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Summary

Efficient circular contact grids are developed for solar cells intended for
work at high levels of concentrated sunlight. The cell efficiency is studied as
a function of grid design, concentration ratio and cell radius. It was found
that there is a trade-off between the maximum cell efficiency and the decay
in the efficiency as a function of concentration. For Al Ga; _.As—GaAs cells
15 mm in diameter a high efficiency may be achieved even at a concentra-
tion of over 300-fold with a shading loss as low as 5%. For a concentration
of 800 suns, good results may be obtained at about 10% shading.

At 800 suns, doubling the cell diameter from .1 to 2 em accounts for
less than a 2% loss in cell efficiency, and this loss in efficiency is primarily
related to the power loss due to increased current flow through the grid
towards the outer collector.

1. Introduction

Efficient conversion of concentrated sunlight is one of the most promis-
ing approaches towards the achievement of cheap solar electricity [1 - 8].

It is a well-established fact in concentrator solar cell design that min-
imum resistance plus shading losses lead to maximum efficiencies. In typical
Al,.Ga, . As—GaAs devices the Joule loss is mainly due to the front p-type
layer sheet resistance and the power drop on the contact grid. Special care
has been taken to reduce the sheet resistance (without curtailing the spectral
response), improving the diffusion lengths in the thick epitaxial GaAs layers
[3, 8] by enhancing the thin p-type layer conductivity via vapour phase zinc
diffusion {9] or beryllium diffusion [5, 6].

Nevertheless, only recently have there been any attempts to minimize
the Joule loss and the shading power drop at the concentrator cell contact
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grid through efficient grid design based on an extension of classical 1 sun

Th
patterns [10, 11]. In ref. 6 the circular contact grid configuration was

designed using a computer modelling program and high conversion efficien- ?ﬁ;git
cies of concentrated (up to 1000 suns) sunlight were achieved, but no dis. Joule 1
cussion of grid design results and design procedure was given. It is the towards
purpose of this paper to discuss the development of effective front-contact ; tance th
grid designs for solar cells intended for work under high current generation " solar cel
conditions. [ fingers 1
} this laye|
2. Grid design procedure ‘ P, =
In high concentration systems the light spot is usually a circle; thus
circular symmetry is assumed to be the natural symmetry of concentrator =
solar cells. Among the many possible grid configurations, that shown in Fig.
1 was chosen as the basic design because of its simplicity (only two different where
contact levels are involved) and because it may effectively relieve any collecto
anomalous current collection arising from local contact failure through the 1. Equa
thick equipotential concentric collectors.
TABLE 1
Numerica
Parameie
| Photogen
‘ Incide.nt
Metalliza
| Semicon
. . . . . Contact 3
Fig. 1. The grid design under consideration, Radial fingers of width hy, are uniformly Metal fin
: distributed between adjacent metal collectors of width Ay, The collectors are R/m apart . Metal [in
i where m is the total number of collectors and R is the cell radius; p is the collector order ' Metzal col
: number. _ © Cell radi
The spatial distribution of the incident light concentrated by the mirror ‘ p-Gads |
was measured on the cell plane (17 mm in diameter). It was found that $0% ! 3322232

of the cell plane was illuminated uniformly. A satisfactory uniformity of the
spatial distribution of the light transmitted by the concentrating lens was

also found in the work reported in ref. 6. Thus we assumed a uniform
distribution of the light intensity on the whole cell plane.

' Low loss grids are generated by choosing the number of concentric =~ | Be
collectors and the number of metal fingers (linking adjacent collectors) that throug
minimize ohmic and shading losses in the device at a given concentration conduct
level K, . the squ

i Ohmic losses are taken as the power drops due to current flow through ' coniact
: the semiconductor layer, the metal-semiconductor interface and the metal : fingers

grid. loss is
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The power drop due to current flow through the semiconductor layer is
calculated in each portion of the cell located between two adjacent radial
fingers, and annular collectors do not contribute to current collection. The
Joule loss is taken as the product of the square of the current flowing
towards the metal finger at each point of the layer and the electrical resis-
tance that this current faces. If it is assumed that in the portion (ring) of the
solar cell located between collectors p and p — 1 there are a total of N, radial
fingers linking these collectors, then the Joule loss due to current flow across
this layer is

_2KJ Pp R —(p — 1)) 1
s 3Ph,m* N2
A
== (1)
NP

where m is the total number of annular collectors within the cell and p is the
collector order number. The rest of the parameters involved appear in Table
1. Equations {1) - (4) are explained in Appendix A.

