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Investigation on the Angle and Spectral Dependence
of the Internal and the External Quantum Efficiency
of Crystalline Silicon Solar Cells and Modules

Nils Reiners

Abstract—To improve energy yield predictions and to fully un-
derstand the physical behavior of solar cells, it is necessary to
investigate the effects caused by a change in the angle of incidence.
All relevant angle-dependent effects are presented in this paper
and angular correction factors are introduced. A new analytical
model is presented, which includes internal reflection, free carrier
absorption, and other parasitic absorption processes. The angular
effects were exemplarily studied for the case of a very simple planar
solar cell sample and a standard module sample. With an effective
angle approach, the variation of the internal quantum efficiency in
the standard solar module could be emulated and the results were
verified with the help of a ray tracing tool developed for this pur-
pose. The influence of the different angular factors on the current
density of a standard module at an incidence angle of 70° is finally
presented.

Index Terms—Angle of incidence (AOI), free carrier absorption
(FCA), oblique light, quantum efficiency, spectral response.

1. INTRODUCTION

OR the characterization of solar cells and modules in prac-
F tice, the so-called standard test conditions (STC) are em-
ployed [1]. However, to calculate the energy yield of a mounted
module, the incident angle needs to be taken into account be-
cause of the permanently changing position of the sun relative
to the normal of the modules surface. For this purpose, the com-
mon approach is to employ an incidence angle modifier [2]—[4]
to correct the current under STC to any other AOI. But recently,
two papers emphasized the fact that angle dependence of the ex-
ternal quantum efficiency (EQE), and thus, the IAM can vary
significantly depending on the wavelength of the incident light
[5], [6]. While both contributions primarily concentrate on the
measurement of the effect for different cell and module tech-
nologies, a systematic analysis of the underlying physical effects
is still not available. Therefore, this paper presents an overview
of the most relevant angular effects and gives a detailed analysis
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TABLE 1
EFFECTS DUE TO THE CHANGE OF THE INCIDENCE ANGLE

Effect 1 Geometrical cosine loss

Effect 2 Changing reflectance at the intersection of two
media

Effect 3 Changing external light trapping of pyramidal
structures

Effect 4 Changing internal light trapping inside one
layer

Effect 5 Changing parasitic absorption

Effect 6 Changing generation profile inside the cell

of these, using an analytical model as well as a ray tracing tool.
Thereby a strong emphasis is put on the angle dependence of
the internal quantum efficiency (IQE). As the generation profile
inside the solar cell changes with the variation of the angle of
incidence (AOI), the IQE is also influenced. Even though most
researchers are aware of this effect, no systematic investigation
on its extent has been presented so far.

II. ANGLE DEPENDENCE OF THE SOLAR CELL AND
MODULE PERFORMANCE

When the AOI of the solar radiation deviates from the nor-
mal, different mechanisms change the performance of the cell
or module. The most important of these effects are listed
in Table I.

Due to the geometrical cosine effect, the incoming light
is spread over a larger area, so that the irradiance decreases
by a factor of cos(f;), where 0; is the incidence angle be-
tween the normal of the cell or module and the incoming light.
The cosine loss is a very pronounced effect, as can be seen by the
fact that the irradiance is reduced by half at an incidence angle
of 60°. Only by changing the orientation of the module relative
to the sun (tracking) or by adding additional components such
as mirrors can the cosine loss be reduced.

The second effect is the change of reflectance at the boundary
of two materials. If an antireflective (AR) coating is applied on
the top of the adjacent medium, the variation of the incidence
angle not only influences the overall amplitude of the reflec-
tion, but its specific spectral performance might also be strongly
affected [7]. For the calculation of the reflectance R, the absorp-
tance A, and the transmittance 7" of a thin layer interface, the
transfer matrix approach is used, as described in [8].
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Effect 3 describes the fact that photons that are incident on
a textured surface will in most cases intersect with the texture
more than once. The number of intersections between the faces
of the applied structures generally depends on the geometry
of the textures and on the AOI. The process, which involves
multiple intersections in a texture, is referred to as external light
trapping here.

