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Figure S1. Specific Power and Non-linearity of solar cells under various conditions.

26
O
24
o i
ﬁ22 Tt Y
&y
£20 =
(3]
; 18 N\ 9 é
£ 8 1
=16 g \*
2 fol
=14 L] =
[o]
o 42 ] Encapduiatea \
é Power Dutput at t=0 (STC Temperature) ‘\ B
S qp ] W HT O
[0 1BC
& g ] @ FERC b
—— Qalculated by P o[ (T-R_JTor HIT LI
o — Galculated by P | (1-R.¢) IBC
— Qalculated by Pere)2(1-R.5) PERC M
4 Open: Non-linearity to Cosine Law [ ]
1.0 0.8 06 04 0.2
COS(AOl)

04

03

02

0.1

00

-01

-0.2

-03

04

Non-Linearity



Effect of Parameters : LTSpice Calculation and Their Affects  (Reference parameter: &, = 100k, R, = 0.50, /o, = 20n4,N; = 2)

Near 1 Sun Condition 1/40 Sun Condition
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Figure S2. The effect of shunt resistance, series resistance, Joz and N2 on the shape of current density —

voltage curves in two-diode model. (left 4 graphs) The case of 1sun illumination and (right 4 graphs)
1/40 sun illumination.
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(b) HJT Solar Cells
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Figure S3. The fitting results of (a) IBC and (HJT) solar cells with two-diode model with measure
current density and devices parameters those extracted from vertical incident light condition.
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Figure S5. The calculated reflectance of solar cells using analytical and OPAL2 ray tracing method.*
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The Analytical Method Procedure for Reflectivity of Solar Cells

Step 1. Optical Reflectivity of Smooth Solar Cell Surface

+ The current density depends on the light intensity and generation rate. Therefore, AOl induced optical changes including reflectivity and light travel path can induced non-linearity from

cosine of AOI. Simple example is Fresnel Effect by AOI in flat surface, that makes reflectivity changes. Start from the consideration of Fresnel Effect by AOI in flat surface of solar cells.

to Snell’s law. (it is a sort of Fresnel Relation) Therefore, Actual calculation needs reflecting at each layer and incident angle at each layer.

High refractive index of Si results in high reflectivity. Therefore, the surface of Siis coated by SiO2/SiNx anti-reflective thin films inducing gradual increasing of refractive index in solar cell.

However, the effect of AOl is somewhat complex due to, AOl is only incident angle to first surface (i.e. SiO2) and the different layers makes different incident angles to next layer according
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Reflectivity at 2% layer € §, 22" layer < Reflectivity at 1% layer < 9, a1%layer (the calculation is done by utilizing matrix for 8, and Reflectivity of each layer)

Step 2. The Effect Surface Texture - Geometrical Consideration (Analytical Model)

The alkali etching of (001) Si induces etching with 54.7 degrees angle . (reference page)

For symmetric 2D array of ¢-Si surface (with SiO2/SiNx coating) can be used for modeling of surface textures.

More detail Results are in Progress in Photovoltaics: Research and Applications, 19 (2011) 406. However, it contains only vertical incident light. In addition, the their results for regular or

random shaped reverse or pyramid texture pattern shows little effect. However, their approaches and ideas were used for the calcula
of /path and f; is probability of that path.
If Si surface is textured with periodic 2D structures, the AOl and 1% reflection angle has following dependence. Reflection Angle by AOI in Texture

la-90°<@8<90-a:p=a — 6

200290 —a:ip=a — 0

0<8<90—a

3) ¢ Sign: if light incidents to the surface from upper

if opposite direction, it is negative(-]

W-a<b<a a<6<90

N.: Regear = L Rf; ; where Ry denotes the reflectance

direction of vertical line of surface and if light comes from

lower direction of vertical line of surface, it is positive (+) and



Step 3. Probability of Recapture on Textured Surface Multiple Reflection

Multiple Reflection

* @41 = @ + 2a — 180° where @, is next reflection to g, if possible.

Probability of Rebound

If reflected light with ¢ at point pl from the bottom reaches end of opposite side, the p becomes the probability of rebound from opposite side when reflected angle is ¢ because, the light reflected

from closer to bottom than pl can reach opposite side.

(a+e))

-

sin a—cos a tal
and it looks like linear.

Simple geometry gives the relation: p =

sin a+cos a tal

Probability of i+1*" rebounding according to @;

©® =290 —a:1
@< —2a+90:0
—2a +90 < @; <90 —a: the probability is p. + The table of ¢, and probability to next reflection according to AOI. Max. 3 reflection is possible.
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Step 4. Calculation of Reflectivity from @; , p and Reflectivity Table step by step from first incident, 1°! reflection, and so on.

Calculation
« Reflectivity Table: it is calculated table shows reflectivity of SiO2/SiNx/Si flat surface according to wavelength and incident angle (g, )
+ For each reflection, due to the calculated ¢, for each step, the reflectivity can be obtained from the table.
* There are 3 reflections possible. Therefore total reflectivity for a AOI and wavelength can be obtained:
Raor = Rusora (1 = P2aora) + Pzaori{RusoriRz2.4000 (L = Paaora) + RusoriRosoriRas0riPa.s0ra}

Reflectivity Table for Si02/SiNx/Si Calculated Table for ¢, ,

Calculated R for 1+ reflection Calculated R for 3 reflection

Calculated R for 2™ reflection

Caleulated Ry,



Step 5. What Happens to Transmitted Photoninto Si: Absorbed or reflected again.

