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Performance of Thermally
Regenerative Electrochemical
Cycles System

In this work, an analytical model for the performance of thermally regenerative
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electrochemical cycles system is proposed. This model considers the heat transfer
irreversibility, external heat leakage and non-ideal regeneration losses. The
symmetry of cells is also considered. The proposed model has provided some
necessary design and operation criteria of the system for continuous power output.
The general characteristics of system performance are determined. The effects of
the external heat leakage on the system performance at maximum power output

for different conditions are determined and analyzed.
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1. Introduction

The abundant heat sources and easily accessible
are used in various industries such as nuclear power
plants, thermal power plants, and renewable energies
[1,2]. Thermal energy is categorized into two:
primary energy production and abandonment of
waste heat with various temperatures [3,4]. As a low-
grade waste heat (<100°C) has a low efficiency during
the energy conversion process, it was barely used a
few decades ago [5]. Thus, research has faced
challenges in low- grade heat harvesting. Most of the
previous studies were conducted on electronic
thermoelectrics [6] and organic Rankine cycles [2,7].
However, there were still disadvantages of low
efficiency, complexity, and a high cost [8,9]. There
were also studies that reported to recover the energy
from the waste heat with a thermally regenerative
electrochemical cycle (TREC). TREC demonstrated
40-50% of Carnot efficiency at a high temperature
(>500°C), although it was not thoroughly explored
due to a poor cycle efficiency at a low temperature
(<100°C) [10].

The effective utilization of low-grade thermal
energy, which is continuously and abundantly
generated by various energy converters, plays an
important role in overcoming energy shortage and
satisfying ever growing energy demands. It has
become a hot research topic in recent decades [11] by
enhancing energy utilization efficiency and reducing
the consumption of traditional fossil fuels, alleviating
environmental contamination and addressing the
problem of greenhouse effect. Various feasible
technologies, e.g., organic Rankine cycles [12], three
heat sources heat transformers [13], semiconductor
thermoelectric ~ devices [14], electrochemical
thermoelectric devices [15], etc., have been proposed.
Unfortunately, among all these low-grade heat
harvesting technologies, only a few of them are
currently capable of having small enough volume and
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providing high enough power output and efficiency
simultaneously.
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Fig. (1) Schematic diagram of a practical thermally
regenerative electrochemical cycle

Recently, by adopting highly reversible electrode
materials, a novel thermally regenerative
electrochemical cycle (TREC) system based on
thermogalvanic effect has been proposed [16]. Due to
its high conversion efficiency and small volume, it is
regarded as a promising approach to exploit the low-
grade thermal energy and draws widely attention.
Yang et al. presented a charging-free TREC system
[17] and a membrane-free TREC system [18] in
succession, which enriched the application scenario
of the TREC system. A TREC system was proposed
[19] by adopting supercapacitors, which may operate
between a wider range of temperature differences.
Long et al. investigated the performance of TREC and
thermally regenerative electrochemical refrigerator
(TRER) systems [20], respectively, by adopting finite
time thermodynamics [21] and introducing various
objective functions [22]. The influences of the
internal resistance, specific heat capacity, specific
charge capacity, and isothermal coefficient on the
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performance of TREC and TRER systems were
discussed. In order to generate continuous and high
enough power output, an electrochemical system
consisting of multiple thermally regenerative
electrochemical cycles (TRECs) was presented [23]
and discussed its performance characteristics under
different operating situations. Moreover, various
hybrid systems consisting of TREC and fuel cell [24],
TRECs and fuel cell [25], and TRER and solar cell
[26] have been proposed, respectively, in order to
achieve better performance and higher energy
conversion efficiency, which greatly extended the
scope of the applications of these systems.

However, it should be pointed out that the
irreversibilities of heat transfer [27] between two heat
sources and the cells are neglected. As a consequence,
there is no restriction of electric current, heat transfer
coefficients, and regeneration efficiency for a TRECs
system to achieve continuous power output. In other
words, the TRECs system is assumed to be capable of
realizing the continuous power output if only
(n/m)>2, where n is the total number of the cells
adopted in the TRECs system and m indicates the
number of the cells charged/discharged at the same
time, which is a result that may not coincide with a
practical case. Besides, the external heat leakage loss,
which has been proved to be important to the
performance of traditional thermodynamic cycle [28]
and related thermodynamic device [29], was not
taken into account because the TREC system cannot
generate work at the whole cycle time and the heat
transfer coefficients between cells and two heat
sources are assumed to be infinite. In addition, the
symmetry of the cells inside the TRECs system was
not taken into account as well, which is necessary for
a practical thermally regenerative electrochemical
cycles system operated at steady state.

In the present paper, a TRECs system with
continuous power output is established. The heat
transfer irreversibility between two heat sources and
the cells is considered and the non-ideal regeneration
and external heat leakage losses are included.
Besides, the symmetry of cells, which is a necessary
ingredient for the operation of TRECs system at
steady state in practice, is taken into account. With
the help of the proposed model, the design and
operation criteria of the TRECs system for achieving
continuous power output are first deduced. Then, the
influences of the external heat leakage are
investigated and the general performance
characteristics of the TRECs system are reported. In
addition, the optimally operating regions of several
parameters are determined. Finally, the upper and
lower bounds of efficiency at maximum power output
are discussed.

2. Proposed Model of TREC system

In a TREC system, copper hexacyanoferrate
(CuHCF) with negative temperature coefficient and
copper/cupric (Cu/Cu?*) with positive temperature

coefficient are chosen as the active materials of
positive and negative electrodes in the
thermogalvanic cell, respectively, due to their low
heat capacity, high charge capacity, and high absolute
value of temperature coefficient. Besides, sodium
nitrate (NaNO3) and cupric nitrate (Cu(NOs),) are,
respectively, adopted as the aqueous solutions of
positive and negative electrodes, which are separated
by an anion membrane. When such a TREC system
works as a heat engine, the thermogalvanic cell goes
through four processes to fulfill a cycle, which
includes two isobaric processes and two isothermal
processes, as shown in Fig. (2). During process 1-2,
the cell is heated from T to T, under the open circuit
condition. In process 2-3, the cell is connected with a
power source and charged at constant temperature Tn
by contacting the high-temperature heat source. As a
consequence, the entropy of the cell increases by
absorbing heat from the high-temperature heat source
during the electrochemical reaction.

After being charged, the cell is then disconnected
from the power source and cooled down from Th to T
at the open circuit condition in process 3-4. In the
final process i.e., process 4-1, the cell is discharged at
constant temperature T, by connecting with external
load and contacting the low-temperature heat source,
and the entropy of the cell decreases by releasing heat
into the low-temperature heat source during the
electrochemical reaction. Besides, in Fig. (2), Qr
denotes the regeneration heat, Tn’ and T¢’ are the
temperatures of the cell in two isobaric processes
after regeneration. T’ and T¢’ are different from Ty
and T, due to the non-ideal regeneration.

Fig. (2) The T-S diagram of a multiple thermally regenerative
electrochemical cycle (TREC) system

Itis worthy to point out that geothermal, the waste
heat from heat engine, fuel cell, solar cell, and so on
can be adopted as the high-temperature heat source of
the TREC system. Besides, it should be mentioned
that the temperature of the low-grade heat source is
variable when the low-grade heat harvesting system
is working in transient-state condition. However,
when the low-grade heat harvesting system is
working in steady-state condition, the waste heat flux
generated by different thermodynamic devices such
as heat engine, fuel cell, solar cell, and so on, should
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equal the heat flux extracted by the low-grade heat
harvesting system. Therefore, the temperature of the
low-grade heat source is constant at steady-state
operation. The investigation of the performance
characteristics of the low-grade heat harvesting
system working in transient-state is complicated. In
present paper, the performance characteristics of the
TRECs system are investigated under steady-state
condition only. This methodology has been adopted
by numerous researchers in the researches of various
low-grade heat harvesting systems, e.g., TRECs
system [25], thermoelectric device [30], thermionic
devices [31], absorption refrigerator system [32],
organic Rankine cycle [33].

After these four processes, the cell goes back to
its initial state, while part of the thermal energy
absorbed from the high-temperature heat source is
converted into work output resulting from the higher
voltage in the discharging process than in the
charging process [34,35].

In order to establish a more practical TREC
system with continuous power output, a TRECs
system consisting of n identically thermogalvanic
cells which are separated into n/m identical cell packs,
where m denotes the number of the cells included in
one cell pack is considered. The cells inside one cell
pack go through different processes in a cycle
simultaneously [36]. The irreversible TRECs system,
as shown in Fig. (3), operates between two heat
sources with temperatures Ty and Tc, where Qunr and
Qcr are, respectively, the heats absorbed from the
high-temperature heat source and released into the
low-temperature heat source by the cell packs during
the two isothermal processes in a cycle; Tnand T¢ are,
respectively, the temperatures of the cells in two
isothermal processes; Qr is the regeneration heat
transferred between the cells in process 1-2 and
process 3-4; Qua and Qca are the additional heats
exchanged between the cell packs and the two
thermal sources in the processes 1-2 and 3-4 due to
the non-ideal regeneration in a cycle; and Q. is the
external heat leakage between the two thermal
sources in a cycle [37]. Note in Fig. (3) that Th and T,
are different from the temperatures of two thermal
sources, namely, Ty and Tc, due to the finite-time heat
transfer.

