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CONTACT RESISTANCE DUE TO
POTENTIAL BARRIER AT THERMOELECTRIC
MATERIAL-METAL BOUNDARY

The theoretical aspects of estimating the resistance due to carriers passing through a potential
barrier at the boundary between thermoelectric material and metal are considered. The
temperature dependences of boundary resistivity were calculated for thermoelectric legs of Bi:Te;
based materials with the deposited anti-diffusion nickel layers. It was established that the value of
boundary resistance in such legs varies with temperature from 0.5-107 to 2.5-107 Ohm-cm?. It was
shown that boundary resistance can be reduced by increasing carrier concentration in the ultra-
thin nickel contact layer of thermoelectric material due to doping. It was established that
increasing the concentration of doping impurities in the near-contact zone by one order of
magnitude with respect to its optimal value results in decreasing electrical boundary resistance by
two orders. Under these conditions, the resistance value approaches minimum possible value and
is 10° Ohm-cm?. Bibl. 35, Fig. 6, Tabl. 1.
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Introduction

The efficiency of thermoelectric modules is mainly determined by the figure of merit of
semiconductor materials of which the thermoelement legs are made. However, the efficiency of a real
thermoelement essentially depends on the electrical resistance of a contact between semiconductor
material and metal interconnect layers [1 — 3] connecting the thermoelectric legs of module. The Joule
heat released in the contact zone reduces the energy efficiency of thermoelectric converters and leads
to its dependence on the height of the thermoelement legs [4]. The negative influence of contact
resistance on the characteristics of thermoelectric devices is especially perceptible in the conditions of
miniaturization of the thermoelement legs, when the thickness of the transient contact layer between
thermoelectric material (TEM) and metal becomes commensurate with the height of the
thermoelement leg, and the contact resistance commensurate with the resistance of the leg itself [5,6].

The miniaturization of thermoelectric energy converters is a modern direction of their
improvement, aimed primarily at reducing the cost of thermoelectric materials and cheapening due to
this of thermoelectric modules [6-12]. Therefore, reducing the value of contact resistance to increase
the energy efficiency of thermoelectric converters in miniaturization is an urgent task.
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In [13], a model of TEM-metal contact structure was considered. It was shown that the contact
resistance is formed by its two main components. This is, first, the electrical resistance of the transient
layer at the boundary between semiconductor material and metal. This resistance depends on such
factors as mutual diffusion of atoms or molecules of contacting materials, their chemical interaction,
which results in the formation of new phase [14,15] and even multilayer [16,17] microstructures. Also,
some action is exerted by the non-ideality of TEM-metal boundary which is due to roughness,
chemical contamination of leg surface prior to deposition of metal thereupon, and other factors [18-
20]. Modern technologies of manufacturing TEM-metal contacts, in particular in micromodules, by
spraying, chemical deposition of anti-diffusion metal layers on the cleaned, polished and specially
treated ends of thermoelectric legs allow minimizing the height of the transient layer and, therefore, its
electrical resistance, and to obtain actually “ideal” (without transient layer) TEM-metal boundary.
However, the sharp difference between the energy band structures of the semiconductor and the metal
leads to the formation of a potential barrier at the TEM-metal boundary [21]. A potential barrier
impedes the movement of current carriers across the boundary and is the cause of the second
component of contact resistance, commonly called the electrical boundary resistance [22,23].

The purpose of this work is to consider theoretical methods for estimating the TEM-metal
boundary resistance and the factors affecting this resistance, to calculate the potential barrier
resistance for thermocouples from traditional Bi,Te3;-based materials and to identify ways to reduce the
boundary resistance to a minimum possible value.

Methods for calculating the electrical resistance of TEM-metal boundary

Methods for calculating the electrical resistance due to carriers passing through semiconductor-
metal boundary are described in [21-27]. We consider the main results of these works and apply them
to calculate the specific, that is, related to unit area, resistance of TEM-metal boundary.