TABLE 1

Numerical data involved in the calculations

Parameter Value

2675 %1072 Aem 2

Photogenerated current density Jp,
8.14x 10 *Wem™?

Incident power density (air mass 1.2) Py

Metallization specifie resistance pp, 2%X107%Q em
Semiconductor specific resistance p, 1x1073 2 em
Contact specific resistance p, 510758 cm?
Metal finger width hp, 1 %10 %em
Metal finger height ¢, 5x10 %em
2.5x10 %em

Metal collector width kg,
Cell radius R : 0.75 cm

p-GaAs layer height kg 1%10 %em
Junction saturation current density Jp 2x107 % Aem™?
Junction perfection factor A 1

Temperature T 298 K

Before flowing across the metal contact grid the current collected
through the semiconductor layer gives rise to a power loss at the semi-
conductor—metal interface. This power loss is calculated as the product of
the square of the collected current and the contact resistance (the specific
contact resistance multiplied by the inverse contact area). For the N, radial
fingers located between collectors p and p — 1 the contact resistance power
loss is
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KJ *Rp.n 4 1
po= =P -1y =
POhm m - NIJ
Aep :
= 2
N {2)

B

The current collected at the semiconductor-metal interface between
collectors p and p — 1 then flows along the radial fingers towards the outer.
most collector. The total current within the cell rings between collectors of
lower p values flows together with this current. The current density along
the radial fingers is a very strong function of position. The Joule loss due to
current flow along the metal fingers is thus the product of the square of the
total current flowing along the finger at each point and the metal finger resis-
tance. For the N, fingers this amounts to

KJ % R? —1) 1
P = L_P m\(p ) + 4g(p)} —
Poltm m? N,
Am
= 2 (3)
NP
where .
1[p°—(p—1F° 2p-DHp’—(p -1
g(p)=;[ — . o+ (1)

In contrast, the power loss within the cell due to the area shaded by the
N, fingers between collectors p and p — 1 is

AmN,

P, =
b TRm |

- AN, (4)

In all cases the power . losses have been normalized to the total incident
power on the cell, namely PyrR2K.

Contact grid design is based on the minimization of the total Joule loss
plus shading loss in each ring. Grid design consists in establishing the correct
number of radial fingers linking two adjacent collectors and the total number
of annular collectors needed to achieve a minimum power loss at a given
concentration level. The number of radial fingers leading to a minimum
power loss in the ring between collectors p and p — 1 is obtained by using
the fact that d(P; + P, + P,,, + P,,) = 0 which yields

1 1
(?\mp +)‘cp) RT? + 27\5}; f\? _Kshp =0
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It is thus straightforward to find the total power loss in the cell from
the solution of egn. (5) for different values of p. The appropriate number of
annular collectors is established by comparison of the respective total power
losses for different configurations. Care is taken everywhere to include the
collector shading.

3. Grid performance evaluation

Under high concentrations the current at the point of maximum solar
cell power output is quite different from the cell photogenerated current. In
consequence, a simple relation between the total power loss and the cell effi-
ciency at a given level of injection may not be established. In order to
describe the cell behaviour better it is useful to study the cell conversion effi-
ciency which is taken to be the ratio of the maximum output power
delivered by the device to the total incident power.

The point of maximum power output of the cell is calculated from the
current—voltage (I-V) characteristic of the cell for the case in which the
distributed character of the series resistance is not taken into account (the
lumped parameter model), i.e. from

q(V+1IR,) _1]
ARGT £

I=KJy(1—Pg)ywR?— JonR? [exp§ (8)

where Py, is the total cell shading loss, A the junction perfection factor, Ky
the Boltzmann constant and T the temperature. R, is an effective series resis-
tance which s introduced as the ratio of the total cell ohmic power loss
P, + P, + P, to the square of the total current generated within the cell. It is
found that such a resistance is not dependent on the current level and
reproduces the experimental data quite well.