In a TRECs system, the net heat fluxes between
the two thermal sources and the charged and
discharged cell packs during two isothermal
processes can be expressed, respectively, as [23]

QHm
qHm = tIZ_h = m(acTplcn, — IZ,R) 1)
and

Qcm
Aem = tZT - m(aCTcldis - I;isR) (2)

where Qum and Qcm are the corresponding absorbed
and released net heats by one cell pack, ac is the
temperature coefficient; 1cn?R(ten) and lais?R(tqis) are
the Joule heats of one cell released into the high-
temperature and low-temperature sources during two
isothermal processes, respectively; Ich and lgis denote

ISSN 1813 — 2065

© ALL RIGHTS RESERVED

IRAQI JOURNAL OF APPLIED PHYSICS
Vol. 18, No. 2, April-June 2022, pp. 3-10

the charging and discharging electric currents of one
cell; ten and tgis indicate the time durations of charging
and discharging processes, and R stands for the
internal resistance of one cell

Fig. (3) The T-S diagram of a multiple thermally regenerative
electrochemical cycle (TREC) system

By assuming that the heat transfers between heat
sources and cells obey linear heat transfer law, Qrm
and gcm can also be expressed as

O = MK, (T, = T) 3)
and
qu = mKC (TC _TC) 1 (4)

where Ky and Kc are the heat transfer coefficients
between cells and heat sources during the two
isothermal processes. Using Egs. (1)-(4), one can
obtain the expressions of T and T as

12R+K,T
S ch H'H (5)
ol +K,
and
2
7, JaRKTe 6
Ke —alys
It is a good approximation to assume Ien=lgis=l,
ten=tgis=t, Cq,ch=Cy,dis=Cq, and Kn=Kc=Kht

Therefore, the temperature difference of the cells in
two isothermal processes can be expressed as
AT =T, —T. (7a)
K2 (Ty=Te)—aclKpe(Ty+Te)—213Rac
AT — ht K}Zw_aglz (7b)

It is well known that the regenerator plays an
important role in improving the efficiency of a
TRECs system. However, the perfect regeneration
requires infinite regeneration time i.e., t—o0, which
is unachievable for a practical system. Consequently,
the regenerative efficiency can be defined as [23]

2ty
Ny = = (8)
where t=2t+2t, is the whole cycle time of the TRECs
system, 2t,=2t+taot+tass is the time spent in two
isobaric processes, tai2 and tazs are, respectively, the
additional times in two isobaric processes due to non-
ideal regeneration and finite-time heat transfer. The
temperatures of the cells in two isobaric processes
after regeneration can be expressed as
Thl :Tc +(Th _Tc)nr (9)
and

PRINTED IN IRAQ 5



IRAQI JOURNAL OF APPLIED PHYSICS
Vol. 18, No. 2, April-June 2022, pp. 3-10

ch :Th - (Th _Tc)nr ) (10)
respectively. To achieve the objective temperatures,
i.e., Thand T, after non-ideal regeneration the cells in
process 1-2 should absorb heat from the high-
temperature source and the cells in process 3-4 should
release heat into the low-temperature source. By
using Egs. (9) and (10), the additional heats
exchanged between one cell pack and two thermal
sources due to the non-ideal regeneration in two
isobaric processes can be expressed as

Quan=MC, (T, =T, )=m(L~7,)C,(T, - T.) (11)
and
QCamszp(Tcl _Tc):m(l_ nr)cp(Th _Tc) (12)

respectively, where C, is the heat capacity of one cell.
In order to obtain the relationship between taio, tass,
and z, it is rational to introduce logarithmic mean
temperature differences in the exchanging heat
processes between the cell pack and two thermal
sources along paths 1-2 and 3-4. By doing s0, Quam
and Qcam can also be expressed as

QHam :mKhttalZATLM ,al2 (13)
and
QCam :mKhttaBAATLM ,a34 (14)
where
AT _ ATmax,alz_ATmin,alz
LM,a12 — LnATmax,alz (15&)
ATmin,alz
AT, _ (Th=Tc)(1-7y)
LM,a12 = Ty —Thnr=TcG=77) (15b)
" TH-Th
and
AT _ ATma.x,al34_ATmin,a:M
LM,a34 = L ATmax,ass (16a)
ATmin,a.34—
AT, _ _ (Tp-To)(-ny)
LM.a12 = 1y (T TcJnr—Te (16b)

Tc-T¢
are, respectively, the corresponding logarithmic mean
temperature  differences [38], ATmaxa12=Th-Th’,
ATmina12=TH-Th, ATmaxazs=Tc -Tc, and ATminaza=Tc-
Tc,. It should be pointed out that the additional times
in two isobaric processes are different from each
other usually, i.e., taio#tass because of Tu-Th # Te-Te,
which can be realized from Egs. (13)-(16).
Nevertheless, in order to keep the stable power output
of the TRECs system, the cells in one isobaric process
attaining the objective temperature, i.e., Tn or T,
firstly cannot proceed the next process (isothermal
process) until the corresponding cells in the other
isobaric process attain their objective temperature,
i.e.,, Tc or Tn. Consequently, the additional times in
process 1-2 and process 3-4 have the same value t,
which equals the longer additional time in process 1-
2 and process 3-4, namely,

ta _ {talZ’ TH _Th <Tc _Tc 17)
ta341 TH _Th >Tc _Tc

In addition, by considering that all cells in the

TRECs system are equivalent, the relation between t

and 7z under continuous power output can be deduced
as [23]

=2 (19)
By using Eg. (18), the relation between t, and t
under continuous power output can be further
obtained as
n—2m
t = t 19
= " om (19)
Substituting Egs. (17)-(19) into Eqg. (8), the
regenerative efficiency can be further expressed as

n, =1- 2_m — & (20)
n T
Using Egs. (11)-(18), (20), and the relation C,=It, one

has

Knita _ qKnt 1 ta
Cp _cp I mrt (213.)
My =1-20-2e (21b)
Nzﬁﬁgl (21¢)
1 Tu-Th

2m  2tg
v, = GsY) (21d)
2 Te—Tc

2m 2tg
N, = T (21e)
2 Te—Tc

Khita
%j=mWrWJm—n<n—n (21f)

Knptta
’é_; =Ln[My + N,], T, =T, > T, — T, (21Q)

where cq and c, are respectively the specific charge
capacity and specific heat capacity of the cell, from
which the value of ta/z can be obtained for given
values of m, n, I, Kn, Tw and Tc, by numerical
calculation.

In order to make the model of the TRECs system
more practical, the external heat leakage loss will be
introduced. According to the above analyses and
considering the external heat leakage, the net heat
absorbed from high-temperature heat source and
released into low-temperature heat source in a cycle
can be obtained as

Qn = Qur + Qua + Q1 (22a)
Qu = %(QHm + Quam) + Q1 (22b)
and

Qc=0Qcr+0Qca+ Q. (23a)
Qu = %(QC‘m + QCam) + Q. (23b)

where Q =q.z=K.(Tn-Tc)z is the external heat leakage
in a cycle, q. is the corresponding external heat
leakage rate, and K. is the associated heat leakage
coefficient. In the present paper, the TRECs system is
assumed to be operated only at steady state.
Therefore, the corresponding heat fluxes can be
expressed as

=2 (24)
and
ge =% (25)

Using Egs. (24) and (25), one can obtain the
power output (P) and efficiency (n) of the TRECs
system as
P= Oy —Qc (26)
and
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:Ezuzl_q_c (27)
qH qH qH
A special case, in which the TRECs system is
working without adopting a regenerator, will be
considered. At this situation, all the heat required in
process 1-2 should be absorbed form high-
temperature heat source and all the heat in process 3-
4 should be released into low-temperature heat
source. Meanwhile, the time durations required in
process 1-2 and process 3-4 are minimal at this
situation. The minimal time duration of the isobaric
process can be obtained from Eqg. (21) by setting #,=0,
ie.,
_12R+KhtTC

TH
Kpi—acl 2
I2R+Kp; Ty ( 8a)
H™ g racl
I?R+Kp: Ty
Kpetacl
I2R+Kp:Tc
———— e T
Kpe—acl

Z—:KLMtM3 T, —T,<T,—T,
tp,min = ta = (280)

M3=LTL

[

N; = Ln (28b)

Cp 1
EK_httN?’ Ty—T,>T.—T¢

3. Results and Discussion

The behaviors of to/z and 7, against n are shown in
Fig. (4) by using Egs. (20) and (21). It can be found
that tsz decreases with the increase of n
monotonically and %, increases with the increase of n
monotonically for given values of m, I and Ky, which
can be explained as follow. For a given value m, with
the increase of the number of cells adopted in the
system, i.e., n, the ratio of the time duration for
charging/discharging process to the whole cycle time
declines. Therefore, more time can be assigned to the
regeneration  process.  Consequently,  higher
regeneration efficiency can be achieved and less
additional time is required.

n

Fig. (4) Curves of to/r and g varying with n, where m=1,
Trh=333K, Tc=283K, Kn=0.1W/K, I=1ANote that only even
integers are physically acceptable values of n

Using Egs. (21), (24)-(27), one can plot the #-I
and P-I curves for different values of K., as shown in
Fig. (5a) and (4b). It can be seen from Fig. (5) that 5
decreases monotonically with the increase of | when
K =0, whereas it is not a monotonic function of |
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when the external heat leakage is take into account,
namely, K#0. There exists an optimal value |, at
which # attains its maximum nmax when K £0. Figure
(5) also shows that the power output of the TRECs
system is independent of K. and it is not a monotonic
function of I. There exists an optimal value Ipn which
makes P attain its maximum Ppa.

0.08 - -0.03
0.06-
L 0.02
= 0.04 3
o
L 0.01
0.024
0.00 . ; ; . ~L0.00
0.0 0.3 0.6 0.9 1.2 15
1(A) (@)
0.05+ —n -0.03
——P
g
0.04] e
e 5
£lo.02
0.03]
= =3
0.02] a
L 0.01
0.014
1 I,
000t 2 >looo
0.0 0.3 0.6 0.9 1.2 15
1(A) (b)

Fig. (5) Variations of  and P with I, where m=1, Ty=333K,
Tc=283K, Kn=0.1W/K, (a) KL=0, (b) KL=0.02K

Using Egs. (21), (24)-(27), one can also obtain the
n-P curves for different values of K, as shown in Fig.
(6). It can be found that the #-P curve is parabolic
when the external heat leakage is negligible. There
exists an optimal value npm at which the power output
of the TRECs system attains its maximum. The power
output equals zero when the efficiency of TRECs
system attains its maximum. Nevertheless, the #-P
curve becomes loop-shaped when K #0, which means
that not only a maximum power output but also a
maximum efficiency with finite power output P,
exists for the TRECs system.

