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Planar-type tunnel junctions with Bi 2Sr2CaCu2O81d high-temperature
superconducting electrodes and Bi 2Sr2YCu2O81d artificial barriers
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We performed a detailed study of the structure and transport properties of Bi2212/22Y2/2212
planar-type tunnel junctions. Both high-temperature superconducting electrodes and
semiconducting barriers are highly epitaxial thin films deposited onto SrTiO3 single-crystal~001!
substrates. Deposition of the films was carried out by a high oxygen pressure dc-sputtering
technique, which produces high-quality epitaxial thin films, as determined by x-ray diffraction,
lattice resolution transmission electron microscopy, and Rutherford backscattering. Critical
temperatures for the superconducting electrodes of 85 K were determined by transport
measurements~r and x versusT!. A study of resistivity as a function of temperature of the
semiconducting barriers was performed. Clear quasiparticle tunneling indicating a gap structure at
about 30–35 mV, a zero-bias peak, as well as linear and flat background at high voltages have been
observed. For junctions with very thin barriers weak-link-type behavior was observed. An analysis
of the I –V curves for these junctions has been made based on the resistively shunted junction
model. © 1998 American Institute of Physics.@S0021-8979~98!00516-7#
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I. INTRODUCTION

There are many reasons to expect that planar-type
erostructures, involving high-temperature superconduc
thin films will have important applications in
microelectronics,1,2 cybernetics,3 and other fields. In fact
several devices based on high-temperature supercondu
~HTS! have already been developed, particularly those
volving superconducting quantum interference devi
~SQUIDs!.4 However, it is also well known that HTS ar
difficult materials to handle: they are fragile metal oxid
prepared at high temperatures. From a pure scientific poin
view, HTS are ceramic materials with fairly complicate
composition and structure; and furthermore, the mechani
that lead to superconductivity in these materials are es
tially unknown.

HTS are the subject of many research efforts through
the world. These HTS belong to three compound famili
cuprates, bismuthates, and fullerites, where the cuprates
superconducting transition temperatures ranging from a
kelvin to 134 K in HgBa2Ca2Cu3O81d at ambient pressure
and 164 K at high pressure~30 GPa!.5 Some of them, such a
those based on Y, Bi, and Tl, have a basic composition
variations of the latter gives rise to different superconduct
within a family.5 YBCO, the first superconductor reporte
with a TC higher than 77 K, is being widely studied in man
laboratories. Two other superconducting families, conside
important from the applications point of view, are tho

a!Electronic mail: bacca@calima.univalle.edu.co
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based on Bi and Tl. Of these, the latter has a member wi
TC as high as 130 K at high pressure; however, it has
problem of being highly toxic. The other family, the on
based on Bi, is interesting in spite of having lowerTC’s,
since it is not as toxic as the Tl family. At present, there a
three recognized superconducting phases within
Bi-22(n21)n system5 with n51 ~2201!, 2 ~2212!, and 3
~2223!, showing the layered stacking sequence
~BiO!2~SrO!~CuO2!~Ca! ~CuO2!¯~Ca! (CuO2) ~SrO! with
n(CuO2) layers separated byn21 Ca layers with some in-
teresting structural modulations in the (BiO)2 layer.5 They
have similar layered structures and are chemically sta
This is one reason to consider BSCCO as a good candi
for device development.

Since 1960, tunneling spectroscopy has beco
established6 as a powerful technique to investigate superco
ductors. The differential tunneling conductance versus v
age of a tunnel junction is directly related to the density
states and provides accurate measurements of the energ
and the electron–phonon coupling in conventional superc
ductors. There are no fundamental reasons why tunne
cannot provide similar information for HTS. Several tunne
ing techniques have been applied for understanding of H
break junctions,7–9 point-contact junctions,10–12 grain-
boundary junctions,13 squeezable junctions,14 scanning tun-
neling microscope vacuum junctions,15 step-edge junctions,16

and planar junctions.17–19In all cases the interface should b
very clean, with the composition and structure homogene
and very sharp~within one coherence length, which may b
extremely small for HTS! since tunneling is very sensitive t
8 © 1998 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