The cell efficiency is thus given by

Iy Vi
TRIKP,
where I, and V,, are the current and voltage fespectively at the point of
maximuin power delivery.

In order to check the validity of this method, efficiency measurements
were performed at different illumination levels on a thick window p-Alg ;-
Gag;As—p-GaAs—n-GaAs—n"-GaAs cell 17 mm in diameter with a contact
grid of the kind shown in Fig. 1 and with three collectors which have 76,
154 and 244 fingers. The solar cells of this kind were manufactured before
our calculations and thus had no optimized contact grid configuration. The
finger and circular collector width was 30 um while the metallization height
was 23 um, The measured sheet resistance of the p-type region (p-Aly;Gays

n = (7)
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and p-GaAs layers) was 21.5 £/0 and the thickness was 30 um. The specific
resistance of the metallization (indium) was taken to be 9.03 X107 £ cm
and the contact specific resistance was 5 X 107° © ¢cm?®. The measured cel]
dark current density was 2 X 107" A em ™2 and the junction perfection factor
A was 1. The experimental efficiencies were compared with the efficiencies
calculated using the lumped parameter solar cell equivalent circuit of eqn,
(8). The effective series resistance R, calculated as described above, was 3.57
mé&2. As a result, at air mass 1.2 concentration levels of 043, 2281, 3421 and
4561 suns the measured efficiencies were 19.0%, 16.5%, 12.8% and 10.9%
respectively and the calculated values, 20.2%, 16.6%, 13.6% and 11.0%
respectively, are in good agreement with these measured values. Thus this
method of solar cell efficiency calculation can be used for solar cells with
various circular grid configurations including concentric collectors and radial
metal fingers. The -V characteristic parameters corresponding to high con-
centration levels were obtained with the help of a xenon flash lamp. The
measured values of open-ircuit voltage (corresponding to the respective
values of -sunlight concentration levels mentioned above) were 1.15 V,
1165 V, 117 V and 1.17 V and the fill factors were 0.86, 0.74, 0.57 and
0.49. The deviation from the measured efficiencies is due primarily to
the assumption of one resistance value in the lumped parameter model. In
general, an even better fit is possible if the lumped and distributed resis-
tances are taken separately as two effective values in a distributed parameter
equivalent circuit as developed in ref. 12.

The numerical data used for the calculations appear in Table 1. The
incident power Py at 1 sun is calculated utilizing the data in ref. 13. Using
the notation of ref. 13, the calculations are performed under S conditions (a
clear cool (15 °C) summer day with air mass 1.2) and only the DF sunlight
component (the direct component plus the Mie component (due to the
scattering of sunlight at aerosols)) is taken into account, because it is the
only component that is relevant under concentrated sunlight. The photo-
generated current density Jy, is integrated by matching the DF-8 spectral dis-
tribution with the calculated spectral response of an Al Ga,_,As-GaAs cell
with an ultrathin (hundreds of Angstroms thick) window. The spectral
response is found to be approximately a rectangie of 0.9 collection efficiency
in the 300 - 850 nm range.

The 1073 © em p-GaAs specific resistivity is achieved with the help of
vapour phase zinc diffusion through the Al Ga,; ,As layer [9] which allows
for the very low sheet resistance without curtailing the spectral response.
This result can be explained by the existence of the built-in electric fields
which appear as the result of the hole concentration gradient in the
p-GaAs layer after zinc diffusion; the hole concentration p changes from
10*® ¢m™ near the heterojunction to 5 X 10'7 em™2 at the p—n junction.
These electric fields considerably increase the effective diffusion length

‘values of minority carriers in the p-GaAs layer in comparison with the case in

which the p-GaAs layer has the same maximum hole concentration but no
concentration gradient.

