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Monolithically stacked multijunction solar cells based on III–V semiconductors materials are the state-of-art of approach for
high efficiency photovoltaic energy conversion, in particular for space applications. The individual subcells of the multi-junction
structure are interconnected via tunnel diodes which must be optically transparent and connect the component cells with a
minimum electrical resistance. The quality of these diodes determines the output performance of the solar cell. The purpose of
this work is to contribute to the investigation of the tunnel electrical resistance of such a multi-junction cell through the analysis of
the current-voltage (J-V) characteristics under illumination. Our approach is based on an equivalent circuit model of a diode for
each subcell. We examine the effect of tunnel resistance on the performance of a multi-junction cell using minimization of the least
squares technique.

1. Introduction

Currently, multijunction III–V solar cells have the highest
solar cell energy conversion efficiencies (40%) [1, 2], and
they are still under investigation for even higher values.
Stacked p-n junctions with different band gap energies, such
as dual junctions GaInP/GaAs, can pave the way for the solar
spectrum efficiently. In a multijunction solar cell, the subcells
are interconnected through tunnel junctions [3, 4], in order
to align Fermi levels. These tunnel junctions must have a low
electrical resistivity [5–8], a high optical transmission, and a
high peak tunnelling current density [4, 9, 10].

Due to the complexity of the electrical and optical
interaction between different layers [11, 12], pure experi-
mental optimization of these structures is expensive and
time consuming. A suitable simulation is desirable to help
accelerating the experimental optimization. During sim-
ulation, different physical processes beyond the standard
drift equations of electrical transport have to be considered
as follows: existence of hetero-interfaces and interference
effects. These processes have been partly implemented in
most of simulation programs. There exist commercial semi-
conductor simulation programs which give excellent results

for modelling single-junction solar cell [3, 8]. However,
taking into consideration the mentioned physical process, a
correction of description for the series interconnection of
individual subcells must be included [5, 6, 13].

The current-voltage (𝐽-𝑉) characteristic under illumina-
tion is themost important parameter of any solar cell [5, 7, 14].
This characteristic allows determining the parameters of the
cell and thus predicting its performances. This is done by
fitting the illumination (𝐽-𝑉) curve into a model containing
the parameters.

There are two basic models to describe the 𝐽-𝑉 character-
istics of a solar cell: a simple one, which considers the solar
cell as a single p-n junction diode with parasitic resistances,
and a more elaborated model which takes into account the
recombination centres present in the solar cell junction.

There are several methods to extract the solar cell param-
eters. A relatively simple one exists to estimate the series and
shunt resistances of the cell using the slope of the current-
voltage (𝐽-𝑉) curve in conditions of open-circuit voltage
and short-circuit current, respectively. Other methods use
complicated numerical analysis based on Lambert’s W func-
tion, calculating the resistance from the difference between
the diode characteristics in dark and under illumination
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[15]. These methods necessitate accurate extraction of many
parameters from a nonlinear equation. In most cases, the
ideality factor is assumed to be equal to 1 (i.e., the parallel
resistance is neglected) so that all parameters cannot be
properly extracted. Moreover, in most studies, the (𝐽-𝑉)
characteristics obtained from the extracted parameters are
not compared with the measured (𝐽-𝑉) ones, making it
difficult to evaluate the accuracy of the methods.

In this work, we present a method to extract the parame-
ters of a dual junction solar cell, that is, including a tunnel
junction. It uses the one diode model [16]. Taking into
consideration current matching between subcells, we derive
the analytical expression of the 𝐽-𝑉 curve using Lambert’s W
function. As approximation, we neglect the series resistance
of each subcell, considering only the tunnel resistance 𝑟tun.

The objective of this work is to compare the 𝐽-𝑉 charac-
teristics derived from these parameters with experiment data
available in the literature [7] in order to test the validity of
our procedure.Then,we apply ourmethod to extract different
parameters of dualjunction such as the tunnel resistance of a
particular cell.

2. Modelling a 𝐽-𝑉 Dual Junction

Introduction of tunnel junctions between subcells is the
way of monolithically building a multijunction solar cell.
These tunnel junctions must cause minimum losses of the
conversion efficiency. This implies that they exhibit a low
series resistance and aminimumoptical absorption. A tunnel
junction diode is a diode made of a wide band gap, highly
doped material. This reduces the length of the depletion
region so that electrons can easily tunnel through (the tunnel
effect) [17].

In order to identify the relationship between the quality
of a tunnel junction and the semiconductor parameters
used to design its structure, necessary simplifications will be
used. We employ the one exponential model, taking only
the recombination current term into account. The tunnel
junction will be considered ideal, meaning that it will always
work in the ohmic region and its behaviour can be modelled
as a voltage drop which depends linearly on the current
flowing through it [18].

To calculate the 𝐽-𝑉 curve of GaInP/GaAs dual junction
including AlGaAs tunnel junction, we start from the expres-
sions for the voltages at each junction for a given current.
In this case, both subcells in the dual junction solar cell are
connected in a series configuration, and the device is accessed
through two terminals, as shown schematically in Figure 1.
The voltage at the whole dual-junction solar cell is given by

𝑉dual = 𝑉top + 𝑉tun + 𝑉bot, (1)

where 𝑉top, 𝑉bot, and 𝑉tun are the voltages at GaInP top cell
GaAs bottom cell, and AlGaAs tunnel junction respectively.

The currents flowing through the two subcells as well
as the tunnel diode are assumed to be current matched
[10]; that is, the photogenerated current in both sub-
cells is considered to be of equal value. It is determined
by the subcell, delivering the lowest current, again that
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Figure 1: Scheme of the two terminals, of dual-junction solar cell.

the importance of the current matching is evident, the
maximum efficiency (𝜂) and the fill factor (FF)—that is, cells
with a high fill factor, have a low equivalent series resistance
and a high equivalent shunt resistance, and consequently
the series and shunt resistances of each subcell top and
bottom are neglected [5, 8, 9]. With these conditions, an
analytical expression for the illumination 𝐽-𝑉 characteristic
of the dual-junction solar cell can be developed. The general
one-exponential model for each subcell [9] which is going to
be used is as follows:

𝐽 = 𝐽
𝐿
− 𝐽
0
exp(

𝑉 − 𝑟
𝑠
𝐽

𝑉
𝑡

) where 𝑉
𝑡
=
𝑘
𝐵
𝑇

𝑞
, (2)

where 𝐽
0
, 𝐽
𝐿
are saturation current density and photogener-

ated current density, respectively, 𝑟
𝑠
is series resistance, 𝑞 is

the charge,𝑉 is the bias voltage, 𝑘
𝐵
is the Botzmann constant,

and 𝑇 is the temperature.
The voltages at each subcell and tunnel junction are as

follows

𝑉top = 𝑟top ⋅ 𝐽top + 𝑉
𝑡
ln(

𝐽
𝐿 top − 𝐽top

𝐽
0 top

) ,

𝑉bot = 𝑟bot ⋅ 𝐽bot + 𝑉
𝑡
ln(

𝐽
𝐿bot − 𝐽bot
𝐽
0 bot

) ,

𝑉tun = 𝑟tun ⋅ 𝐽tun.

(3)

Since the current density through both subcells must be
of equal value and assuming that the subcells are current
matched at 𝑇 = 300K,

𝐽top = 𝐽bot = 𝐽tun = 𝐽dual. (4)

We neglect the series resistance of each subcell and consider
only the tunnel resistance 𝑟tun.

Hence, the expression of the current density of dual
junction is

𝐽dual = 𝐽
𝐿
− √𝐽
0 top ⋅ 𝐽0 bot exp(

𝑉dual − 𝑟tun𝐽dual
2𝑉
𝑡

) . (5)
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This expression is similar to the general form of the
single junction solar cell one exponential model, but using
the geometric average of the recombination currents as the
exponential prefactor and introducing a factor 2 in the
denominator of the exponential term.

Accordingly, the open circuit voltage is

𝑉OC = 2𝑉
𝑡
ln( 𝐽

𝐿

√𝐽
0 top ⋅ 𝐽0 bot

),

𝑉OC = 𝑉OC top + 𝑉OCbot,

(6)

where𝑉OC top and𝑉OCbot are the open circuit voltages of each
subcell top and bottom, respectively.

And short circuit current can be derived as follows:

𝐽sc = 𝐽
𝐿
− √𝐽
0 top ⋅ 𝐽0 bot exp(

𝐽sc ⋅ 𝑟tun
2𝑉
𝑡

) . (7)

From (5), the current 𝐽dual can be derived as follows:

𝐽dual = (𝑟tun𝐽𝐿 + 2𝑉
𝑡
⋅ Lambert W

×(−

√𝐽
0 top𝐽0 bot ⋅ 𝑟tun

2𝑉
𝑡

exp(−
−𝑉dual + 𝑟tun𝐽𝐿

2𝑉
𝑡

)))

×(𝑟tun)
−1
.

(8)

The purpose of algorithm is to fit a nonlinear charac-
teristic 𝐽-𝑉 (8) which suits the given data appropriately and
subscribes to the minimization of the sum of the squared
differences between the actual data and the predicted one.The
error 𝜀 thus is defined as

𝜀 =

𝑁

∑

𝑖=1

(𝐽
𝑖
− 𝐽 (𝑉

𝑖
, 𝑝))
2
, (9)

where 𝑁 is the number of measured 𝐽(𝑉) pairs denoted
by (𝑉

𝑖
, 𝐽
𝑖
); 𝐽(𝑉, 𝑝) is the theoretical current for voltage 𝑉

as predicted by a model containing several parameters,
represented by 𝑝, that are the variables used to minimize the
error.

Being put into effectwithMatlab Software,we have shown
the experimental data and simulation 𝐽-𝑉 characteristic
under illumination of the dual-junction solar cell using the
one-diode model program to extract the important features
parameters of each subcell (top and bottom) such as recom-
bination current 𝐽

0 top, 𝐽0 bot and resistance tunnel 𝑟tun (so as to
give more information about the electrical performance dual
junction) restricted solely in domain boundaries definition.
For so doing, we have chosen the minimum and maximum
limit: 𝐿

𝑏
< 𝑝 < 𝑈

𝑏
with 𝑝 = (𝐽

0 top, 𝐽0 bot, 𝑟tun).
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Figure 2: The experimental and simulation data for dual junction
current density versus voltage. Circles correspond to experimental
data, stars to results of Baudrit and Algora [7] and line to our model.

3. Analysis of Experimental Data

We applied our model to results given by Baudrit and Algora
[7]. The sample consists of GaInP/GaAs dual solar cell in
presence of a p++GaAs-n++GaAs tunnel junction. Parameters
of the one-diode model were extracted using a program
that employed the iterative method. Matlab was used to
create a program that made use of a user-defined parameter
initialization scheme to set the boundaries of the iteration and
minimize computing time. The algorithm used to extract the
parameters such as the resistance tunnel 𝑟tun of the one-diode
model utilized both approximations and iterative techniques.

In Figure 2, we show the measured and simulated 𝐽-𝑉
characteristic under illumination of the dual solar cell using
the one-diode model parameter extraction program. We can
see clearly that the curve from our model fit very well the
experimental data in comparison with the simulation [7].
Consequently, simulation is not taken into consideration the
resistance tunnel 𝑟tun.

In Table 1, we give the values of the characteristics of the
dual junction compared with experience and simulation.The
parameters 𝐽max and 𝑉max are the maximum current density
and voltage, respectively.

The obtained parameters are in good accordance with the
growth condition and technological process data [7, 12, 17].
Unlike precedent research conducted on this ground [7],
we have come up with method for extracting the resistance
tunnel 𝑟tun, the recombination current density 𝐽

0 top and 𝐽0 bot.
In order to validate our model, we analyse dual-junction

solar cell including tunnel junction, the sample consists of
GaInP/GaAs on Ge substrate grown by 𝑀𝑂𝐶𝑉𝐷, which is
n+(emitter) on p (base) structures. The 𝐴𝑙𝐼𝑛𝑃 windows are
n-type doped at level of 7 × 10

18 cm−3. The GaAs and GaInP
emitters and bases, respectively, doped at 1 × 10

18 cm−3 and
3 × 10

17 cm−3. The dopants are Si(n) and C(n) in AlGaAs
tunnel junction and Si(n) and Zn(p) in GaAs and GaInP.The
GaInP andGaAs are, respectively, 500 nm and 3, 15 𝜇m thick.
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Figure 3: Experimental data (circle) and simulated (continuous
line) for dual junction GaInP/GaAs.

Table 1: Parameters extracted from the experience and simulation
by Baudrit and Algora [7] and comparison with our extracted
parameters.

Parameters Experience [7] Baudrit and
Algora [7] Our model

𝐽sc (mA⋅cm−2) 8.4 8.4 8.4

𝑉oc (V) 2.12 2.12 2.12
𝐽max (mA⋅cm−2) 7.9 7.66 8.06
𝑉max (V) 1.9 1.82 1.94
FF (%) 84 78 87.8
𝜂 15 13.9 15.63
𝐽0 top (mA⋅cm−2) — — 6.72 × 10

−21

𝐽0 bot (mA⋅cm−2) — — 4.72 × 10
−14

𝑟tun (Ω⋅cm2) — — 4.9 × 10
−4

Table 2: Parameters extracted fromourmodel and comparisonwith
experience.

Parameters Experience Our model
𝐽sc (mA/cm2) 13.73 13.73

𝑉oc (V) 02.32 02.32

𝐽max (mA/cm2) 13.49 13.50

𝑉max (V) 02.11 02.12

FF (%) 89.34 89.84

𝜂 28.46 28.62

𝐽0 top (mA/cm2) — 4.60 × 10
−23

𝐽0 bot (mA/cm2) — 4.83 × 10
−15

𝑟tun (Ω⋅cm2) — 4.48 × 10
−4

In Figure 3, we show the experimental data and sim-
ulation 𝐽-𝑉 characteristic under illumination of the dual-
junction solar cell using the one-diode model program to
extract the important features of each subcell. In Table 2,

we give the values of the characteristics of the dual junction
compared with experience.

In Table 2, resuming the main characteristics of dual
junction at 1 Sun, the simulation shows a very good fit with
the experimental data on the 𝐽-𝑉 prediction. Further, we have
come up with other extractions of each subcells (top and
bottom) precisely 𝐽

0 top and 𝐽0 top and 𝑟tun which intersect with
other researchers’ findings [7, 18].

4. Conclusion

Based on a modelling of dual-junction solar cells including
tunnel junction and 𝐽-𝑉 characterization of multijunction,
solar cells were established and applied to semiconductor
junctions and devices. In this work, we have given much
importance to extract the parameters which are character-
istics of the dual junction, using the simulation through
fitting by Matlab software. Measurements have been carried
on double junction III–V solar cells (GaInP/GaAs) including
the AlGaAs tunnel junction, and results have been exploited
to extract the parameters to give more information about the
electrical performance of dual junction.
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We report the electrical conduction mechanism of amorphous titanium oxide thin films applied for bolometers. As the O/Ti ratio
varies from 1.73 to 1.97 measured by rutherford backscattering spectroscopy, the resistivity of the films increases from 0.26Ω cm
to 10.1Ω cm. At the same time, the temperature coefficient of resistivity and activation energy vary from −1.2% to −2.3% and
from 0.09 eV to 0.18 eV, respectively. The temperature dependence of the electrical conductivity illustrates a thermally activated
conduction behavior and the carrier transport mechanism in the titanium oxide thin films is found to obey the normal Meyer-
Neldel Rule in the temperature range from 293K to 373K.

1. Introduction

Titanium dioxide (TiO
2
) is one of the most widely studied

transition metal oxide semiconductors due to its nontoxic
nature, chemical stability, and commercial availability at a
low cost, robust, and general reactivity. During the past
decades, TiO

2
thin films have attractedmuch interest because

it has a wide range of promising energy and environmental
applications, such as hydrogen generation by water splitting
[1], photocatalytic water purification [2], dye-sensitized solar
cells [3], and gas sensors [4]. Recently, few people have
fabricated amorphous nonstoichiometric titanium dioxide,
(a-TiO

𝑥
, where 𝑥 is smaller than 2) thin films by different

methods and pointed out that a-TiO
𝑥
thin films are potential

thermal sensing material for an uncooled IR bolometer
imager [5]. However, the effect of the deposition process
on the film structure, composition and electrical properties
of this material such as resistivity, temperature coefficient
of resistivity (TCR), and activation energy, have not been
illustrated up to now, and these factors are very crucial for
the detectivity of thermal IR detectors.