It can be seen from the solid line in Fig. (6) that
when P is smaller than Pma, there exist two
corresponding efficiencies for a given P, one of which
is larger than npm and the other of which is smaller
than nem. In the region of #<#em, 7 increases with the
increase of P, which is obviously not optimal.
Consequently, the TRECs system without external
heat leakage should be operated in the region of
n>nem, and the corresponding optimal region of
electric current can be determined as I<lpm. Similarly,
the dashed line in Fig. (6) shows that in the region of
n<nem and P<P,,, P decreases with the decrease of
n, which lies beyond the optimally operating region.
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As a result, the TRECs system with external heat
leakage should be operated in the region of
7Pm<n<rmax and Ppm<P<Pmay, and the corresponding
optimal region of electric current can be determined
as lyn<I<lpm.

0.025+
o - - K,=0.02K,,

: —K,=0
0.020 p o

0.015{ " 4 e |

PW)

0.010 : I

0.005- P

0.000 - " an: s :ﬂlna!: . .
0.000 0.015 0.030 0.045 0.060 0.075
n

Fig. (6) Curves of P varying with 5 for different values of K,
where n=4, m=1, Ty=333K, Tc=283K, Kn=0.1W/K

Using Egs. (21), (24)-(27), one can also generate
the #-P curves for different values of n and m, as
shown in Fig. (7). It can be seen that the performance
characteristics of the TRECs system are strongly
dependent on the values of both n and m. More
specifically, the maximum power output Ppax only
depends on the value of m, whereas the efficiency at
maximum power output #pm, the maximum efficiency
nmax, and power output at maximum efficiency P,
depend on not only the value of n/m but also the
values of n and m, which can be realized by
comparing the two #-P curves with the same value of
n/m, i.e., the solid and dash-dotted curves in Fig. (7).
It is worthy to notice that the efficiency only depends
on the value of n/m.

0.05 -
0.044{2 v X ~,

0.03 4 Va : A

P (W)

Vs - _: ﬂl’m :r’mnx
0.00 0.01 0.02 0.03 0.04 0.05
n

Fig. (7) Curves of P varying with # for different values of n and
m, where Th=333K, Tc=283K, Kn=0.1W/K, K.=0.02KH

Using Egs. (21), (24), (25), and (27), one can plot
the three-dimensional graph of efficiency varying
with I and m for a given value of n, where the values
of m are selected according to the continuous power
output and cells symmetry criteria, i.e., the values of
n/m are limited as even integers not smaller than 4.
The variations of #maxn and m,, , with n can be further

obtained by using Egs. (21), (24), (25), (27), where
nmax,n 1S the maximum efficiency for the given value
of n and m,,,, is the corresponding value of m. The
nmaxn 1S Not @ monotonic function of n due to the
limitation of m. In addition, the relationship between
nmaxn and n seems to be chaotic at first sight.
However, one can find out that #maxn increases with
the increase of n for a given value of n/m, as shown
in Fig. (8).

] g
Y S o
o® -~
. m--mEE - —
0.08 :.. e
S e
5 e 4
E S el RV
o ’.v = n/m=4
4 n/m=6
, - n/m=10
0.04-? * n/mzn
|
0 50 100 150 200 250 300
n

Fig. (8) Variations of ymaxn With n for several given values of
n/m

Table (1) Values of 7em Or nmax Of several typical low-grade
thermal energy utilization devices

Low-grade thermal energy

utilization devices Tu(K) | Te(K) | 7om OF 7jmax

. . Hmax
Organic Rankine cycle [35] 353 278 =7.4%
Semiconductor thermoelectric Tmax
device [36] 823 | 283 | 309
Electrochemical Tmax
thermoelectric device [37] 338 278 =0.25%

4. Conclusion

An analytical model of the TRECs system is
proposed for low-grade continuous thermal energy.
This model includes the heat transfer irreversibility,
external heat leakage loss, and non-ideal
regeneration. Using the proposed model and
considering the heat transfer irreversibility and non-
ideal regeneration, the design and operation criteria of
the TRECs system for achieving continuous power
output are obtained. Moreover, the values of n/m
should be limited as even integers to maintain the
symmetry of cells during the regeneration process at
steady operation is indicated. In addition, the analytic
expressions for the efficiency and power output of the
TRECs system are derived, by which the influences
of the external heat leakage on the performance of the
TRECs system are evaluated and the general
performance characteristics and optimally operating
regions of the TRECs system are revealed. The results
obtained from this study may present useful guidance
for the optimal design and operation of practical
TRECs system with continuous power output.
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1. Introduction

In a shearing interferometer, both wavefronts are
derived from the system under test, and the
interference pattern is produced by shearing one
wavefront with respect to the other [1]. Shearing
interferometers have the advantage that they do not
require a reference surface of the same dimensions as
the system under test [2]. In addition, since both the
interfering beams traverse very nearly the same
optical path, the fringe pattern is less affected by
mechanical disturbances [3].

To produce fringes of good visibility with a
shearing interferometer, the beams must have
adequate spatial coherence [4]. With thermal
radiation, this requires a very small illuminated
pinhole and, hence, an intense source, usually
generating radiation with limited temporal coherence.
As a result, much effort went into the design of
shearing interferometers which were compensated for
white light [5]. With the availability of lasers, which
give light with a high degree of spatial and temporal
coherence, many simpler arrangements have come
into use [6].

The simplest type of shear is a lateral shear. With
a nearly plane wavefront, this involves producing two
images of the wavefront with a mutual lateral
displacement, whereas with a nearly spherical
wavefront it requires a similar displacement of the
two images of the wavefront over the surface of the
reference sphere [7]. Figure (2) shows three typical
optical systems which can be used with converging
wavefronts. These systems, which are based on the
Michelson, Mach-Zehnder, and Sagnac
interferometers, were described, respectively [8-10].
A number of madifications of these systems for use
with spherical and plane wavefronts have been
reviewed [11].
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Fig. (1) Shear interferogram with 0.2 shearing

A particularly simple arrangement [12], which
can be used with a laser source, consists of a plane-
parallel plate. As shown in Fig. (3), the light from the
laser is focused by a microscope objective on a
pinhole located at the focus of the lens under test. The
beam emerging from this lens gives rise to two
wavefronts reflected from the front and back surfaces
of the plate. The lateral shear between these
wavefronts can be varied by tilting the plate and is
given by the relation [13]:

_dsin28
$= Jn2-sin20 (1)
where d is the thickness of the plate and & is the angle
of incidence

A modification of this arrangement [14] uses two
separate plates with a variable air gap. This has the
advantage that a tilt can be introduced between the
two sheared wavefronts to make the interpretation of
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the fringes easier. The use of a liquid-crystal phase
retarder for phase-shifting has been described [15].

A vectorial shearing interferometer based on the
Mach-Zehnder configuration, incorporating a pair of
wedge prisms, has been described [16]. Variable
shear and tilt can be implemented along any direction,
permitting the number of fringes and their direction
to be controlled.

A possibility that is being explored is the use of a
neural network for rapidly identifying and evaluating
the primary aberrations in an interferogram [17].

Other forms of shear besides a lateral shear are
possible. One is rotational shear in which interference
takes place between two images of the test wavefront,
one of which is rotated with respect to the other
[18,19]. Another is reversal shear [20,21]. Perhaps the
most useful is radial shear, in which one of the images
of the wavefront is contracted or expanded with
respect to the other [22,23].

Test wavefront

(a)

Sheared wavefronts

Test
wavefront
Sheared
wavefronts

(b)

Test
wavefront Sheared

wavefronts

(c)

Fig. (2) Lateral shearing interferometers based on (a) the
Michelson, (b) the Mach-Zehnder, and (c) the Sagnac
interferometers

Plane-parallel plate
Lens under IC\I\ /
Y%

e b

Pinhole

Sheared wavefronis —a—"~

Fig. (3) Lateral shearing interferometer using a laser source
and a tilted planeparallel plate [12]

2. Mathematical Treatment

A number of optical arrangements for radial
shearing interferometers are available, which have
been described [24]. With a thermal light source, a
convenient arrangement uses a triangular path
(Sagnac) interferometer in which two images of the
test wavefront of different sizes are produced by a
lens system which is traversed in opposite directions
by the two beams [25]. With a laser source, a simple
system can be used, consisting of a thick lens [26]. In
this arrangement, interference takes place between
the directly transmitted wavefront and the wavefront
which has undergone one reflection at each surface.
An even simpler system is shown in Fig. (4), in which
interference takes place between the wavefronts
reflected from two spherical surfaces [27,28]. A
compact, in-line, radial shearing interferometer using
a beamsplitting cube has been described [29]; one can
also be set up with two zone plates [30,31].

e

Test wavefront

11AN

U Radially sheared
Y Y wavefronts
L

Fig. (4) Schematic diagram of the radial shear interferometer
for use with a laser source [28]

To analyze a radial shearing interferogram it is
convenient to express the deviations of the wavefront
under test from a reference sphere in the form:

W(P; 9) = Zﬁ:o Z?:O pn (Anl + Bnl) (2)

where A4, = a,cos'd and B, = b,;sin'g, p and 6
are polar coordinates over a circle of unit radius
defining the pupil

If the wavefront with which the test wavefront is
compared is magnified by a factor (1/S), where S(<1)
is known as the shear ratio, the deviations of this
magnified wavefront from the same reference sphere
are
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W (p,0) = Eico XleoS"p" (A + Br)  (3)

Accordingly, the optical path differences in the
interferogram are given by the relation

p(p' 9) = W(p' 9) - W’(P: 9)
p(p,0) = Lo Xito(1 = S™p™ (A + Bn)(4)

3. Results and Discussion

Figure (5) shows the variation of lateral shear of
optical wavefront with the incidence angle for
different values of order n. It is clear from Fig. (5a)
that the fundamental wavefront (n=0) shows higher
values of lateral shear and a maximum at the normal
incidence (6=0). The lateral shear is gradually
decreasing to reach zero at the incidence angle of 90°.
Therefore, the normal incidence is required for the
situations of maximum lateral shear in contrast to the
most experimental situations (n>2) where the
maximum lateral shear is located around 47°. As the
order increases to more than 2, the maximum of
lateral shear variation is shifted towards smaller
angles. This is in good agreement with literature and
published works.