In contrast, effect 4 involves internal light trapping, which de-
scribes the trajectory of photons through the whole cell before
they either escape or are absorbed. Here, a distinction needs to be
made between the light trapping inside electrically inactive lay-
ers, such as the glass cover and the active semiconductor layer.
While for the case of the inactive layers, light trapping is only
preferred if the photons are subsequently led to the semiconduc-
tor layer, for the active layer, a high light trapping performance
is explicitly desired because it increases the probability of long
wavelength photons being absorbed in the semiconductor. This
effect can be described with the help of the path length enhance-
ment factor Z. Recently, McIntosh ef al. described the variation
of Z inside an isotextured multicrystalline silicon solar cell as
a function of wavelength and AOI [9].

Effect 5: Parasitic absorption Ap, refers to any mechanism in
which an absorbed photon does not lead to the generation of an
electron—hole pair [10]. It is composed of the absorption in all
inactive module layers A;, the absorption in the contact fingers
and bus bars A,,q, the free carrier absorption (FCA) Apca, and
the absorption in the AR coatings Axr

APa = Al + Agrid + AFCA + AAR- (D

For the case of a solar cell without encapsulation, the variable
A; changes to Ay, as the back contact is the only layer that
causes parasitic absorption.

The electrical process described by effect 6 is due to the
changing trajectory of the photons through the semiconductor
with varying AOI. The path variation of the photons is translated
into a modification of the generation profile. As the IQE is a
function of the generation profile, it will also be influenced by
the variation of the incidence angle.

III. METHODOLOGY

At first, a spectral and angular correction parameter
frqu(6;,A) that contains all the physical effects to convert
the EQE at one angle to its value at perpendicular incidence
(EQEy) is introduced

EQE (0;) = frqr (0;) - EQE. 2

Regarding the determination of the IQE from an EQFE mea-
surement of a solar module or cell, the most common approach
is[11]

EQE EQE EQE
I Emcas = I E* = = =
Q Q (1 - Rmeas) Atot ASC + APa

3)
where R, ..s 1s the hemispherical reflectance generally mea-

sured with the help of an integrating sphere and Ag. is the
absorptance inside the semiconductor. The variable IQE* was
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introduced to clearly distinguish between the measurement and
the corresponding simulation. It is important to note that this
equation only holds if no transmittance through the module oc-
curs. Furthermore, this definition is not equal to the general
idea that the IQE describes the share of generated charge car-
riers inside the semiconductor that contribute to the accessible
short-circuit current density Jy.

EQE  EQE

ASC Atot - APa '
Rewriting (2) and introducing the angular IQE fac-

tor fiqr(6;,A) and the angular parasitic absorption factor

fra(b;,A) allow separating the electrical and the optical change
caused by the deviation of the incidence angle from the normal

EQE (6;) = fiqe - 1QEo - (I = fr.tot - Riot,0 — fPa - Apayo)

IQE* # IQE = 4)

(5)

fiqe (6;) = IQISSL) (6)
fRotot (0:) = }m (7
INOEE ®

The angular correction factors defined above can either
be used for a correction procedure, which is presented in
Section VII, or if unity is subtracted, it defines the relative
change of the corresponding factor compared to the perpendic-
ular case.

For the analysis of the different effects, two different sam-
ples were investigated. The first one is a monocrystalline silicon
(mono-c-Si) solar cell with a planar damage etched front sur-
face and an aluminum back surface field. This very simple cell
type was chosen to reduce the parameters that need to be taken
into account and thus be able to effectively separate the angular
effects under investigation. The second sample, which was sim-
ulated and measured, is a solar module that contains a standard
mono-c-Si solar cell onto which a standard texture (KOH etch-
ing) is applied. The cell exhibits comparable electrical properties
as the planar solar cell, except for the front surface. The sample
is referred to as “standard solar module” even though the front
side encapsulation is chosen to be a 100 yzm polyvinylidene flu-
oride polymeric film (PVDF) polymeric film produced for solar
applications. This choice was made to reduce systematic errors
that occur when a thick glass layer is applied to the one cell
module sample. The refractive index values that were applied
for the simulation of the PVDF and the ethylene-vinyl-acetate
(EVA) layer where chosen to be equal to the one of low-iron
starphire glass [12] as no specific material data were available.