For example, consider the contact of a metal with an n-type semiconductor for the case of such
current polarity when electrons move from metal to semiconductor. When a metal collides with a
semiconductor, due to the difference between their Fermi levels, a contact potential difference arises
that distorts the energy bands of the semiconductor [26]. If the difference between the Fermi levels is
such that part of the electrons from metal pass to semiconductor, then the so-called anti-locking layer
is created in semiconductor near the boundary and the bands are bent down (Fig.1a). It is obvious that
such contact will not interfere with the movement of electrons. If, however, the difference between the
Fermi levels is such that part of the electrons at the boundary will pass from semiconductor to metal, a
locking layer is formed, the bands bend upwards (Fig. 1b) and a potential barrier [27] is created for
electrons moving from metal to semiconductor. As noted, this barrier is the cause of the electrical
boundary resistance.

The diagram of TEM-metal energy bands in the presence of a potential barrier is shown in Fig.
2. In this figure, E, =, —y%, —A@, is the height of potential barrier, ¢, is electronic work function, .,

is affinity of semiconductor electrons, A@, is the energy of barrier reduction due to the non-ideal
metal-semiconductor contact.

The electrical boundary resistance depends on the mechanism of carriers passing through the
potential barrier. Carriers can overcome the potential barrier by thermionic emission over the barrier
(TIE) or tunneling through the barrier. There are two types of tunneling: tunneling of carriers with
energies close to the Fermi energy in a semiconductor, the so-called field emission (FE) and tunneling
of carriers with higher energies, the so-called thermionic field emission (TFE) (Fig.2). [27].
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Fig.1. Bending of semiconductor energy bands in the zone of contact with metal.

a) anti-locking layer, b) locking layer.
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Fig.2. Diagram of energy bands of metal contact with thermoelectric n-type material.

Mechanisms of electrons passing through potential barrier:

FE — field emission, TFE — thermionic field emission,
TIE —thermionic emission.
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The criterion of the mechanism for carriers passing is the ratio of thermal energy k7T to
parameter Ego, which was proposed by Padovani and Stratton [28] and is defined as

eh | N,
Ey :7 *—d (1)
m'eg,
where e is electron charge, N, is impurity concentration in semiconductor, m* is the effective mass of
charge carriers, g is the dielectric constant, €, is the relative permeability of semiconductor. Under

high temperature conditions in weakly doped semiconductors, when T/E, >1, the thermionic
emission mechanism without tunneling prevails. For heavily doped (degenerate)
semiconductor at low temperatures k7/E,, <1, the field emission (FE) is predominant. When
kT/E,, ~1, the thermionic field emission (TFE) mechanism is operating.

In case of thermionic emission, the ratio for estimating the boundary resistivity 7, is obtained on
the basis of standard equations of thermionic emission and is given by [21,25,27]

k E,
r, =——exp| — |, 2
" eAT p(kT] @
em'k* . ) )
where 4 :W is the effective Richardson constant.
T

In the cases of tunneling of carriers, for the calculation of r;, one can use the approximate
analytical expressions [27-29]:

, = K@) o[ £ |, when #7/E, <1, 3)
enAT 00
k* cosh(E,, /kT th(E,, /kT -
) cosh(E,, /kT),/coth(E,, / )ex £, —or + 2 , when kT/E, ~1, 4)
eAd TC(Eb —Qr )Eoo Eoo COth(EOO /kT) kT
where ¢, =

4E . . . .
ln[ - J, or are the energies of semiconductor Fermi level (¢r is counted from
—0r

the bottom of conduction band and for the degenerate semiconductors is a negative value).
Thus, from the analytical expressions (2) — (4) it is clear that the value of TEM-metal boundary

00

resistivity 7, depends on the temperature, the height of potential barrier E, and the impurity

concentration in TEM N,. In the mode of thermionic emission the value of r is actually independent

kT

In tunneling mode, the exponential dependence of r, on barrier height is supplemented by the

of the impurity concentration and is determined only by the height of potential barrier: 7, ~ exp(ﬂ}

dependence on impurity concentration. For the mechanism of FE 7, ~exp(Eb / N d), and for TFE