For the case n=1, a completely different behavior
is observed for the lateral shear with incidence angle,
as shown in Fig. (5b). An apparent maximum is
observed at an incidence angle of 38.38°, which
makes the order n=1 looks like a singularity or ultra-
narrow signal. This behavior is effectively invested in
optical design of resonance cavities in laser design.

The interpretation of a lateral shearing
interferogram is more difficult than that of an
interferogram obtained with a Twyman-Green
interferometer, since interference takes place between
two aberrated wavefronts instead of between the
aberrated wavefront and a perfect reference
wavefront. The analysis of such an interferogram has
been discussed [32,33]. Apolynomial AW(xy) is
fitted to the measured values of the optical path
difference in two interferograms with mutually
perpendicular directions of shear; the coefficients of
W(x,y) the polynomial representing the errors of the
test wavefront, can then be derived from the
coefficients of AW(x,y) [34-36]. Other approaches use
Fourier filtering [37] or a least-squares method [38-
40]. Alternatively, the differences obtained by
shearing the test wavefront in a number of directions
can be analyzed [41].

In order to introduce the behavior of wavefront
deviation W(p,0) as the order is varied, the wavefront
deviation was plotted as a function of order (£), as
shown in Fig. (6a). Designing the optical system to
work at order values smaller than 20 may exhibit low
wavefront deviation, which is often required for high-
quality optical systems such as single-mode lasers
and narrow-band photodetection [42]. Consequently,
avoiding the higher values of wavefront deviation is
not always an option as some applications of optics
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may require high wavefront deviation on account of
signal quality. Similarly, the wavefront magnified
deviation W’(p,0) shows similar behavior with the
order n but with reasonably lower amplitude (about
two orders of magnitude) as can be seen in Fig. (6b).
This similarity can be considered as an advantage for
the proposed model especially when being employed
in laser design.

25

n=0
n=2
n=3

1.5 1

Lateral shear

0.5 1

0 0.5 1 1.5
Incidence angle (rad)

@

350

n=1

300 A

250 A

200 A

150 -

Lateral shear

100 A

L

0 +—r——r—————r—r——
0 0.5 1 15
Order n
(b)
Fig. (5) Variation of lateral shear with incidence angle for three
different values of order n

The optical path difference (p) can be represented
in Fig. (7). It is logical that the behavior of p(p,0) is
similar to those of wavefront deviation W(p,0) and
wavefront magnified deviation W’(p,0). So, this
curve can be used to introduce the effect of lateral
shear on the optical design. It is apparent from a
comparison of Eq. (4) with Eq. (3) that, with a
reasonably small value of the shear ratio (5<0.5), the
radial shear interferogram is very similar to the
interferogram that would be obtained with a
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Twyman-Green interferometer, and the wavefront
aberrations can be computed in a very similar fashion
[43,44].
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Fig. (6) Variation of wavefront deviation (a) and magnified
deviation (b) with the order (£) of light rays at incidence angle
of 38.38°

The variation of optical path difference p(p,0)
with the order £ is shown in Fig. (8) for the wavefront
deviation W(p,0) and three different cases of the
wavefront magnified deviation W’(p,0) (5=0.2, 0.6
and 0.9). The low-order situation is apparently
applicable as the optical path difference is ranging
with 10%-10*. The high-order situation is highly
dependent on the value of lateral shear between the
propagating wavefronts to reach very low limits at
orders of 30. Despite that the practical employments
of such situation are rare, they still applicable.
Amongst, unstable resonators of high-power lasers
are examples.
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4. Conclusion

In this work, an analytical treatment for the
wavefront propagation in optical systems is proposed.
This treatment has taken into account the effects of
lateral and radial shear interferograms between
wavefronts as well as the order of the wavefront that
depends on the incidence angle. Results showed that
the wavefront ordinary and magnified deviations are
convergent at low order rays while the high values of
lateral shear can minimize the optical path difference
between the propagating wavefronts. Also, an
optimum value of the incidence angle of 38.38° was
determined for single-mode propagation, which is
highly preferred in the optical systems employed in
laser design.
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Effects of Dual-Magnetron
Configuration on Electrical
Characteristics of Argon
Discharge Plasma

In this work, the effects of dual magnetron configuration on the electrical
characteristics (mainly current-potential) of the argon discharge plasma were
presented. These characteristics include the ion and electron currents when ion and
electron temperatures are comparable in addition to the ion current when electron
temperature is reasonably higher than the ion temperature. Dual magnetrons (i.e.,
magnetron on each electrode) can efficiently confine the charge carriers (ions and
electrons) through the volume from electrode surface towards the center of inter-
electrode distance. This effect may extend to the opposite electrode when sufficiently
large values of magnetic flux densities are used. Employment of dual magnetron
configuration has caused the ion current to increase by 50% while the electron

current was increased by 100%.
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1. Introduction

Magnetron sputtering is a well-established film
growth technique as a compromise between atomic
level deposition and reasonable deposition rates.
Also, deposition at relatively low temperatures is
allowed by this technique, therefore, the synthesis of
novel structures containing metastable, non-
equilibrium phases or of highly oriented materials is
valuable feature [1-4]. However, magnetron
sputtering is rather complex with many variables
affecting the final product and not only the
development of new coatings is needed but also the
investigation of how the synthesis process affects the
final properties of a film is a requirement [5-8].

Glow discharge is low-temperature neutral
plasma where the number of electrons is equal to the
number of ions despite that local but negligible
imbalances may exist at walls [10-12]. Glow
discharge is described as self-sustaining plasma, i.e.,
the avalanche effect of electrons keeps the continuous
production of ion species [13,14].

If an initial voltage is applied on a gas sample
between two electrodes at sufficient separation, little
current will flow through this sample due to the
ionization effects in the gas [15,16]. As the applied
voltage is increased to reach the breakdown voltage,
the energy given to ions is increased too that increases
their collisions with atoms and electrodes [17,18].
Accordingly, more ions and electrons are produced
due to the ionization and secondary electron emission
effects, which lead to increase the flowing current
gradually approaching the breakdown point beyond
which the avalanche occurs and the current increases
drastically in the Townsend discharge region [19,20].
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Probes (initially called “sounding electrodes’)
were first used in the late 19" and early 20" centuries
in an attempt to measure the voltage distribution in
gas discharges and the most important type of probes
is Langmuir probe. Langmuir probes are used in low
temperature or cold plasmas [21] (approximately a
few electron volts) to measure some parameters of the
plasma, such as plasma density, electron temperature,
and plasma potential. Typically, Langmuir probe
consists of a bare wire or metal disk, which is inserted
into plasma and electrically biased with respect to a
reference electrode to collect electron and/or positive
ion currents [22-24]. The use of a cylindrical (wire)
probe in a gas discharge tube is shown in Fig. (1) [20].
The case is a glow discharge plasma into a glass tube
(or other evacuated vessel) with pressures between
1072-10% mbar. The electric discharge is produced by
applying a high DC voltage (300-600V or more) and
the corresponding discharge current is in the range of
0.1-100 mA [25-28].

Langmuir probe is inserted at one or more
locations along the length of the tube, with the
exposed tip prominent into the plasma column [29].
The early users of Langmuir probe assumed that the
potential of the plasma at the probe location (known
as the plasma or space potential) can be determined
by measuring the potential on the probe relative to
one of the electrodes [30]. However, this procedure
determines the floating potential of the probe which
is in general not the same as the plasma potential [31].
By definition, an electrically floating probe does not
collect net current from the plasma, and thus its
potential rises and falls to whatever potential is
necessary to maintain zero net current [32-34].

PRINTED IN IRAQ 17



IRAQI JOURNAL OF APPLIED PHYSICS
Vol. 18, No. 2, April-June 2022, pp. 17-22

Cathode Anode
Plasma electrons —
column P - jons

l i ‘

dis @ /II I/\(/

Ry, | lp g
|
Vdis

Fig. (1) Schematic diagram of basic gas discharge plasma
device at low gas pressure (<1.33 mbar) [35]

Because of the smaller mass of electrons in typical
plasma, they have higher thermal velocities than the
positive ions even both are at the same temperature
[36]. However, electrons usually have higher
temperatures than positive ions. Plasma is electrically
neutral by definition and electron and ion densities
are nearly equal, however, a floating Langmuir probe
will tend to draw higher electron current because they
reach the probe faster than ions due to difference in
mass [37-39]. The probe floats to a negative potential
relative to the plasma because the net current to the
floating probe must be zero, therefore, further
collection of electrons is retarded and ion collection
is enhanced [40]. This is why the floating potential is
less than that potential of plasma with respect to the
walls of the device at a given location in the plasma
[41]. Floating potential is generally a few volts
positive with respect to the walls because the swifter
electrons tend to escape to the walls first, leaving the
plasma with a slight excess of positive space charge
[42,43].

The bulk of the plasma is “quasineutral” where
electron and ion densities are the same, and the
potential difference between the bulk of the plasma
and the wall is concentrated in a thin layer or sheath
near the wall [44]. The gradient of the plasma
potential determines the electric field that is
responsible for energizing the electrons, which
maintain the discharge through ionization [45,46].

Figure (2) shows the typical current-voltage
characteristics for Langmuir probe diagnosis of
plasma. When the bias voltage (Vg) on the probe is
sufficiently negative with respect to the plasma
potential (Vp), the probe collects the ion saturation
current (lis) and continues to collect positive ions until
the bias voltage reaches plasma potential (Vp), at
which ions begin to be repelled by the probe. For
Ve>>Vp, all positive ions are repelled, and the ion
current to the probe vanishes (1i=0).