TiO
𝑥
thin films can be prepared by sol-gel [6], hydrother-

mal [7], chemical and physical vapor deposition [8]. Reactive
sputtering is a commonly used physical vapor deposition
method to grow dense and uniform metal oxide films for

industrial application [9, 10]. In this process, a metal target is
sputtered in an atmosphere consisting of argon and oxygen,
this allows higher deposition rates than does the sputtering
of an oxide target [10]. It has been experimentally established
that the oxygen partial pressure (pO

2
) during sputtering has

the most significant effect on the structure, phase composi-
tion, and electrical properties of TiO

𝑥
thin films [11].

TiO
2
is electrically insulating with an extremely high

resistivity above 108Ω cm, but the suboxidized TiO
2
with an

excess of titanium is an n type semiconductor with unique
properties [12], indicating the defect disorder and O/Ti stoi-
chiometry play an important role in the electrical properties
of TiO

𝑥
[13]. In this work, we have mainly investigated the

electrical properties and electron transport mechanism of a-
TiO
𝑥
thin films applied for uncooled IR thermal detectors.

2. Experimental

TiO
𝑥
thin films were deposited on K9 glass and p-silicon

(100) substrates simultaneously at room temperature by a
dc reactive sputtering technique. Oxygen and argon were
used as reactive gas and sputtering gas, respectively. The
total pressure was kept at 1 Pa and the other characteristic
parameters of the investigated samples are summarized in
Table 1.
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Table 1: Experimental parameters of reactive sputtering and the results of measurements. (SCCM is an abbreviation of standard cubic
centimeter per minute).

Samples Ar (SCCM) O2/(O2+ Ar)
(pO2)

Thickness 𝑑
(nm) O/Ti ratio Resistivity 𝜌

(Ω cm)
Conductivity
𝜎 (Ω−1 cm−1)

Activation
energy 𝐸

𝑎
(eV) |TCR| (%)

S10 80 1.0% 101 1.73 0.26 3.85 0.09 1.2
S25 80 2.5% 100 1.84 1.9 0.53 0.15 1.9
S40 80 4.0% 98 1.91 3.1 0.32 0.16 2.0
S55 80 5.5% 99 1.97 10.1 0.01 0.18 2.3
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Figure 1: XRD pattern of TiO
𝑥
thin film (S25) deposited at the pO

2

of 1.5%.

The thickness and surface morphology of the films were
characterized by field emission scanning electronmicroscopy
(FESEM, Hitachi S4800). Glancing incidence X-ray diffrac-
tion (GIXRD, PANalytical X’Pert PRO) was performed by
using Cu𝐾𝛼 radiation (0.1564 nm) with a glancing incidence
of 2∘, 𝑈 = 40 kV and 𝐼 = 35mA. The O/Ti stoichiom-
etry of the films was measured by rutherford backscatter-
ing spectrometry (RBS, NEC 5SDH-2) performed with a
2.023MeV 4He+ beam from a 2 × 1.7MV tandem accelerator.
The temperature dependent electrical measurements were
performed with a semiconductor characterization system
(Keithley, 4200-SCS) in a temperature controller (Sigma
Systems, Sigma C4) with an accuracy of 0.1∘.

3. Results and Discussion

The GIXRD pattern for sample S25 is shown in Figure 1. The
patterns of the other three samples have similar characteris-
tics as S25. No sharp diffraction peak of any crystalline phase
is observed, which indicates all the films deposited at room
temperature have amorphous structure, with no preferred
orientation as demonstrated in the previous studies [5, 14, 15].

Figure 2 presents the cross-sectional and surface mor-
phological micrographs of sample S25, which shows that the
thickness of the TiO

𝑥
film is about 100 nm, and the film

is dense and smooth, which is the advantage of sputtering
technique compared with other deposition methods [10].

Furthermore, no grain or cluster appears in the films, this
confirms the amorphous structure of the films.

Figure 3 shows a typical experimental RBS spectrum
of titanium oxide films (S25) deposited on p-silicon (100)
substrate with the simulated spectrum using the program
SIMNRA [16]. The O/Ti stoichiometry across the films have
been obtained by simulating the experimental spectrum
(circle) and theoretical spectrum (line).The results presented
in Table 1 show the O/Ti ratio is in accordance with the pO

2
,

and all the films have nonstoichiometry compositions.
Figure 4 shows the electrical resistivity (𝜌) of TiO

𝑥
films

as a function of temperature. As is seen, the resistivity
is significantly influenced by the pO

2
during the deposi-

tion process. The resistivity measured at room temperature
increases from 0.26Ω cm to 10.1Ω cm as the pO

2
increases

from 1% to 5.5%. This can be explained by the decrease of
oxygen vacancies in the TiO

𝑥
films with the increasing pO

2

[17], resulting in an increase of O/Ti ratio as illustrated by
RBS analysis. Thus the larger resistivity is obtained [12]. The
electrical resistivity (𝜌) or conductivity (𝜎) of the broad-band
semiconductors can be expressed as follows [18]:

𝜌 = 𝜌
𝑎
exp(
𝐸
𝑎

𝑘𝑇
) , (1a)

𝜎 = 𝜎
𝑎
exp(−
𝐸
𝑎

𝑘𝑇
) , (1b)

where 𝐸
𝑎
is the thermal activation energy, 𝑘 is the Boltzmann

constant, 𝑇 is the absolute temperature, and the preexpo-
nential factors 𝜌

𝑎
and 𝜎

𝑎
are the resistivity at 𝑇 → ∞

and conductivity at 𝑇 → 0, respectively. As can be seen
in Figure 4, the curves exhibit Arrhenius characteristics in
accordance with equation (1a) [19].

From the temperature dependence of electrical conduc-
tivity plotted as ln𝜎 versus 103/𝑇 shown in Figure 5, the
activation energies of TiO

𝑥
films can be calculated from the

slopes of the fitted lines by equation (1b), and the results are
presented in Table 1 show that the activation energy increases
from 0.09 eV to 0.18 eV with the increasing resistivity. With
the activation energies, the temperature coefficient of resistiv-
ity (TCR) can be obtained and TCR is extensively exploited
as one of the most important parameters characterizing the
detectivity of uncooled IR sensors, defined as the slope of
natural logarithm resistivity [20]:

TCR = (1
𝜌
) × (
𝑑𝜌

𝑑𝑇
) . (2)



Advances in Condensed Matter Physics 3

Glass

TiOx

100 nm

(a)

100 nm

(b)

Figure 2: FESEMmicrographs of sample S25 (the other samples are alike): (a) cross-section and (b) surface morphology.
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Figure 3: RBS spectrum of TiO
𝑥
thin film (S25) on p-Si (100)

substrate.

Combing equation (1a) and equation (2), we can yield

𝐸
𝑎
= −𝑘𝑇

2
× TCR. (3)

This relation links the activation energy 𝐸
𝑎
to TCR. With

the calculated values of 𝐸
𝑎
, the TCR of the TiO

𝑥
films can

be deduced from equation (3), and the absolute values of
TCR are found to increase from 1.2% for to 2.3% as the pO

2

increase from 1% to 5.5%, respectively. This is due to the fact
that the increase in oxygen during deposition can result in its
direct incorporation into the films. Accordingly, an increased
oxidation state could be expected to compensate the oxygen
deficiency in the TiO

𝑥
films, and the electron concentration

in the film decreases, which will cause an increase of the
activation. As a result, absolute value of TCR increases [21].

In fact, for TiO
2
semiconductor thin films having broad

energy gap about 3.0 eV, the contribution of impurity band
conduction may become significant [22]. Mardare et al.
have investigated the electrical properties of polycrystalline
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Figure 4: Temperature dependence of resistivity 𝜌 in the tempera-
ture range from 20∘C to 100∘C.

TiO
𝑥
thin films containing a mixed phase of anatase and

rutile, and they point out that at high temperatures (𝑇 >
300K), the measured conductivity of TiO

𝑥
thin films can

also be explained in terms of the simple thermally activated
conductionmechanism, but at low temperatures (𝑇 < 300K),
the conductivity takes place through the electrons’ variable
range of hopping (VRH) between the localized states, and
the activation energy of hopping is much smaller than that
of the simple activated conduction [18]. However, they did
not investigate the electrical transport properties of the a-
TiO
𝑥
thin films, and the conduction mechanism is not clear

yet. From the linear characteristics of the curves plotted as
ln𝜎 versus 103/𝑇 in Figure 5, the mechanism of electrical
conduction in a-TiO

𝑥
thin films can be explained according

to the thermally activated mode in the temperature domain
293K to 373K, as illustrated by equation (1b).

Furthermore, we have found that the pre-exponential
factors 𝜎

𝑎
of TiO

𝑥
thin films exhibits an exponential depen-

dence as functions of the activation energies, as presented
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Figure 5: Temperature dependence of conductivity 𝜎 plotted as ln𝜎
versus 103/𝑇 in the range between 293K and 373K.
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in Figure 6. The data can be fitted linearly by the following
function:

ln𝜎
𝑎
= ln𝜎

𝑎0
+
𝐸
𝑎

𝐸MN
, (4a)

where 𝜎
𝑎0

and 𝐸MN are constants, called the Meyer-Nedel
pre-exponential factor and characteristic energy, respectively.
This relation can also be written as

𝜎
𝑎
= 𝜎
𝑎0
exp(
𝐸
𝑎

𝐸MN
) . (4b)

This is called the Meyer-Neldel Rule (MNR) because it was
first pointed out by Meyer and Neldel in 1937 [23], and the
relation gives the dependence of the pre-exponential factor
𝜎
𝑎
on the activation energy 𝐸

𝑎
. Although it is an empirical

relation (also called as the compensation rule), the MNR

has been frequently observed in a wide variety of condensed
matter, particularly in disordered, amorphous, and nanocrys-
talline materials that exhibit a thermally activated behavior,
such as amorphous silicon [24], chalcogenide glasses [25, 26],
liquid semiconductors [27], and polymers [28]. As shown in
Figure 6, the 𝜎

𝑎
increases with the increasing 𝐸

𝑎
, indicating

the electrical conductivity in amorphous TiO
𝑥
thin films

deposited obeys the normal MNR but not inverse MNR [29].

4. Conclusion

Amorphous TiO
𝑥
(a-TiO

𝑥
) thin films for bolometric appli-

cation have been fabricated at room temperature using a dc
reactive sputtering technique. The O/Ti ratio changes from
1.73 to 1.97, and the resistivity of the samples varies from
0.26Ω cm to 10.1Ω cm and TCR from −1.2% to −2.3% with
different oxygen partial pressures. It has been demonstrated
that the dependence of electrical conductivity of the films
exhibits a thermally activated behavior in the temperature
range from 293K to 373K. Furthermore, it is also found that
the electron transport mechanism in the a-TiO

𝑥
obeys the

well-known normal Meyer-Neldel Rule.
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Although everybody should know thatmeasurements are never performed directly onmaterials but on devices, this is not generally
true. Devices are physical systems able to exchange energy and thus subject to the laws of physics, which determine the information
they provide. Hence, we should not overlook device effects in measurements as we do by assuming naively that photoluminescence
(PL) is bulk emission free from surface effects. By replacing this unjustified assumptionwith a propermodel forGaN surface devices,
their yellow band PL becomes surface-assisted luminescence that allows for the prediction of the weak electroluminescence recently
observed in n-GaN devices when holes are brought to their surfaces.

1. Introduction

Some years ago, we published reports about the high gain
of GaAs photoresistors at low illumination levels due to
the optical modulation of depleted regions under the GaAs
surface [1, 2]. This gain 𝐺

𝑆
, derived from the photo-FET

devices that the naked surface and the bottom interface with
the substrate created in GaAs epilayers, is inversely propo-
rtional to the illumination power 𝑃

𝐿
impinging on the phot-

resistor thus, it is orders of magnitude greater than the “pho-
toconductive” gain 𝐺

𝐵
due to the conductivity modulation

of the GaAs bulk by photogenerated electron-hole pairs at
low illumination levels. Therefore, the changes Δ𝑅 in the
resistance 𝑅 of any GaAs photoresistor under weak illu-
mination power 𝑃

𝐿
reflect modulations in the channel cross-

section of this two-terminal device (2TD) rather than condu-
ctivity modulations of their inner material as it is commonly
assumed.

By defining the gain of these photoresistors by the ratio
𝐺
𝑋

= Δ𝑅/Δ𝑃
𝐿
, where Δ𝑃

𝐿
is the change in optical power

(e.g., the optical signal) and 𝐺
𝑋
denotes 𝐺

𝑆
or 𝐺
𝐵
coming

from the two different photoresponses described previously,
we found that𝐺

𝑆 was the dominant gain (e.g.,𝐺𝑆 > 10
4
𝐺𝐵) in

these 2TDs at illumination levels typically used in photocon-
ductance (PC) measurements, such as those reported in [3].
The title of this report, “Study of defect states in GaN films by

photoconductivity measurement,” is wrong or at least greatly
misleading because nobody measures the conductivity of
materials, only the conductance 𝐺 = 1/𝑅 of 2TDs containing
these materials. To assume naively that conductance changes
Δ𝐺 = 1/Δ𝑅 of 2TDs mirror changes in the conductivity of
their inner materials is wrong in general. This assumption,
which suggests that 𝐺𝐵 exists while 𝐺𝑆 is null, is false, and
there is evidence of this. One piece of evidence can be found
in [1, 2], where we showed that the most likely situation is
the opposite one, where 𝐺

𝑆
accounts well for the gain of the

photoresistor because the𝐺
𝐵
contribution is negligible. More

striking proof is found in [4], which shows that the enigmatic
1/𝑓 “excess noise” of solid-state devices is simply the noise
mechanism that corresponds to the gain 𝐺

𝑆
of these devices.

Given the low 𝑃
𝐿
values used in PC measurements, the

situation 𝐺
𝑆
≫ 𝐺
𝐵
is very likely to occur. This indicates that

the authors of [3] presuppose a gain mechanism for their
GaN photoresistors that is likely wrong, although their PC
data applied to the gain 𝐺

𝑆
are excellent in explaining the

yellow band (YB) found in the photoluminescence (PL)
of n-GaN “samples,” which are the devices used in PL
experiments because nobody measures the PL of materials
but the luminescence of devices containing these materials.
The devices required to measure PL do not need to have
two terminals such as those 2TDs required in conductance
measurements. In fact, they look like “simple” devices that
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Figure 1: (a) Band diagram of n-GaN Device no. 1 near its surface in thermal equilibrium (TE). (b) Band diagram of Device no. 1 out of TE
during a photoluminescence experiment.

only require their surface to be crossed by the laser light
entering thematerial (n-GaN in this case) whose luminescent
emission is then measured. A continuous medium such as an
infinite volume of n-GaN material would be useless for PL
measurements because it would not have the aforementioned
surface separating the PL driver (laser) from the material
driven (excited) by this laser that emits the luminescence we
call the PL response or “PL spectrum” in general.

Therefore, there is no way to avoid testing a device in
a measurement system because to extract information from
the “device under test” (DUT) we need a system capable
of exchanging the energy relevant to the experiment (e.g.,
photons in PL, electrical energy in conductance measure-
ments, etc.).This demonstrates the essential role of the device
in physics, of which not all scientists are aware. When we
consider this device and its effects on measurements, enig-
maticmeasurements such “excess noise” in solid-state devices
[4], flicker noise in vacuum devices [5], and even the more
complex oscillator phase noise [6] are easily understood.
Concerning the PL of n-GaN “material”, its YB peak at
approximately 2.2 eV [7] is enigmatic because it emits pho-
tons with energies below the bandgap 𝐸𝑔 ≈ 3.41 eV of this
material at a temperature 𝑇 = 300K (room 𝑇). To solve this
“enigma,” we must find a device capable of emitting photons
with energies ℎ] < 𝐸

𝑔
. Believing that the PL response is

derived only from the bulk region, as most people do, we
agreed that the solution presented in [7] (a handy trap in
the volume of the n-GaN) was a good trial among the many
fashionable theories on the subject, but one of us had another
proposal for how this YB is generated, using the surface
model used in [1, 2].

