
is 68/56.5/20/39.55/23/31/28/31/34/31/38/31/48/22.6 (Å) in
roman and bold, respectively.Themesa size is 200 × 200𝜇m2
and electrical contacts were formed by a standard lift-off
deposition of AuGe/Ni/Au (100/20/400 nm). To theoretically
describe the electronic properties of QCDs, we applied the
standard eight-band 𝑘 ⋅ 𝑝 model. As shown in Figure 1,
the electrons which the energy ℎ] = 𝐸

8
− 𝐸

1
could be

excited from 𝐸
1
to 𝐸
8
. 𝐸
7
is designed to equal 𝐸

8
which
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Figure 1: Self-consisted calculated conduction band structure of one
period.

could allow the exited electrons resonant tunneling to reduce
the recombination possibility and contribute to effective
transport. Then, excited electrons tended to transport in the
direction 𝐸

7
→ 𝐸

6
→ 𝐸

5
→ 𝐸

4
→ 𝐸

3
→ 𝐸

2
→ 𝐸

1,next-period
by LO-phonon assisted tunneling due to the coupling of
wavefunction of adjacent wells.

3. Results and Discussion

Considering the complicated interactions between the inter-
subbands in QCDs, the absorption and response spectrum is
not so pure and sensitive to 8.9𝜇m only. With the diffusion
and tunneling of electrons, more than one absorption process
could be figured out theoretically as Figure 2(a) dashed
line indicated. Besides, we measured response photocurrent
spectra under zero bias voltage at different temperature. QCD
sample is soldered on a copper heat sink and placed in a
closed cycle helium cryostat. The measurements were per-
formed by using a SR570 low noise current preamplifier and
a Fourier transform infrared spectrometer (Nicolet 6700).
Response photocurrent spectra at different temperatures are
shown as solid lines in Figure 2(a).

Three clear photoresponse peaks were found immediately
in Figure 2(a) which are 𝐸

1
→ 𝐸

7
/𝐸

8
, 𝐸
2
→ 𝐸

8
, and 𝐸

1
→

𝐸

9
processes. Other two peaks could be seen after zooming

in which are corresponding to 𝐸
2
→ 𝐸

9
and 𝐸

2
→ 𝐸

10

transitions. It is to be noticed that the valley at 1250 cm−1
is a background absorption so that the peak at 1270 cm−1 is
actually a fake one.

To further improve the detector’s performance, detailed
study on the formation of multipeak spectra is needed. As is
known, photocurrent 𝐼

𝑝
could be expressed as [14]

𝐼

𝑝
= 𝑛

𝑝
𝑒V, (1)

where 𝑛
𝑝
is the quantity of photogenerated carriers, 𝑒 is

electron charge, and V is the transport velocity. Moreover, for
a certain wavelength 𝜆, the photocurrent could be given by

𝐼

𝑝
(𝜆) = 𝑛

𝑝
(𝜆) 𝑒V (𝜆) . (2)

Equations (1) and (2) are true when the electron concentra-
tion is high enough to be photoexcited. Otherwise, the 𝐼

𝑝

is also restricted to electron concentration. Besides, corre-
sponding to different photoexcited transitions, the transport
paths are not all the same in QCDs, which would lead to
different V(𝜆). At low temperature condition, the impurities
are ionized less and mainly distributed in 𝐸

1
subband. Thus

the optical excited transitions primarily occur from 𝐸
1
to

𝐸

7
, 𝐸
8
, and 𝐸

9
, respectively. With temperature rises, more

impurities will be ionized and electron concentration will get
higher. Consequently, more quantum states of 𝐸

1
subband

would be occupied. According to Pauli exclusion principle
and Hund’s rules, electrons would tend to be distributed at
higher energy levels such as 𝐸

2
by means of diffusion and

tunneling. Then, optical transition from 𝐸
2
is enhanced as

Figures 2(b) and 2(c) indicated.
The calculated electrons distribution at different temper-

atures is presented in Figure 3. It can be seen that electron
density at 𝐸

2
subband is hard to be identified at 50K, while

the density at 𝐸
2
or even other subbands becomes larger

with temperature increases. At temperature higher than 40K,
the electron density grows exponentially rapidly as the inset
Figure 3 indicated, and corresponding to Figure 2(b), the
response of 𝐸