IV. ANGLE DEPENDENCE OF THE REFLECTANCE AND THE
PARASITIC ABSORPTION

To determine the factors fg tor and fp, for a simple untex-
tured solar cell, an optical model is needed that is capable of
describing R, A, and T for different incident angles including
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the contact grid and an AR coating on the front side and the
contact layer on the backside of the cell. A widely used analyti-
cal model is the one introduced by Basore [13], which was later
extended by Brendel et al. [14]. The model is generally used on
the basis of some basic assumptions. First, the first forward and
backward passes are assumed to be specular. Second, two dif-
ferent transmission angles are set for the forward and backward
pass as aresult of a fitting procedure. Third, the light is supposed
to be completely diffuse for all of the following transmissions.
Fourth, one lumped parameter is assumed for the backside re-
flectance inside the wafer. As these assumptions obscure the
real physical behavior of the solar cell and since no reasonable
way to introduce the variation of the AOI was found, we de-
veloped a new optical model that meets these limitations by the
total separation of the direct and the diffuse paths of the light
through the wafer. Furthermore, the contact grid and FCA were
integrated into the model as additional elements. The propaga-
tion of the specular light was derived using a geometrical series
simplification of the form [15]

00
E ak =
k=0

The transmission angle 6, inside the solar cell and thereby the
absorption is constant for the forward and backward specular
light path at a certain AOL

In contrast, the diffuse share of the light needs to be described
with the help of a double sum series, which is given by the
general equation

ookn’ 1
D > b= b — 1)(ab — 1)

k=0n=0

1
T—a (€))

(10)

This representation is needed because the light can be specular
for many interactions with the surfaces (inner sum) and suddenly
be transformed into diffuse light. As soon as it is diffuse, it
stays diffuse until it is either absorbed or it leaves the solar cell
(outer sum).

Exemplarily, we show the equation for the overall reflectance
R0t where the variables used are depicted in Fig. 1. All of
the variables and equations derived for the optical model are
presented in Table III in the Appendix

Riot = Rpe + Resc.dir + Resc,diff
Tte (1 — hf) (1 — h[,) TszTf
1= (1—hy)(1—hy) T2R, Ry
Tie(ht T35 Rya + ho(1 — b)) Taig TRy T.a
(ThgRoaRya —1) (1 —=hy) (1 = hy) TRy Ry — 1)
(11)

= Re. +

The four parameters Iy 4, Ry 4, hy, and hy have been newly
introduced as compared to the traditional models. The first two
of these represent the reflectivity of the diffuse radiation when
it hits the front or rear side, while the remaining two are the
haze factors that indicate how much of the specular light is
transferred into diffuse radiation when it intersects with the

Hl3e

FCA

Fig. 1. Illustration of the parameters used for the optical and electrical simu-
lation of an untextured silicon solar cell.

corresponding surface. It is important to note that these variables
represent real physical quantities, which in principle can be
measured. However, as the light, which is diffusely reflected,
is not purely Lambertian, the diffuse reflection parameters R; 4
and Ry 4 are modified to increase slightly with the AOI Per
degree angle variation, a value of AOI/90° - 0.4% is added to
the perpendicular value.

To account for the change in the incidence angle, the absorp-
tion coefficients are divided by the cosine of the corresponding
angle, which leads to an effective absorption coefficient «’. This
also holds true for the FCA. For the diffuse share of light, total
Lambertian scattering is assumed, for which the representative
angle can be shown to be 60° leading to o = a/cos(60°) = 2«
[16].

The FCA was modeled using the parametrization proposed
in [17], where the FCA for the n-region is given by

QFCA,n = 1.68 - 10*6 -Np - )\'2.88 (12)
and for the p-region by
apca,py = 1.8+ 1072 . Ny 18 (13)

where Np and N4 are the donor and acceptor densities. For
the FCA inside the space charge region (SCR), the absorption
coefficient ap o, Was determined with an assumed carrier den-
sity of Np scr = (VD emitter + 1) /2, Where n; is the intrinsic
carrier concentration.

The contact grid was implemented using the approach in [18]
extended by the coverage of the bus bars. The respective shares
of the cell, the fingers, and the bus bars are given by M., Mj,
and Mbb .

An untextured mono-c-Si solar cell was simulated and mea-
sured for the evaluation of the model. Its cell properties are listed
in Table II.