The GaN YB measured in [7] was assigned to transitions
of electrons from the CB to a deep level lying at 1 eV from
the VB. This “trap-based” model is a handy theory that is

well accepted in journals; it is based on a bulk defect that we
denote as being “ad hoc” in explaining the enigmatic effect.
This leads to “materials doped by traps” that are difficult to
understand because these traps are technologically “elusive.”
By this we mean that technology can provide two n-GaN
materials with𝑁

𝑑
andwith 5𝑁

𝑑
donors per cm3 quite reliably

but not n-GaN with some YB emission and n-GaN with YB
emission that is five times as strong.This suggests that the YB
cannot be a property of the n-GaN material but the emission
from something that exists in each PL arrangement we use to
exchange optical energy with the n-GaN material. Because a
device is the systemwehave to use for this exchange of energy,
let us look for possible devices we may have overlooked
in this case. This is the other proposal we had envisaged
from a careful set of PC measurements we had performed
at that time [1, 2]. However, its radical departure from the
most fashionable theories on the YB of n-GaN in 1997 and
its immaturity (it was based on [2], which was about to be
published, and on [1], which had just been published) made
it inappropriate for journals in which “differential changes” in
a fashionable theory are likely accepted but radical departures
are rejected due to the dogmatic defence of prevailing theories
bymost reviewers.Thus, the band diagrams shown in Figure 1
did not appear in [7].

Using the results we obtained when we considered a
physical model for a 2TD [8] that agrees with quantum
physics [9], or better phrased, when we do not forget the
physics of the device used to extract information (e.g., to
measure), and being aware of the weak EL (electrolumines-
cence) recently found in n-GaN field-effect transistors (FET)
[10, 11], we decided to write this paper to communicate the
other proposal we had in 1997 for theweakYB found in the PL
of n-GaN samples. This radical proposal unifies the PC data
of [3], the YB of the PL emission of n-GaN samples [7], and
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the weak EL of [10, 11] in a cogent model that explains these
phenomena. Therefore, we consider the strong influence of
the GaN surface in measurements, which we expected from
the strong influence of the surface of GaAs devices [1, 2, 12].
The surface band bending (SBB) of n-GaN surfaces, which
is roughly twice that we measured in n-GaAs surfaces [2], is
able to collapse GaN field-effect transistors (FETs) [13], hence
the reason to expect its strong influence in PL experiments.
Therefore, let us pay attention to the device linked to the
surface of n-GaN material under photoluminescence (PL)
conditions.

The key role of devices in measurements must be con-
sidered before assigning any property to their inner material.
References [1, 2, 4–6] demonstrate the benefits obtainedwhen
we do not assume naively that the conductance of a 2TD
reflects the conductivity of its inner material. However, this
is a common assumption that is reflected in the title of
[3] and in the first sentence of [14], which cites only two
examples among the thousands that appear in physics and
engineering journals. As in GaAs devices, this misconception
about conductivity (in Ω

−1 cm−1) mirroring (e.g., being
proportional to) the conductance (in Ω

−1) of photoresistors
will also fail in GaN-based devices because their conductive
volume is not equal to the whole volume of the GaNmaterial.
There are depleted regions under their surfaces because n-
GaN tends to hold electrons in surface states (SEs). The SBB
is derived from the double layer (DL) formed by the negative
charges trapped in occupied SEs and the positive charges of a
depleted region of thickness𝑊. The collapse of GaN FETs is
a dramatic effect of this behaviour of n-GaN surfaces that is
capable of forming a negative floating gate on the surface of
these devices [13, 15].

Although the manner in which the SBB invalidates the
aforementioned proportionality was described in [1, 2], it was
so deep rooted in ourminds that wewrote in the introduction
of [2]: “. . . thus modulating the effective volume that takes
part in the electrical conductivity of the samples.” It is clear
that we meant “in the electrical Conductance of the samples,”
which are the 2TDs in which these frequency-resolved PC
measurements were taken.Only from these conductance data
and with some care can the conductivity of these materials
be deduced. We apologise for making this mistake, which
shows that we ourselves found it very hard to abandon
our prejudices regarding conductivity modulation, which
most people assume. Given the ease with surface devices in
2TDs are overlooked, this error is more likely to occur for
devices without terminals such as the samples used in PL
experiments. To demonstrate the misleading effects of this
error, Section 2 will present a model for the surfaces of n-
GaN samples that we will use to explain photoconductance
(PC)measurements in n-GaNphotoconductors. In Section 3,
we will show how this model for the surface of n-GaN
allows for the explanation of the YB of n-GaN samples
under the optical driving to which they are submitted in
PL experiments. Section 4 will demonstrate how this model
allows for the prediction of the weak electroluminescence
(EL) recently found in GaN-based transistors when holes
reach their surfaces [10, 11], and some conclusions will be
drawn at the end.

2. Surface-Induced Photoconductance in
N-Type GaN Devices

Though authors of [3] did not use an appropriate title for the
report, their photoconductance data (PC data) are valuable
in accurately modelling Device no. 1 due to the surface of n-
GaN. Due to its depleted region under the surface, a GaN
epilayer of thickness 𝑑 only offers a channel thickness (𝑑−𝑊)
for the conductance of any 2TD using this epilayer as its
channel between terminals.Thiswas reportedmany years ago
for GaAs [1, 2, 16]. Because a similar effect for the bottom
interface between this epilayer and the substrate would rou-
ghly duplicate the reasoning at hand, it will not be dealt
with at this moment. This bottom photo-FET reinforces our
proposal regarding photoresistors presented in [3]: under a
weak light source, the PC system will behave as a photo-FET,
where photons will reduce the depleted thickness𝑊 of their
SBB and not as photoresistors with noticeable conductivity
modulation.

Thus, the name photoconductive detectors for the 2TD
used in PC experiments is generally wrong because these
photodetectors, which are made from two ohmic contacts on
an epilayer, have two detectionmechanisms𝐺

𝑆
and𝐺

𝐵
whose

relative weight depends on the light power they receive (see
Figure 6 of [1] for details). Under high illumination power,
they show the expected conductivity modulation by the pho-
togenerated carriers giving them their photoconductive gain
𝐺
𝐵
, which is linked to the ratio between the photocarriers’

lifetime and their transit time between the terminals of the
2TD. This is the type of response (gain 𝐺

𝐵
) assumed in [3],

which requires a hypothesis about the band tails of states to
allow photons with energies lower than 𝐸

𝑔
to produce a PC

response. At low illumination levels, however, these devices
react as floating-gate photo-FETs whose associated SBB is
reduced by photons. We attribute their upper surface (and
bottom interface), whose DL looks like that of the gate of
a FET, as being the source of their high gain 𝐺

𝑆
due to the

photobackgating of space-charge regions around the channel
[1, 2]. This gain 𝐺

𝑆
, which is proportional to the inverse of

the illumination power 𝑃
𝐿
[1], largely exceeds the gain 𝐺

𝐵

assumed in [3], as we demonstrated in [1, 2] for GaAs with
a similar but lower SBB.

Hence, under the low 𝑃
𝐿
of a PC system, the photoresis-

tors of [3] will exhibit a PC response because 𝐺
𝑆
does not

require the generation of electron-hole pairs because the
emptying of SEs is enough to produce a PC response like
that of GaAs [1, 2]. This PC response of the samples used in
[3], which would not exist for photons with energy ℎ] < 𝐸

𝑔

without the band tails proposed in Figure 3 for the gain 𝐺
𝐵
,

is perfectly possible without band tails for the photo-FET
gain 𝐺

𝑆
by considering that photons with energy ℎ] < 𝐸

𝑔

empty occupied SEs without generating electron-hole pairs.
This photo-induced SBB reduction and the shrinkage of 𝑊
it induces (light-induced backgating effect) will increase the
conductance 𝐺 = 1/𝑅 of the photoresistors described in [3],
which under this weak illumination are photoconductance
detectors of gain 𝐺𝑆 and not photoconductive detectors of
gain 𝐺𝐵.
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Hence, we propose that the PC signal exhibited by the
devices described in [3] for photons with energy ℎ] < 𝐸

𝑔

is due to photons emptying the SEs of their GaN surface. To
investigate this possibility, let us consider the band diagram
shown in Figure 1(a) as we approach the surface of a sample
of n-GaN in TE, thus in the dark. The flat part of Figure 1(a)
is the band diagram of an infinite bulk n-GaN (Device no.
0) in TE. When Device no. 0 is “cut,” the surface appears;
thus, a density of𝑁𝑆 cm

−2 SE is exposed on this surface, and
Device no. 1 is created because𝑁𝑆 allows for newways to store
and exchange energy by those electrons that occupy SEs in
Device no. 1. This leads to eigenstates of energy such as those
handled in the quantum treatment of this exchange called
“Generalised Noise” in [9]. Concerning the charge states of
these SEs linked to electrical energies, let us assume two
choices derived from [13]: (a) neutral when empty and (b)
charged by a magnitude –𝑞C.

With electric charges arranged in space, we can use
thermodynamics to say that Device no. 1 has a degree of
freedom to store electrical energy. By this we mean that elec-
trical energy is stored by the double layer (DL) or space-
charge region formed by a sheet of negative charge in the
surface due to𝑁𝐹 cm

−2 electrons occupying SEs and a thicker
sheet of positive charge (depleted region) of +𝑞𝑁

𝐹
C/cm2

compensating the −𝑞𝑁𝐹 C/cm
2 sheet density of the surface.

This proximity of the +𝑞𝑁𝐹 and −𝑞𝑁𝐹 sheet charges min-
imises the stored energy, and its dipolar nature prevents
the existence of electric fields far from the surface that
would absorb energy for the conduction currents they would
produce in the GaN bulk, for example. Therefore, this DL
has −𝑞𝑁

𝐹
C/cm2 on the surface and a thicker slab of charge

under the surface (a depleted region of thickness𝑊 ≈ 𝑁
𝐹
/𝑁
𝑑

cm for a uniform doping 𝑁
𝑑
cm−3 of the n-GaN material).

This DL creates the SBB shown in Figure 1(a), which becomes
an energy barrier Δ𝐸 = 𝑞𝜙 eV for those electrons in the
conduction band (CB) of the n-GaN to reach the surface.This
barrier selects those electrons of the CB liable to be trapped
in SEs, thus constituting a capture barrier.

By viewing the surface as a planar trap with (𝑁
𝑆
− 𝑁
𝐹
)

cm−2 centres able to capture electrons from the GaN bulk,
this capture process can be understood to be thermally
activated [2] with energy Δ𝐸 = 𝑞𝜙 eV because only those
electrons surpassing the SBB barrier can be captured by one
SE (tunnelling is not considered to simplify the process).This
planar capture differs from the capture assigned to a bulk trap
with 𝑁𝑇 cm

−3 centres embedded in the volume because it is
not an “in situ” capture process that varies the 𝑛 cm−3 electron
concentration in the CB. Instead, it is an “ex situ” capture
process in which each electron captured from the bulkGaN is
not held within this bulk but at some distance on the surface.
This distance, however, is crossed by some electrons of the
CB, thus allowing thermal interaction by the exchange of
particles and energy between the surface and the bulk. Hence,
this capture by the surface does not vary the concentration
of electrons in the bulk far from the surface as it would for
a “bulk trap” with 𝑁

𝑇
cm−3 centres embedded in the GaN.

This planar capture slightly modifies the thickness 𝑊 of the
depleted region next to the surface [2, 4].

In a planar channel with a thickness (𝑑 − 𝑊) under its
surface, the fluctuations Δ𝑊 due to these emission-capture
fluxes of electrons at the surface (see Figure 1(a)) will lead
to fluctuations Δ𝐺 in the conductance 𝐺 measured between
the two terminals of the channel. These fluctuations Δ𝐺 and
those emanating from fluctuations in the conductivity of
its material, provided its thickness 𝑊 is constant, would be
indistinguishable.Thus, assuming naively that𝑊 is constant,
we will find in the conductance of the channel of the 2TD the
trapping effects due to this planar trap, which will mislead
us towards a deep “bulk trap” with thermal energy 𝐸𝑇 =

𝑞𝜙 eV because emission-capture processes over an SBB are
thermally activated with 𝐸𝑇 = 𝑞𝜙 eV [2].This feature allowed
us to measure SBBs by photoconductance frequency resolved
spectroscopy [2], which previously was considered photo-
conductivity frequency resolved spectroscopy (PCFRS). This
planar trap in the surface leads us to consider that the data of
[3] are excellent PC data that we will use to determine the PC
gain 𝐺

𝑆
of these photoconductors operating as photo-FETs

under low illumination (e.g., not conductivity data).
When photons with energy below 𝐸

𝑔
reinforce the

thermal emission indicated by an arrow in Figure 1(a), the
(𝑁
𝐹
/𝑁
𝑆
)TE ratio in TE (e.g., in the dark) is reduced to

(𝑁
𝐹
/𝑁
𝑆
)PC by the weak light of the PC system. This is so

because to sustain a higher (thermal + optical) emission
in Device no. 1, we need more captures per second, which
are only possible with a slightly lower SBB at the same
temperature 𝑇. This lower SBB requires a lower 𝑁

𝐹
, which

leads to a lower𝑊, thus increasing the channel cross-section
of the photoresistor and hence its conductance. This gain 𝐺

𝑆

gives the PC signals shown in [3], which the authors consider
as being due to 𝐺𝐵, though without proof. Thus, the PC data
for sample 511 that appear in Figure 1 of [3] will have to do
with a band diagram like that of Figure 1(b) but without holes
in its valence band (VB) near the surface because holes will
not appear for photons with ℎ] < 𝐸𝑔 in Device no. 1. Note
that the SBB existing under illumination cannot be that in
TE. If this were so, we would have (𝑁𝐹/𝑁𝑆)TE = (𝑁𝐹/𝑁𝑆)PC,
but this is not possible. If emission from the surface is higher
because the electrons trapped in SEs have a lower lifetime 𝜏
under a higher thermal + optical emission, this requiresmore
captures per unit time than in TE to be counterbalanced.This
lowers𝑁

𝐹
, which in turn reduces the SBB or capture barrier.

Thus, the capture rate is slightly increased until a dynamical
equilibrium, with (𝑁

𝐹
/𝑁
𝑆
)PC < (𝑁

𝐹
/𝑁
𝑆
)TE, is reached under

the weak light of the PC system.
Our simple interpretation of the PC data of [3] as a photo-

backgating effect due to the n-GaN SBB allows us to test our
model of Figure 1(a) with the help of Figure 2, which sketches
the PC spectrum of sample 511 found in Figure 1 of [3]. To
complete our model for Device no. 1, let us assume that the
SBB of n-GaN is 𝑞𝜙 ≈ 1.2 eV (roughly twice the value we
measured for n-GaAs surfaces [2]) and that the photovoltage
𝑉ph generated by photons with energy ℎ] < 𝐸

𝑔
of the PC

system is small. In this case, Figure 1(a) would be mostly
approximated for the sample under the weak light of the GE
1493 lamp filtered (thus attenuated) by a monochromator, as
described in [3]. The absence of a PC signal for photons with
ℎ] < 1.3 eV in Figure 2 could mean that the light power
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Figure 2: Diagram linking photoconductance signal (log axis) to
photon energy for Device no. 1, whose band diagrams are shown in
Figure 1. The PC signal at point A is due to electrons emitted from
SE close to the quasi-Fermi level 𝐸

𝐹
, while the PC signal at point

B accumulates the emissions of electrons trapped at SEs covering a
band between 𝐸

𝐹
and 2 eV below the CB (see the text).

with photon energy ℎ] < 1.3 eV was null in [3] or that the
response of Device no. 1 (its gain 𝐺

𝐵
) for these photons was

null. The first option is discarded because for p-doped GaN
photoresistors such as sample AA1 of Figure 1 of [3], a PC
response was measured for ℎ] < 1.3 eV.Thus, the more likely
situation is that Device no. 1 did not produce a PC signal for
photons with ℎ] < 1.3 eV.