2
→ 𝐸

8
transition becomes clear at 40K. This

indicated that our QCD can be operated around 80K, but the
electron concentration of𝐸

2
grows to ten times as that at 40K

which would be a nonignorable cross talk.
In addition, band-gap and barrier height would be influ-

enced by temperature. Energy levels would be rearranged
by structure variation of quantum wells, especially the qua-
sibound energy levels such as 𝐸

9
. As for photoconductive

QWIPs working at nonzero applied bias, the bound-to-quasi-
bound transition appears redshift with temperature rises
[15]. But for QCDs, null bias working condition makes the
transport mechanisms different. As is expected, 𝐸

1
→ 𝐸

9

transition appears blueshift with temperature getting higher
as Figure 2(d) indicated. The experiment results and calcu-
lated energy gap between 𝐸

1
and 𝐸

9
are shown in Figure 4.

A general agreement has been obtained.
From responsivity and dark current, we can deduce the

Johnson noise limited detectivity given by [2]

𝐷

∗
= 𝑅 (𝜆)
√

𝑅

0
𝐴

4𝑘𝑇

,
(3)

where𝑅(𝜆) is the peak responsivity,𝑅
0
is the device resistance

at null bias, 𝐴 is the mesa surface, and 𝑇 is the temperature
of the sample. We obtained 𝐷∗(𝜆 = 8.9) = 1.4 × 1010 Jones at
80K as Figure 5 presented. Moreover, after the elimination of
secondary response peaks, the 𝑔 factor in spectra would get
higher, leading to a higher𝐷∗.

In our QCD detector samples, the 𝐸
1
→ 𝐸

7
and 𝐸

1
→ 𝐸

8

transitions are expected to be the primary optical transitions.
The spectra noises which act as cross talk could be classified
in two categories. The first category is the transitions from
𝐸

1
to non-𝐸

7
/𝐸

8
subbands such as 𝐸

1
→ 𝐸

9
and the second

is excited from non-𝐸
1
(for example, 𝐸

2
→ 𝐸

8
) energy

levels. For the first category, thicker barriers would reduce
the overlap of wavefunctions, leading to a lower transition
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rate. For the second category, an effective way is to reduce the
electron occupation of ground states at non-𝐸

1
subbands.

4. Conclusion

In conclusion, we have demonstrated a GaAs/AlGaAs mul-
tipeak quantum cascade detector. The main response peak
appeared at 8.9 𝜇m while four other response peaks from
4.5 𝜇m to 10.1 𝜇mwere observed and analyzed.We confirmed
that the multipeak performance comes from the complicated
optical transition in the quantum cascade structure. This
work is valuable for the design and optimization of QCD
devices.
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and A. Nedelcu, “Performances of quantum cascade detectors,”
Infrared Physics and Technology, vol. 59, pp. 100–107, 2013.

[5] D. Hofstetter, M. Graf, T. Aellen, J. Faist, L. Hvozdara, and S.
Blaser, “23GHz operation of a room temperature photovoltaic
quantum cascade detector at 5.35 𝜇m,” Applied Physics Letters,
vol. 89, no. 6, Article ID 061119, 2006.

[6] S.-Q. Zhai, J.-Q. Liu, X.-J. Wang et al., “19 𝜇m quantum cascade
infrared photodetectors,”Applied Physics Letters, vol. 102, no. 19,
Article ID 191120, 2013.

[7] S. Q. Zhai, J. Q. Liu, N. Kong et al., “Strain-compensated InP-
based InGaAsInAlAs quantum cascade infrared detectors for
3–5 𝜇m atmospheric window,” in International Symposium on
PhotoelectronicDetection and Imaging 2011: Advances in Infrared
Imaging and Applications, vol. 8193 of Proceedings of SPIE,
Beijing, China, September 2011.



Advances in Condensed Matter Physics 5

[8] L. Gendron, C. Koeniguer, X. Marcadet, and V. Berger, “Quan-
tum cascade detectors,” Infrared Physics and Technology, vol. 47,
no. 1-2, pp. 175–181, 2005.