~ exp[ / (1/ N, coth—> )J [29]. Under the condition of high impurity concentration N4, when the

mechanism of FE is operating, 7, assumes low values. With decreasing impurity concentration, the FE
tunneling mechanism is substituted by TFE and goes over to thermionic emission TE, and the
resistance 7, in this case increases.
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It also follows from (2) — (4) that the values of 7, will be low under conditions of low potential
barriers. In [30], it was studied which boundary values can be reached by resistance r,. The expression
for estimating the minimum boundary resistance 75 min Was obtained which is given by [30]

ok 1 Lk 1 )
P edT ln[1+exp(—(pF/kT)]' P edT ln|:1+exp(—(pF/kT):|'

For the nondegenerate semiconductors ¢, > kT, the relation (5) is transformed into classical

formula for calculating the resistivity of anti-locking contact [25, 30]:

k k N, Qmum'kT)"
rbmin ZECXP((PF/]CT)_ _:(

- 6
eAT N, e’N, ©®)

Qum"kT)"?
2

where N_ =2 is the effective density of energy states in conduction band.

For the case of degenerate semiconductors with ¢, <—k7 [30] the expression for 7ymin is given
by
. k kT
pmin eAT[1+2a(—(pF )] (-9,)

(7)

where o is a nonparabolicity parameter of semiconductor conduction band.

The value of the Fermi energy @r, required for estimating 7, by the formulae (3), (4) and 7smin
by formula (5), is a solution of electroneutrality equation, which for impurity semiconductor with the
impurity concentration N4 on the assumption that all impurity atoms are single ionized, is of the form
[30,31]

NcFl/z (_I_;)ZNd > (8)

)_iTL
Jrgl+exp(x—n)

Thus, in order to obtain a low TEM-metal boundary resistivity, the impurity concentration in the

where F,(n dx is the Fermi integral.

near-contact region should be high and the height of potential barrier - low. These are classical
requirements for improving the ohmicity of semiconductor-metal contact. It should be borne in mind

that the barrier height E» depends on semiconductor energy gap ¢g (Fig. 2). For wide-gap
semiconductors it is difficult to achieve good ohmic contacts. In the majority of metals, the value of
work function @, is high, which also does not contribute to formation of low TEM-metal potential
barriers, and, accordingly, good ohmic contacts. Therefore, to get a low TEM-metal boundary
resistivity, one can recommend traditional technologies for improving the ohmicity of contacts [27].
One of the methods is to make heavily doped a narrow layer of thermoelectric material which is in
contact to metal.

Consider the results of calculating TEM-metal boundary resistivity for classical thermoelements
based on Bi;Te; and analyze the effect of heavier doping of the near-contact layer on this resistivity
value.
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Results of calculating the resistivity of TEM-metal boundary

The electrical boundary resistivity was estimated for thermoelectric legs of traditional n-type
materials BirTe>7Seos and p-type materials BigsSbisTe; that are in contact to nickel anti-diffusion
layers. The parameters of these TEM required for calculations are given in Table 1.

Table 1
TEM parameters
TEM
Parameter BiyTe, 15¢e03 Biys SbysTes Reference

n-type p-type
Optimal impurity concentration in )

3-10% 2:10% 32
TEM Ny opi, m” [32]
Carrier mass m*

" 1.25m 0.6 [32]

(mo — electron mass)
Relative dielectric constant 98 62 [23]

To estimate the effect of heavier doping of near-contact TEM layer, calculations were performed
for different values of impurity concentration in this layer, which was increased by the order of
magnitude with respect to its optimal value.