For a Maxwellian ion distribution at ion
temperature T;, the dependence of the ion current
1i(Ve) (usually taken to be the negative current) on Vg
is given by [47]

e(Vp-Vp)

s Vg = Vp 1)

lis Vg <Vp
where e is the electron’s charge, and ks is the
Boltzmann constant
If ion temperature (T;) is comparable to electron

temperature (Te), the ion saturation current (lis) is
given by [47]
Iy = %enivi,thAp 2
where n; is the ion density, vin=(8ksTi/tm;)*? is the
ion thermal speed, m; is the ion mass, and A, is the
probe collecting area [47]
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Fig. (2) Typical current-voltage characteristics of Langmuir
probe in plasma [48]

If Te>>T;, the ion saturation current is not
determined by the ion thermal speed, but rather is
given by the Bohm ion current [47]

,k T,
IiS = IBohm = 0.6enl‘ TB;'li Ap (3)

The determination of ion current by the electron
temperature when Te>>T; is a kind of anticipation and
the physical reason for the dependence lis~(kgTe/m;)*2
has to do with the formation of a sheath around a
negatively biased probe [47]. If an electrode in
plasma has a potential different from the local plasma
potential, the electrons and ions distribute themselves
spatially around the electrode in order to limit, or
shield, the effect of this potential on the bulk plasma.
A positively biased electrode acquires an electron
shielding cloud surrounding it, while a negatively
biased electrode acquires a positive space charge
cloud. For a negatively biased electrode, the
characteristic shielding distance of the potential
disturbance is the electron Debye length [49]

1/2
Ape = (%52%) @

For Vs>>Vp the probe collects electron saturation
current (les). For Ve<Vp the electrons are partially
repelled by the probe, and for a Maxwellian electron
velocity distribution, the electron current decreases
exponentially with decreasing V. For Vg<<Vp all
electrons are repelled, so that 1.=0. The electron
current as a function of Vg can be expressed as
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The electron saturation current (les) is given by
1
ls = Zeneve,thAp (6)

where ne is the electron density, Ve n=(8ksTe/mme)? is
the electron thermal speed, and m. is the electron
mass

As can be seen from equations (2), (3) and (6), the
electron saturation current will be much greater than
the ion saturation current because ne=n; and me<<m;.
For example, in an argon discharge plasma where
Te>>T;, according to equations (3) and (6), one can
find that [50]

s _ =21 =180

Iis  06V2m 15

In this work, the effects of dual magnetron
configuration on the electrical characteristics (mainly
current-potential) of the argon discharge plasma were
presented. These characteristics include the ion and
electron currents when ion and electron temperatures
are comparable in addition to the ion current when
electron temperature is reasonably higher than the ion
temperature.

2. Experimental Work

A dc glow discharge plasma system employing
the closed-field dual magnetron assembly was used in
this work. Electrodes (anode and cathode) were made
of stainless steel and each was a disk of 8 cm in
diameter and 4 mm in thickness. Two annular
concentric magnets were placed behind each
electrode to form the magnetron configuration, as
shown in Fig. (3). The outer diameters of the two
magnets were 8 cm and 4 cm, while the inner
diameters were 4 cm and 3.2, respectively. The
electrodes were connected to a DC power supply to
provide the electrical power required for discharge.
The lower electrode (anode) could be move vertically
with respect to the fixed upper electrode (cathode) to
adjust the separation of the two electrodes from 1 to
10 cm. The results in figures (4), (5) and (6) were
obtained at inter-electrode distance of 5 cm.

Magnetron I

Electrodes < Discharge
plasma

Fig. (3) Schematic diagram (left) and photograph (right) of the
dc glow discharge plasma system employing dual magnetron
configuration
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Pure argon gas was used to produce the discharge
plasma, as shown in Fig. (3). A DC power supply up
to 5 kV was used for electrical discharge between the
electrodes and both breakdown voltage (up to 1 kV)
and discharge current (up to 100 mA) were monitored
by two digital voltmeter and ammeter, respectively.
A current limiting resistor of 6.75 kW was connected
in series to the discharge circuit in order to control the
current flowing in the circuit. The discharge chamber
was evacuated by a two-stage Leybold-Heraeus
rotary pump and the vacuum inside chamber was
measured by Pirani gauge connected to a vacuum
controller from Balzers VWS 120. Argon gas was
supplied to the chamber through a fine-controlled
needle valve (0-160 ccm) to control the gas pressure
inside the chamber.

3. Results and Discussion

Figure (4) shows the variation of ion current with
applied potential with and without dual-magnetron
assembly under the condition that the ion and electron
temperatures are comparable. It is clear that the
saturation current in the reverse biasing condition is
not affected by the employment of dual-magnetron
assembly and maintained at approximately constant
value (~0.02pA). In contrast, the ion current in the
forward biasing condition shows identical behaviors
before and after employing the dual-magnetron
assembly. However, the maximum ion current has
increased from 166 to 249 pA after this assembly was
used. This increase is attributed to the much more
efficient confinement resulted from the dual-
magnetron configuration.

—— without magnetron
240 A
—— dual magnetron

190 A

lon current (uA)

140 A

90 A

40

2 -10 © 2
Bias voltage (V)

Fig. (4) Variation of ion current with applied potential with and
without dual-magnetron assembly under the condition that the
ion and electron temperatures are comparable (T;= T,)

Figure (5) shows the variation of ion current with

applied potential with and without dual-magnetron
assembly under the condition that the electron
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temperature is reasonably higher than the ion
temperature (T >> T;). It is also clear that the
saturation current in the reverse biasing condition is
maintained at approximately constant value (~1nA).
In contrast, the ion current in the forward biasing
condition shows identical behaviors before and after
employing the dual-magnetron assembly. However,
the maximum ion current has decreased to 6.7% from
its value according to the previous condition. This
behavior is obvious due to the reduction in kinetic
energy of the ions, so, their contribution to the
discharge current is reduced [51].

[y
~
y

—— without magnetron
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= =
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2 q 2
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Fig. (5) Variation of ion current with applied potential with and
without dual-magnetron assembly under the condition T.>>T;

Figure (6) shows the variation of electron current
with applied potential with and without dual-
magnetron assembly under the condition that the ion
and electron temperatures are comparable. It is clear
that the saturation current in the reverse biasing
condition is not affected by the employment of dual-
magnetron  assembly and  maintained  at
approximately constant value (~25uA). In contrast,
the ion current in the forward biasing condition shows
identical behaviors before and after employing the
dual-magnetron assembly. However, the current after
employing this assembly has increased by 100% than
the case without this assembly. This increase is
attributed to the much more efficient confinement
resulted from the dual-magnetron configuration.
Also, the electrons are affected by the magnetic
confinement much higher than the Ar* ions due to
their smaller mass.

The application of a weak magnetic field
perpendicularly to the cathode surface facilitates the
ignition of the discharge and enhances - depending on
the operating pressure and the inter-cathode distance
- the cathode effect by promoting an increase of the
residence time of electrons in the cathodic cavity and

by reducing the lateral diffusion. The nature of the gas
affects also the discharge properties.

By increasing the inter-cathode distance, the
electron temperature decreases, as shown in Fig. (7).
At low inter-cathode distances, the electrons lose
little energy in inelastic collisions with the
atoms/molecules and their mean value of the kinetic
energy (electron temperature) is high. As the distance
d increases, more collisions occur, the electron kinetic
energy loss through electron inelastic collisions with
neutral atoms/molecules increases thus the electron
temperature decreases. Also, because of their high
electron affinity, the N, atoms capture low energy
electrons from plasma and form negative ions with
the effects of increasing of temperature of the plasma
electrons for low Pd values [52].

©
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Electron current (uA)
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—— without magnetron
—— dual magnetron

— T 0 — 7T T T T
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Fig. (6) Variation of electron current with applied potential
with and without dual-magnetron assembly under the
condition that the ion and electron temperatures are
comparable (T;= T.)
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Fig. (7) Variation of electron current with inter-electrode
distance with and without dual-magnetron assembly under the
condition that the ion and electron temperatures are
comparable (T;= T.)
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4. Conclusion

In summary, the high quality InN thin films
deposited on (100) silicon substrates with the GaN
buffer layer is critical to achieve nucleation and
duplicate orientation. The InN films are highly
oriented in the c-axis direction. The GaN buffer layer
improved the crystal quality effectively which was
smaller surface roughness. The PL results reveal that
band gap of InN/gaN structure was about 0.79 eV.
Also, the high background-carrier concentration may
be caused by a structural defect and/or oxygen
incorporation.
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In this work, nanostructured InN thin films were deposited on (100) silicon
substrates using reactive sputtering technique. Moreover, two different nitride (GaN
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or AIN) films were deposited on the substrates before deposition of indium nitride to
form a buffer layer. The structural characteristics of the prepared samples were
studied by x-ray diffraction (XRD) and field-effect scanning electron microscopy
(FE-SEM). As well, the photoluminescence (PL) spectra of the prepared samples
were recorded. The XRD results indicated that all indium nitride films exhibited
preferred growth orientation along the c-axis with different intermediate buffers.
The photoluminescence characteristics indicated that the band gap of InN/GaN/Si

is about 0.79 eV and of InN/AIN/Si is about 0.65 eV. These results indicate that the
control of buffer layer is essential for engineering the growth of InN/Si structures.
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1. Introduction

Indium nitride is a potentially important material
for optoelectronic and high speed electronic devices,
due to its narrow band gap (<0.7 eV) [1] and superior
properties [2], such as high electron mobility [3],
small electron effective mass [4], and low carrier
concentration [5,6]. The theoretical maximum
mobility calculated for wurtzite indium nitride at 300
K is ~1.4x10° cm?/V.s [7], while at 77 K the limits
are beyond 3x10° cm?/V.s. Indium nitride is expected
to be used for fabrication of high performance high
electronmobility transistors (HEMTS), light-emitting
diodes (LEDs) and high efficiency solar cells [8]. The
early studies reporting the indium nitride band gap to
be ~2 eV were limited by material grown by RF
sputtering [9]. Recent experiments performed on
high-quality indium nitride films grown by
molecular-beam epitaxy MBE have shown that the
fundamental band gap of indium nitride is about 0.7
eV [10]. The discrepancy in band-gap could be
attributed to the crystallinity, carrier concentration,
defects, and impurities present in the indium nitride
material [11, 12]. Although explanations including
the incorporation of oxygen and the Burstein-Moss
shift have been proposed, the actual roles of these
effects have not been clarified. With the improvement
of growth techniques in the past few years, as such as
high-quality indium nitride epilayers grown by
molecular beam epitaxy (MBE) [13], metal-organic
molecular beam epitaxy (MOMBE) [14], sputtering
[15], and metal organic chemical vapor deposition
(MOCVD) [16] are now readily available. However,
the growth of high quality indium nitride films is
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known to be difficult due to a lack of suitable
substrates materials that are matched with indium
nitride in terms of both lattice constant and thermal
expansion coefficient [17]. Also, the main problems
of producing indium nitride thin films are low
dissociation temperature of indium nitride [18], and
the high equilibrium vapor pressure of nitrogen and
lattice mismatch between film and substrate. A
variety of buffer layers on Si and sapphire substrates
have been employed for the growth of indium nitride
continuous film [19].