This would be so if the SBB of the n-GaN were close to
1.2 eV because those SEs above the Fermi level in Figure 2
would be empty and would not produce any PC signal (e.g.,
no electrons could be emitted from empty SEs, and no change
in 𝑊 would take place). This confirms the 𝑞𝜙 ≈ 1.2 eV
obtained for Device no. 1, but it does not indicate the absence
of SEs for energies closer to the CB than 𝑞𝜙: it only means
that SEs below the CB down to 1.2–1.3 eV are empty at room
temperature. With this model for Device no. 1 on the n-GaN
surface, we could say that the PC system of [3] detects that
sample 511 has occupied SEs up to ≈1.3 eV below the CB, and
from the slope of its PC curve around point A in Figure 2,
we could say that this distribution of SEs would continue to
decrease as we approach the CB. This behaviour, predicted
from a trend (thus without data below the threshold energy
ℎ]
𝑡
≈ 1.3 eV), is only an attempt to predict what the SE

density does near the CB. As the photon energy is increased
from ℎ]

𝑡
≈ 1.3 eV, the PC signal of sample 511 rises in a way

that appears exponential from the semilog plot of Figure 2.
This suggests an exponential increase in the density𝑁𝑆(𝐸) as
we go down in energy 𝐸 towards the VB in the gap, although
we have to consider the cumulative effect of photoemitted
electrons as photon energy ℎ] increases. By this wemean that
the PC photon flux with energy ℎ] ≈ 2 eV not only empties
SEs lying at 2 eV below the CB (see the horizontal arrow in
Figure 2) but also those SEs lying between 2 eV and 1.3 eV
below the CB (see arrows indicating all of these contributions
for photon energy ℎ] = 2 eV in Figure 2).

For each photon energy ℎ], the PC response or gain 𝐺
𝐵

accumulates effects due to all of the occupied SEs from the
uppermost SE close to the Fermi level𝐸

𝐹
in Figure 1(a) (prop-

erly speaking, close to the surface imref 𝐸
𝐹𝑠
of Figure 1(b)) to

Exponential:
lifetime 𝜏

Time (Lin)

(Log) Amplitude

DX-like

Surface-like
(capture barrier modulation)

1

0.1

0.01

Figure 3: Semilog plots of net-capture transients derived from traps
with the same emission lifetime 𝜏 but different boundary conditions
during the transient. During the surface-like decay, the capture
barrier increases as capture takes place (see text).

the lowest SE lying ℎ] eV below the CB that photons are able
to empty. Because these types of calculations were published
many years ago by one of the authors of [3] in an excellent
book [17] (see its Section 3-A-5), we can confidently say that
the band tails proposed in Figure 3 of [3] simply contribute
𝑁𝑆(𝐸), which is the energy distribution of SEs within the
gap of n-GaN. From the PC data of [3], we obtain an 𝑁𝑆(𝐸)

proportional to exp(ℎ]/𝐸0) with 𝐸0 between 230meV and
280meV [3]. Thus, the PC curve of sample 511 sketched in
Figure 2 shows that there is a band of SEs from ℎ] ≈ 1.3 eV
below the CB (at least) to theVB itself, whose𝑁𝑆(𝐸) increases
as exp(ℎ]/𝐸0) as we approach the VB. The density of bulk
states shown in Figure 3(a) of [3] would reflect this 𝑁𝑆(𝐸)
of SEs, not the tails of states its authors believe are indicated
by the deep-rooted “conductivity modulation” concept. To
further prove this result, we will find in Section 4 empirical
proof of the validity of this 𝑁

𝑆
(𝐸) derived from the PC data

of [3] and our model for the surface of n-GaN.
Concerning the tails of states close to the VB proposed in

[3], it is worth noting that the abrupt increase in PC data for
ℎ] ≈ 𝐸

𝑔
(close to 3.41 eV at room 𝑇) in Figure 1 of [3] (see

Figure 2) may have to do with these types of tails. In this case,
however, the response of the 2TDof [3]would start to show its
response𝐺

𝐵
in the bulk in addition to the response𝐺

𝑆
linked

to the surface we have considered up to this point. Thus,
the title of [3] would not be as misleading because it might
appear from the beginning of this section that its sample 511
has two devices generating its PC signal: Device no. 1, due
to its surface, producing the main response for ℎ] < 𝐸

𝑔

at this low illumination power and Device no. 0, due to its
bulk region, adding a PC response more closely linked to 𝐺𝐵
for ℎ] > 𝐸𝑔, both contributing to the PC signal measured
between their two terminals. In any case, we can conclude
that on the surface of n-GaN there is a band of SEs going from
the VB up to ≈1.3 eV below the CB (and most likely up to the
CB itself) with a density 𝑁𝑆(𝐸) ∝ exp(−ℎ]/𝐸0). This band
explains the great ability of n-GaN to trap electrons at SEs,
which produces its high SBB and its harmful effects in GaN
FETs [13, 15].

To show that the surface photovoltage Vph under the weak
illumination of the PC system is negligible, let us consider
Figure 1(a), where the planar capture by the surface and
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the planar emission from the surface in TE are mutually
counterbalanced to maintain the average SBB of n-GaN
devices. We use “average” because this SBB is derived from
a dynamical equilibrium in which the fluctuation in 𝑊 it
endures is an undesired source of conductance noise [4, 12].
Therefore, let us consider this planar source of conductance
fluctuations in channels such as those used bymost solid-state
devices today. Because the fluctuations in the conductance
of a 2TD due to a planar trap and those expected for a bulk
trap are indistinguishable, planar traps strongly suggest the
existence of deep levels lying hundredths of meV below the
CB. This notion is reinforced by the high thermal activation
energy 𝐸𝑇 = 𝑞𝜙 eV the traps show, which is what we believed
to be true before discovering that emission-capture processes
over a SBB show a thermal activation energy 𝐸

𝑇
= 𝑞𝜙 eV

in PC experiments [2]. Thus, the planar traps on the surface
perfectly mimic the effects expected for the handy carrier
traps known as “deep levels.” This imitation of a nonexistent
bulk trap goes beyond the appearance of a high thermal
activation energy 𝐸

𝑇
= 𝑞𝜙 eV in Arrhenius plots as soon as

𝑇 varies by a few tens of K. This imitation is so good that the
electron flux captured by the surface (CA in cm−2/s) becomes

CA = 𝑐
𝑛
× (𝑁
𝑆
− 𝑁
𝐹
) × 𝑛 × exp(

−𝑞𝜙

𝑘𝑇
) , (1)

where 𝑘 (J/K) is the Boltzmann constant, 𝑛 (cm−3) is the
free electron gas concentration in the GaN bulk under the
surface, (𝑁

𝑆
−𝑁
𝐹
) (cm−2) is the density of SEs able to capture

electrons from the bulk, and𝐶
𝑛
is a capture coefficient, which

must be expressed in cm3/s, the same units of the capture
coefficient𝐶

𝑛
of the “well-known” bulk traps.Thismeans that

𝐶
𝑛
can be taken as the product of the mean thermal velocity

Vth (cm/s) of electrons moving towards the surface and a
capture cross-section 𝜎

𝑛
(cm2), which, when combined with

the exponential term of the SBB barrier, leads to the idea of a
thermally activated capture cross-section for an nonexistent
deep trap in the bulk.

Therefore, let us gain deeper insight into this planar
trap by considering the emission flux counterbalancing the
capture flux expressed by (1) in TE. Using the concept of
lifetime 𝜏 for the 𝑁

𝐹
cm−2 electrons occupying SEs, whose

thermal activity will emit from time to time towards the GaN
bulk, the emitted flux (EM in cm−2/s) will be

EM =
𝑁
𝐹

𝜏
= 𝑒𝑛𝑁𝐹. (2)

Equation (2) indicates that a pure emission transient
from the GaN surface towards the GaN bulk without the
counteracting capture that it uses to exist when trapping
transients in devices will experience an exponential decay
of 𝑁𝐹 with lifetime 𝜏. However, the boundary conditions
during these transients lead to processes in which both
emission and capture coexist in time 𝑡. A good example of
such species are donor-related transients in AlGaAs, where
a net-capture transient starting without electrons in donors
at 𝑡 = 0 (thus with null emission at 𝑡 = 0) undergoes
continually enhanced emission as the number of trapped

electrons in donors (DX centres) increases with time [18].
This means that a net capture process will have a negative
feedback (NF) or “shutter” due to (i) increasing emission
as the number of donors able to emit electrons to the CB
increases with 𝑡 and (ii) decreasing capture as the number of
donors able to capture electrons from the CB decreases with
𝑡. The transient thus produced ends when the rising emission
counterbalances the decreasing capture, the whole process
being expressed by Equation (3) of [18]. This is a Riccati
equation, where capture is proportional to the square of the
free electron concentration 𝑛

2
(𝑡) because the concentrations

of free electrons 𝑛(𝑡) and empty donors are equal under
the boundary condition of charge neutrality, preventing the
electron gas from escaping during capture. In searching for
the counterpart of this Riccati equation for the emission-
capture processes, maintaining the average charge density
𝑞𝑁
𝐹
C/cm2 on the surface of GaN, we have

𝜕𝑁
𝐹

𝜕𝑡
= CA − EM ≈ 𝑐

𝑛
× 𝑁
𝑆
× 𝑛 × exp(

−𝑞𝜙

𝑘𝑇
) −

𝑁
𝐹 (𝑡)

𝜏
.

(3)

Equation (3) has been simplified for clarity by considering
an SE density that is much higher than the occupied SE
density (𝑁𝑆 ≫ 𝑁𝐹). Althoughwewill not solve this nonlinear
equation here, we will say that the emission-capture process
it represents features an 𝑁𝐹 mechanism through which
it is difficult to terminate its transients because, added to
the increasing emission and decreasing capture during the
transient, each electron captured at instant 𝑡 increases the
capture barrier, thus greatly reducing the ability of the system
to make further captures. By this we mean that electrons
captured at instant 𝑚 do not linearly reduce the capture at
instant (𝑚 + 1) as reported in [18]. Capture at instant (𝑚 + 1)

is reduced exponentially, thus producing a more brusque
termination of the emission-capture transient than that under
the conditions described in [18]. We could say that the NF or
shutter ending the transients of DX centres is “soft,” whereas
the shutter ending the surface-related transients in Figure 1 is
“very brusque.”

In the log-lin plot shown in Figure 3, whose slope
shows the time departure of the aforementioned net-capture
transients from pure exponential decays (straight lines in
this plot), the “set of slopes” (instantaneous lifetimes) for (3)
solved for an SBB 𝑞𝜙 ≈ 1.2 eV is wider than those shown
in Figure 2 of [18]. This has been sketched in Figure 3 to
illustrate why surface-related transients in GaN devices such
as HFETs have to be fitted by stretched exponentials [15].
This would be a typical signature of these planar traps, where
charge neutrality must be maintained for their DL during the
transient and the capture barrier is modulated by trapped
electrons as the surface 𝑁𝐹(𝑡) increases with 𝑡. This leads to
transients that recall the left side of the bathtub curve widely
used in reliability engineering (see Figures 8 and 9 of [15] for
example) when they are viewed with linear axis.

Equating (3) to zero means that the emission flux is
counterbalanced by the capture flux on average because the
exact balance at each instant is impossible when the emission
and capture processes are uncorrelated at this level.Therefore,
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the reduction in 𝜏 due to optical emission reinforcing thermal
emission will reduce 𝑁

𝐹
, thus leading to a slightly lower

capture barrier (e.g., a thinner DL), and the conductance
of two-terminal devices using the GaN epilayer as their
conducting channel will rise as we have assumed. This can
be verified by reducing 𝜏 to 𝛼𝜏 (𝛼 < 1). If we maintain
the density 𝑁𝐹 of occupied SEs in TE, the higher EM that
results will require a lower capture barrier under illumination
to be counterbalanced and thus a lower 𝑁𝐹 as we have
assumed. Therefore, the number of occupied SEs (𝑁𝐹)PC of
the n-GaN device under the weak illumination of the PC
system is (𝑁𝐹/𝑁𝑆)PC < (𝑁𝐹/𝑁𝑆)TE, which requires a lower
depleted thickness𝑊, which produces the PC signal.The low
photovoltage 𝑉ph we have assumed in Figure 1(a) as a good
approximation of Figure 1(b) in PC experiments is derived
from the fact that 𝑉ph ≈ 18mV at room temperature would
be enough to counterbalance twice the thermal emission at
room temperature, which is hard to believe under the weak
light of the PC system. Therefore, we can assume confidently
that 𝑉ph ≪ 𝜙 for the SBB 𝑞𝜙 ≈ 1.2 eV, which our model uses
to explain the PC data of [3] and the YB of n-GaN in the next
Section.

3. Surface-Assisted Luminescence in
N-Type GaN Devices

The photoluminescence (PL) spectrum of n-GaN samples
shows a rather weak yellow band (YB) centred approximately
2.2 eV, such as that shown in Figure 3(a) of [7], where this YB
was explained as being due to transitions of electrons from
the CB to a deep level lying at 1 eV from the VB. To explain
the other proposal we had for this YB, Figure 1(b) shows the
band diagram of Device no. 1 and Device no. 0 existing in
an n-GaN sample used in PL experiments under the strong
illumination of the PL laser. As it is quite well known, photons
creating electron-hole pairs in GaN reduce its SBB [1, 2] (see
also Section 18-B-2 of [17]).This barrier reduction, which will
increase the flux of electrons from the n-GaN bulk towards
the surface, is due to a smaller depletion thickness𝑊 that has
a lower positive charge under the surface. Due to the dipolar
nature of the DL, this requires a reduction in the negative
charge at the surface, thus suggesting a lower occupation of
the𝑁
𝑆
SE at the surface than in TE: (𝑁

𝐹
/𝑁
𝑆
)PL < (𝑁

𝐹
/𝑁
𝑆
)TE.

This lower occupation of the SE contradicts the higher
capture flux that appears when the SBB is reduced. This
higher capture should produce the opposite result: the SE
should be more occupied than in TE because the thermal
capture over this weakened capture barrier (e.g., over the
lower SBB) simply means that the rate of electrons spilling
over SE is higher. “Spilling” reflects the “electron fall over
empty SE” under these conditions, where, beyond the capture
barrier, the high flux of electrons arriving at the surface can
be trapped by any SE, including those between 𝐸𝐹𝑠 and the
bottom of the CB, which were “empty” under TE and under
the weak illumination of the PC system for photons with
energy ℎ] < 𝐸

𝑔
. They are also empty in the PC system

because the weak light power handled in PC experiments is
likely unable to induce a noticeable “pumping action” over
the thermal activity, which makes the imref 𝐸

𝐹𝑠
a kind of

sharp borderline that separates the occupied SEs below 𝐸
𝐹𝑠

from the empty SEs above 𝐸
𝐹𝑠
; however, this will change

under the strong illumination of the PL laser, as will be
discussed.

Going back to the increased capture under PL conditions,
let us consider how a higher occupation of SEs, as this capture
suggests (𝑁

𝐹
/𝑁
𝑆
)PL > (𝑁

𝐹
/𝑁
𝑆
)TE, with a lower negative

charge density at the surface is required to reduce the capture
barrier or to flatten the SBB to some extent. The key element
to achieve this in Device no. 1 is the screening effect of holes
swept towards the surface by the electric field of the SBB.
Taking𝑁

𝐻
cm−2 as the sheet density of holes accumulated at

the surface, the negative sheet charge at the surface becomes
−(𝑞𝑁
𝐹
)PL + (𝑞𝑁

𝐻
). In this way, the trapped charge at SEs can

be higher than in TE if there are enough accumulated holes.
This solves the electrostatic problem, making a reduction in
SBB with a higher 𝑁𝐹 possible, but it opens a new way to
reduce 𝑁𝐹, which is through the possible recombination of
these electrons trapped in SEs with those holes accumulated
in the surface as well.

This recombination, or in better terms its radiative part
observed in PL, is the other proposal we formulated in
1997 to explain the origin of the weak YB observed in [7],
which we will now justify. From Figure 3 of [7], where
this YB was magnified by 500 times, we can say that this
recombination is very weak; otherwise, such yellow emission
would be strong enough to make efficient yellow emitters
from n-GaNmaterial.We will later discuss the reason for this
weakness. Therefore, we can assume that holes accumulated
at the surface of n-GaN do not noticeably affect the lifetime
of electrons trapped in SEs under PL conditions such that
the increased capture would lead to the aforementioned
(𝑁𝐹/𝑁𝑆)PL > (𝑁𝐹/𝑁𝑆)TE condition by the screening effect of
𝑁𝐻. This accumulation of holes at the surface allows for the
lower SBB shown in Figure 1(b) due to some photovoltage𝑉ph
that reduces the capture barrier to 𝑞(𝜙 − 𝑉ph) eV. In this way,
the emission and capture fluxes mutually counterbalanced in
a steady state during the PL experiment at the surface are
higher than those in TE.