0elL
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4. Results and discussion

Four efficient contact grid designs are generated for work at different
concentration (current injection) levels. They are the minimum power loss
contact grid designs for insolations of 66, 330, 662 and 3310 suns. Their
specifications appear in Table 2. In Fig. 2 the cell efficiency 7 is calculated as
a function of the concentration level K. It can be seen that each design is
advantageous in a specific concentration range and that there is a trade-off
between the maximum efficiency and the decay in the efficiency as the
amount of shading increases and as the effective resistance decreases for high
K designs (see Table 2). To assess the efficiency loss related to the contact
grid, the ideal cell efficiency (which neglects the ohmic and shading losses) is
plotted.

TABLE 2

Contact grids designed for high conversion efficiencies

Device Number of Number of fingers per ring Effective series Shading loss
collectors resistance {m&2) (%)

1 2 18, 52, 93 19.3 3

1I 3 25,71, 126,193 8.3 5.4

111 4 26, 72, 126,191, 271 5.9 7.2

v 3 41,119, 207, 311, 439,594 3 13.8

L%}
=

EFFICIENEY (%)
&

LELL

100 300 500 700 940
CONCENTRATION  RATID

Fig. 2. Cell efficiency % vs. concentration ratio K for the grid designs shown in Table 2.
The loss-less cell efficiency is also shown. The vertical broken lines indicate the intervals
in which a specific grid design is advantageous.
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The component power losses are plotted as a function of K for device
IIT in Fig. 3. The linear rise in power loss (Fig. 3, curve PKT) results in a non-
linear decay in cell efficiency due to the change in current at the point of
maximum power output. As expected, the power loss due to current flow
through the cell metallization is the main source of Joule dissipation for any
K, although contact loss is also important. As can be seen, no simple rela-
tions can be established between the ohmic component losses and the shad-
ing to serve as guidelines in grid design as has been possible for low injection
devices [10].

As can be noted from Fig. 4 (device 11I; £ = 662), the power loss within
the outer portion of the cell (ring 5) is of greatest importance. This is true
because all the current is drained towards the outer collector. A better
balance between the ohmic losses in the different rings might give a more
efficient grid design as it should reduce the cell series resistance without a
great increase in shading. This could be achieved if thicker fingers were
inserted between the outer metal collectors.

An evaluation of the importance of the number of collectors in cell
performance is shown in Fig. 5. Devices with minimum power loss were
designed for work at K = 662 with different numbers of inner collectors

]
ie 3
5r oPKT
1a 0 g
Koy v ,
3 > s 4r y
e o8 = ,
w 0 w )
- g = st ,
& § a8 & // //D psH
2 s P P
: g 2 2 s 4 o PR
4 — PK oy & 2 . . //
e /’ o
ZPKE F- A o PKM
¢ 28 { //}’// - -
- o _
—p Cf:: /g'__’_ —'j_ —-/0" c PKE
TR S =Pt T g —Qm = 9 PKS
fe hop  &op B0 f80p i 2 3 i :

CONCENTRATION  RATIR {K)

Fig. 3. Power loss (left scale) and cell efficiency (right scale) for device III: curve PKS, the
Joule loss due to current flow through the semiconductor; curve PKC, the Joule loss due
to the metal-semiconductor interface; curve PKM, the Joule loss through the metal grid;
curve P{) (equal to curve PKS plus curve PKC plus curve PKM), the total ohmic loss;
curve PSH, the shading loss; curve PKT (equal to curve PSH plus curve P£2), the total loss;
curve 77, cell efficiency.

Fig. 4. Component Joule and shading losses for the rings between adjacent collectors in
device IIT at K = 662. The meanings of the curve labelling are as in Fig. 3.
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Fig. 5. Power loss (left scale) and celi conversion efficiency (right scale) for grid designs
with different numbers of annular collectors at K = 662, The meanings of the curve
labelling are as in Fig. 3.

o

Fig. 6. Power loss for the outermost ring of a type III device at K = 662. The meanings of
the curve labelling are as in Fig. 3.