To calculate the electrical resistance of TEM-metal boundary rs, it is primarily necessary to
determine the mechanism of carriers passing through the potential barrier. For this purpose, the
Padovani-Stratton Eo was calculated (1), and the temperature dependence of effective mass m* and
dielectric constant was not taken into account. The temperature dependences of dimensionless
criterion k7/Eq of the mechanism of passing the barrier for different values of impurity concentration
Ny in the near-contact layer of n- and p-type TEM are shown in Fig.3a. It follows from the figure that
in the temperature range of 200 — 350 K under condition of optimal impurity concentration Ny, for n-
type thermoelectric leg k7/Eq > 1, and for p-type leg — kT/Eoo ~ 1. If the near-contact concentration of
impurities, hence of carriers, will be of the order of 10?°m™, then for n-type leg kT/Eo ~ 1, and for p-
type leg kT/Eo < 1. Thus, in order to calculate the electrical boundary resistance of n-type leg with the
optimal impurity concentration, it is expedient to use relation (2), valid for TIE mechanism of passing
the barrier, and for the leg with impurity concentration in the near-contact layer of the order of
10 m™ — formula (4) for TFE mechanism. For p-type leg with optimal concentration use was made of
formula (4), and for high concentrations — formula (3) for FE mechanism to overcome the barrier.

Also, for the calculations one should first of all determine the value of the Fermi energy ¢r in TEM
and the height of potential barrier E;. The temperature dependences of the dimensionless Fermi energy
or/kT for BiTes-based TEM with different impurity concentrations calculated on the basis of Eq. (8) are
shown in Fig. 36 and were used to calculate the boundary resistance 7, for these TEM contacts with nickel.

The height of potential barrier can be estimated by simple relations, namely for metal-n-type

semiconductor boundary E, =, — 7, , for metal-p-type semiconductor boundary £, =¢, - (¢, —%,)

[27]. However, these relations are almost never satisfied [27]. This is due to such major reasons as the
presence of a contact gap between metal and semiconductor, the existence of contact energy states, the
lowering of the barrier height due to the forces of images, etc.

Therefore, the height of TEM-metal barrier should be determined experimentally. In [33],
potential barriers between individual metals and semiconductors are presented. It is shown that the
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height of barriers E, <0.1¢eV, including the boundary between two TEM Bi,Tes/Sb,Tes (E»=0.035 eV).

In [22], the barriers between Bi;Te; and Sh,Te; with metal were taken to be E,=0.1eV. In [34], for the
contacts between Ni and solid solutions (Bi,Sb)(Se,Te)s, the value of barrier height £,=0.13eV was
proposed, which we used to calculate the electrical boundary resistance between nickel and Bi,Tes -

based TEM.

Fig.3. Temperature dependences of the dimensionless criterion kT/Egg of barrier passing
mechanism (a) and the dimensionless Fermi energy @e/kT (b) for n-type Bi;Tes 7Se 3
(solid lines) and p-type Biy.5Sb; sTes (dashed lines). Impurity concentration Ny in
TEM contact layer: 1 — optimal concentration in TEM, 2 — N;=10°° m,
3 - N~=1.5-10° m?3, 4 — Ny=2-10°° m™.

The temperature dependences of the electrical boundary resistance 7,(7), calculated for different
concentrations of doping impurities in the near-contact layer, are shown in Fig. 4. As the temperature
decreases from 350K to 200 K, under optimal concentration of impurities in TEM, the value of

80 Journal of Thermoelectricity Ne4, 2019 ISSN 1607-8829



Anatychuk L.1, Vikhor L.M., Mitskaniuk N.V.
Contact resistance due to potential barrier at thermoelectric material-metal boundary

increases from 0.5-107 to 2.5-107 Ohm-cm?. With a rise in impurity concentration, the boundary

resistivity drastically decreases and actually is temperature-independent.

1
300 Tk 350

Fig.4. Temperature dependences of boundary resistivity ry for contacts of nickel with
n-type BirTe; 7S¢ 3 (solid lines) and p-type BiysSb, sTes (dashed lines), calculated for

different concentrations of doping impurities Ny in the near-contact
TEM layer: 1 — optimal concentration in TEM, 2 — Ny=10°° m™3,
3 - N=1.5-10°° m?3, 4 — Ns=2-10° m™.

Fig.5 shows the temperature dependences of minimum resistivity 7 min(7) of TEM-Ni barrier,
calculated by relation (5) for different values of Ny rp min weakly depends on temperature, and the
order of magnitude of this resistance is 10° — 10" Ohm-cm?. 74 ,.ix is a boundary value to which the
value of TEM-Ni boundary resistance tends under condition of lowering the height of potential barrier.