The coating consists of a 86-nm-thick silicon nitride (SiN,)
AR layer and the base diffusion length was set to 200 pzm as this
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TABLE II

CELL CHARACTERISTICS (L IS THE DIFFUSION LENGTH, S IS THE SURFACE
RECOMBINATION VELOCITY, W IS THE TOTAL WIDTH OF THE CELL, AND

My, / Mg / M, 1S THE SHARE OF THE BUS BAR, THE FINGER,

AND THE SOLAR CELL)

IEEE JOURNAL OF PHOTOVOLTAICS

(@] Rmeas(ﬁ") — Rl“l(8°) (fit) |
O R ne(@0°)  mm wm == R (20%) (fit)
O aneas(“ou) T le(40°) (fit) |
O R.,.(60°) == == = R (60°) (fit)
O Rmeas(7ou) - - - le(70°) (fit)

Description Units
Cell area: cm? 150
Jse: mA/cm? 33.65
V. % 0.6
FF: % 68.37
Le/Ly: pm 12/200
S¢/Sy: cm/s 1e4/800
w: um 200
W,: um 0.3
Np/ Ny: 1/em? lel7/1e20
My,/Myi/M, % 0/7.73/92.27
hy /by 0.6/0.1
Rya/Rra 0.81/0.97
Material: SiNx, Si, AlSi, Ag [20]
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Fig. 2. Share of the absorption and reflection processes of an untextured

mono-c-Si cell at perpendicular incidence.

is the approximated value found with the help of the measured
IQE by the method described by Spiegel ef al. [19].

The share of the effects for the simulated untextured
mono-c-Si cell at perpendicular incidence is shown in
Fig. 2.

In Fig. 3, the accuracy of the simulated reflection in com-
parison to the measurement values can be seen for the incident
angles of 8°, 40°, 60°, and 70°.

The measurement setup for the determination of the angular-
dependent reflection consists of a 500 mm diameter integrating
sphere with a rotational stage in its center. It was constructed af-
ter the principles in [21] and the detector is a silicon photodiode
limiting the accuracy for wavelengths <400 nm and >1100 nm.
It is important to note that the lowest AOI that is applicable is
8° from the normal. As R(8°) ~ R(0°), we will refer to this as
the perpendicular case. Both the measurements and the simula-
tion reveal a strong variation of the reflection curves when the
AOI is changed. In addition to this strong angular effect of the
reflectivity, the simulation gives the angular results for the par-

Reflection

600 700 800 900 1000 1100
Wavelength A [nm]

Fig.3. Comparison of the simulated and the measured reflection curves of an
untextured mono-c-Si solar cell.
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Fig. 4. Correction factor for the parasitic absorption in a planar mono-c-Si

cell sample (upper graph) and the corresponding influence on the current density
(lower graph).

asitic absorption. The corresponding correction factor fpy — 1
is plotted in the upper graph in Fig. 4.

Even though a strong relative change in the parasitic ab-
sorption can be observed for all investigated AOI, the absolute
change in the current related to the parasitic absorption is only
relevant for wavelengths > 900 nm: This is shown in the lower
graph in Fig. 4. The main contribution to this change is due to
the increasing backside reflection.

Concerning the optical simulation of textured solar cells, no
simple analytical model is available that includes the variation
of the AOL. To be capable of determining the angular correction
factors for complex module compounds, a modular unit cell
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40 — T T T T T T T V. DETERMINING THE ANGULAR DEPENDENCE OF THE IQE
— 30 F I Currents 8° A model of the electrical transport in the semiconductor is
NE [ Currents 70° . . .
5 needed to determine fiqg(6;,2). The one-dimensional gener-
E 2r | ation profile that results from the analytical model described
= w0l i above, which includes the internal reflection and parasitic ab-
sorption, is inserted into the continuity equation. Together with
0 the Poisson equation and the transport equations, these form

Si Back Enc. AR Grid REnc. RCell Resc
Corresponding process

T T T T T T T T

I A from 8° to 70°

o N &~ O
T
1

1 '
&~ N
L 1

AJ [mA/cm?]

Si Back Enc. AR Grid REnc. RCell Resc
Corresponding process

Fig. 5. Current densities of different absorption and reflection channels for
a standard module for the incidence angles of 8° and 70° (upper graph) and
the absolute difference in current density of the corresponding processes (lower
graph).

Monte Carlo ray tracing software was developed. In the soft-
ware, an arbitrary number of layers can be stacked above each
other. The bottom structure of every layer can be determined
and it simultaneously defines the top structure of the adjacent
layer. At present, upright pyramids and pyramidal grooves with
an arbitrary pyramid angle can be chosen. AR coatings can be
added at all layer intersections. For the reflection at a material
interface, the share of Lambertian scattering can be specified.
The generation profile created with the help of the ray tracing
software is stored as a function of the effective depth ¢ [22],
so that it can automatically be used with the scripted PC1D
semiconductor simulation software [23]. The ray tracer was ex-
tensively tested in comparison to the software Wafer Ray Tracer
offered by PV-Lighthouse [24].