n
r

, i
er
po
he
fo
of
ur
yp
y
e
th

al

ria

ns
cu
ls
fo
le

o
-
.
r
he
d
ar
os
th
ec
od
n
fu
p
h
d,
S

-
ol
a

e
c

ll
in

m
m

ec
f

el-
ole
ar-

of

her

hin
-
pre-
n

0

d as
of

ate
to

45
aling
ly,
po-
00
a-
his

at

en-
n-
00
ied
ex-
n

n
in

he

by
mi-
e.
lean
lm

-
to
y-
ete
of

to
t.
um
ed

2789J. Appl. Phys., Vol. 84, No. 5, 1 September 1998 Baca et al.
surface properties. Therefore, producing a good tunnel ju
tion with HTS electrodes is a formidable challenge to expe
mentalists.

Several devices are based on planar heterostructures
multiple planar layers involving HTS and other nonsup
conducting materials. Planar-type heterostructures are im
tant since their method of production is compatible with t
one used to produce semiconducting devices and, there
they may be incorporated in the production
superconducting/semiconducting mixed devices in a nat
way. These devices may be produced from sandwich-t
structures where there are two electrodes separated b
intermediate layer that usually is not a good conductor; th
are several types of planar junctions which, depending on
nature of the electrodes and intermediate materials, are c
SIS ~superconductor/insulator/superconductor!, SNS ~N
stands for normal, as opposed to superconducting mate!,
S/S* /S ~S* stands for semiconductor!, SIN ~superconductor/
insulator/normal!, etc. These sandwich-type tunnel junctio
are very important, not only because they are natural pre
sor to SQUIDs and other similar practical devices, but a
because tunneling, as mentioned before, may provide in
mation about the superconducting properties of the e
trodes which form the junctions.20

Heterostructures and other types of junctions based
YBCO have been also studied,21,22 whereas only a few stud
ies have been carried out on junctions based on BSCCO23,24

The key for producing good tunnel junctions is the natu
and quality of the intermediate layer, and particularly, t
quality of the interfaces which are formed with the electro
materials. An ideal barrier material will be one that, ap
from being a good insulator and pinhole free, has a cl
matching of lattice parameters and similar composition to
HTS electrode to be investigated. The first condition is n
essary for a stress-free epitaxial growth of the top electr
and sharpness of both interfaces. The second conditio
necessary to assure that foreign atoms may not interdif
through the interface and degrade the surface of the su
conducting electrodes. It is also desirable that the barrier
a similar thermal expansion coefficient. With this in min
Mizuno et al.23 have reported studies on planar-type SN
junctions of Bi2Sr2CaCu2O81d /Bi2Sr2CuO81d ~or
Bi2Sr2NdCu2Ox /Bi2Sr2CaCu2O81d employing the Ca defi-
cient phase, 2201, or Bi2Sr2NdCu2Ox as barrier materials ob
taining Josephson weak-link-like behavior, and Cuc
et al.24 have reported quasiparticle tunneling in plan
Bi2Sr2CaCu2O81d /Bi2Sr2YCu2O81d /Bi2Sr2CaCu2O81d het-
erostructures using Bi2Sr2CaCu2O81d ~22Y2! as a barrier.
The substitution of Ca21 by Y13 in the BSCCO 2212 phas
leads to a Bi2Sr2YCu2O82d semiconductor, without drasti
changes in the original structure25,26 but with the additional
advantage of high resistance at low temperatures, as wi
seen. It is, in principle, a good barrier material to test
conjunction with BSCCO electrodes: both exhibit the sa
structure with a close lattice match and almost the sa
composition.

We have produced heterostructures involving HTS el
trodes of Bi2Sr2CaCu2O81d with intermediate layers o
Bi2Sr2YCu2O81d starting from thin films of very high quality
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in composition, structure, and texture. The obtained tunn
ing barrier is clean, has fairly sharp interfaces, and is pinh
free. In this article we report the method of production, ch
acterization, and electrical properties of heterostructures
the type Bi2Sr2CaCu2O81d /Bi2Sr2CuO81d /Bi2Sr2CaCu2O81d,
which are precursors to well-behaved SQUIDs and ot
practical devices.