It is worth noting that the𝑁
𝐹
electrons/cm2 trapped at the

surface can be higher than those in TE as explained or lower
than those in TE because this depends on 𝑁𝐻 and therefore
on the laser illumination power. What matters is to realise
that we have 𝑁𝐹 and 𝑁𝐻 in close proximity at the surface,
and the next point to consider is the effect of the optical
emission of the PL laser emptying SEs lying below the imref
𝐸
𝐹𝑠
in Figure 1(b). This has to do with the “pumping action”

mentioned previously in this section. Under the strong light
of the PL laser, we cannot assume that the pumping action
is negligible with respect to the thermal activity, which we
assumed under the weak light of the PC system. Under
PL conditions, we could expect a noticeable pumping of
electrons trapped in SEs under the imref 𝐸𝐹𝑠, which would
become a less sharp borderline than in TE between occupied
SEs below 𝐸𝐹𝑠 and empty SEs above 𝐸𝐹𝑠. Instead, we should
expect a broader transition band in energy, likely centred at
𝐸𝐹𝑠, separating the occupied SEs well below 𝐸𝐹𝑠 from empty
SEs well above 𝐸𝐹𝑠 due to the aforementioned spillover of
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electrons being captured over the new barrier (e.g., the SBB
lowered by the PL laser light).

The strong illumination of the PL laser not only suggests
a local heating of the sample but also the possibility of a
high efficiency of the PL laser to empty SEs to achieve a
flat band condition by greatly reducing 𝑁

𝐹
. If this were so,

the SBB would disappear without the help of holes at the
surface. In this case, the bands would be flat during the PL
experiment, and we would only obtain the PL spectrum of
GaN from to band-to-band transitions with energy close to
the bandgap 𝐸𝑔 ≈ 3.41 eV at room temperature, and no YB
would be found in this case. Under this hypothetical flat-
band condition, the capture barrier would be null, and a
huge flux of electrons would reach the surface from the GaN
bulk to occupy SEs efficiently emptied by the laser pumping
action. This is hard to believe, however, because photons can
increase the energy of electrons trapped in SEs (e.g., vertical
transitions in energy), but they are unable to transport the
negative charge of all of these electrons accumulated at the
surface.

The negative charge of electrons thus accumulated at the
surface would produce an SBB sweeping them towards the
GaN bulk, while other electrons from the bulk would be
trapped over this SBB by SEs to be pumped subsequently
by the laser. This would generate an SBB that contradicts
the flat-band condition we have used as a starting point of
this reasoning and will not be considered further, although a
careful study of the power ratio 𝑃YB/𝑃PL between the power
of the yellow band 𝑃YB and that of the PL spectrum expected
for the n-GaNmaterial could provide additional information
about all of these processes related to Device no. 1 at the
surface of n-GaN. Concerning the flattening of the SBB, we
can say that 𝑉ph will be low because the hole charge 𝑁𝐻

accumulated at the surface cannot be increased without limit
because as it increases, the depth of the well for holes at the
surface diminishes, allowing holes to escape. If 𝑉ph ≈ 18mV
at room temperature, the net capture and net emission would
be doubled. Assuming that (𝑁𝐹/𝑁𝑆)PL ≈ (𝑁𝐹/𝑁𝑆)TE, this
doubled emission would derive from (𝑁

𝐹
)PL ≈ 2(𝑁

𝐹
)TE

(see (2)), which in turn would require 𝑁
𝐻

≈ (𝑁
𝐹
)TE to

keep a SBB close to that in TE. This 𝑁
𝐻
value starts to fill

the well shown in Figure 1(b) for holes. In other words, the
𝑁
𝐻
charge able to accumulate at the surface is limited, and

this fact together with the need for an appreciable SBB to
transport electrons from the surface towards the bulk (recall
that photons cannot transport them) limits𝑉ph during the PL
experiment.

It is worth noting that the band diagrams of Figure 1 apply
to our undoped wurtzite GaN layers of [7], whose residual
doping was n-type in the 1017–1018 cm−3 range. This means
that the ratio (𝑁𝐹/𝑁𝑆)PL of [7] during the PL experiments was
most likely higher than in TE or that the SEs of the n-GaN
during our PL experiments were likely more occupied than
in TE due to photogenerated holes swept towards the surface,
as shown in Figure 1(b). Device no. 1 features many electrons
in SEs and many holes in close proximity, which leads us to
consider the emission with carrier interaction described in
Section 6-D-2-e of [17], where a photon with energy ℎ] < 𝐸

𝑔

was produced when an electron of the CB made “a transition
to a virtual state a at an energy Δ𝐸 below the CB by exciting
an electron inside the CB to a higher-energy state (this
causes a change in momentum). The first electron completes
the transition from state a to the VB by emitting a photon
ℎ].”

Again from [17], we “note that momentum-conservation
rules make this process difficult to observe in pure direct-
bandgap semiconductors since an additional phonon may be
needed. . . then the transition becomes a three-step process
having a very low probability of occurrence.” In Figure 1(b),
however, we do not need a third electron promoted to a
higher state of energy to have electrons in virtual states
(VSs) because electrons trapped in SEs can reach VSs close
to the surface by tunnelling through thin barriers whose
heights are not far from the SBB (see Figure 1(b)). Hence, the
small fraction of (𝑁

𝐹
)PL electrons reaching VSs in a region

abundant with holes would complete the transition to the VB
by emitting photons with energy ℎ] < 𝐸

𝑔
.

These photons would peak at an energy 𝐸peak ≈ 2.2 eV;
this value is derived from the difference 𝐸

𝑔
− 𝑞𝜙 ≈ 2.21 eV

that appears by using 𝑞𝜙 ≈ 1.2 eV for the n-GaN we obtained
from the PC data of [2] in Section 2; moreover, the quasi-
Fermi level of the SE system (𝐸

𝐹𝑠
) will not vary much with

respect to its value in TE (𝐸
𝐹
) because𝑉ph is low, as explained

previously, and 𝑁
𝑆
is much higher than 𝑁

𝐹
. This high 𝑁

𝑆
in

GaN seems likely because if it was low, no relevant negative
floating gate would appear in FETs [13] and no passivation
of their surfaces would be required. The YB for energies
higher than 2.2 eV would be due to those SEs filled above
𝐸𝐹𝑠 in combination with the “pumping action” of the PL laser
emptying some SEs below 𝐸𝐹𝑠 and the filling of SEs above 𝐸𝐹𝑠
by the enhanced capture. Those electrons in SEs above 𝐸𝐹𝑠

would tunnel toVSwith a higher probability than electrons in
SEs below𝐸𝐹𝑠, which aremuchmore numerous, however, due
to the exponential dependence of𝑁𝑆(𝐸). From the product of
this occupation density of SEs and the probability of electrons
in these SEs of tunnelling to VS, a peak energy not far from
𝐸
𝐹𝑠
would result, thus giving rise to a peak in the YB around

𝐸peak ≈ 2.2 eV.
This would be the origin of the YB peak observed in the

PL spectrum of n-GaN in Figure 3 of [7], whose oscillating
character around 𝐸peak could reveal an oscillating behaviour
of the tunnelling probability of these electrons with respect
to their corresponding virtual states or an interference-
related phenomenon requiring further study. In any case, this
surface-assisted luminescence (SAL) is the plausible reason
we have formulated for the YB peaking at ≈2.2 eV in the
PL of n-GaN samples. Because this SAL is due to electrons
trapped in SEs like those forming the negative floating gate
of n-GaN FETs in the dark [13], it allows for the prediction
of surface electroluminescence (SEL) when holes are injected
near the surface of GaN devices, as has been observed
recently in n-GaN FETs [10, 11]. In these studies, the SEL
has been attributed to “hot-electron effects” due to its decay
with photon energy, which closely tracks the 𝑁𝑆(𝐸) that we
obtained in Section 2 from the PC results of [3], as will be
discussed in the next section.
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4. Surface Electroluminescence in N-Type GaN
Devices and Other Effects

The surface-related origin of the SAL known to explain the
YB of GaN not only agrees with many studies linking this YB
to the surface [19–23] but also allows for the prediction that if
holes are brought near the surface in n-GaN devices, surface
electroluminescence (SEL) proportional to the surface charge
𝑁
𝐹
will be observed. Let us show that this SEL is very likely

the weak EL found recently in the FET devices of [10, 11],
where it has been attributed to hot-electron effects. Using
our model for Device no. 1 at the surface, we do not need
hot-electron effects at all, in agreement with recent studies
discarding these types of effects in the electrical degradation
of GaN FETs [24]. Our model also predicts that this SEL will
track the dynamics of the surface charge𝑁

𝐹
in n-GaNdevices

and that this SEL will not be a yellow peak but a “redder”
luminescence.

Recalling the role of Device no. 1 in the formation of the
negative floating gate (NFG) that collapses these FETs [13],
we can explain why this SEL is first observed in the gate side
towards the drain of field-effect devices for moderate drain
voltages 𝑉DS [10] and why it moves towards the drain contact
if the voltage𝑉DS is increased further [11]. Due to the positive
feedback (PF) that underlies this electrical degradation and
the subsequent collapse ofGaNFETs [13], this SELwill appear
near the drain only after some delay and after surpassing a
threshold voltage 𝑉DS representing the onset of the electrical
degradation. This delay has been reported in [11], and the
threshold was reported in [24]. These two features—a delay
to allow the PF to build the collapse and a threshold to trigger
this degradation—leading to collapse are familiar features of
circuits with PF, such as the one proposed in [13] ten years
ago for the electrical degradation collapsing GaN FETs.Thus,
the time evolution of this SEL for large 𝑉DS [11] gives strong
support to our model based on surface Device no. 1, which
applies to different phenomena such as the PC response of
[3], the YB of [7], and the SEL of [10, 11].

Regarding its “colour,” this SEL will not peak like the YB
because there is no “pumping action” of a laser in [10, 11]
as it occurs in the PL when the YB appears. The FET-like
devices of [10, 11] were placed in the dark to observe their
weak EL, which only appears when holes are injected near
the GaN surface. Therefore, the spectrum of their SEL will
reflect the exponential increase in 𝑁𝑆(𝐸) as we go from the
CB to the VB in Figure 4, which is the counterpart of Figure 2
for surface Device no. 1 acting as a photon emitter and not
as the photon absorber it was in Figure 2. Hence, this SEL
will not peak at 𝐸peak ≈ 2.2 eV as the YB of the PL does.
Instead, it will show an exponential decay in intensity as the
energy of the emitted photons increases. To be precise, this
SEL has to show an intensity proportional to exp(−ℎ]/𝐸

0
);

thus, it will possess the same slope 𝛼 shown in Figure 2,
though decreasingwith photon energy h𝜐 because the density
𝑁
𝑆
(𝐸) in the GaN surface decreases as exp(−ℎ]/𝐸

0
)when we

go from the VB to the CB. This 𝑁
𝑆
(𝐸) ∝ exp(−ℎ]/𝐸

0
) was

obtained in Section 2 from the PCdata of [3] obtained 17 years
ago, and this SEL observed recently in [10, 11] is the empirical
proofwe promised in Section 2 of its validity, which is ensured
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Figure 4: Semilog plot of the surface luminescence spectrum that
must appear in n-GaN devices when holes are injected near their
surface. Electrons in surface states (SE) using virtual states to
accomplish radiative transitions to the valence band (see text) would
reflect the exponential distribution with the energy of the SEs.

whenwe consider that𝐸
0
was between 230meV and 280meV

[3]. Figure 4 shows a sketch of the weak EL spectrum shown
in Figure 3(b) of [10].

For 𝐸
0
= 230meV, we have 𝐸

0
≈ 2600K which means

that the slope of Figure 4 will be tg(𝛼) = −1/𝐸0, as if this SEL
was the EL derived from a hot-electron gas at 𝑇eq ≈ 2600K.
This is the explanation provided in [10] for the decay of the
weak EL the authors observed with this 𝑇eq. Unaware of the
Device no. 1 existing at n-GaN surfaces, these authors propose
that the weak EL they observe is derived from a hot-electron
gas in the GaN channel at this𝑇eq ≈ 2600K, an effect that our
model does not require at all.This𝑇eq in [10] confirms that the
PC data of [3], with a proper model for Device no. 1, reveal
the density of surface states at the surface of n-GaN devices,
as we have proposed. This is good proof of the validity of the
relationship𝑁

𝑆
(𝐸) ∝ exp(−ℎ]/𝐸

0
) derived using our model

from the PC data obtained long ago [3], though it has not
been well understood until now. Although the time evolution
of this SEL moving from the gate contact to drain one after
some delay from the application of a sufficiently high𝑉DS [11]
provides additional proof about the origin and usefulness of
this SEL as a marker for surface charge in n-GaN devices, we
will consider this point further due to the space constraint of
this paper.

5. Conclusions

The physical relevance of the devices used in measurements
must be considered before assigning properties to bulk
materials. All hypotheses used to assign the result of a
measurement of a device to a property of a bulkmaterialmust
be verified. This forces researchers to consider the devices
associatedwith the surfaces and interfaces of actualmaterials,
and only after having taken their effects into account can
we consider their finite volume (Device no. 0) as a good
model for a continuous medium or infinite volume of these
materials.

The yellow band assigned to GaN is better understood if
we consider it as the surface-assisted luminescence of n-GaN
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due to the unintentional Device no. 1 existing at its surface.
Device no. 1 also helps to understand the photoconductance
response of 2TDs made from n-GaN materials, especially at
low illumination levels. Finally, the same surface Device no. 1
allows for the prediction and thus the explanation of the weak
electroluminescence found in n-GaN devices when holes are
injected near their surfaces. Device no. 1 at the surface of GaN
provides a unified view of the luminescence phenomena of
this material, which is difficult to obtain using other models
that are unaware of this surface device.
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Ab initio calculations have been performed on titanate pyrochlores A
2
Ti
2
O
7
(A = Dy, Ho, and Y) to investigate their electronic

structures. The generalized gradient approximation (GGA) + 𝑈 formalism has been used to correct the strong onsite Coulomb
repulsion between the localized 4f electrons.The effects of effective𝑈 values on the structural and electronic properties of A

2
Ti
2
O
7

(A = Dy, Ho, and Y) have been discussed. It is shown that Dy
2
Ti
2
O
7
and Ho

2
Ti
2
O
7
exhibit different electronic structures from

Y
2
Ti
2
O
7
. The strong interaction between Dy and Ho 4f electrons and O 2p orbitals may increase the covalency of ⟨Dy–O⟩ and

⟨Ho–O⟩ bonds and decrease their irradiation resistance.

1. Introduction

Materials with the A
2
B
2
O
7
pyrochlore structure have wide

ranges of composition that lead to remarkable properties
and wide variations in ionic and electronic conductivity,
catalytic activity, and electrooptic and piezoelectric behavior
[1]. Because they can be used to immobilize actinides [2–5],
the pyrochlores have attracted significant attention both the-
oretically and experimentally [6–21]. In A

2
B
2
O
7
pyrochlore

structure, the A and B cations occupy the 16𝑑 (0.5, 0.5,
0.5) and 16𝑐 (0, 0, 0) sites, respectively, and the oxygens
are in the 48𝑓 (𝑥, 0125, 0.125) and 8b (0.375, 0.375, 0.375)
positions (using the Wyckoff notation) [22]. Single crystals
of the A

2
Ti
2
O
7
pyrochlores (A = Sm to Lu and Y) have

been irradiated by 1MeV Kr+ ions, and their microstructural
evolutions as a function of increasing radiation dose have
been characterized [7]. A slight deviation from the mono-
tonic trend of critical amorphization temperature 𝑇

𝑐
versus

the ionic radius was observed for Y
2
Ti
2
O
7
. 𝑇
𝑐
is frequently

used as a measurement of the resistance of a material to
amorphization, and lower values of 𝑇

𝑐
are the result of

substantial dynamic annealing occurring during irradiation,
which allows the materials to remain in the crystalline state.
Generally, pyrochlores that are closer to the ideal fluorite
structures are more susceptible to the radiation-induced
pyrochlore-to-defect fluorite structural transition.The defect

fluorite structure results from disordering of the A- and B-
site cations, as well as the anion vacancies. Thus, pyrochlore
compositions that are more easily disordered to the defect
fluorite structure are more “resistant” to ion-beam-induced
amorphization [7]. On the other hand, theoretical investiga-
tions reported by Sickafus et al. [18] have demonstrated that
compounds with very dissimilar cationic radii (e.g., closer
to the ideal pyrochlore structure, 𝑥O48𝑓 = 0.3125) should
exhibit the greatest susceptibility to structural destabilization
(e.g., amorphization), whereas compounds withmore similar
radii (e.g., closer to the ideal fluorite structure) should behave
more robustly in a radiation environment. For A

2
Ti
2
O
7

(A = Dy, Ho, and Y), the ionic radius ratio (𝑟A/𝑟Ti) decreases
monotonically. According to Sickafus’ point of view, the com-
pounds should become more radiation resistant as the cation
A varies from Dy to Ho. However, the critical amorphization
temperatures were measured to be 910, 850, and 780K for
Dy
2
Ti
2
O
7
, Ho
2
Ti
2
O
7
, and Y

2
Ti
2
O
7
compounds, respectively

[7], meaning that of these three compounds, Y
2
Ti
2
O
7
is the

most radiation resistant. It is clear that cation radius ratio
alone cannot be used to explain the different responses of
these compositions to radiation.