The entered light to texture can be escaped by reflection from the bottom

The absorption by travel path t, = L and Beer-Lambert Law ,L = P,; = exp(—yt,) where y is absorption coefficient
si -

=
n(T-a+p)
of Si wafer according to the wavelength.
The additional reflection is (1 — RyP)Ry Poy + RyPi(1— RyP3)P,oRys + Ry PiRyPy(1— R3P3)PozRya

The Recapture of Escaped photon is not considered and it makes relatively overestimate the reflectivity

escape

Analytical Calculation (2D) Reflectivity
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The Calculation Details for Source Rotation Case and Cell Rotation Case.

Case 1. The Diffused Light. How to Treat?

Diffused light

Relativelight intensity

from @ direction =T, gigguseq (6,4)

-4
Measuring point
Solar cell
Ground
Gaussian Distribution
0.012 +eag
Nerfral PYF Beded
—r =36
0.010 =
—ta=fsr
— sourpe 80f o=80°
% 0.008
2
2
£
o 0.008
S
E \
3 L
o 0.004
0.002 [
b1 [==]
0.000
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Angleto Ground Vertical (Degrees)

How to obtain angular distribution of ‘Diffused Light'?

where s the

The light distribution in diffused light by single seurce is assumed as Gaussian distribution type, expressed as fngsyusea (1) = ook

angular direction of diffused light source and o is the parameter to represent dispersity.

To satisfy the definition of angular distribution, fj'jfwl iffussadBdipdgp = 1. For the simplified an

[
o
il
=
I

exp(—

dimension), [ I, gis pusea (6. )48 = 1 Therefore, the distribution function is given I gz usea (8.4) =

S
FANTe@)

1 (7%) a8, Fthere are multiple light dIFUSING SOUTCES, Tpaippusea(8.2) = ZiM () lnasgsusea (8. A) and 1y is the fraction of each source so that

86 )
20 (8)]

iy Fio,

(=

Then, totalcurrent can be expressed 25 jor = (1= F(8))o ;. cos 6, EQE (6, s (Md2 + f()Lo [y . %,

)EQE(B,J)J“;,(J):N da.

The problem is the diffused light distribution and its fraction are dependent on the AOI and surroundings. We need proper assumption for that.

- The Current density at the AOI of 90°  (experimentally measured) can gives some issues.

awese,) |
i

— 1}~ Joz [exp [""””“' -1}- “i“‘_“ by SUBSERUTION O ] gcq; 0T [y - (two diode model)

The IV curve under AOI can be derived from ] = [, — Jo [exp[ e B

- This analysis can be applied indoor PV directly if we set the diffused light fraction as unity. Then the Gaussian distribution to angled light source can be treated. However, in

this case some more detail treatment should be followed for more precise model. From this simple format.

Calculation protecol
@ Obtain EQE(6, 4), I(A) (matrixform, I(4) as photon concentration. Raw valus or normalized
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@ For actual calculation, EQE(8,4) is obtained from the calculated condition of Ran.& MC ray condition. The IQE is obtained at the AOI=0 by

EQE(0.4)
s (1-R(0,4))

EQE(6,4) , then, can be obtained by IQE (8,4),= IQE(0,)(1— R(6,4)) P
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@ Variables & visualization

Case 2. Rotating Cell Angle, Fixed Light Source(EQE: MCray based Calculated, Spectrum: 1sun)

The Measurement Condition.
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In this case the A0l is function of cell rotation angle 8; = 8 — @ . Therefore the relative incident angle to cell is changed by rotation angle and it gives two effects on diffused light effect.
First Effect: the integration rangs changes —90° < f; < 90°. Therefore, according to 6; = 8 — &, the rotation angle gives different integral range by roatation angle.

Second Effect: The incident angle to the cell changes. It gives modification of proper EQE value corresponding to incident angle to call,

L
_exp(f%) EQE(6 — a, )1, ,,(4)d6 dJ that is function of rotation angle.
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This condition is actually measurement condition. Consider the difference to other cases/.

How to Treat Power current density at AOT =
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Case 3. Fixed Cell Angle, Rotating Light Source(EQE: MCray based Calculated, Spectrum: 1sun)

Actual Application

Then, total current can be expressed as jygrq; = (1 — FIp fow cos8; EQE(6;, M Lo(AdA+ fIy fuw J':TZI- 7K exp(f (6
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There could be numerous situations. However, we try to categorize into three cases.

Case 1) Constant Fraction: The diffused light independent on AOI (angle of source) That exists as background or noize. However, exists.

Case 2) Reflection by Fixed Object: The AOI of light source makes different reflection from fixed surface. The
situation depicted, the AQI of reflected light by fixed surface §when AQI = 0 is given by%— 2p and itis only
function of fixed surface angle.

If light source is moving to AOI=8, the same surface induced AOI to the ground G tog —2p—8.

Therefore, the total distribution is shifted by AQI (i.e. ) so that lhe%exp(fttﬁ')z) term is moved changed
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At the same time, when the reference ground has inclined angle of , the angle for EQE changed so that the diffused

light form should be changed into fI; [” j_”nz,-j%f;l exp(f“"“;%‘?‘“"j) EQE(8; +n, D1, (1) d8 dA.
Case 3) Reflection by Scattering: The particles and molecules in the atmosphere induce Mie scattering and
Rayleigh Scattering. Actually these scattering effects induced light distribution into space dependent on the
AOL

The Rayleigh scattering induced forward and backward light distribution with lateral portion. However, we must
consider that the scattered light may scattered again (or several times) by near particle and molecules.
Therefore, some portion is dispersed in the atmosphere as constant form (considered as Case 1).

Even in this case, the AOl has some effects on the diffused light distribution by more light from light source

direction. This can be expressed as a additional diffused light distribution centered at the AQ, i.e.
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