[9] S. Sakr, P. Crozat, D. Gacemi et al., “GaN/AlGaN waveguide
quantum cascade photodetectors at lambda approximate to
1.55 𝜇m with enhanced responsivity and similar to 40 GHz
frequency bandwidth,” Applied Physics Letters, vol. 102, Article
ID 011135, 2013.

[10] E. Bellotti and D. D’Orsogna, “Numerical analysis of HgCdTe
simultaneous two-color photovoltaic infrared detectors,” IEEE
Journal ofQuantumElectronics, vol. 42, no. 4, pp. 418–426, 2006.

[11] W.-D.Hu, X.-S. Chen, Z.-H. Ye, andW. Lu, “An improvement on
short-wavelength photoresponse for a heterostructure HgCdTe
two-color infrared detector,” Semiconductor Science and Tech-
nology, vol. 25, no. 4, Article ID 045028, 2010.

[12] W. D. Hu, Z. H. Ye, L. Liao et al., “128 × 128 long-wavelength/
mid-wavelength two-color HgCdTe infrared focal plane array
detector with ultralow spectral cross talk,” Optics Letters, vol.
39, no. 17, pp. 5184–5187, 2014.

[13] J. Liu, N. Kong, L. Li et al., “High resistance AlGaAs/GaAs
quantum cascade detectors grown by solid source molecular
beam epitaxy operating above liquid nitrogen temperature,”
Semiconductor Science and Technology, vol. 25, no. 7, Article ID
075011, 2010.

[14] B. F. Levine, “Quantum-well infrared photodetectors,” Journal
of Applied Physics, vol. 74, no. 8, p. R1, 1993.

[15] X. H. Liu, X. H. Zhou, N. Li et al., “Effects of bias and temper-
ature on the intersubband absorption in very long wavelength
GaAs/AlGaAs quantum well infrared photodetectors,” Journal
of Applied Physics, vol. 115, no. 12, Article ID 124503, 2014.



Research Article
Influence of Codoping on the Optical Properties of
ZnO Thin Films Synthesized on Glass Substrate by Chemical
Bath Deposition Method

G. Shanmuganathan and I. B. Shameem Banu

Department of Physics, B.S.Abdur Rahman University, Chennai 600048, India

Correspondence should be addressed to G. Shanmuganathan; shan25@bsauniv.ac.in

Received 18 June 2014; Accepted 5 August 2014; Published 31 August 2014

Academic Editor: Weida Hu

Copyright © 2014 G. Shanmuganathan and I. B. S. Banu. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Fe and K simultaneously doped ZnO thin films Zn
0.99

K
0.01

(Fe)
𝑥
O (𝑥 = 1, 2, 3, and 4%) were synthesized by chemical bath

deposition method. The XRD investigation reveals that all the doped ZnO thin films are in hexagonal wurtzite crystal structure
without impurity phases. With increase in Fe concentration, the growth of thin films along c axis is evident from the XRD which
indicates the increase in intensity along (002) direction.The same is visible from the surfacemorphologywhich shows the formation
of hexagonal structure for higher Fe concentration. The topography shows gradual variation with Fe incorporation. The optical
energy band gap obtained from the transmittance spectrum decreases from 3.42 to 3.06 eV with increase in Fe concentration
indicating the red shift and this trend is consistent with the earlier experimental results. The UV emission is centered around
3.59 eV. The optical constants such as refractive index, extinction coefficient, and absorption coefficient which are essential for the
optoelectronic applications were also determined.

1. Introduction

Zinc oxide is an amazing material for numerous applications
such as photodetectors, antireflecting coating, thin film solar
cell, LEDs, and lithium-ion batteries [1–5] due to its wide
band gap (3.445 eV) and high binding energy (60 eV) [1,
6]. Due to its unique optical, semiconductor, and optical
properties, ZnO thin films have been extensively studied
for various applications. Several methods such as chemical
bath deposition,MOCVD,melt growth, ion implementation,
DC reactive magnetron cosputtering, and hydrothermal and
simple chemical pyrolysis have been used to synthesize ZnO
thin films [7–13]. Of late, ZnO thin films are being fabricated
by codoping for enhancing the efficiency of ZnO film in
optoelectronic devices.