Compared with indium nitride and sapphire is far
below the mismatch of 25.4%. As the result of large
lattice mismatch, these structures contain a very high
density of various defects. The effect of growth
parameters of indium nitride films such as the
substrate temperature, RF power, and
indium/nitrogen flow ratio has been investigated to
optimize sample quality [20]. Previous studies of
indium nitride deposition on oxide layer show that
indium nitride has the highly oriented in the c-axis
direction [21]. The oxide buffer layer could be a
suitable buffer layer for the growth of high-quality
indium nitride films. Therefore, low lattice mismatch
layer improved the indium nitride nucleation with a
high quality [22]. Also, silicon is a very promising
material for the growth of 111-V materials. With its
good thermal conductivity which is especially
interesting for electronic applications [23] but also for
low-cost high brightness light emitting diodes (LEDs)
applications [24]. However, few studies report
indicated that indium nitride thin films growth on
(100) Si substrates using MOMBE.
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In this work, we studied the effect of different
buffer layers on the growth of indium nitride by
reactive sputtering technique. We found that high
quality indium nitride thin films can be deposited on
silicon substrates using the buffer layer.

2. Experimental Work

Reactive sputtering was used to deposit indium
nitride thin films on silicon substrates with and
without deposition of buffer layers between indium
nitride film and silicon substrate. Figure (1) shows
schematic diagram of sputtering chamber used in this
work. A highly-pure (0.999) indium target was
mounted on the cathode while the silicon substrate
was placed on the anode. The chamber was initially
evacuated to a base pressure of 10° mbar by a
diffusion pump. Argon gas was pumped into the
chamber with average pressure of 0.8 mbar to be used
as a working gas to generate the plasma. Ammonia
was used as a reactive gas to provide atomic nitrogen
required to form indium nitride compound. Before
loading substrate into the chamber, the Si(100)
substrates were cleaned in an ultrasonic bath with
acetone and ethanol, and the Si(100) substrates were
also etched in a 5% HF solution for 3min to remove
the oxide on the surface.

Ammoniz i l Argon

Ammonia &2

To pump -

Fig. (1) Schematic diagram of sputtering chamber used in this
work

Before deposition of aluminum nitride film as a
buffer layer, the temperature of silicon substrate was
increased up to 800°C to support the formation of
aluminum nitride layer and induce its adhesion to the
substrate. The substrate temperature was kept at
200°C during the deposition of gallium nitride layer.
During the deposition, the substrate temperature was
monitored by a thermocouple.

The x-ray diffraction (XRD) patterns were
recorded using a Bruker x-ray diffractometer with a
CuKa radiation source. The surface morphologies
and cross-section of prepared samples were obtained
by a Fisher-Scientific Phenom XL G field-emission
scanning electron microscopy (FE-SEM). The
photoluminescence  (PL) measurements  were
performed using a diode laser operating at a
wavelength of 976nm as the excitation source.

3. Results and Discussion

Figure (2) shows the XRD patterns of the InN
films, InN/AIN and InN/GaN structures deposited on
(100) silicon substrates. The observed diffraction
peak exhibited dominant InN (0002) peak at 31.3° for
all samples, revealing that the InN films mainly
consisted of the hexagonal InN phase.

o InN/Si
INN/AIN/Si
InN/GaN/Si

InN
GaN

InN
InN

~ GaN

Intensity (a. u.)
InN

InN
InN
In
= AN
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Fig. (2) XRD patterns of (a) InN films, (b) INN/AIN structure,
and (c) InN/GaN structure deposited on (100) silicon substrates

Diffraction peaks corresponding to the (0002) and
(0004) from InN film, and the (400) diffraction peak
from (100) Si are observed for InN/Si sample.
Compared with direct deposition on Si(100)
substrate, the InN/GaN exhibited highly c-axis
preferred orientation indicating that it have relative
narrow peak with good crystalline quality. In
addition, InN grown on AIN layer and (100) Si
substrate exhibited polycrystalline structure and
random growth. Also, a smaller peak corresponding
to the indium metal detected in the XRD pattern for
INN/AIN and InN/Si samples, which is probably due
to the slightly In-rich conditions. Also, three
prominent XRD peaks, corresponding to InN (100),
(0002), (101), and In(101) were observed for InN film
grown directly on the Si substrate, while there is no
indium oxide peak in the XRD spectra. According to
these results, the GaN buffer layer can provide InN
nucleation and improvement quality due to smaller
lattice mismatch (~8.9%). From the observed (0002)
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diffraction the lattice parameter ¢ can be obtained.
INN/GaN structure shows the large than the value of
the bulk crystal [25,26] attributed to the residual
strain in the InN film.

Figure (3) shows the plane-view and cross-
sectional FE-SEM images of InN films deposited on
various buffer layers. Cross-section image of
InN/GaN structure indicated that thickness of GaN
layer is about 240nm. The image reveals that the
INN/GaN structure exhibits a pronounced columnar-
structure. Also, surface morphology of InN film
shows the needle-like nanocrystals. In addition, an
INN/AIN structure reveals the granular structure of
surface morphology. Also, surface roughness is larger
than InN deposited on GaN layer due to high density
grain boundaries and island growth.

The InN film directly deposited on silicon
substrate exhibits surface morphology of non-
continuous and rough features. The result is due to a
stress induced 3D-growth mechanism caused by a
lattice strain and/or higher desorption rate. Also, the
formation of metallic indium on the surface was
observed which corresponding to XRD result.

200 nm

200 nm

(b)
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Fig. (3) SEM cross-sectional and surface morphologies images
of (a) InN films, (b) InN/AIN structure, and (c) InN/GaN
structure deposited on (100) silicon substrates

Figure (4) shows the PL spectra recorded at room
temperature from an InN film deposited on GaN or
AIN layer. The PL result indicated fundamental band
gap of about 0.79 eV for InN/GaN structure and about
0.65 eV for INN/AIN structure. In contrast to previous
studies [27], InN grown on oxide layer exhibited large
band gap due to high carrier density and oxygen
incorporation [28]. Also, the origin of the higher
measured band gaps in these films can be attributed
to the presence of In,03 (E¢q=3.75 eV) [29] inclusions
and, perhaps, to a blue-shift of the absorption edge
from quantum-size effects caused by the needle-like
[30,31]. In addition, the intrinsic defects such as N
vacancies and/or dislocations could be important
additional sources for free electrons in these samples.

The Hall measurements of the prepared InN/GaN
structure exhibited a high carrier concentration of
2.6x10%° cm and electron mobility of 78 cm?/V.s.
Therefore, we infer that fewer defects and the low
background carrier concentration were cause of
influence high quality InN.

4. Conclusion

In summary, the high quality InN thin films
deposited on (100) silicon substrates with the GaN
buffer layer is critical to achieve nucleation and
duplicate orientation. The InN films are highly
oriented in the c-axis direction. The GaN buffer layer
improved the crystal quality effectively which was
smaller surface roughness. The PL results reveal that
band gap of InN/gaN structure was about 0.79 eV.
Also, the high background-carrier concentration may
be caused by a structural defect and/or oxygen
incorporation.
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Fig. (4) PL spectra of InN films deposited on (100) Si substrates
with different buffer layers at room temperature
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In this work, highly-pure titanium dioxide nanoparticles produced by dc magnetron
sputtering technique were embedded in coordination complex solutions such as
Bagz or Zngz to form random gain media. The structural characteristics of the TiO2
nanoparticles were determined to confirm their high structural purity. The
spectroscopic characteristics, mainly photoluminescence and fluorescence, of the
complex solutions containing the nanoparticles were determined and studied. These
media were compared to two of the most common laser dyes (Rhodamine B and
Rhodamine 6G) to determine the feasibility of using them to produce random laser.
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1. Introduction

Recently, fluorescence has become one of the
most important techniques in characterization and
diagnosis in applied and experimental sciences due
to its sensitivity, ease of use, and versatility.
Fluorescence is the emission of light from any
substance and occurs from electronically excited
singlet states, while phosphorescence is the
emission of light from triplet excited states [1].

The 8-hydroxyquinoline (8-HQ), commonly
known as oxine, is the most popular among the
hydroxyquinolines due to its excellence in complex
formation with metal ions and with a wide spectrum
[2,3]. Fluorescence features of hydroxyquinoline
with metals have been done by Feigl and Heisig [4].
The metal chelates of 8-hydroquinoline arouse a
wide interest because of structure and fluorescence
characteristics [5,6]. The role of nano-sized gold on
fluorescence properties of Rh6G has been analyzed
by using steady state and time resolved fluorescence
methods [7]. The bis(8-hydroxyquinoline) zinc has
been provided to be used for high-efficiency
working voltage OLEDs [8-10].

Nanoparticles of metal oxide have attracted great
attention in recent years because of their benefits in
long-term programs of environmental remediation
and digital devices. They have been broadly utilized
in solar cells, piezoelectric nanogenerators,
optoelectronic devices, UV detectors, photocatalysis,
etc. due to their extended band gap, insolubility, and
small sizes [11-15]. Titanium dioxide has been used
as a photocatalytic due to its numerous advantages
which consist of high chemical and optical stabilities,
low charge and toxicity [16,17].

The aim of this work is to synthesize some
coordination dye complexes and compare their
fluorescence and photoluminescence characteristics
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to those of some common laser dyes to fabricate
random laser.