A min, 10° Ohm cm
3

|
|
|
300 T K 350

Fig.5. Temperature dependences of minimum boundary resistivity vy min fOr contacts
of nickel with n-type Bi>Te, 7Sey 3 (solid lines) and p-type Biy sSb; sTes (dashed lines),
calculated for different concentrations of doping impurities Ny in the near-contact TEM layer:
1 — optimal concentration in TEM, 2 — Ny=10°° m3, 3 — Ny=1.5-10°° m>, 4 — N;=2-10°° m3.

Fig.6 shows the dependences of boundary resistivity on impurity concentration N; under
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conditions of heavier doping of near-contact layer. The same figure shows a similar dependence of
minimum boundary resistance. If we increase the concentration of doping impurities in the near-
contact TEM layer by one order with respect to its optimal value, the electrical boundary resistance is
actually decreased by two orders. Under these conditions, its value r, approaches minimum value of 7,
min, and its order will make 10 Ohm-cm?.

r 10° Ohm cm?

40

35

30

25

20

15

10

5

0
10

Fig.6. Dependences of boundary resistivity ry on impurity concentration Ny in the
nickel contact layer of p-type BiysSh; sTe;z (1) and n-type Bi>Te; 7Sey 3 (2) under
condition of T=300 K. 3 — dependences of minimum resistivity ry min(Na)
practically coincide for p- and n-type TEM.

Thus, the creation at the boundary between the BirTes-based material and the nickel of a thin
contact layer with a high concentration of charge carriers neutralizes the effect of the potential barrier
and reduces the electrical boundary resistance and the contact resistance as a whole. This is confirmed,
in particular, by the experimental results described in [34]. To obtain such heavily doped near-contact
layers, special technologies are used, for example, ion implantation of impurities [34].

In [35], the results of theoretical and experimental studies of contact resistance in Bi,Te; -based
thermoelectric legs with anti-diffusion nickel layers were analyzed. It was shown that the value of
contact resistance does not exceed 5-10° Ohm-cm’. Creating “ideal” contacts allows reducing this
value to 10 Ohm-cm?®. Using the Comsol Multiphysics thermoelectric software package, we estimated
the effect of contact resistance on the efficiency of a Bi,Tes-based thermoelectric converter with
miniature legs 0.5 mm high. It was concluded that improving the contact technology which would
reduce the contact resistance from 5-10°° Ohm-cm? to the minimum possible 10° Ohm-cm?, helps to
increase the converter efficiency by 20 %.

Conclusions

1. Methods for calculating the electrical resistance of TEM-metal boundary arising due to formation
of potential barrier in the zone of contact between thermoelectric material and metal are proposed.
The temperature dependences of the boundary resistance for thermoelectric legs made of Bi>Tes-
based materials with the deposited anti-diffusion nickel layers are calculated.

2. It is established that boundary resistance in such structures under optimal impurity concentration in

TEM reaches the value from 0.5-107 to 2.5-107 Ohm-cm? and is a function of temperature.
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3. It is shown that the impact of potential barrier at the TEM-metal boundary can be effectively
neutralized by creating a thin near-contact layer with a high concentration of carriers due to doping.
This requires special technologies, such as ion implantation technique.

4. It is established that increasing the concentration of doping impurities in the nickel contact zone of
TEM by one order of magnitude with respect to its optimal value results in decreasing the electrical
boundary resistance actually by two orders of magnitude. Under these conditions, its value
approaches the minimum possible value, and its order is 10 Ohm-cm?, which helps to increase the
efficiency of thermoelectric energy conversion by 20 %.
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KOHTAKTHHWH OIIP 3YMOBJIEHUHM MIOTEHIIIAJIBHUM
BAP'€POM HA T'PAHUII TEPMOEJIEKTPUYHOI'O
MATEPIAJY 3 METAJIOM