Alkali elements are well-knownmaterials for tuning ZnO
optical and electrical behaviors. Alkali doped ZnO films
have been broadly investigated in recent decades. Kim et al.
reported that, whenKdopedZnO thin filmswere synthesized
on Al

2
O
3
(001), the optical properties were improved [14].

Xu et al. also reported that the optical emission was emerged
while K doped ZnO was annealed during different tempera-
tures [15]. Depending on the different types of substrates such
as Si (111), ZnO exhibited different emissions such as green
and yellow emissions at 529–567 nm and 600–640 nm due
to oxygen vacancy and oxygen interstitials, respectively [16].
For Na-doped ZnO, the carrier mobility was 2.1 cm2 V−1S−1
and structural and optical properties were reported elsewhere
[17, 18]. Li doped ZnO is also used for developing the
ferroelectric, optical, and multiphonon properties of ZnO
semiconductor [19, 20]. In latest decades, Fe doped ZnO
has been synthesized for optical properties [21] because Fe
is well-known optical emitter in doped ZnO. Zhang et al.
reported [22] that the opticalmechanismof ZnO alloyedwith
Fe ion. Not only optical properties but also Fe is well known
as a doping element for altering the magnetic and electrical
properties [23–25].The extensive literature survey shows that
only few works were reported on the optical properties of
dual doped ZnO films. Some experimental works such as Al-
K [26], Li-N [27], Li-Mg [28], Fe-Co [29], and Fe-N [30]
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reported the dual doped ZnO to investigate the optical and
magnetic properties. However, the combination of alkali and
transition metals (TM) dual doped ZnO is rarely reported.

As per the literature till date the study on the optical
properties of K and Fe doped ZnO thin films has not been
reported yet. Both Fe and K when doped to ZnO separately,
they modify the band gap and also the luminescence char-
acteristics and hence, the Fe and K simultaneously doped
to ZnO can bring out some interesting results and so in
the present study, (K, Fe) codoped ZnO thin films were
investigated for the influence on the optical properties. The
optical properties of K doped ZnO films show that 1%
of K exhibited better optical properties [31]. For further
optical investigation, the transition metal Fe is added into
ZnO:K (1%) due to its excellent optical emission property.
The simple chemical bath deposition method is employed to
fabricate these films.The influence of Fe concentration on the
optical behavior has been revealed in the transmittance and
photoluminescence sections. In the presentwork, 1%Kdoped
ZnOwould be indicated as ZnO:K (1%).Themain purpose of
this study is to examine the effect of Fe ion concentration on
optical properties of ZnO:K (1%) films.

2. Experimental Work

Codoped (K, Fe) ZnO films were synthesized by chemical
bath deposition method. Here, ZnCl

2
(AR MERCK), KOH

(ARMERCK), KCH
3
COO (ARMERCK), and FeSO

4
⋅ 7H
2
O

(AR MERCK) were the precursor materials and doping
source materials, respectively. Initially, ZnCl

2
and KOH

were dissolved in the triple distilled water with 1 : 1 ratio
and stirred using magnetic stirrer at 60∘C for 10 minutes.
Then one percentage of potassium acetate was added in 1 : 1
ratio prepared homogeneous solution. After that, different
percentages of Fe (1 at%, 2 at%, 3 at%, and 4 at%)were added
to the solution for doping. In the synthesized homogenous
solution, HCl is added to keep the pH at 8. The solution
was cooled to room temperature and microglass slide was
used as substrate. The substrate was cleaned by HCl, acetone,
and double distilled water. Then the cleaned substrate was
immersed vertically in the solution using substrate holder.
Finally, the solutionwas steadily stirred bymagnetic stirrer to
get the uniformly coating on the substrate. After 45 minutes
of deposition, the uniform coated substrates were taken out
from the solutions and cleaned with double distilled water
and then dried in air. Finally, thin films are kept in the furnace
and calcined at 400∘C for 1 hour.