2. Experimental Part

The complexes were synthesized by adding 2.9 g
of 8-hydroxyquinoline which was dissolved in a
mixture of (potassium hydroxide 1.12 g with distilled
water), then it was stirred well. A 1.36 g sample of
every salt (BaCl,.2H,0 and ZnCly) were dissolved in
distilled water and stirred well. Theses aqueous
solutions were mixed with solution in the first step
and the remaining mixture with stirring for 20 min.
Each complex was prepared by 1:2 ratios. Finally,
product was dried at oven for six hours after washing
in distilled water.

In order to form the random gain media, highly-
pure titanium dioxide nanoparticles with minimum
size of particles about 25 nm were mixed with the
complex solution. Then spectra of absorption and
photoluminescence were measured and compared
before and after mixing nanoparticles with the
complex. The preparation conditions were
determined after conducting many experiments to
know through which the minimum amount of
nanoparticles (500 pg) that can be added to 5x1073 L
complex solution of 105 M concentration.

The ligands and synthesized complexes were
characterized by measuring absorption spectra which
recorded using UV-Visible double-beam
SPEKOL2000 instrument in a spectral range of 190-
1100 nm. These measurements were carried out on
the samples in ethanol. In order to study the effects of
size and distribution of nanoparticles on the
characteristics of the prepared samples, field-
emission scanning electron microscopy (FE-SEM)
was employed. The photoluminescence (PL)
properties of complexes were measured by Hitachi F-
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7000f fluorescence spectrometer with 150 W
monochromatic xenon lamps as the excitation source.
In this work the dc reactive magnetron sputtering
system used for synthesis of nanostructures. The
operation parameters were optimized, more details
can be found elsewhere [18-22]. The nanopowder
was extracted from the titanium dioxide thin film
samples prepared in this work by ultrasonic waves-
assisted conjunctional freezing technique [23,24].

The film thickness can be controlled by
determining the deposition time, However, the
optimum samples were prepared using gas mixing
ratio (Ar:Oy) of 1:1, inter-electrode distance of 4 cm,
and deposition time of two hours. The structural and
spectroscopic characteristics of these samples were
determined by x-ray diffraction (XRD), field
emission scanning electron microscopy (FE-SEM),
energy-dispersive x-ray spectroscopy (EDX), UV-
visible and Fourier-transform infrared (FTIR)
spectroscopy, fluorescence and photoluminescence
spectroscopy.

The absorbance spectrum is created by exciting
electrons at varying wavelengths while monitoring
the emission at a fixed wavelength. The results from
an absorbance spectrum is valuable in determining
the fixed excitation wavelength for the emission
spectrum. Photoluminescence (PL) spectroscopy is a
form of light emission spectroscopy in which the
light emission originates from a process called photo-
excitation. As the light is directed onto a sample, the
electrons within the material move into excited states.
When the electrons come down from the excited
states to their equilibrium states, the energy can be
released in the form of light.

3. Results and Discussion

Figure (1) explain the XRD pattern of TiO; thin
film sample prepared in this work. It is clear that the
sample exhibits high structural purity as no peaks
belonging to other materials than TiO, are observed.
In TiO, sample, both phases (rutile; R and anatase;
A) are recognized [25], however, the anatase phase is
apparently dominant as the crystal planes belonging
to anatase TiO, are more than those belonging to
rutile TiO,.
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Fig. (1) XRD pattern of TiO, nanopowder extracted from thin
film samples

Further confirmation of the structural purity of the
prepared samples can be presented by the FTIR
results, see Fig. (2). The main peaks belonging to the
vibration of Ti-O and O-Ti-O are observed with
additional peaks belonging to the O-H group
resulting from the exposure to the environment [26-
29] which enhance its performances involving
photogenerated current, photocatalysis and energy
storage [30]. Therefore, the prepared sample can be
described as highly-pure structure. The presence of
titanium dioxide nanoparticles can be observed by
comparing the FTIR spectrum before and after
adding nanoparticles to the complexes as can be seen
in the figures (3a-d).

Tio,

409 cm?

[
667 cm? \j

4000 3400 2800 2200 1600 1000 400
Wavenumber (1/cm)

Fig. (2) FTIR spectrum of TiO, nanopowder extracted from
thin film samples

Surface profile and particle size for the prepared
thin films were determined by field emission
scanning electron microscopy (FE-SEM). Fig. (4)
states FE-SEM image of TiO, nanopowder of thin
film sample prepared using Ar:02 mixture of 50:50
mixing ratio and inter-electrode distance of 4 cm after
deposition time of one hour. The first feature can be
seen in these images is the homogeneity of particles
distribution which is one of the most important
advantages of dc magnetron sputtering technique
used for synthesis of nanostructures. Another
important feature is the absence of aggregation over
the scanned sample. In the mixed-phase TiO, sample,
the 13 crystal planes can form intertwined facets and
hence the inter-space between nanoparticles may be
minimized and the nanosurface appears much more
flatn than the single-phase sample [31]. A minimum
particle size of about 40 nm can be noticed with no
large aggregation. The energy-dispersive Xx-ray
(EDX) spectrum for titanium dioxide nanopowder
extracted from this thin film sample is shown in Fig.
(5). The elemental compositions in the final samples
is presented in the table below the figure. With the
existence of Ti and O in the final sample, the
percentage weights of Ti and O was found to be 46.77
and 50.79, respectively. This result confirmed the
stoichiometry of the TiO, molecules which
completely agrees with the chemical bonding
configuration of such compound. In this sample, no
impurities were detected as supported by the atomic
integration of Ti and O elements. This feature is
highly preferred for studies concerned to the concepts
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of physical and chemical characteristics and
processes [22].
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Fig. (3) FTIR spectra of prepared complexes before and after
adding TiO, NPs

Figure (6) indicates the absorption spectra of the
Baqz and Zngz complexes in ethanol solvent before
and after adding nanoparticles. It is apparent that the
absorption peak for Bagz complex at 326 nm,
changed after adding the nanoparticles. However, the
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absorbance of all complexes increases in the
ultraviolet region (<300nm) for Bag. complex and
another increase for Znq, recorded in spectral range
500-800 nm as well after adding the nanoparticles.

SEMHV:100kV | WD:546 mm
View field: 1.38 pm Del: lnBeam
SEMMAG: 100 kx | Date

Mashhad (MUMS)

Fig. (4) SEM image of TiO, nanopowder extracted from thin
film samples
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Fig. (5) EDX spectrum of TiO, nanopowder extracted from
thin film samples

Both cases — before and after adding the
nanoparticles — photoluminescence spectra of the
coordination complexes were recorded and compared
as shown in Fig. (7). All complexes have distinct
peaks; the primary in the blue region from 450 to 470
nm and the second one in the region from 510 to 515
nm. In the Bag, complex, the width of the primary
peak changed into better than that of the second one,
in comparison to the Zng. wherein the width of the
second peak changed into better than that of the
primary one.

For the Bag, complex, it is clear that adding the
nanoparticles leads to a slight increase (~2.4%) in the
PL intensity at peak of 457nm of the Bag, alone and
reaches to 23% at 661 nm as shown in Fig. (7a). This
increase is attributed to the role of nanoparticles
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added to the complex solution as they provide more
excited states for electrons to reach as a result of
photoexcitation. Thus, The photoluminescence of
medium (Bag>+NPs) is higher than Bag.. Similar
behavior was observed in Zng2 complex solution
containing TiO; nanoparticles as the
photoluminescence intensity at the peak wavelength
of 471nm higher than Znq as in Fig. (7b). However,
the percentage increase in photoluminescence
intensity is more than 27% due to adding
nanoparticles to the complex solution. This
difference in percentage increase may be ascribed to
the matching between Zng, molecules and TiO;
nanoparticles, which seems better than that between
Bag, molecules and TiO; nanoparticles.

Bag2
————— Bag2 + NPs
()
[S]
o
I
£
o
%]
e}
<
e A
200 400 600 800
Wavelength (nm)
@
4
1 Zng2
————— Zng2 + NPs
3_
]
[&]
c
5
2 2 1
o
[%]
Qo
<
1_
(p EE————_s
200 400 600 800

Wavelength (nm)

(b)
Fig. (6) Absorption spectra of (a) Bag, complex and (b) Znqg;
complex, before and after adding TiO, NPs

Since the aim of this work is to synthesize dye
complexes for spectroscopic applications, mainly
random gain media, then the fluorescence spectra of
both complexes (Bag. and Zng,) were compared to
some standard laser dyes whose emission ranges are
close to those of the complexes. Therefore, the
fluorescence spectrum of the Bag, was compared to
that of Rhodamine B dye while the fluorescence
spectrum of the Zng, complex was compared to that
of Rhodamine 6G dyes, as shown in Fig. (8).
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Fig. (7) Photoluminescence spectra of (a) Bag, complex and (b)
Zng, complex, before and after adding TiO, NPs

As can be seen in Fig. (8a), the maximum of
fluorescence intensity of the Bag, complex is about
43% of Rhodamine B at the same peak wavelength
(610 nm). Similarly, the maximum intensity of
fluorescence spectrum of the Zng, complex is about
65% that of Rhodamine 6G at the same peak
wavelength (570 nm) as in Fig. (8b). Also, the
spectral width for both complexes (Bagz and Zngy) is
reasonably larger than that of laser dyes (RB and
R6G, respectively). This width can be narrowed
using optical components such as etalons when the
complex is employed as a laser active medium.

In order to fabricate random gain media from the
synthesized complexes, highly pure titanium dioxide
(TiO2) nanoparticles were added to each complex,
fluorescence spectra were recorded and compared to
their spectra before adding these nanoparticles, as
shown in Fig. (9).

It can be clearly seen from Fig. (9a) the effect of
nanoparticles on the fluorescence spectrum of the
Bagz complex. This effect is attributed to the increase
in absorption because the nanoparticles act as
trapping centers to the incident photons those would
suffer from extremely higher path lengths throughout
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the complex sample. This increases the probability of
absorbance and hence improving emission intensity.
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Fig. (8) Fluorescence spectra of (a) Bag, complex and (b) Znq;
complex, compared to those of Rhodamine B and Rhodamine

6G, respectively

On the other hand, the effect of adding
nanoparticles to the Zng, can be neglected as no
variation can be observed in the fluorescence
spectrum shown in Fig. (9b). This may be attributed
to the high absorption of Zng, molecules to the
incident photons before trapped by the nanoparticles
added to the complex sample. Another possible
reason is the formation of Zn nanoparticles within the
complex, so they play the same role of TiO;
nanoparticles (as in Bag, sample). Therefore, these
nanoparticles would not contribute to the emission.