To resolve the discrepancy between experimental obser-
vations and theoretical predictions, it is important to fun-
damentally understand the electronic structures of A-site
elements and their effects on the stability of the pyrochlore
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Figure 1: Dependence of the lattice parameter 𝑎
𝑝
(a), 𝑥 (b), and band gap (c) of the Dy

2
Ti
2
O
7
on 𝑈eff.

structure. In the present study, ab initio total energy calcu-
lations [17, 19, 23] based on density functional theory have
been performedonA

2
Ti
2
O
7
(A=Dy,Ho, andY) pyrochlores.

GGA + 𝑈 formalism has been used to account for the
strong on-site Coulomb repulsion among the 4f electrons in
Dy
2
Ti
2
O
7
and Ho

2
Ti
2
O
7
. How the structural and electronic

properties of A
2
Ti
2
O
7
(A = Dy, Ho, and Y) pyrochlores are

affected by the choice of 𝑈 is discussed. These calculations
will provide significant insight into the effects of electronic
configuration on the thermochemical stability of pyrochlore
of different compositions.

2. Calculational Method

All the calculations have been completed using the VASP
code [24] with spin-polarized effects taken into account. A
primitive unit cell containing 22 atoms was used for the
present investigations, with a 4 × 4 × 4 Monkhorst-Pack 𝑘-
point mesh. The ion-electron interaction was described by
PAW pseudopotentials with the following atomic valence
configurations: Ti (3s2, 3p6, 3d2, and 4s2), Y (4s2, 4p6, 4d1,
and 5s2), Dy (5s2, 5p6, 4f10, and 6s2), and Ho (5s2, 5p6,
4f11, and 6s2). The PBE functional within the generalized

gradient approximation was used to describe the exchange-
correlation potential energy [25, 26], with the basis set for
valence electrons consisting of plane waves with a cut-off
energy of 400 eV. The calculations were performed based
on ferromagnetic ordering of the magnetic moments and
antiferromagnetic ordering, and spin icemodel [27, 28] is not
considered in the present work. The Hubbard 𝑈 correction
was introduced using the method proposed by Dudarev et
al. [29], in which the Hubbard parameter 𝑈 reflecting the
strength of onsite Coulomb interaction and parameter 𝐽
adjusting the strength of exchange interaction are combined
into a single parameter 𝑈eff = 𝑈 − 𝐽.

3. Results and Discussion

3.1. Atomic and Electronic Structure of Dy
2
Ti
2
O
7
. The

pyrochlore structure can be completely described by the a-
cell edge, 𝑎

𝑝
, and the 48𝑓 oxygen positional parameter, 𝑥.The

dependence of the lattice parameter 𝑎
𝑝
, 𝑥, and band gap of

the Dy
2
Ti
2
O
7
on 𝑈eff is shown in Figures 1(a), 1(b), and 1(c),

respectively. As shown in Figure 1, the structural parameter
𝑎
𝑝
decreases slightly for 𝑈eff ≤ 3.0 eV. Above this value,

the parameter changes more significantly. A 𝑈eff of 2.6 eV
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Figure 2: Total DOS distribution for Dy
2
Ti
2
O
7
. (a)𝑈eff = 0.0 eV; (b)𝑈eff = 2.0 eV; and (c)𝑈eff = 3.0 eV.The upper and lower panels show the

spin-up and spin-down channels, respectively.

yields a lattice constant of 10.12 Å, in excellent agreement
with experiments [7]. For O

48𝑓
positional parameter 𝑥, it

deviates from experimental value of 0.3275 with increasing
𝑈eff values; that is, introducing 𝑈eff > 0 makes the deviation
from the experiment larger. Concerning the band structure of
Dy
2
Ti
2
O
7
, a sharp increase of band gap value with growing

𝑈eff is observed. For a certain 𝑈eff value of around 3.5 eV, the
band gap value of 2.85 eVmatches the calculated optical band
gaps performed byNemoshkalenko et al. [30]. It is shown that
the band gap of Dy

2
Ti
2
O
7
presents stronger dependence on

the 𝑈eff value than lattice parameters.
Figure 2 displays the total density of state (DOS) distri-

bution of Dy
2
Ti
2
O
7
at 𝑈eff = 0, 2.0, and 3.0 eV. The Fermi

level is set to 0 eV. At the pure GGA level, the f band does not
split but shows a large peak around the Fermi level, leading
to a metallic ground state, which disagrees with experiments
[31]. Obviously, the pure GGA calculation withoutmodifying
the intra-atomic Coulomb interaction gives wrong results. It
is suggested that introduction of a penalty function which
corrects the intraband Coulomb interaction by the Hubbard
𝑈 parameter is necessary for strongly correlated systems

[32] such as Dy
2
Ti
2
O
7
. If the 𝑈eff is increased to 2 eV, the

f bands undergo splitting, and a semiconducting solution
with a finite separation of the occupied and unoccupied f
band is found. The obtained band gap between the valence
band edge (contributed by Dy 4f) and the bottom of the
conduction band (contributed by Dy 4f) is 1.53 eV. In the case
of 𝑈eff = 3 eV, the unoccupied f bands shift toward higher
energy level, resulting in a larger band gap value of 2.36 eV.
A notable difference between the cases of 𝑈eff = 2.0 eV and
𝑈eff = 3.0 eV is that there is no mixture between the occupied
f bands and the O 2p orbitals in the valence region at 𝑈eff =
2.0 eV, whereas the occupied f bands become hybridized with
the O 2p orbitals in the valence region at 𝑈eff = 3.0 eV.

3.2. Atomic and Electronic Structure of Ho
2
Ti
2
O
7
. Figure 3

shows the lattice parameters and band gaps of the Ho
2
Ti
2
O
7

as a function of 𝑈eff. Generally, Ho2Ti2O7 shows similar
dependence on the effective𝑈 values to the case of Dy

2
Ti
2
O
7
.

The lattice constants decrease with increasing 𝑈eff, and the
reason for this behavior is a slight hybridization of Ho 4f and
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Figure 3: Dependence of the lattice parameter 𝑎
𝑝
(a), 𝑥 (b), and band gap (c) of the Ho

2
Ti
2
O
7
on 𝑈eff.

O 2p orbitals.The experimental lattice constant [7] of 10.104 Å
is obtained for𝑈eff = 2 eV. For the O48𝑓 positional parameter,
it deviates from experimental value of 0.3285 with increasing
𝑈eff values. As compared with Dy

2
Ti
2
O
7
, the band gap value

increases less significantly with 𝑈eff. At 𝑈eff = 3 eV, the band
gap of Ho

2
Ti
2
O
7
is still 0.82 eV smaller than experimental

measurement of 3.2 eV [33].
Figure 4 presents the total DOS of Ho

2
Ti
2
O
7
at 𝑈eff = 0,

2.0, and 3.0 eV. At 𝑈eff = 0 eV, the pure GGA calculation
without modifying the intra-atomic Coulomb interaction
yields ametallic ground state, in contrast to experiments [33].
As the 𝑈eff is increased to 2 eV, the f bands splits, and the
occupied and unoccupied f band contributes significantly to
the valence bands and conduction bands, respectively. The
corresponding band gap between the valence band edge and
the bottom of the conduction band is 1.65 eV. Different from
the total DOS distribution of Dy

2
Ti
2
O
7
at 𝑈eff = 2 eV, the

occupied f bands hybridize with O 2p orbitals in the valence
region. At 𝑈eff = 3 eV, it is noted that the main effect of
increasing𝑈eff value is to push the unoccupied f bands toward
higher energy level, resulting in a larger band gap value of
2.38 eV.

3.3. Atomic and Electronic Structure of Y
2
Ti
2
O
7
. Yttrium

titanate pyrochlore is an important member of pyrochlore
family, and it is often served as amodel system for pyrochlores
because of its simple electronic structure [12]; that is, no f
electrons exist in Y

2
Ti
2
O
7
. For this composition, GGA +

𝑈 method has also been employed to study if the intra-
atomic electron correlations are important for Y-4d states. In
Figure 5, we plot the equilibrium lattice parameters and band
gap value of Y

2
Ti
2
O
7
as functions of 𝑈eff. As shown in the

figure, the lattice constant 𝑎
𝑝
and O

48𝑓
positional parameter

deviate from experimental values of 10.1 Å and 0.33 [7] with
increasing 𝑈eff values. Specially, the choice of 𝑈eff values has
almost no effects on the band gap values. It is indicated that
the intra-atomic electron correlations are negligible for Y-4d
states in Y

2
Ti
2
O
7
.

The total DOS distribution of Y
2
Ti
2
O
7
at 𝑈eff = 0.0 eV

is presented in Figure 6. The valence bands mainly consist of
O 2p orbitals with small contribution from Ti 3d states, and
the conduction bands are mainly composed of Ti 3d states
hybridized with O 2p orbitals. The corresponding band gap
is 2.82 eV, in excellent agreement with the calculated value
of 2.84 eV reported by Jiang et al. [34]. This value is 0.32 eV
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Figure 4: Total DOS distribution for Ho
2
Ti
2
O
7
. (a) 𝑈eff = 0.0 eV; (b) 𝑈eff = 2.0 eV; and (c) 𝑈eff = 3.0 eV. The upper and lower panels show

the spin-up and spin-down channels, respectively.

larger than our previous work on Y
2
Ti
2
O
7
[10], as a result of

different pseudopotential of Y employed.

3.4. Comparison of the Electronic Properties of Dy
2
Ti
2
O
7
,

Ho
2
Ti
2
O
7
, and Y

2
Ti
2
O
7
. The following discussions are based

on the results obtained by 𝑈eff = 3.5 eV for Dy, 𝑈eff =
3.4 eV for Ho, and 𝑈eff = 0.0 eV for Y. Comparison of
the partial DOS distribution of these three compositions is
presented in Figure 7. It is noted that the Dy

2
Ti
2
O
7
and

Ho
2
Ti
2
O
7
have similar DOS results; in contrast, Y

2
Ti
2
O
7

shows a very different character. This is probably due to the
fact that 4f electrons play an important role in Dy

2
Ti
2
O
7
and

Ho
2
Ti
2
O
7
. The electronic structures of a series of titanate

oxides A
2
Ti
2
O
7
(A = Sm-Er, Yb, and Lu) have been studied

by Nemoshkalenko et al. [30] using X-ray photoelectron,
emission spectroscopy, as well as the first-principles band
structure calculations, where the lanthanide 4f states are
assumed not to be hybridized with the other states. The
calculations in the present work show that A-site 4f electrons
do take part in the chemical bonding. For Dy

2
Ti
2
O
7
and

Ho
2
Ti
2
O
7
, the most striking features are the hybridization

of Dy 4f and Ho 4f orbitals with O 2p orbitals, as shown
in Figure 7. Especially, a strong hybridization occurs for
Dy
2
Ti
2
O
7
in its upper valence region. The 4f electrons also

contribute greatly to the lower conduction bands ofDy
2
Ti
2
O
7

and Ho
2
Ti
2
O
7
. Unlike Dy

2
Ti
2
O
7
and Ho

2
Ti
2
O
7
, ⟨Ti–O⟩

interaction is more significant in Y
2
Ti
2
O
7
, since its valence

and conduction bands are mainly contributed by O 2p states
hybridizedwithTi 3d states andTi 3d orbitals hybridizedwith
O 2p orbitals, respectively.

Under irradiation, Y
2
Ti
2
O
7
is themost radiation resistant

and Dy
2
Ti
2
O
7
is the least [7]. Since the pyrochlore compo-

sitions that are more easily disordered to the defect fluorite
structure are more “resistant” to ion-beam-induced amor-
phization [18], Dy

2
Ti
2
O
7
is the least probable to transform

into defect-fluorite structure and Y
2
Ti
2
O
7
is the most. This

means that of the three compositions investigated, Dy
2
Ti
2
O
7

is the most stable thermodynamically and Y
2
Ti
2
O
7
is the

least. The cation radius ratio criteria, as proposed by Sickafus
et al. [18], clearly cannot be used to explain the different
responses of these compositions to radiation. The radiation
tolerance of nonmetallic solids has been correlated with the
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nature of the chemical bond in earlier work [35–38]. They
demonstrated that the more covalently bonded materials
are more readily amorphized at lower temperatures under
heavy ion irradiation. For pyrochlores, the less covalently

bonded compositions are more easily disordered to defect-
fluorite structures [7], which are highly radiation resistant
and remain crystalline at extreme radiation dose. In the
present work, the strong interaction between Dy and Ho
4f electrons and O 2p orbitals may increase the covalency
of ⟨Dy–O⟩ and ⟨Ho–O⟩ bonds and decrease the irradiation
resistance of Dy

2
Ti
2
O
7
and Ho

2
Ti
2
O
7
.

4. Conclusions

The electronic structures of A
2
Ti
2
O
7
(A = Dy, Ho, and Y)

have been investigated using GGA+𝑈method.The effects of
effective 𝑈 values on the structural and electronic properties
of pyrochlores have been studied. It is shown that for strongly
correlated systems such as Dy

2
Ti
2
O
7
and Ho

2
Ti
2
O
7
, it is

necessary to correct the intraband Coulomb interaction by
the Hubbard 𝑈 parameter. We suggest that the electronic
structure can be reasonably described with 𝑈eff of 3 ∼ 4 eV
for Dy

2
Ti
2
O
7
and Ho

2
Ti
2
O
7
.

Dy
2
Ti
2
O
7
and Ho

2
Ti
2
O
7
have similar DOS distribution;

in contrast, Y
2
Ti
2
O
7
shows a very different character. The

DOS distributions of Dy
2
Ti
2
O
7
and Ho

2
Ti
2
O
7
show that A-

site 4f electrons hybridize significantly with O 2p orbitals
in the valence region. Since Dy

2
Ti
2
O
7
and Ho

2
Ti
2
O
7
are
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Figure 7: Partial DOS distributions of (a) Dy
2
Ti
2
O
7
; (b) Ho

2
Ti
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7
; and (c) Y

2
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.

less radiation resistant than Y
2
Ti
2
O
7
, it is suggested that the

strong interaction between Dy and Ho 4f electrons and O 2p
electronsmay increase the covalency of ⟨Dy–O⟩ and ⟨Ho–O⟩
bonds and decrease the irradiation resistance of Dy

2
Ti
2
O
7

and Ho
2
Ti
2
O
7
.
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Structural and electronic properties of Pd adsorption on clean and S-terminated GaAs(001)-(2 × 6) surfaces are studied using
first-principle simulations. Our calculations show that the Pd atom prefers to occupy the HH3 site. The Pd atom is lower than the
S atom with 0.15 Å. The density of states analysis confirms that S–Ga bond plays an important role in Heck reaction. We also find
that the Pd catalysis activity for Pd adsorption on clean GaAs(001)-(2× 6) surface is weak while it is enhanced when the Pd atom is
adsorbed on the S-terminated GaAs(001)-(2 × 6) surface, which is in good agreement with the experiments.