II. EXPERIMENT

Superconducting, 2212, and semiconducting, 22Y2, t
films were depositedin situ using a high-pressure dc
sputtering process. Details of this technique have been
viously described.24,27 Therefore, only a short descriptio
will be given. Stoichiometric sintered Bi2Sr2CaCu2O81d and
Bi2Sr2YCu2O81d sputtering targets of 35 mm diam and 1
310 mm2 substrates of single-crystal~001! SrTiO3 were uti-
lized. Pure oxygen at a pressure of 4.0 mbar was use
sputtering gas; this relatively high pressure avoids etching
the films by negatively charged oxygen ions. The substr
temperature was held constant during deposition close
780 °C; after deposition, the films were annealed during
min at the same pressure and temperature; further anne
for 30 min at 600 °C in high vacuum was performed; final
the films were cooled down to room temperature in the de
sition chamber. Deposition rates were approximately 1
nm/h for all films; film thicknesses were controlled by me
suring the deposition time at a constant sputtering rate. T
deposition procedure consistently producesc-oriented epi-
taxial 2212 and 22Y2 thin films with smooth and very fl
surfaces as probed by several analytical techniques~see be-
low!.

The 2212/22Y2/2212 trilayers were prepared by sequ
tial sputtering of the films, each of them under similar co
ditions. The thickness of the films was approximately 2
nm for the electrode films while the barrier thickness var
between 8 and 12 nm. X-ray analysis of the films show
clusively (0,0,2l ) peaks, indicating the absence of foreig
phases and a strongc-axis orientation of the films as show
in Fig. 1~a!. Careful measurements of the rocking curve
the ~0010! peak show a full width at half maximum
~FWHM! of 0.28°. This low value supports the idea that t
films are highly textured@see the inset of Fig. 1~a!#.

Interface microstructure and quality were determined
cross-sectional lattice resolution transmission electron
croscopy~TEM! using a Jeol 4000 EX electron microscop
It was observed that interfaces were very sharp and c
with no interdiffusion between layers; the intermediate fi
was pinhole free. A typical image is shown in Fig. 1~b!.

Rutherford backscattering~RBS! and channeling mea
surements with 2.0 MeV/He ions were carried out in order
examine the composition and crystalline quality of the la
ers. RBS spectra for the 22Y2 layer, and for the compl
trilayer 2212/22Y2/2212 are shown in Fig. 2. Comparison
the random spectrum with a computer simulation26 gives film
thickness and stoichiometry that correspond roughly
Bi2Sr2CaCu2O82d with a small deficiency in the Cu conten
Since the back edges of the contribution to the spectr
from the different elements are quite steep, it is conclud
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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that the interfaces are fairly sharp, that is, no smearing fr
interdiffusion is observed. Alignment of the substrate su
that the direction of the incident He beam is perpendicula
the surface results in a strong reduction of the backscatte
yields for the single layers and a small reduction in the c
of the trilayer; in particular, the ratio of the aligned signal
the random spectrum for Bi is about 40% near the surf
region, further supporting the epitaxial quality of the films

For tunneling measurements the trilayers were structu
in cross-type junctions as shown in the Fig. 3. Patterning
made photolithographically by wet chemical etching, w
diluted hydrochloric acid, from which 100mm strips and
1003100mm2 junctions were obtained. The transition tem
peratures of the 2212 superconducting films were not
fected by the patterning process, as shown in Fig. 4~a!. Re-
sistivity measurements were made on strips and tunnelin
cross-type junctions, whereas ac-magnetic susceptib
measurements were also carried out on the trilayers by u
the standard inductive method. Standard four-probe resis
ity measurements were performed on all films. The sup

FIG. 1. ~a! X-ray diffraction pattern of a 2212 film on a SrTiO3 ~001!
substrate. Notice that only (002l ) peaks appear; the inset shows the rocki
curve with a small FWHM.~b! High-resolution TEM cross-section micro
graph of a Bi2Sr2CaCu2O82d /Bi2Sr2YCu2O82d /Bi2Sr2CaCu2O82d trilayer
showing the interfaces between the superconducting 2212 films and
22Y2 barrier. The inset shows the selected-area diffraction pattern a
interface.
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conducting transition temperature of both electrodes and
trilayer was obtained at;85 K.