(from O to 10). An increase in the number of collectors saturates the ohmic
losses at the expense of excessive shading; hence a minimum total power loss
is observed for four inner collectors (device III). Correspondingly, the max-
imum cell efficiency is also attained in such a design because it allows for
both minimum shading and series resistance. Nevertheless, the efficiency
maximum is quite broad. Increasing the number of collectors from four to
ten reduces the cell efficiency by only 0.52% while, from the point of view
of cell fabrication and performance, designs with a larger number of thick
metal collectors and a smaller number of thin metal fingers may be desirable.

A similar analysis is true for the number of fingers between the metal
collectors. In Fig. 6 the number of fingers in the outermost ring of device
I changes from 150 to 600 and the component power losses are calculated
at K = 662. As above, an increase in the metallization tends to saturate the
ohmic losses at the expense of increased shading. Thus, the minimum total
power loss occurs when the number of fingers is about 271 as in device 111.
This minimum is also guite wide. A reduction in the number of fingers from
271 to 200 causes an increase in the total power loss of only 0.2%, and such
a reduction might be technologically advisable.

The influence of the cell radius on the cell efficiency can be seen in
Fig. 7 for a concentration level of 813 suns. The efficiencies related to
designs are shown with maximum efficiency at K = 813 and in all cases the
grids are optimized for a minimum loss at K = 3310. An increase in the cell
radius slowly reduces the efficiency in the 0.5 -1 cm region, while the total
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Fig. 7. Cell conversion efficiency (left scale) and cell power outpul (right scale) as a func-
tion of radius for grid designs with 2 maximum efficiency at K = 813.

power that the cell delivers rises quite steeply. The choice of optimum cell
radius depends mostly on the design of the concentrator system. If a fixed
temperature is achieved through external cooling, then the limiting factor in
increasing the cell radius might be the concentrator optics. In contrast, for
completely autonomous concentrator systems [4] an increased cell radius
might be limited by heat sinking.

5. Conclusions

The power loss in the front metal contact grid of a concentrator solar
cell leads fo a substantial reduction in the cell efficiency. For a type IV
device {Fig. 2) the gridrelated losses amount to an 8.32% reduction in cell
efficiency compared with those for a similar ideal loss-less cell at K = 1000.

For any given range of concentration values an advantageous grid design
may be found. As a rule, the higher the cell conversion efficiency value, the
more it decays with a change in K.

In contact grids of the kind discussed in this paper, the main chmic
power loss is related to the current flow through the radial metal fingers.
However, most of the power loss (both ochmic and shading) takes place in the
outermost region of the cell.

The number of collectors is an important parameter in grid design. For
certain designs (e.g. type III at KX = 662) an increase in the number of
collectors beyond four hardly changes the efficiency whereas, in contrast,
cells with an increased number of rings might be technologically advisable
because one thick contact is more reliable than many thin contacts. In
certain circumstances the number of thin metal fingers within a cell ring may
be greatly reduced without much increase in the total power loss.

At 813 suns the cell efficiency is not a very sensitive function of the
cell radius, but the cell output power is. An increase in the cell radius in real
concentrator systems might be limited by thermal sinking or optics to a
much greater extent than by cell power dissipation on the contact grid.
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Appendix A

A.1. Derivation of eqn. (1)
In order to derive egn. (1) let us assume that the current flowing

towards the metal finger located between collectors p and p — 1 is collected
from two A-type (Fig. Al, shaded region) portions of a solar cell.

As can be seen from Fig. Al, the current collected from the strip with
a coordinate r, a width dr and an angle ¢ can be found to be

I}
Iip,r) = f KJy, dQ (A1)
0
where
A2 =dp (r +dr)> —degr?
~ 9r dg dr (A2)

Substituting eqn. {A2) into eqn. (Al) gives

Iy, r) = 2KJ rodr (A3)
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Fig. Al. Grid design element considered in the calculations.