Po3zensinymo meopemuuni acnekmu oyiHI08AHHA BEAUHUNHY EEKMPULHO20 ONOPY, AKULU 3YMOBIeHUL
nepexooom HoCiig 3apsdy uepe3 nomeHyialbHull Oap’ep Ha 2pamuyi Midc mepmoereKmpuyHuM
mamepianom i memanom. Pospaxoeani memnepamypni 3anexcnocmi numomo2o onopy eparuyi 0
MmepMOoeNIeKMPUYHUX 8IimoK 3 mamepianie Ha ocHosi Bi)Tes 3 nawecenumu anmuou@ysitnumu
wapamu Hikenro. Bcmanoeneno, wjo eeauuuHa onopy cpaHuyi 6 maxkux 6imKax 3MIHIOEMbCs 3
memnepamypoio 6i0 0.5-107 00 2.5-107 Om-cm?. Ioxazano, wo smenuumu onip 2panuyi Mo*CHa
WAXOM NIOBUUIEHHS KOHYeHmpayii HOCiie 3apady 8 YIbmpamoHKOMY NPUKOHMAKMHOMY 3 HiKelem
wapi mepmoenekmpuyHo20 mMamepiany 3a paxyHok Jae2yeauusi. Bcmamoeneno, wo nioguwenns
KOHYyenmpayii ne2yiouux OOMIiUOK 8 NPUKOHMAKMHIU 30Hi HA O0OUH NOpPAOOK GIOHOCHO il
ONMUMANLHO20 3HAYEHHS NPU380OUMb 00 3MEHWEHHs eleKMPUYHO20 ONopy 2epanuyi Ha 06d
nopsAoKu. 3a yux ymos8 8eluyuHa Onopy HAOIUNCAEMBCA 00 MIHIMANLHO MONCIUBO20 3HAYEHHA, |

cmanoeumo 10~° Om-cm?. Bion. 35, puc. 6, mabn. 1.

Kiaro4oBi cjioBa: KOHTaKT TEPMOCICKTPUYHUI MaTepial - MeTall, MOTEHIlIabHUN Oap’ep,

eJEKTPUIHHN OIip TPaHHUIII.
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nepexooom Hocumenel 3apaoa  yepe3 NOMEHYUAIbHbIU Oapbep Ha  2panuye  Medncoy
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MePMOINEKMPULECKUM MAMEPUATIOM U MemalloM. Paccuumanvl memnepamypuvie 3a8UcumMocmu
VOENbHO2ZO CONPOMUBLEHUS 2PAHUYDL OJis MEPMOINEKMPULECKUX 6eMBell U3 MAMEPUATO8 HA OCHOGE
Bi;Te; ¢ nanecennvimu anmuou@y3uoHHbIX CRLOAMU HUKENS. YCMAHOBIEHO, YMO GeNUYUHA
Cconpomuenenus 2panuysvl 6 MaKux 6emesx usmensemcsa ¢ memnepamypoti om 0.5-107 0o 2.5-107
Om-cm’. Tlokazano, umo ymenvuiumo CONPOMUGLEHUE SPAHUYLL MOJICHO NYymemM NOBbIUEHU
KOHYeHmpayuu Hocumernetl 3apsoa 8 VAbMPAMOHKOM NPUKOHMAKMHOM cnoe
MEPMOINEKMPULECKO20 MAMEPUALA 3d CYem J1e2Upo8anuss NOCiedHe20. YCmaHosieHo, 4mo
nogvlueHUe KOHYSHMPpAyuu iecupyrowmux npumeceti 8 NPUKOHMAKMHOU 30He HA O0OUH NOPsSOOK
OMHOCUMENbHO ee ONMUMALIbHO20 3HAYCHUS 8 Mamepuaie 8 YeioM NHPUGOOUN K YMEHbUICHUIO
INEKMPULECKO20 CONPOMUBILEHUS. 2PAHUYbL Ha 06a nopsioka. bubn. 35, puc. 6, maéba. 1.

KirioueBsble ¢cJI0Ba: KOHTAKT TEPMOIIICKTPHUESCKUI MaTepHal — METaJlI, TOTEHIIHATBHBIN Oapsep,

3JIEKTPUYECKOE CONPOTUBIIEHNE TPAHULIBI.
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