Resistivity measurements of a typical 22Y2 film
shown in Fig. 4~b!; a semiconductorlike temperature depe
dence is clearly apparent in Fig. 4~b!. Notice that it has a
resistivity of about 50mV cm at room temperature; thi
value is only two orders of magnitude higher than 2212 fil

he
an

FIG. 2. RBS spectrum under random incidence and channeling condit
for the ~a! Bi2Sr2YCu2O82d film and ~b! Bi2Sr2CaCu2O82d /
Bi2Sr2YCu2O82d /Bi2Sr2CaCu2O82d trilayer.

FIG. 3. Geometry of the trilayer structures after of the photolithograp
process.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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but increases drastically at low temperatures as shown in
4~b!, and behaves almost as an insulator with clear adv
tages over other materials. This behavior cannot be descr
by thermally activated conduction given byr}exp(1/T).
One can fit28 r5r0 exp(T0 /T)a to the experimentalr versus
T in order to investigate the possible electronic transp
mechanism in 22Y2; here,T0 is a characteristic temperatur
related to the decay length for the wave function of t
localized states, while thea parameter can be written a
a5(n11)/(n1D11), whereD is the dimensionality of
the hopping process andn describes the energy dependen
of the density-of-stateN(E) near the Fermi level. IfN(E) is
a constant thena51/3 for D52. The inset of Fig. 3~b!
shows a fit ofr versusT from which the parametersa andT0

are obtained. Notice that a good fit is obtained in the lin
region from 40 to 260 K for the following values ofa
50.33 andkT0519 meV, indicating a bidimensional pro
cess and showing that hopping between localized st
within the energy gap is the probable mechanism of cond
tion in 22Y2.

FIG. 4. ~a! Resistivity as a function of temperature for bottom a
top 2212 strips for a typical Bi2Sr2CaCu2O82d /Bi2Sr2YCu2O82d /
Bi2Sr2CaCu2O82d /trilayer structure after the photolithography process w
completed; and ac-magnetic susceptibility as function of the temperatu
the trilayers without the etching process.~b! Resistivity as a function of
temperature for the 22Y2 barrier layer; plot ofr vs T21/3, from which fit a
andkBT0 are extracted.
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III. TUNNELING MEASUREMENTS

A. Quasiparticle tunneling

Quasiparticle tunneling characteristics were obtained
usual modulation techniques.20 The differential tunneling
conductanceG5dI/dV versusV was measured at differen
temperatures from 4.2 to 150 K at modulation voltages fr
0.3 to 5 mV ~always lower than thermal smearing!, as is
shown in Figs. 5~a! and 5~b!. TheG(V) measurements of al
junctions can be divided into three voltage ranges. In
background rangefor voltages higher than a certain ga
voltage Vg , the G(V) curves show a linear or flat back
ground. In theintermediate rangeat voltages smaller thanVg

and larger than about 5 mV a conductance decreasing c
be seen with decreasing of the temperature due to the o
ing of a superconducting gap. Thelow-voltage range, uVu
,5 mV was characterized by a zero-bias conductance p
with its size depending on the temperature. Each range
vides information about very different physical transpo
properties in the interface and superconducting electrode

In the background range, linear behaviorhas been ob-
served in tunnel junctions made by means of different te
niques, such as planar junctions with natural barrier29

point-contact junctions,30 and vacuum tunneling spectro
scopy.31 The linearity found in these junctions could reflect

of

FIG. 5. Tunneling conductance vs voltage for the trilayer at different te
peratures:~a! with flat background and~b! linearly increasing background
Curves have been displaced arbitrarily for clarity.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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smaller portion of the Fermi surface probed by tunnel
spectroscopy, and/or to some inelastic scattering proce
ocurring in the interface between the superconducting
the insulating layers.32 The presence of this linear back
ground can also explain the lack of conductance peaks a
gap edges. Indeed, for increasing slopes a progressive sm
ing of the gaplike features, together with a shift towa
higher energies, has been observed. On the other hand, i
flat behaviorconductance peaks at the gap edges are ea
identified.27 Indeed, the thickness of the barrier layer is a
sociated with the lack of inelastic scattering processes in
interface.