3. Results and Discussion

3.1. Structural Analysis. The XRD pattern of codoped (K, Fe)
ZnO thin films is shown in Figure 1. All the thin films exhibit
hexagonal crystal phase and it is confirmed with standard
JCPDS card (PDF numbers 891397 and 890510) number. In
XRD pattern, the three prominent peaks such as (100), (002),
and (101) were obtained for all films without any secondary
phase. In our previous report, three prominent peaks such
as (100), (002), and (101) were observed for ZnO:K (1%)
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Figure 1: XRD pattern of (K (1%), Fe) codoped ZnO for Fe
concentrations: (a) 1%, (b) 2%, (c) 3%, and (d) 4%.

thin film [31]. In the present work, when Fe concentration
is increased, the crystal properties of the codoped ZnO thin
films have changed. The low intensity peak was observed for
ZnO:K (1%) [31]. However, in the present work, it is observed
that when Fe is introduced, the intensity of three prominent
peaks has changed. The variation in intensity indicates the
incorporation of Fe ions in the lattice of ZnO site. In the
doping process, the three prominent peaks are shifted from
higher to lower angles due to the different ionic radius of
Fe such as Fe3+ and Fe2+. For 2, 3, and 4% of Fe, the three
prominent peaks shifted to higher angle than 1% Fe due to
the inclusion of Fe3+ (0.068 nm) [11, 32]. For 4% Fe, the (002)
peak shifts to lower angle due to the high ionic radius (0.078)
of Fe2+ [33, 34]. In the entire XRD pattern, the intensity of
(002) plane varied for different Fe ion concentrations which
indicates that the film is grown along 𝑐-axis. In the XRD
pattern, the high intensity of (002) plane reveals the improved
crystallinity [35]. The full width at half maximum of (002)
peaks is significantly varied with various Fe concentrations.
For 4% Fe, the FWHM is lower than others. Saha et al.
reported that the low FWHM reveals the deterioration of
the crystallinity [36]. For the codoped ZnO film, average
crystal size and average crystal strain were calculated and are
summarized in Table 1.

The crystalline sizes of thin films are calculated using
Scherrer formula:

𝐷 =

0.9𝜆

𝛽 cos 𝜃 (1)

3.2. Surface Morphology Analysis and EDAX Spectrum.
Figure 2 shows the surface morphology of (K, Fe) codoped
ZnO films investigated by field emission scanning electron
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Figure 2: Surface morphology (FESEM) of (K (1%), Fe) codoped ZnO for Fe concentrations: (a) 1%, (b) 2%, (c) 3%, and (d) 4%.
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Figure 3: EDAX spectrum of (K (1%), Fe) codoped ZnO for Fe concentrations: (a) 1%, (b) 2%, (c) 3%, and (d) 4%.
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Figure 4: Atomic force microscope of (K (1%), Fe) codoped ZnO for Fe concentrations: (a) 1%, (b) 2%, (c) 3%, and (d) 4%.

microscope (SUPRA “55”). SEM image shows that morphol-
ogy changes with Fe doping concentrations.The film exhibits
small grains of varied size at different level of Fe.The element
compositions such as Zn, O, K, and Fe were confirmed by
energy dispersive analysis X-ray spectroscopy and are shown
in Figure 3. In all EDAX spectrums, the substrate peak is
presented between 2.4 and 2.5 eV [31].

3.3. Surface Topology. In Figure 4 three-dimensional (3D)
surface topography of (K, Fe) codoped ZnO thin films is
presented. Surface topography was scanned at 5 × 5 𝜇m in
tapping mode. The average roughness and root mean square
values were determined. The average roughness is 84.50 nm,
73.06 nm, 69.80 nm, and 50.35 nm at level 1, 2, 3, and 4%
Fe, respectively. The RMS values are 107.60 nm, 94.14 nm,
86.94 nm, and 69.43 nm for 1, 2, 3, and 4 at % Fe, respectively.
The decreases in average roughness and RMS show that the
crystalline quality of the codoped ZnO thin films has been

improved by increase in Fe concentration.The low roughness
indicates the enhancement of crystalline quality [37].