The power drop due to current flow through this strip can be found to be

g rdg
dPr = [ Iy rps ——
s Of o r)os

_4KY 0% dr
3h,

(Ad)

It is evident that the power loss in the A-type part of the solar cell is given
by '

{p/m)R
PA= f dpA
Kp—1)/m]R

KZJL2p593R4 p4 — (p _— 1)4

= A5)
3h, - m* (A5)

and the power loss due to current flow through the semiconductor layer in

the portion (ring) of the solar cell located between collectors p and p — 1

normalized to the total power incident on the cell is given by
2N, PA

P, = {A6)

KP,mR?

As ) = 27/2N,,, eqn. (A6) can then be rewritten as eqn. (1).

A.2. Derivation of eqn. (2)
The normalized power loss due te current flow through the semi-
conductor-metal interface is given by

I’R,
KP,nR?
where [ is the collected current and R, is the contact resistance given by

c

(A7)




) be

(Ad)

s given

(A5)
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p—1

(A6)

semi-

(A7)
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= p(_‘,
h.Rim

R, (A8)
Considerations analogous to those used in the derivation of egn. (A3) give
an expression for the current collected from the A-type part of the solar cell
(Fig. Al) which flows at the semiconductor-metal interface in the region of
a radial finger:

(p/m)}R

In= f 2KJ Or dr
[(p—-1)/m]R
2 —1 1
= KJL(?RZL-%HZ—) (A9)

Then for the N, radial fingers in the ring located between the collectors p
and p — 1 the normalized contact resistance power loss is
N,(214)°R
. = p( A) 5 c . (AlO)
KPR

The substitution of egns. (A8) and (A9) into eqn. (A10) gives eqn. {2).

A.8. Derivation of eqn. (8)

In the derivation of eqn. (3) let us consider that the Joule loss Pp,; due
to current flow along a radial finger in the ring located between p and p —1
collectors is

Poi=Fit Py , (A11)

where P, is the Joule loss due to the current J; flow along a finger collected
from the inner (relative to the ring under consideration) part of the solar cell
and P,, is the Joule loss due to the current I, flow along a finger collected
from the two adjacent A-type parts (Fig. Al) of the solar cell. It is evident
that the normalized P; is

Ii2 m
- 2 (A12)
KPR
where
KJyr{R(p —1)/m}*
j, = KIur(Re —1)jm} (A13)
NP
and the metal finger resistance
R =p, m ’ (Al4
m = Pm - )
Substituting eqns. {A13) and (Al4) into eqn. (A12) gives
KJ 2 zR%*n(p —1)*
= L Pmip ) (A15)

PoN Rt mm®
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To obtain an expression for Py let us use the same approach as in the
derivation of eqn. (A3). Thus an expression for the current collected from
two A-type parts of the solar cell (Fig. Al) as a function of r ¢can be written
as

r

Latry=2f 2KJ . 0r dr
o - 1}/m]R
p—1j°
=2KJLB;F-—(——~v) sz (A16)
m
Then the normalized losses due to Iy.(r) flow are
P B 1 (D/m}R {I (r)}2 pm dr
2A T 2 2A
KPymR® 4 1ypmin Pt
_ KR 1 PP -1 20— 10 —(p 1) |
AntmPoN,® m?® 5 3
+(p— 1)4] (ALT}

Then for the N, fingers the Joule loss due to current flow along the metal
fingers in the ring located between p and p — 1 collectors is
Pn =N,P,; (A18)

and substituting eqns. (A15) and {A17) into egn. {Al1) and then egn. (Al11)
into eqn. (A18) we obtain eqn. (3).

A.4. Derivation of egn. (4)
The normalized power loss within the cell due to the area shaded by
the N, fingers between collectors p and p — 1 is

Ssh Pri
Py = — (A19)
Sr'mg KP(]TTR .
where the surface of the area shaded by the N, fingers is given by
hoR
Sgp =N, — (A20)
m
the surface of the ring is given by
TR?
Sring = 7{132_@_1)2} (A21)
and the incident power on the ring is given by
TR* 2 s
Prim;:KPo-*m—z{P = —1)%} (A22)

Substituting eqns. (A20) - (A22) into egn. (A19) we obtain eqn. (4).
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