In the intermediate rangethe curves reported in Fig. 5~b!
show a change of slope for a sample and a conductance
at the gap edge for another sample, indicative of a gap
structure at aboutVg530– 35 mV. The gap structure ha
been previously determined for the Bi-based highTC system
in single crystals using native oxide barriers and meta
counterelectrodes29 in point-contact junctions1,33 and re-
cently in vacuum tunneling using Au and Pt/Ir tips.34,35 It
seems that due to a slight disorder of a few coherence len
of the top layer near the barrier, only one gap is resolv
This lowering of 2D, whereD5eVg/2, may be due to the
degradation of the interface which occurs during deposit
of the layers.

In an ideal SIS tunnel junction the interface is defined
a very sharp transition between the superconducting and
sulating region within the coherence lengthj. Therefore, the
tunneling of quasiparticles that carry mainly informatio
about the adjacent superconductors withinj is characterized
by only one certain gap value. Unlike the ideal SIS interfa
an insulating barrier containing a high density of localiz
states is supposed to have a smeared-out transition of the
value within j because, here, the localized states hybrid
with the conduction states forming interface states. Due
the previous hypothesis ourG(V) curves could be well de
scribed assuming a BCS density of states

Ns5Re$~E1 iG!@~E1 iG!22D2#21/2%, ~1!

with the large broadening parameterG, a phenomenologica
parameter introduced by Dyneset al.,35 as large as the gapD.
This explains the high smearing parameterG and an aver-
aged gap voltageVg .

The temperature evolution ofG(0) normalized by the
value of the conductance atV5150 mV for the curves of
Fig. 5~b! is shown in Fig. 6~a!. G(0) is extracted from fitting
the background conductance without considering the pea
zero bias, shown in the inset of Fig. 6~a!. The value of
G(0)/G(150 mV) starts to increase slowly and then sho
two discontinuities: at 60 K a sudden increase starts to d
velop until TC is reached, then it levels off at a consta
value close to 1.34 This behavior is expected for superco
ducting electrodes.22

We now turn our attention to thelow-voltage range
~voltagesuVu,5 mV) characterized by a zero-bias anomal
~ZBA! conductance peak, with its size depending on
voltage around zero voltage and temperature. The heigh
this peak increases as the temperature decreases; for a
temperature, the conductance decreases rapidly as bia
Downloaded 15 Aug 2001 to 132.248.12.227. Redistribution subject to A
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parts from zero. ZBA in the tunneling conductance were
ready observed in metallic tunnel junctions with an oxi
barrier as well as in Nb/a-Si/Nb tunnel junctions where i
was proven using electron spin resonance measurem
that localized states ina-Si are responsible for this effect.36

Recently, ZBA have been observed in a variety
measurement-tunneling junctions made of HTS, as wel
conventional superconductors and semiconductor electro
Most of these ZBAs could be described by a theoreti

FIG. 6. ~a! Normalized conductance at zero bias vs temperature; notice
two discontinuities at 60 K and aroundTC . A parabolic fit ~dotted line!
close to zero voltage is shown in the inset, from whichG(0) is calculated.
~b! Fractional change of the excess conductance as a function of the
perature for the sample shown in Fig. 4~b!. ~c! Energy dependence of the
fractional change of the excess conductance for the junction shown in
4~b! at 4.2 K.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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model from Appelbaum37 and Anderson,38 where a spin–
spin interaction of the localized magnetic states with the q
siparticles opens up an additional tunnel channel increa
the conductance near zero bias. In this model a logarith
dependence of conductance on voltage and temperature
be described by

DG~V!5G~V,T!2G0~V,T!5AN1N2 lnF E0

ueVu1nkBTG .
~2!

Here,A is a constant,N1 andN2 are the density of states o
electrodes 1 and 2 in the normal state,E0 is a cutoff energy,
V is the bias voltage,T is the absolute temperature, andn is
a constant of order 1. To extract the voltage and tempera
dependence of ZBA, we substracted the parabolic fit to
tunneling conductance around zero bias without conside
the ZBA G0(V,T) from the measuredG(V,T) curves, to
obtain the excess conductanceDG(V,T).

In Fig. 6~b! we show a semilogarithmic plot of the frac
tional change of the excess conductance as a function o
temperature for the sample of Fig. 5~b!. In Fig. 6~b!, the
fractional change of the ZBA is 20% at 4.2 K and then d
creases with increasing temperature; logarithmic behavio
evident in the range between 10 and 100 K in accorda
with the Appelbaum–Anderson model, Eq.~2!. The tempera-
tureT0 at which the ZBA disappear is obtained extrapolati
the line to DG(0,T)/G0(0,T)50; because a normal-sta
property, for this junctionT05110 K.