1. Introduction

Transition metals such as palladium (Pd) and platinum (Pt)
are very important catalysts in the field of synthetic chemistry
since they have favorable catalysis properties inHeck reaction
[1–3].Heck reaction plays an important role in drug discovery
and pharmaceutical industries. However, the homogeneous
Pd catalysis has some disadvantages, such as low reusability,
difficulty of separating the catalyst from the products or
solvents after reaction.

Recently, heterogeneous catalyst has been extensively
investigated in order to reduce the waste of noble metal and
develop the high yield of Heck reaction. For Pd adsorption
on the sulfur-terminated GaAs(001) surface, experimental
results show that the Pd catalyst is reusable [4–8]. Arisawa et
al. prepare it with Pd(PPh

3
)
4
[5].They find that Pd is adsorbed

on the S-terminated GaAs surface by X-ray photoelectron
spectroscopy (XPS) and Pd can be reused at least 3 times.
Takamiya et al. find that Ga–S bond fixes Pd on S-terminated
GaAs(001)-(2 × 6) surface [6, 7], which plays an important
role in Heck reaction. It effectively enhances the activity of
the Heck reaction more than homogeneous Pd catalyst and
could be recycled at least 10 times. In their further study [8],

using a new Pd source of Pd(OAc)
2
and another technique

of heated washing, they obtain a higher catalysis activity and
stability for Heck reaction than the sophisticated method
of deposition organometallic Pd(PPh

3
)
4
on S-terminated

GaAs(001)-(2 × 6) surface. Recently, Konishi et al. report
that S-GaAs(2 × 6) surface structure is preserved after depo-
sition Pd(CH

3
COO)

2
on its surface using reflection high-

energy electron diffraction (RHEED) and scanning tunneling
microscopy (STM) [9]. However, the detailed structure and
micromechanism are unknown. Earlier theoretical study is
focused on the system of Pd adsorption on S-terminated
GaAs(001)-(2 × 1) surface [10], which is different from the
experiments [7, 9, 11].

In this paper, in order to explain the intrinsic mechanism
of Pd catalysis, we investigate the surface structure and
electronic property of Pd adsorption on S-GaAs(2×6) surface,
based on the density functional theory (DFT). We confirm
that the S–Ga band is essential for catalytic reaction.

2. Calculation Method

All the calculations were performed using Vienna ab ini-
tio simulation package (VASP) with cutoff energy 500 eV.
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The ion-electron interaction was described by the projector
augment wave method (PAW). Local density approximation
(LDA) approachwas used to deal with the energy of exchange
correlation. The d electrons are included for Ga atom.
Integration over an irreducible Brillouin zone was carried out
using theMonkhorst-Pack grid of 5×5×1.The unit supercell
of S adsorption on GaAs(001)-(2 × 6) surface consists of 5
atomic layers and plus a vacuum layer equivalent to 5 atomic
layers in thickness. The position of bottom layer As atoms
was fixed. Hydrogenlike pseudoatoms with 0.75 charges were
used to saturate the surface As dangling bonds at the bottom
of slab.The optimized lattice constant was 5.610 Å, consistent
with the experimental value of 5.653 Å [12].

3. Results and Discussions

3.1. Structural Parameters. To understand the important role
of S atom in Pd catalyst on S-terminated GaAs(001)-(2 ×
6) surface, we have investigated the atomic and electronic
structures of Pd adsorption on pure GaAs(001)-(2 × 6)
and S-terminated GaAs(001)-(2 × 6) surfaces. Nine possible
adsorption sites, such as HH, HH2, HH3, B1, B2, B3, H1, H2,
and H3, are considered, as shown in Figure 1. We obtain the
most stable structure by the calculated adsorption energy.
The adsorption energy is defined as 𝐸

1
= 𝐸Pd/GaAs(001) −

𝐸GaAs(001) − 𝐸Pd and 𝐸
2
= 𝐸Pd/S-GaAs(001) − 𝐸S-GaAs(001) −

𝐸Pd for Pd deposition on GaAs(001) and S-terminated
GaAs(001) surfaces, respectively.𝐸Pd/GaAs(001)/𝐸Pd/S-GaAs(001),
𝐸GaAs(001), 𝐸S-GaAs(001), and 𝐸Pd denote the total energies
of adsorbed system, the clean GaAs(001) surface, the S-
terminatedGaAs(001) and a free of Pd atom, respectively.The
results show that Pd prefers to occupy the HH3 site both on
clean and S-terminated GaAs(001)-(2 × 6) surfaces.

The detailed structures of Pd adsorption on GaAs(001)-
(2 × 6) and S-terminated GaAs(001)-(2 × 6) surfaces are
presented. We find that the position of Pd is lower than the
surface As or S atom for both model cases, which is similar
to the result of Pd adsorption on S-terminated GaAs(001)-
(2 × 1) surface [10]. The height between Pd and underlying S
layer is 0.15 Å and Pd–S bond length is 2.53 Å on S-terminated
GaAs surface. Pd–As bond length is calculated to be 2.51 Å
on clean GaAs surface, which is similar to the Au–As bond
length of 2.50 Å for Au adsorption on GaAs(001) surface
[13]. For Pd adsorption on S-terminated GaAs (001)-(2 × 6)
surface, the S-S dimer remains on the substrate and the bond
length is calculated to be 3.568 Å, which is consistent with the
experimental findings that (2 × 6) reconstruction is preserved
when Pd immobilized on the S-terminated GaAs from the
RHEED and STM investigations [9].

3.2. Electronic Properties. Figure 2 shows the total density
of states (TDOS) and local density of states (LDOS) of
Pd adsorption on clean GaAs(001)-(2 × 6) surface at HH3
position. The calculated band gap is only 0.3 eV, which
is remarkably smaller than that for clean GaAs surface
(1.43 eV). The significant reduction of band gap induced by
the adsorption of metal is also found in other systems, such

H1 H2 H3

HH HH2 HH3 B1 B2 B3

(a)

S-S dimer Vacancy

Ga

Pd

As

S
H

(b)

Figure 1: Top (a) and side views (b) structure of Pd adsorption on
S-terminated GaAs(001)-(2 × 6) surface.

as Pd adsorption on TiO
2
and Au adsorption on MgO [14–

16]. It is derived from the fact of charge polarization by
metal adsorption and an increase of the potential in the
adsorption layer. For Pd adsorption on the clean GaAs(001)-
(2 × 6) surface, the catalyst activity of Pd is weak due to a few
electronic states at the Fermi energy.

In Figure 3, the TDOS and LDOS of Pd adsorption
on S-terminated GaAs(001)-(2 × 6) surface at HH3 site
are presented. Compared with the TDOS of S-terminated
GaAs(001)-(2 × 6) surface, we find that the Pd adsorption
makes the DOS shift to lower energy, and the Fermi level
exists above the conduction band, which is attributed to
the strong interaction between Pd adatom and substrate. In
addition, the band gap for Pd adsorption on S-terminated
GaAs(001) surface is almost disappeared. It is because that
the metal induced gap states (MIGS) are found in the energy
gap, which is composed of Ga 4p and S 3p states. MIGS
can lead to increasing the activity of chemical reaction due
to the increase of the probability of getting electrons. It is
consistent with the experimental result of important role
for S–Ga bond in Heck reaction [7, 9]. On the other hand,
comparing the DOS of Pd adsorption on clean GaAs(001)
surface, we can see that the electronic state at the Fermi level
is remarkably increased for Pd adsorption on S-terminated
GaAs(001) surface. It indicates that the Pd catalysis activity
is enhanced. Meanwhile, DOS at the Fermi level is mainly
arisen from the contribution of Pd 4d and S 3p states, and the
hybridization between Pd 4d and S 3p states both in valence
band and conduction band is also found. Therefore, a strong
Pd–S bond is formed on the surface.
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Figure 2:The total and local density of states (DOS) of Pd adsorption on clean GaAs(001)-(2×6) surface at HH3 site.The dashed line denotes
DOS for the clean GaAs(001)-(2 × 6) surface without Pd adsorption. The dashed vertical line at zero represents the Fermi level.
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Figure 3: The total and local DOS of Pd adsorption on S-terminated GaAs(001)-(2 × 6) surface at HH3 site. The dashed line denotes DOS of
S-terminated GaAs(001)-(2 × 6) surface without Pd adsorption.
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4. Conclusion

We have investigated the structural and electronic properties
of Pd adsorption on clean and S-terminated GaAs(001)-(2 ×
6) surfaces using first-principle simulations. The calculated
adsorption energy shows that Pd atom prefers to occupy the
HH3 site.The detailed structure is presented and the Pd atom
is lower than the S atom with 0.15 Å. The density of states
demonstrates that S–Ga bond plays an important role inHeck
reaction. We also find that the Pd catalysis activity for Pd
adsorption on clean GaAs(001)-(2 × 6) surface is weak while
it is enhanced when Pd atom is adsorbed on the S-terminated
GaAs(001)-(2 × 6) surface, which is in good agreement with
the experiments.
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By using first principles calculations, we propose a codoping method of using acceptors and donors simultaneously to realize low-
resistivity and high carrier concentration p-type ZnS with wurtzite structure. The ionization energy of single NS can be lowered
by introducing the IIIZn-NS (III = Al, Ga, In) passivation system. Codoping method in ZnS (2N, III) has lower formation energy
comparing with single doping of N since III elements act as reactive codopants.

1. Introduction

Wide bandgap semiconductors, such as ZnX (X = O, S, Se),
have attracted attention due to their potential application in
short-wavelength light-emitting devices. Unfortunately, the
doping unipolarity, that is, it can be doped either p-type or n-
type, but not both, impedes the implementation of themateri-
als [1]. Earlier researches show that ZnS and ZnO are difficult
to be doped as p-type due to asymmetric doping limitation
[1–3]. In order to obtain low-resistivity p-type ZnS, single
doping and codoping methods are studied. Nakamura et al.
fabricate Li-doped ZnS by a low-pressure metal organic
chemical vapor deposition technique [2]. They find that it is
p-type conductivity, and the acceptor ionization energy is
about 196meV, which is larger than the calculated results of
155meV by Gai et al. [3]. Gai et al. calculated ionization
energies for possible single doping method to obtain p-type
ZnS [3].The result shows that N-doped ZnS is promised to be
p-type, but the ionization energy is calculated to be 144meV,
which is still deep acceptor level.

In recent years, codoping method was suggested to solve
the unipolarity of semiconductor [1, 4, 5]. P-type doping in
ZnO is realized by codoping with N acceptors and Ga donors
in the ratio of N : Ga = 2 : 1 [6, 7]. For p-type ZnS, experi-
mental researches realize it by codoping with N and Li dual
acceptors, and the hole concentration is measured to be
1018 cm−3 [8].Theoretical investigations show that the codop-
ingmethod of acceptor-donor-acceptor is more efficient than

the single-dopingmethod.They realize p-type ZnS by codop-
ingwithN acceptors and In orAl donors based on first princi-
ples calculations [9–11]. Codoping method makes the accep-
tor levels broaden and delocalize compared with the single
doping of N. In addition, p-type ZnS nanocrystals can be
obtained by codoping with N andGa, In, or Al [12]. However,
earlier researches about p-type ZnS with codoping method
mainly focus on the density of state analysis. Quantifiable
parameters, such as acceptor ionization energy and formation
energy, are not presented. In addition, they have studied
the zinc blende (ZB) ZnS. P-type ZnS with wurtzite (WZ)
structure has not been investigated up to now. Therefore, the
purpose of this study is to investigate p-type ZnS with WZ
structure by codoping with N and Ga, Al, and In. Acceptor
ionization energy, formation energy, and density of states are
presented to analyze the effects of Ga, Al, and In codopant on
p-type ZnS.

2. Calculation Method

We performed the calculations using the projector aug-
mented wave method [13] within the generalization gradient
approximation (GGA) [14], as implemented in the Vienna
ab initio simulation (VASP) code [15]. 3d and 4s electrons
of Zn are treated as valence electrons. The energy cutoff
for the plane wave expansion sets with a 450 eV. For the
Brillouin zone integration, we use Monkhorst-Pack special
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𝑘-points [16], equivalent to the 2 × 2 × 2 mesh. Wurtzite
supercells containing 96 atoms are used. For charged defect
systems, a uniform background charge is added to maintain
the global charge neutrality of the periodic system. All the
geometries are allowed to relax until the Hellmann-Feynman
force becomes less than 0.02 eV/Å. The optimized lattice
constants for ZnS is 𝑎 = 𝑏 = 3.85 Å, 𝑐 = 6.29 Å, which are in
good agreement with the experimental values 𝑎 = 𝑏 = 3.81 Å,
𝑐 = 6.23 Å.

The ionization energy of an acceptor with respect to VBM
is calculated as follows [1, 17]:

𝜀 (0/−) = [𝐸 (𝛼, −) − (𝐸 (𝛼, 0) + 𝜀
𝑘

𝐷
(0))]

+ [𝜀
Γ

𝐷
(0) − 𝜀

Γ

VBM (ZnS)] ,
(1)

where 𝜀𝑘
𝐷
and 𝜀Γ
𝐷
are the defect levels at the special 𝑘-points

(averaged by weights) and at Γ-point, respectively; 𝐸(𝛼, −) or
𝐸(𝛼, 0) is the total energy of the supercell at charge state −1 or
neutral for defect 𝛼; 𝜀ΓVBM is the VBM energy of the host ZnS
at Γ-point.

The formation energy of an isolated impurity 𝛼 in charge
state 𝑞 is described as follows [1, 17]:

Δ𝐻
𝑓
(𝛼, 𝑞) = Δ𝐸 (𝛼, 𝑞) + 𝑛Zn𝜇Zn + 𝑛S𝜇S + 𝑛A𝜇A + 𝑞𝐸𝑓, (2)

where Δ𝐸(𝛼, 𝑞) = 𝐸(𝛼, 𝑞) − 𝐸(ZnS) + 𝑛Zn𝐸(Zn) + 𝑛S𝐸(S) +
𝑛A𝐸(A) + 𝑞𝜀VBM. The 𝑛

𝑖
(𝑖 = Zn, S, and A) are the numbers

of exchanged particles between the supercell, 𝑞 is the defect
charge state, 𝜇

𝑖
is the chemical potential of constituent 𝑖 ref-

erenced to elemental solid/gas with energy 𝐸
𝑖
. 𝜇Zn and 𝜇S in

(2) are not independent but limited by the formation of stable
ZnS compound, 𝜇Zn + 𝜇S = Δ𝐻𝑓(ZnS), where Δ𝐻𝑓(ZnS) is
the formation enthalpy of solid ZnS.

3. Results and Discussion

We firstly determine the most stable structure of codoped
ZnS with N and group III elements (Al, Ga, and In) based on
minimizing the total energy. For ZnS (N, III), we discuss two
possible configurations. One configuration is NS-IIIZn pair
occupied the nearest-neighbor sites and the other is a pair
separated certain distance away. The result shows that the
formation of the first case is energetically favorable. When
another N atom is doped in the ZnS (N, III), total energy
calculations show that the N atom also prefers to locate at the
nearest-neighbor site, as shown in Figure 1. For the stable ZnS
(2N, III), the bond length of N–Al, N–Ga, and N–In is 1.9 Å,
2.0 Å, and 2.2 Å, respectively, which is remarkably smaller
than Zn–S bond length of pristine ZnS of 2.36 Å.

The calculated acceptor ionization energy and formation
energy of codoping with N and III elements in ZnS are pre-
sented in Table 1. The acceptor ionization energy denotes the
provided hole in ZnS, and the formation energy controls the
dopant solubility, which is important for p-type doping of
semiconductor. When only N atom is doped in ZnS, the
ionization energy is 103.9meV, which is smaller than that of
N doping in ZB ZnS (144meV). This suggests that N doping
generates a deep acceptor level above the valence band.

S Zn N X = Al, Ga, In

Figure 1: Schematic structure of codoping with N and X (Al, Ga,
and In) in wurtzite ZnS.

CBM

VBM
ZnS: N-X-NZnS: N

IBM

CBM

VBM

Figure 2: Schematic illustration of the energy level for single doping
of N and codoping with N and X (Al, Ga, and In) in ZnS.