To evaluate the effect on the optical performance of the stan-
dard solar module under investigation, the absolute changes in
current for the incidence angles of 8° and 70° were compared.
In the upper graph in Fig. 5, the absolute current densities of the
relevant absorption and reflection processes for the two AOT are
plotted neglecting the cosine effect. In the lower graph, the ab-
solute change in currents for the corresponding effects is shown.

A very high negative contribution of the reflection at the ex-
ternal encapsulation layer (R enc.) on the total current change
can be observed. Positive contributions are seen by the increase
of reflectivity on the cell surface and the escape reflection and
due to a reduction of the parasitic back surface absorption. The
parasitic absorption in the encapsulation layer, the AR coating,
and the grid seems to be negligible. But care needs to be taken
with the interpretation of these numbers because as fewer pho-
tons reach the locations of absorption due to the higher external
reflection, the current is reduced from the start. This effect is
compensated by a positive angular response of the correspond-
ing processes.

the three basic semiconductor equations. The one-dimensional
depletion approximation with a homogeneous emitter doping
was applied, and the same approach that Wen et al. used for the
base current determination was applied to both the emitter and
the base in our model [25]. All photons absorbed in the SCR
are assumed to be collected due to the high electric field. The
total current is then the sum of the current of the three regions
emitter, SCR, and base. In each region, two direct light compo-
nents and two diffuse light components contribute to the current
density.

Here, ps. is the share of absorption by the semiconductor
without the share of FCA (prca). The components (;3 can
be interpreted as the cumulative number of photons emitted
from either the top or the bottom surface. The indices a and ¢
indicate the emission of direct and diffuse light from the top
surface and the indices b and d indicate the direct and diffuse
light from the bottom. The transmission components 7" in the
equations represent the share of the cumulative photon flux that
reaches the dedicated region. The upper case plus and minus
symbols indicate the forward and backward direction and the
indices s and d stand for specular and diffuse light. The param-
eters Nrorward and npaci are the carrier collection efficiencies for
the forward and the backward light flux in the dedicated regions.
The corresponding equations are presented in Table IV in the
Appendix.

Je =Dsc " q- (d)a
+ ng : T(:s

' T:s + €Xp (_ (O/ + a/FCA,e) Ws) * Tlhack,e
- €xXp (7 (O/ + O/FCA,E) W(’) * Nforward,e
+ (ZBC : - €xXp (_2 (Oé + aFCA,e) We) * Thhack,e

+ (ng : Teid - €xXp (_2 (OZ + CVFCA.,e) We) : nforward,e>
(14)

Jser = Psc @ (ba - Tobyy - exp (— (&) + a'pea ser) Waer)
+ ¢y Tiers - €xP (= (@ +0k0a sor) Waer) +0c T
- exp (=2 (o + apca ser) Weer) + b - Tira
- exp (=2 (o + arca ser) Weer) ) (15)
Jy = Psc - q (q@a ~Tb+’s ~exp (— (& + a'ren ) W)
Mtorward.p + b - Ty -exp (= (& 4+ 'vean) Wy)
- Moackd + e - T, - exp (=2 (a+ arcap) W)
Morward,p + ¢a - Ty - exp (=2 (a + apca ) Wp)

Mhack.b) - (16)
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Fig. 6.  fiqr — 1 curves of the planar solar cell sample at four different AOL

Fig.7. Tllustration of how a tilted pathway creates an electron—hole pair closer
or further away from the SCR, compared to the perpendicular case.

The results for the angular correction factor fiqr — 1 of the
planar solar cell sample for the incidence angles of 20°, 40°,
50°, and 70° are shown in Fig. 6. A small global minimum
can be observed at a wavelength of 420 nm and a much larger
global maximum at about 960 nm. Analyzing the origin of the
global maximum, two electrical effects were determined that
are produced by the change in the AOL

Both are illustrated in Fig. 7. On the left-hand side an ex-
ample of how a photon with an oblique trajectory creates
an electron/hole pair in the base closer to the SCR than the
perpendicular counterpart is shown. At the same time, the charge
carrier separation appears further apart from the recombination
centers at the backside. Therefore, the charge carriers created
by the photons with this specific wavelength will have a higher
probability to be collected. This effect is reversed as soon as
the photon is reflected at the backside, as depicted in (b). In
principle, the same processes appear in the emitter but with the
opposite effect.