Figure 6~c! shows the energy dependence of the fr
tional change of the excess conductance for the junction
Fig. 5~b! at 4.2 K. Notice that at low energies the condu
tance drops below the linear logarithmic plot because of th
mal smearing. This good agreement between measure
and theory gives strong evidence for the presence of m
netic impurities in the barrier and interface. The presence
magnetic impurities in the barrier and interface in the jun
tions based on HTS is explained in terms of isolated
magnetic moments due to possible oxygen migrations fr
the superconducting electrodes to the barrier, as discusse
Sanderset al.39 The magnetic moments do not destroy sup
conductivity at the surface of the HTS electrodes, but
presence is revealed as anomalous behavior of the con
tance at zero bias. Using the magnetic field from 1 to 12 T
is possible to produce a Zeeman splitting of the impur
levels that can be attributed to the splitting of the zero-b
peak into three peaks separated byd(mV)5gmBB as re-
ported by Froehlichet al.40 and Sanderset al.39 With our
samples, the magnetic-field dependence ofDG was not ana-
lyzed.

B. Josephson-like tunneling

For junctions with a barrier thickness of;5 nm, a
Josephson-type current at zero bias was observed. S
thickness was estimated in accordance with the depos
rate of our 22Y2 target~100 nm/h!. Figure 7~a! shows typical
I –V curves measured for a junction with a very thin inte
layer, at temperatures between 10 K and a few degrees b
the transition temperature; a current atV50, typical of
Downloaded 15 Aug 2001 to 132.248.12.227. Redistribution subject to A
-
g

ic
can

re
e
g

he

-
is
e

-
of
-
r-
ent
g-
of
-
u
m
by
-
s
uc-
it

s

ch
n

ow

weak-link-like behavior, is clearly apparent.41 A small de-
pendence of normal resistanceRn on temperature is observe
as expected from the semiconducting properties of the in
layer material. TheI –V curves exhibit a resistively shunte
junction ~RSJ!42 like behavior, as shown in Fig. 7~b!. The
derivation of these curves exhibits characteristic peaks wh
are used to obtainI C values as a function of temperature, a
normal-state resistanceRn from the slope at high voltage to
obtainVC5I CRn values;I CRn product values as a functio
of temperature are shown in Fig. 8, where the top in
shows thedV/dI – I curve at 10 K, and the bottom inse
shows the critical current against reduced temperature sh
ing a slope of 1.33 at a range nearTC . At a temperature of
10 K, typical I CRn products were determined to be 17 mV
The magnetic-field dependence of the critical current and
the response of the junction to external microwave~Shapiro
steps! are the best demonstration of the Josephson effec
single junctions, but these measurements were not reali
It is possibly that high critical currents and hig
I CRn-product values depend sensitively of the photolithog
phy process used during junction preparation, which even
ally leaves etch pits in the junction area. The presence of e
pits can give rise to tunneling channels along the thin barr

FIG. 7. ~a! Current–voltage characteristics for a 2212/22Y2/2212 junct
at different temperatures showing weak-link behavior.~b! RSJ model fit to
the experimentalI vs V at T510 K.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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IV. CONCLUSIONS

We have fabricated high-quality 2212/22Y2/2212 trila
ers on~001! SrTiO3 substrates using anin situ dc-sputtering
technique at high oxygen pressure. 22Y2 has advantages
barrier material: its stability, the fact that it can be grown
the same deposition conditions as the 2212 layer, comp
lattice matching with 2212, as well as high compatibility
composition with 2212. The conductance curves measu
on 2212/22Y2/2212 junctions show quasiparticle tunnel
current with a clear gaplike structure around 30 meV, a
ear conductance background above the superconducting
structure, and a ZBA which showed a strong temperat
dependence understood in terms of the presence of Cu p
magnetic ions at the interface. These junctions may a
show weak-link behavior if the barrier is thin enough. All
these facts make the 2212/22Y2/2212 system a potential
didate for superconducting device applications.
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