Apparently, the Bag. complex solution
containing highly pure TiO2 nanoparticles is better to
fabricate random gain media than Znq, while Zng;
complex solution is better to replace the Rhodamine
6G in conventional dye laser design.

4. Conclusion
The spectroscopic characteristics of coordination

complexes such as Bag, and Zng; can be enhanced
by adding highly-pure  nanoparticles. Such
nanoparticles can be efficiently produced by dc
magnetron sputtering technique. The effects of
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adding these nanoparticles to the complex solutions
were apparently observed by the enhancement of
photoluminescence and fluorescence characteristics.
As a conclusion, the media fabricated from highly-
pure TiO; nanoparticles embedded in a coordination
complex, such as Bag or Zngy, can be used to design
and fabricate random gain media.
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Fig. (9) Fluorescence spectra of (a) Bag, complex and (b) Znq;
complex, before and after adding TiO, NPs
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Tapering and Metallizing
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Buffered Aqueous Solution with
Different Molar Ratios

In this work, three basic techniques for tapering an optical fiber were presented and
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discussed. These techniques are meniscus etching, selective etching and pulling.
They depend on immersion of the optical fiber in a buffered HF solution (BHF) with
different volume ratio of [40%-NH4F aqueous sol.]:[50%-HF acid]:[H20] at 25°C.
The dependencies of dissolution rates and cone angle on the ratio of [40%-NHsF
aqueous sol.] were determined. The dependency of cone angle on the difference in

refractive index was determined too.
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1. Introduction

Optical design is the most fundamental and
important step in  optics, photonics and
optoelectronics science and technology. There are
many optical components to be included according to
the required design [1-3]. For example, in laser
design, the pumping design, resonator, front and rear
mirrors, internal optics, manipulation optics, pulse
forming technique and antireflection coatings are the
most common components to be carefully chosen and
optimized [4-6]. Each component is made from
optical material with certain refractive index,
homogeneity and thermal properties [7,8].

For tapering an optical fiber, three basic
techniques, i.e., heating and pulling, meniscus
etching, and selective etching have been used. In the
heating-and-pulling technique [9,10], a silica-based
optical fiber is heated and pulled by a micropipette
puller combined with a CO2-gas laser as shown in Fig.
(1). One can fabricate a tapered fiber with an apex
diameter of 50 nm and a cone angle of 20-40° by a
commercial micropipette puller [11-13]. This
tapering can be applied to any optical fiber with a
diameter of more than 125 pm by adjusting the laser
power, the strength of the pull, and the delay time
between the end of the heating and the beginning of
the pulling. However, it is difficult to control the cone
angle while maintaining an apex diameter as small as
50 nm [14,15]. In the tapered portion, strong optical
leaky modes are generated due to the varied core
diameter [16,17].

For i-mode SNOM, the pulled fiber with an apex
diameter of about 50 nm must be metallized except
for its apex region [18,19]. To metallize the fiber, the
pulled fiber is rotated while evaporating aluminum in
vacuum as shown in Fig. (2a) so that the metallized
probe has a thickness profile as shown in Fig. (2b).
Here, the typical radial thickness is around 150 nm
[20]. The apex region is aluminized with a thickness
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smaller than the half-radial thickness due to the
throwing of evaporated vapor [21]. The metal
thickness covering the apex region can be reduced to
a quarter of the radial thickness by inclining the
rotating fiber in vacuum [22].

Scanning mirror
CO2 gas laser ]

Puller bar Puller bar >
n
il X
Retromirror
—
125 um ¢ fiber

250 um ¢ plastic coat

Fig. (1) Schematic illustration of the micropipette puller used
for tapering an optical fiber with a diameter of 125 pm [23]
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\" Aluminum vapor

@)

Heater

I
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(b)
Fig. (2) Schematic illustrations of (a) the vacuum evaporation
unit for metallizing the pulled optical fiber and (b) the
metallized fiber [23]
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Table (1) Characteristics of the three basic techniques for
tapering an optical fiber [24-26]

Cone Apex
Technique Angle Diameter Reproducibility
©) (d)
Meniscus o
etching 9-40 > 60 nm <80%
Selective o -
etching 14-180 10 nm = 100%
Pulling 20-40° 50 nm ~ 80%

2. Experimental Work

The meniscus-etching technique was originally
developed to fabricate a fiberoptic microlens. In the
meniscus etching, a single-mode fiber is immersed in
HF acid with a surface layer of an organic solution
such as silicone oil as shown in Fig. (3a). It is tapered
with a cone angle since the height of the meniscus
formed around the fiber is reduced depending on the
fiber diameter (Fig. 3b). When the fiber is completely
tapered, the etching stops automatically (Fig. 3c). The
cone angle can be increased up to 35-40°. However,
the obtained tapered fiber has a geometrically
eccentric apex with an elliptical cross section. The
longer and shorter principal diameters of this
elliptical apex take values of 200 nm and 10-20 nm,
respectively.

Core Cladding

m

Meniscus

HF

(a) (b) (c)

Fig. (3) Schematic illustrations of meniscus etching of a fiber at
(a) the start, (b) tapering, and (c) stop

By applying the selective-etching method to a
highly GeO»-doped fiber, one can obtain probe tips
with a small apex diameter less than 10 nm. By
varying the concentration of etching solutions based
on hydrogen fluoride (HF) and ammonium fluoride
(NH4F), the cone angle can be controlled in a wide
region from 20° to 180° for an apex diameter less than
10 nm. Furthermore, selective etching is the most
highly reproducible technique among the three
tapering techniques. This method can be applied to
any single-mode fiber produced by vapor-phase axial
deposition (VAD) [27].

3. Results and Discussion

Figure (4a) shows a cross-sectional profile of the
refractive index of a silica fiber with a GeO,-doped
core and a pure silica clad. Here, n1 and n; are the
refractive indexes of the core and clad, respectively.
ri and r, are the radii of the core and clad,
respectively. On immersing the fiber in a buffered HF
solution (BHF) with a volume ratio of [40%-NH4F
aqueous sol.]:[50%-HF acid]:[H.0]= X:1:1 at 25°C,
the core is hollowed at X = 0 and is tapered at X = 10.
Figure (4b) shows a schematic explanation of the
geometrical model for the tapering process based on
selective etching. Bright shading and dark shading in
the upper part represent the cross-sectional profiles of
the fiber before and after the etching with an etching
time 1, respectively. Etching time is required for
making the apex diameter zero, 6 and d are the cone
angle and apex diameter of the probe, respectively.
The lower part shows the dissolution rates R; and R
of the core and clad, respectively. Here, R; < Ra.
Assuming that the dissolution rates R; and R» are
constant within the core and clad regions,
respectively, relations between the cone angle 6, the
length L of the tapered core, and the apex diameter d
are represented by [23]

[ R

sin= = R—: @)
L= 2
an®) )
and
d(T) = {27‘1 (1—;) T<t @)
0 T=>1

Here, the etching time t that is required for
making the apex diameter zero is expressed as
_n Ri+R,

- R_1 Ry—R1 “)

When a fiber with a GeO,-doped core and a pure
silica clad is immersed in BHFs with volume ratios of
X:1:1, the core region is hollowed in X < 1.7, and is
tapered in X > 1.7 as shown in Fig. (4). Based on (1),
the cone angle is determined by the dissolution rate
ratio of the core and clad. Figures (5) and (6) show
variations of the dissolution rates R; and R, and the
cone angle 6, respectively, as a function of X. Here,
the fiber used was produced by vapor-phase axial
deposition (VAD) so as to have an index difference
of 2.5%. The dissolution rate ratio Ri/R, decreases
with increasing NH4F volume ratio of X, and
approaches a constant value at X = 10-30. The cone
angle that is determined by the ratio Ri/R. takes a
minimum value of 20° at X = 10. When X is fixed, the
cone angle is determined by the index difference.
Figure (7) shows the dependence of the cone angle on
the index difference at X = 10. The index difference
is increased by increasing the GeO, doping ratio.
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Fig. (4) (a) Cross-sectional profile of a refractive index of a
silica fiber. Here, n, and n, are the refractive indices of the core
and clad, respectively; r, and r, are the radii of the core and
clad, respectively. (b) Top, a geometrical model for the tapering
process; Here, 7 is the etching time required for making the
apex diameter zero. @ is the cone angle of the tapered core. L is
the length of the tapered core. Bottom, cross-sectional profiles
of the dissolution rates R; and R; of the core and clad

The VAD is an effective method to produce a
GeOy-doped fiber with an index difference as large as
2.5-3.0%. A dispersion-compensating fiber (DCF)
with an index difference of An = 2.5% and core
diameter of 2 um can be applied to various selective
etching methods of fabricating a protrusion-type
probe, a double-tapered probe, etc. This DCF was
originally produced as a device for controlling the
optical dispersion of a 1500-nm optical transmission
system by VAD, and has a cutoff wavelength of
around 0.8 pm.

By immersing the DCF in BHF with a volume
ratio of 10:1:1 at 25°C, a tapered fiber probe with a
small cone angle of 20° and an apex diameter less
than 10 nm is fabricated with almost 100%
reproducibility. Furthermore, the cone angle can be
controlled as 20°<6#<180° by varying the volume
ratio X of BHF, as shown in Fig. (6). Such high
controllability of the cone angle is indispensable for
tailoring a high-throughput probe and a high-
resolution probe [28].
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4. Conclusions

In this work, three basic techniques for tapering
an optical fiber were presented and discussed. These
techniques are meniscus etching, selective etching
and pulling. They depend on immersion of the optical
fiber in a buffered HF solution (BHF) with different
volume ratio of [40%-NH4F aqueous sol.]:[50%-HF
acid]:[H20] at 25°C. The dependencies of dissolution
rates and cone angle on the ratio of [40%-NH4F
aqueous sol.] were determined. The dependency of
cone angle on the difference in refractive index was
determined too.
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