It is important to note that effect (b) in Fig. 7 is not the reason
why the factor fiqr — 1 is reduced to zero at long wavelengths.
This is rather due to the fact that the absorption length 1/«
is much larger than the thickness of the wafer; therefore, the
generation profile becomes spatially homogeneous [11], leading
to an independence from the AOL

IEEE JOURNAL OF PHOTOVOLTAICS
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[Az =7:(1—cos(6;))

Az =1 - (cos(8") — cos(8"))
(@) (b)

Fig. 8. Schematic representation of the effect that a texture has on the absorp-
tion depth reduction Az in a solar cell.

The effect of the AOI on the IQE is moderate in the planar
solar cell sample, but it can be demonstrated that the application
of a texture can have a huge impact on the fiqr value. The
reason for this is depicted schematically in Fig. 8.

The reduction of the absorption depth Az is much larger when
the light beam inside the wafer is refracted from the start in the
case of perpendicular incidence. To account for this effect, we
introduce an effective angle that is defined by

N
ecﬁ' :p1'91+p2'02+"':2pn '971

n=1

A7)

where p,, is the share of the light that passes through the wafer
at the transmission angle #,, and IV is the number of different
paths involved.

Using the ray tracing tool, f,¢ was determined for a standard
solar module and at a wavelength of 550 nm. The texture was
simulated as regular upright pyramids since the random con-
figuration is not yet implemented in the ray tracing tool. The
base angle of the pyramids is set to 54.74°. Only those paths
were evaluated that occurred directly after the light enters the
wafer. Therefore, no internal reflection inside the texture was
assumed. The resulting values for 6.4 at the AOI from 0° to 80°
are presented in Fig. 9.

Two different heuristic fitting functions were found to repro-
duce 6.4 as a function of the AOI. These are given by

b = a0+ 225 (1 —cos (ror - ) ()

AZ"H - (1 + erf ((9AOI —45%). %)) (19)
where 0.g  is the effective angle at perpendicular incidence,
which is 38.5° in the case of the standard module and Af.g is
the difference between the effective angles at 0° and 90°, which
is 9° in the case of the standard module.

These values can now be inserted into the analytical model
presented above. Setting the internal front-side reflectance to
zero assures that only one forward and one backward pass are
simulated. The electrical properties of the implemented mono-
c-Si solar cell are comparable to the ones of the planar sample

oeff = 9eﬁ,0 +
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Fig. 10.  Comparison of the factor fiqr — 1 of a standard solar module sim-

ulated with the help of the effective angle approach and a full ray tracing study
for the incidence angles of 40°, 60°, and 70°.

(see Table II). In Fig. 10, the results of this effective angle
approach are compared to a ray tracing simulation for the same
module type.

The results of the effective angle approach and of the full ray
tracing study are in a good agreement for the long wavelength
region. The global minimum, which can be observed at about
410 nm in the analytical results, is completely missing in the ray
tracing study. This is attributed to the fact that the emitter and
the SCR have the same geometric shape as the applied texture,
which was solely included into the ray tracing simulation in the
form of the effective depth (.

It can be seen that the global maximum of fiqp(70°) — 1 is
at 2% and is thus four times higher than in the case of the planar
solar cell. But the factor fiqp is not only a function of the AOI,
butitis also strongly dependent on the cell thickness W, the base

recombination velocity S, .

diffusion length L;, and the rear surface recombination velocity
S,.. The dependence of the global maximum of fiqg (70°) — 1
on the parameters L; and S, is presented in Fig. 11.

The maximum difference to the IQE at 70° compared to the
IQE at perpendicular incidence is larger than 3% for very low
diffusion lengths. Here, the influence of .S, is very low, while
the surface recombination velocity becomes the dominant factor
for high values of L;.

VI. MEASURING THE ANGLE DEPENDENCE OF THE IQE

In this section, the measurement procedure to determine the
angular factor fiqr meas — 1 is described and the results for
the planar mono-c-Si cell sample and the standard module are
presented and compared to the corresponding simulations of
fiqe- — 1.