3.4. Transmittance Spectrum and Optical Band Gap. The
transmittance spectrum of (K, Fe) codoped ZnO nanofilms
is shown in Figure 5. The (K, Fe) codoped ZnO thin films
exhibit a low transmittance as seen in Figure 5. In the visible
region, the transmittance is 50%, 45%, 25%, and 10% for 1,
2, 3, and 4 at % Fe, respectively, and the transmittance is
found to decrease with increase in Fe dopant concentration.
The film thickness is one of the main factors for low
transmittance. In the doping process, the film thickness is
4.348 𝜇m, 4.690 𝜇m, 5.078𝜇m, and 6.520𝜇m for 1, 2, 3, and
4% Fe, respectively. Xu et al. have reported that the optical
transmittance obviously reduced in the visible region due
to the Fe ion concentrations [38, 39]. Prajapati et al. have
studied that the low transmittance was obtained for Fe doped
ZnO thin films due to lattice defects into ZnO lattice [40].
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Table 1: The peak position, FWHM, average crystalline size, lattice constant, and average lattice strain for the (K, Fe) codoped ZnO thin
films.

Materials Peak positions FWHM of peaks Average crystalline
size (nm)

Lattice constant (nm) Average crystalline
strain (nm)(100) (002) (001) (100) (002) (101) 𝑎 𝑏

K (1%)-Fe (1%)-ZnO
film 31.49 34.10 36.80 0.1088 0.1060 0.1076 77.39 0.3043 0.5270 0.0879

K (1%)-Fe
(2%)-ZnO film 31.90 34.90 36.90 0.1105 0.1095 0.1081 76.47 0.2862 0.4957 0.0882

K (1%)-Fe
(3%)-ZnO film 31.90 34.90 36.90 0.1102 0.1093 0.1088 76.08 0.3004 0.5203 0.0882

K (1%)-Fe
(4%)-ZnO film 31.90 34.80 36.70 0.1014 0.1009 0.1002 82.55 0.3012 0.5217 0.0815
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Figure 5: UV transmittance of (K (1%), Fe) codoped ZnO for Fe
concentrations: (a) 1%, (b) 2%, (c) 3%, and (d) 4%.
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Figure 6: Optical band gap of (K (1%), Fe) codoped ZnO for Fe
concentrations: (a) 1%, (b) 2%, (c) 3%, and (d) 4%.

Due to the film thickness, the incident light is much absorbed
and so the transmittance light intensity is less pronounced.
This fact is well reported by the absorption coefficient values
of these thin films (Figure 9).

The optical band gap of codoped (K, Fe) nano-ZnO films
is calculated from the following formula:

𝛼 =

1

𝑑

ln( 1
𝑇

) ,

(𝛼ℎ])2 = 𝐴 (ℎ] − 𝐸
𝑔
) ,

(2)

where ℎ] is photon energy and 𝐸
𝑔
is energy gap. The optical

band gaps of codoped ZnO films are shown in Figure 6. The
optical energy gap can be obtained by extrapolating the linear
part to 𝑥-axis. In our previous work, the band gapwas 3.94 eV
for ZnO:K (1%) film [31]. The energy gap reduces due to the
increase in Fe doping concentration.The band gap values are
3.42 eV, 3.24 eV, 3.18 eV, and 3.06 eV for 1, 2, 3, and 4 at % Fe,
respectively, thus indicating the red shift. C. S. Prajapati et al.
reported that when Fe ion was doped with ZnO, the optical
band gap changes [40]. However, Xu and Li reported that the
band gap of ZnOwas increased by Fe ion concentrations [38].
The red shift was also observed for ZnO thin films due to the
high doping material, renormalization effect [41], and film
thickness [21, 42]. Among the three factors, the change in the
optical band gap also depends on the thickness of the thin
film.

3.5. Optical Constants. The refractive index of codoped ZnO
films is calculated from the following formula:

𝑛 = (

1 + 𝑅

1 − 𝑅

) + √(

4𝑅

(1 − 𝑅)

2
) − 𝑘

2
,

𝑘 =

𝛼𝜆

4𝜋

.