Fortunately, codoping with N and III elements in ZnS can
remarkably reduce the ionization energy. Shallow acceptor
level exists in ZnS, and the acceptor ionization energies of
AlZn-2NS and GaZn-2NS pairs are 40.1meV and 37.5meV,
respectively. The lower ionization energy of codoping with N
and III elements can be explained by Figure 2. ZnS (N, III)
creates a fully unoccupied impurity band above the VBM.
The N atom passivates the III elements to form the ZnS (N,
III) passivated system.When excessN atoms are available, the
impurity band is regarded as newVBM, and 𝜀ΓVBM (ZnS) in (1)
is replaced by the impurity bandminimum (IBM).The accep-
tor transition occurs between the N energy level and the IBM
rather than the original VBM.Thus, the ionization energy can
be remarkably reduced.

The formation energies of 2NS-IIIZn complex and single
doping of N for ZnS in neutral charge state and at 𝜇

𝑖
= 0 in (2)

are also shown in Table 1. The low formation energy suggests
this defect has high carrier concentration. Our calculations
reveal that the formation energy of 2NS-IIIZn complex is
smaller than that of single doping of N.This can be explained
by the density of states (DOS) analysis. Figure 3 showsDOSof
N-p state in ZnS (2N, Al) and ZnS (N). The DOS of the N
atom in ZnS (2N, Al) is similar to that in ZnS (2N, Ga) and
ZnS (2N, In), and we only present the representative result
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Figure 3: DOS of N-p states for (a) ZnS codoped with Al and 2N
species and (b) ZnS doped with the N atom.

Table 1: Ionization energy 𝜀(0/−) and formation energy Δ𝐻
𝑓
of

defect complexes in ZnS.

2NS–AlZn 2NS–GaZn 2NS–InZn NS

𝜀(0/−) (meV) 40.1 37.5 44.1 103.9
Δ𝐻
𝑓
(eV) 3.04 3.17 3.16 3.35

of ZnS (2N, Al). We observe that a narrow band forms near
VBM in ZnS (N) due to the large electronegativity of N
comparing with that of S.The localization of DOS for N atom
results in high formation energy. Meanwhile, the N-impurity
bandwidth in ZnS (2N, Al) is increased due to the interaction
of N-p and Al-p orbitals, which indicates that the defect is
easily formed. Therefore, we can see that the codoping using
N as an acceptor and III elements (Al, Ga, and In) as reactive-
codopant donor is very effective formaterials design to obtain
low-resistivity and high-concentration p-type ZnS.

4. Conclusion

In summary, our first principles calculations reveal that the
codoping method with two acceptors and one donor is
effective to realize low-resistivity and high carrier concentra-
tion p-type ZnS with WZ structure. The ionization energy of
single NS can be lowered by introducing the IIIZn-NS passiva-
tion system due to the acceptor transition between theN level
and the IBM rather than the VBM. The codoping method
in ZnS (2N, III) has lower formation energy compared with
single doping ofN since III elements act as reactive codopants
with N.
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PVA-based polymer electrolytes were prepared with various concentrations of CdCl
2
using solvent casting method. Prepared

polymer films were investigated using line profile analysis employing X-ray diffraction (XRD) data. XRD results show that the
crystallite size decreases and then increases with increase in CdCl

2
. AC conductivity in these polymer increases films first and then

decreases.These observations are in agreement with XRD results.The highest ionic conductivity of 1.68𝐸−08 Scm−1 was observed
in 4% of CdCl

2
in PVA polymer blend. Crystallite ellipsoids for different concentrations of CdCl

2
are computed here using whole

pattern powder fitting (WPPF) indicating that crystallite area decreases with increase in the ionic conductivity.

1. Introduction

There is a continued interest in conducting polymers due to
their properties like easy fabrication, low cost, leak proof,
biodegradability, and good storage capacity. Conducting
polymers find application in the development of advanced
high energy electrochemical devices for example, batteries,
fuel cells, electrochemical display devices, and photoelec-
trochemical cells. The development of conducting polymers
involves several approaches: (i) dry solid state polymers, (ii)
gel/plasticizer polymer, and (iii) composite polymer. Many
lithium-based polymer electrosystems have been investigated
earlier [1]. In our study we have chosen poly vinyl alcohol
(PVA) as a host polymer doped with cadmium chloride
(CdCl

2
) for preparing polymer electrolytes. PVA is a water

soluble polymer and has several interesting physical prop-
erties. PVA is having a good charge storage capacity and
dopant-dependent electrical and optical properties [2, 3].
PVA is a semicrystalline polymer. Cadmium chloride is a
white crystalline compound. It is a hygroscopic solid that
is soluble in water. Cadmium chloride is also used for
photocopying, dyeing, and electroplating.

The present study focused on the AC electrical conduc-
tivity of PVA doped with CdCl

2
blends which will be an

interesting study for being used as a final product in some
technical applications like electrochemical applications, fuel
cells, batteries, electrochemical display devices, and photo
electrochemical cells. The present study is also concerned
with the correlation between crystallite ellipsoids and con-
ductivity in CdCl

2
-based polymer films. An explanation

in terms of C–O and C–H bond stretching using FTIR
data has been made in this paper. FTIR spectra are useful
in identifying the change in functional groups due to the
presence of cadmium ions. Cadmium ions have a tendency
to break polymer network because of its reasonable positive
charge behaviour which is indicated in our FTIR studies.

2. Experimental

2.1. Sample Preparation. Poly vinyl alcohol (PVA) was pur-
chased from Loba Chemie, Mumbai, India, and was used
without further purification. CdCl

2
was purchased from

M/s SD fine chemicals, Bangalore, Karnataka, India. The
polymer films were prepared by solvent casting method [4]
for various concentrations of salt. The films were dried at
room temperature for at least 7 days. The thicknesses of the
films were 10microns.
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Table 1: Microstructural parameters of CdCl2 doped with PVA polymer using exponential distribution function.

Samples Bragg’s reflections
(hkl) 2𝜃 (Deg) 𝑔 (%) Surface density

(𝑆)/(nm)2 ⟨𝑁⟩ 𝐷
𝑠
(nm) 𝛼 Delta Crystallite area

(nm2)

Pure (012)

(321)

19.56
41.56

1.35
1.35

4.47
2.14

3.9
3.65

1.76
0.79

0.52
0.73 2.11𝐸 − 3 1.39

1% (021)

(114)

19.40
38.48

1.35
1.35

4.51
2.30

4.05
3.07

1.85
0.71

0.47
0.89 2.39𝐸 − 3 1.32

2% (012)

(321)

19.56
41.46

1.35
1.35

4.47
2.14

4.17
2.85

1.88
0.61

0.45
1.24 3.13𝐸 − 3 1.16

3% (021)

(114)

19.24
38.54

1.35
1.35

4.54
2.30

3.66
2.75

1.68
0.64

0.56
1.33 3.12𝐸 − 3 1.07

4% (021)

(311)

19.02
37.24

1.5
1.5

4.60
2.38

3.94
2.73

1.83
0.65

0.52
1.20 2.07𝐸 − 3 1.20

2.2. X-Ray Diffraction Recordings. X-ray diffraction patterns
of the polymer films were recorded using Rigaku MiniFlex II
Diffractometer withNi filteredCuK𝛼 radiation of wavelength
1.5406Å and a graphite monochromator. The specifications
used for the recordings are 30 kV and 15mA. The polymer
films were scanned in continuous mode in the 2𝜃 range of
5∘–60∘ with a scanning speed of 5∘/min and step size of 0.02∘.

2.3. AC Conductivity and FTIR Measurement. The AC con-
ductivity of these polymer films was measured using Hioki
(Japan) model 3532–50 computer interfaced digital LCR
meter in the range of 50Hz–5MHz. The infrared spectra of
these polymer filmswere recorded at room temperature in the
(wave number) range of 4000 cm−1 to 400 cm−1 using JASCO
FTIR 4100 type A spectrometer.

3. Results and Discussion

3.1. X-Ray Diffraction Studies. X-ray diffraction analysis is
a very useful method in determining the microstructure
of the material. The microstructural parameters like crystal
size (⟨𝑁⟩) and lattice strain (𝑔) in polymer films were
investigated by line profile analysis [5]. These studies also
emphasize upon the importance of line profile analysis [6]
and suggest that single-order method is a reasonably good
approach to obtain microstructural parameters [7, 8]. The
XRD pattern of pure PVA and CdCl

2
complexed PVA films

is shown in Figure 1. From Figure 1, we observe a Bragg
peak at 2𝜃 = 19.56∘. In salt added films, the intensity
of the peak is found to decrease and width increases. This
indicates that the addition of CdCl

2
salt causes a decrease

in the degree of crystallinity of the polymer PVA up to a
certain concentration and then increases. A casual glance at
Table 1 indicates that the crystallite area decreases by 23%
with the addition of CdCl

2
salt. This suggests that on the

complementary side amorphous region has increased. This
decrease is due to the amorphous nature of the film. The
correlation between the intensity of the peak and the degree
of the crystallinity is established by Hodge et al. [9]. We have
developed in-house program for computation of crystallite
size and lattice strain by simulating the whole powder pattern
fitting and the details of the procedure are given in our
earlier paper [10]. The simulated whole powder patterns
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Figure 1: XRD pattern of pure PVA and (PVA + CdCl
2
) polymer

films.

of these polymer electrolytes are given in Figure 2. These
microstructural parameters are given in Table 1. It is evident
from Table 1 that crystallite size is different in different Bragg
directions. Recently Leonardi et al. have remarked that the
crystallite size is different along different Bragg angles [11]. In
order to get a better perspective and understanding of these
microstructural parameters, we have used cell parameters of
PVA reported earlier [12] to plot unit cell crystallite shape
using all the reported (hkl) reflections. With this crystallite
which has a centre, we have plotted crystallite size (𝐷 in nm)
for the two Bragg reflections (012) and (321) in Figure 3 which
is not drawn to scale. This figure indicates the crystallite
size and shape along various Bragg directions. Furthermore
a lattice strain (𝑔 in %) given in Table 1 implies that a distance
of 𝐷 in nm along a direction perpendicular to Bragg plane
results in a change in lattice spacing of this percentage.
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Figure 2: Experimental and simulated profiles using whole powder pattern fitting method.

With this understanding, we have projected the variation in
crystallite size along different Bragg directions onto a plane
for various CdCl

2
doped PVA polymer electrolytes which

is given in Figure 4. It is evident from Figure 4 that the
crystallite area decreases with increase in concentrations of
CdCl
2
[13]. In Table 1, ⟨𝑁⟩ indicates average number of unit

cells counted in a direction perpendicular to the Bragg plane
participating in the scattering process which is relatively
small compared to perfect crystals. Furthermore, Table 1 also
indicates that 𝑆 (number of atoms/area = 𝑑hkl/volume of the
unit cell) increases on an average with the concentration of
CdCl
2
for both the Bragg reflections. Alpha given in Table 1

determines the width of the crystallite distribution function
used to simulate the whole powder patterns for these polymer
electrolytes.

3.2. AC Conductivity and FTIR Analysis. The measured
conductance 𝐺(𝜔) from 50Hz to 5MHz was used to

calculate the AC conductivity of the sample using the
relation

𝜎 =
𝐺 (𝜔) 𝑑

𝐴
, (1)

where𝐺(𝜔) is the measured conductance,𝐴 is the area of the
sample, and 𝑑 is the thickness of the sample. The variation
of AC conductivity as a function of frequency for PVA
composition of (PVA + CdCl

2
) polymer electrolyte is shown

in Figure 5. From Figure 5, it is observed that conductivity
increases with increase in frequency. The increase in AC
conductivity is due to increase in the composition of the salt
in polymer matrix resulting in relatively more number of free
ions.This will increase themobile charge carriers as observed
in Table 2. These charge carriers move in the amorphous
polymer matrix and hence the conductivity increases. Thus
there is a relation between the amorphous nature of the
polymer film and the conductivity. In general, conductivity
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Figure 3: Unit cell crystallite shape and crystallite size along differ-
ent Bragg angles.

Table 2: Microstructural parameters of CdCl2 doped PVA films.

Sample Crystallite size (𝐷
𝑠
in Å) Conductivity (Scm−1)

Pure PVA 1.76
0.79 2.26𝐸 − 10

1% CdCl2
1.85
0.71 5.36𝐸 − 9

2% CdCl2
1.88
0.61 7.22𝐸 − 9

3% CdCl2
1.68
0.64 0.375𝐸 − 9

4% CdCl2
1.83
0.65 1.63𝐸 − 8

increases as the degree of crystallinity decreases, as observed
above, which is the compliment of increase in amorphous
nature [14].

The recorded FTIR spectra are shown in Figure 6. From
IR spectra, we have considered a few prominent bands
around 3450 cm−1 which correspond to O–H stretching of
the hydroxyl groups of PVA. Around 1200 cm−1 the bands
corresponds to stretching of C–O groups. For pure PVA,
the fundamental and first overtone transition of C–O bonds
is centered at 1994 cm−1 and 3830 cm−1, respectively. The
nature of chemical bonds in polymers can be studied through
the characterization of the vibration modes by infrared
spectroscopy [15].The equilibriumvibration frequency of this
bond is calculated using the following relations [16].

Frequency of the fundamental transition = 1944 cm−1

= ]
𝑒
− 2𝜒
𝑒
]
𝑒
. (2)
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Frequency of the first overtone = 3830 cm−1

= 2]
𝑒
− 6𝜒
𝑒
]
𝑒
, (3)

where ]
𝑒
is the equilibrium vibration frequency and 𝜒

𝑒
is the

anharmonicity constant.
Solving these two equations, we get equilibrium vibra-

tion frequency and hence we can calculate anharmonicity
constant. For pure PVA, the calculated equilibrium vibration
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Figure 6: FTIR spectrum of pure PVA and various concentrations of CdCl
2
polymer films.

Table 3: IR data of pure and CdCl2 doped PVA polymer films.

Samples Equilibrium vibration frequency ]
𝑒
(cm−1) Anharmonicity constant 𝜒

𝑒
(10−3) 𝜀

𝑜
(cm−1) Force constant 𝑘 (N/m)

Pure 2002 14.48 998.7 222.2
1% CdCl2 1988 9.05 989.5 219.1
2% CdCl2 1982 10.59 985.7 217.7
3% CdCl2 1999 14.50 998.2 221.5
4% CdCl2 1931 1.55 964.7 206.7

frequency and anharmonicity constant are 2002 cm−1 and
14.48 × 10−3. The equilibrium vibration frequency decreases
for various concentrations of CdCl

2
salt. Zero point energy is

calculated for these samples using the following relation [16]:

𝜀
𝑜
=
1

2
]
𝑒
(1 −
𝜒
𝑒

2
) . (4)

The zero point for pure PVA sample is 993.7 cm−1 and it
decreases for various concentrations of CdCl

2
salt. The force

constant for all the samples is calculated using the following
relation:

𝑘 = 4𝜋
2
𝜇𝑐
2 ]2
𝑒
, (5)

where 𝜇 is the reduced mass of the system and 𝑐 is the
velocity of light. The calculated force constant for pure PVA
is 222.2Nm−1 and it decreases for various concentrations of
CdCl
2
salt.The calculated values of equilibrium vibration fre-

quency, anharmonicity constant, zero point energy, and force
constant for pure PVA and for various concentrations are
tabulated as shown in Table 3. It is evident from Table 3 that
equilibrium vibrational frequency, anharmonicity constant,
force constant, and zero point energy decrease with increase
in CdCl

2
. This is due to interaction of the dopant with the

polymer chainmainly with the hydroxyl group as observed in
FTIR spectrum which results in more amorphous structure.
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4. Conclusion

Polymer blend electrolytes were preparedwith PVA for differ-
ent concentrations of CdCl

2
and we observe the highest con-

ductivity of 1.68𝐸−08 Scm−1 using solution casting technique
at room temperature. Such polymer electrolyte is suitable
for storing devices like batteries and other applications.
XRD studies show complete complexation of CdCl

2
salt in

the polymer network. Furthermore, for the first time we
have presented unit cell crystallite shape and crystallite sizes
for different Bragg reflections. From this study, we observe
that the conductivity and XRD results are complementary
to each other. With concentration, conductivity at 1 kHz
increases, whereas on average the crystallite area decreases.
This is in conformity with the earlier studies [17] wherein the
authors mention that this is due to the inversion centre in
polymer network which is created by the inorganic molecule
CdCl
2
which reduces the overall crystalline domains in these

polymer blends. These polymer films are also suitable for the
use in electrochemical applications. IR studies also support
this view.
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