The measurement of the IQE at different incident angles is
performed in two steps. First, the reflectance is measured with
the help of an integrating sphere as described above. Afterward,
the spectral response is determined with a measurement setup
that consists of a xenon short arc lamp, a filter monochromator
equipped with 40 filters, a rotational stage with bias light, and a
lock-in amplifier for the noise suppression of the current mea-
surements. The rotation axis of the sample is chosen parallel to
the bus bars, so that shadowing by the fingers is avoided.

First, the planar solar cell with the parameters given in Table II
was measured at different incident angles and the fiqE meas — 1
values were subsequently calculated. In Fig. 12, the measured
values of fiqr meas — 1 for the incident angles of 40°, 60°,
and 70° (lower graph) are compared to the simulated values of
Jiqe- — 1 (upper graph).

The measurement at 70° shows an increase for wavelength
values >600 nm, which is comparable to the simulated values.
However, the measurement at 60° shows a lower increase than
expected. Yet the local maximum at about 950 nm might be
caused by the changing IQE. The limited accuracy of the mea-
surement is most probably caused by systematic errors such as
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Fig. 12.  Simulated values of fiqg+ — 1 of a planar solar cell for 40°, 60°, and
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Fig.13.  Simulated values of fiqr — 1 of a standard solar module for 40°, 60°,
and 70° (upper graph) in comparison to the measured values (bottom graph).

the light field inhomogeneity, the growing spot size due to the
change in the AOI, and hence the influence of the spatial EQE
inhomogeneity and the imperfect flatness of the planar cell. The
reproducibility, in contrast, is in the range of <0.5% for both
measurements. The corresponding EQE curves for the planar
cell sample are presented in the Appendix.

Now the results for the standard solar module are pre-
sented. In Fig. 13, the measured values for fiqr-(40°)—
1, fiqe-(60°) — 1, and fiqr-(70°) — 1 are compared to the
values found with a conducted ray tracing simulation. For
the simulation 50000 rays/A were traced for wavelengths
<960 nm, while 100000 rays/A were chosen for longer wave-
lengths. The share of Lambertian scattering at the backside was
selected to be 40% and the rear-side material was chosen to be
eutectic AlSi [20].

Here, again the measured values do not exactly fit the simu-
lation, but for all measurements, an increase in the wavelength
range between 700 and 1000 nm can be observed, which is
comparable to the simulated values.

IEEE JOURNAL OF PHOTOVOLTAICS

TABLE III
SUMMARY OF FIVE DIFFERENT MODELS FOR THE CONVERSION OF THE
PERPENDICULAR EQE TO THE ANGLE OF INCIDENCE 6;

Equations

Model | EQE(6;,2) = EQE,(2)
Model 2 EQE(6;, 1) = EQE,(1) - (1 — Rp(8:))/(1 — Rpp)
Model 3 _ - Riot,0() * frieoe (0 1)

EQE(6;, 1) = EQEy(A) T Ruo()
Model 4 EQE(8;,1) = EQEy(2)

) 1- Rtot,o(l) 'fR,Lot(GL: - APa,D(A) 'fA,Pu(QnD

1 = Rioto(D) — Apao(D)

Model 5 EQE(8;, 1) = EQEq(A) - figr(6:, )

1= Reoto@ * freot (0 ) = Apao(D) - fapa(0: 1)
1 — Reoro(D) — Apao(A)

Model 1 Model 2 Model 3 Model 4 Model 5

Fig. 14.  Results for the current density of a solar standard solar module at
70° AOI calculated by five different models and the corresponding relative
deviation from reference model 5.

The reason for the parallel offset of the 40° and 60° curves
could not clearly be identified, while the increase for wave-
lengths <700 nm is attributed to an increase of parasitic absorp-
tion in the transparent polymer front-side encapsulation and the
applied EVA film, which were emulated with the optical param-
eters of glass, for the reason of missing optical data of the film
and the unknown thickness of the EVA layer.

The measurement results and the corresponding simulations
of the EQE and the reflection of the standard solar module
sample are presented in the Appendix.

VII. SIGNIFICANCE OF THE ANGULAR CORRECTION FACTORS

To quantify the significance of the different angular effects
for the yield prediction, five models for the calculation of the
short-circuit current density J. at an incident angle of 70°
were compared. The correction factors used for the models 3—
5 were taken from the ray tracing study of the standard solar
module presented in the previous section. A standard air mass
1.5 solar spectrum was used as source of radiation.