(3)

The refractive index of codoped ZnO thin films as function of
wavelength is shown in Figure 7. The refractive index varies
with variation in Fe concentrations. In the visible region the
light is normally dispersed due to the contribution of virtual
electronic transition [43] and lower dense medium. For the
375 nm, the refractive index of codoped ZnO thin film is 5.3,
3.2, 4.3, and 6.2 for 1, 2, 3, and 4% Fe, respectively. The thin
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Figure 7: Refractive index of (K (1%), Fe) codoped ZnO for Fe concentrations: (a) 1%, (b) 2%, (c) 3%, and (d) 4%.
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films exhibit significant changes and are also suitable for
integrated optical device application. The normal dispersion
indicates that the films do not have voids or any defects. The
lower values of extinction coefficient indicate the smoothness
of the thin film.

Figure 8 shows the variation of optical band gap, refrac-
tive index, and extinction coefficient of Fe concentrations.
In Figure 8(a), the optical band gap decreases significantly
with increases in Fe concentrations. Figure 8(b) shows that
the refractive index of codoped ZnO films is increased
(at 𝜆 = 375 nm) considerably for different doping (Fe)
concentrations. This indicates that the light normally travels

through themedium.Moreover, the extinction coefficient (𝑘)
reveals the well smoothness of thin films surface.

Figure 9 shows the absorption coefficient (𝛼) of (K, Fe)
codoped ZnO thin films for different Fe doping concen-
trations. For ZnO:K (1%), 𝛼 was 2.75 × 105 cm−1 [31]. In
the UV region at 𝜆 = 375 nm, absorption coefficient is
2.03 × 10

5 cm−1, 2.48 × 105 cm−1, 3.30 × 105cm−1, and
3.95 × 10

5 cm−1 for 1, 2, 3, and 4% of Fe, respectively. In
the present investigation, in the UV region, the absorption
of light depends on the thickness of the film. The higher
absorption of ZnO thin films is suitable for antireflecting
coating (ARC) and optoelectronic applications [44].

3.6. Photoluminescence Study. Figure 10 shows the photo-
luminescence spectrum of (K, Fe) codoped ZnO films at
room temperature. Generally, UV emissions exist in the range
between 360 nm and 380 nm [45]. The UV emission was
observed at 389 nm for ZnO:K (1%) [31]. In the present PL
spectrum,UV emission appears around 345 nm (3.59 eV) due
to the free exciton [46]. However, in the photoluminescence
spectrum, the intensity ofUVemission significantly varies for
1, 2, and 3% of Fe ion concentrations but the UV intensity
is reduced for 4% Fe ion concentration. This may be due
to the low concentration of Zn and O and it can be seen
in EDAX spectrum. This is the evidence for the variation
of UV intensity in the photoluminescence. The weak blue
emission is presented with low intensity at 437 nm due to the
low interstitial of Zn [47]. The red emission is obtained in
the range between 661 nm and 663 nm due to the surplus of
oxygen or interstitials of oxygen [48].Thepeak position of the
photoluminescence depends on the contribution between the
free exciton and transition between free electrons to acceptor
bound holes [49]. And also the position and intensity of UV
and red emissions in PL are enhanced by incorporation of
Fe ion in ZnO lattice site. In this study photoluminescence
spectrum clearly reveals that the codoped ZnO thin films are
defect free.

4. Conclusion

In the current work, the optical properties of (K, Fe) codoped
ZnO thin films synthesized on glass substrate by chemical
bath deposition technique have been investigated. The X-ray
diffraction analysis confirms the hexagonal crystal structure
of ZnO thin films. The grains with hexagonal morphology
were observed for different Fe ion concentrations. The aver-
age thin film surface roughness decreases with increase of Fe
ion concentration. The optical transmittance decreases due
to the film thickness. The optical band gap of codoped ZnO
thin films decreases due to different doping concentration.
The different optical properties such as refractive index and
absorption coefficient revealed that the optical behavior of
thin films and the low extinction coefficient value indicate the
better quality of the film.The absorption coefficient shows an
increase with doping concentration. The photoluminescence
spectrum revealed that the codoped ZnO thin films are
mostly defect free. The present study shows that codoped (K,
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Fe) ZnO thin films can be suitable candidates for antireflect-
ing coating (ARC) and optoelectronic devices.
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