While in model 1, the EQE is kept at its perpendicular value,
the second model uses a Fresnel reflectivity value, which as-
sumes only glass with a refractive index of n = 1.5. The cor-
rection in model 3 uses the total reflection simulated by means
of ray tracing. In model 4, the correction of parasitic absorption
is added and model 5 contains the angle dependence of the IQE
and thus all described angular correction factors. The results are
plotted in Fig. 14.

While models 1 and 2 show a strong deviation from the refer-
ence model 5, model 3 gives a result that is much closer. Adding
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Fig. 15. (Left) Measured and fitted EQE curves of the planar solar cell sample. (Middle) Measured and fitted EQE curves of the standard solar module sample.

(Right) Measured and fitted reflection curves of the standard solar module sample.

TABLE IV
COLLECTION OF ALL RELEVANT EQUATIONS OF THE ANALYTICAL SOLAR CELL MODEL

Rye Rye = Myi * i + Mpp “Tpp + Mc - 7¢
Tfe Tfe =M.t
Agria Agria = Mg » agi + Mpp - app
Apr Apg = M - ac
Ry Rp=1,
R Rr=(—M)+ M, 1
Tr Tr=1—Ry
Tra Tra=1—Rsa
re/ac/te /Ty Calculated with transfer matrix method [26]
/Tf/Tfi/afi
T T =exp(=(a + arcae ) - We/cos(0,) ) - exp(=(@ + Apcaser ) - Weer /c0S(0:) )  exp(—(a + apeap) * Wp/cos(6 ) )
Tairr Tairr = exp(=(2a + 2apcpe ) - We) " exp(—(2a + 2apcaser ) * Weer) - exp(—(2a + 2agpcap) * Ws )
Psc Pse=a - W/(a W+ apcae We + apcaser * Woer + Arcap = Wp)
Prca Prca = (@rcae " We + Arcaser * Weer + arcap * Wi) /(@ W + apeae * We + rcaser * Weer + rcan - Wp)
Atot Ator = Adgir + Aairr
A A = Tre(1-hs)(1+(1—~hp)TRp)(1-T)
ir dir 1-(1-hf)(A—hp)T?RpRy
A 4 _ Tre(hs+hp(1=hp)TaifTRy,aRp+hsTais Rba+hp(1=he)TRp) (1-Taif )
diff daiff = (73:¢7RbaRra-1)((1-hp)A-hp)T?RpRy—1)
Asc Asc = Psc * Aror
Arca Arca = Prea” Ator
Ttot Ttor = Tair + Taiss
Ty T, = Tre(1=hg)T(1-Rp)
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the parasitic absorption does not make a significant difference
to model 3. The effect that the angle dependence of the IQE has
on the current density is in the order of —-0.26%. However, these
values must be taken with caution as they might vary strongly
with changing cell technology, module composition, and solar
spectrum. Thus, in some cases, the inclusion of some of the an-
gular correction factors might still be relevant for a more precise
energy yield prediction.

VIII. CONCLUSION AND OUTLOOK

This work focused on the detailed analysis of angle-dependent
effects in silicon solar cells and modules. First, the most im-
portant angle-dependent effects were summarized and different
angular correction factors were presented that allow the correc-
tion of the EQE, the reflection R, the parasitic absorption Ap,,
and the IQE from their value at perpendicular incidence to any
other AOIL. We then presented an optical and electrical model
that includes all relevant angle-dependent effects described in
Section II. With help of this model, a detailed analysis was
conducted for a planar silicon solar cell including the values
for fr.tot, fap., and fiqr. The simulation of the planar cell
sample showed that the values of fiqg strongly depend on the
diffusion length and the surface recombination velocity. Using
the same analytical model, the angle dependence of the IQE was
emulated for a standard solar module using an effective angle
approach. The latter was verified with the help of a ray tracing
tool developed for this study.

In the last section, we showed that the increase of the IQE
with the change in the incident angle could in principle be seen
in the measured samples, though the measurement precision
needs to be improved.

An estimation of the significance of the different angle effects
showed that the correction of the EQE by an angular correction
factor fr tot has errors of less than 0.5% for an incident angle
of 70° and a spectrum of air mass 1.5.

In subsequent studies, the methodology used in this paper
will be applied to modules with a textured front-side encapsu-
lation and other solar cell technologies to analyze their angular
characteristics.

APPENDIX
See Table IV.
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