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Abstract

A novel method and a relative apparatus, which allow the study of the reflectance properties at diffuse light of
photovoltaic (PV) devices, are presented. The optical apparatus is provided with a 40 cm diameter integrating sphere
(IS) which works like a lambertian source of diffuse light and, at the same time, collects diffuse light reflected by the
sample. The reflectance measurements are based on the fact that the illumination intensity of the IS depends, besides on
the input light power, also on the average reflectivity of its internal surface and then on the reflectance properties of any
sample held against one of its apertures. The hemispherical/hemispherical reflectance, Ry, of the sample under test is
obtained by measurements of light irradiance inside the sphere in correspondence with the sample and with a selected
number of standards of diffuse reflectance. The described method was used to optically characterise prototype PV
modules (to be used in buildings), realised by encapsulating different types of normal and ““gridless’” monocrystalline-Si
(mono-Si) and multicrystalline-Si (multi-Si) cells with different colours. The reflectance of the optically active area of the
prototype modules was measured and the optical effect of the grid evaluated. Also the optical loss at diffuse white light
was found to be approximately 4-5% for the mono-Si cells and 6-9% for the multi-Si cells. The quantity Ry,, when
measured for very heterogeneous samples, such as multi-Si or poly-Si solar cells can be taken to represent the optical
loss of the PV device operating outdoors, in the absence of sun tracking. This method, and the corresponding appa-
ratus, can be extended to measurements on different plane surface samples. © 2001 Elsevier Science B.V. All rights
reserved.
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The optical loss represents one of the five “ener-
getic losses” experienced by a PV module operat-
ing outdoors [13-23]. Two types of optical losses
are distinguished in a PV device (generally a
module) operating outdoors: a loss at direct light
and a loss at diffuse light. The loss at direct light
has been the subject of many investigations,
mainly by simulation methods [24-29]. No results
are available regarding the measurement of the
optical loss under diffuse illumination. Also the
study of light confinement in PV materials and
devices [30-37] could be improved by reflectance
and transmittance measurements under diffuse il-
lumination. Purpose of the present work is to
present an experimental method for the direct
measurement of the reflectance of a plane surface
sample under diffuse illumination. The reflectance
is expressed by the quantity Ry, (“hh” is for
“hemispherical/hemispherical”’) and is a measure
of the total light reflected by the sample under
an isotropic diffuse irradiation, extending to 27
steradians. The quantity Ry, could be derived, in
principle, by measurements of directional/hemi-
spherical (d/h) reflectance, Rqn(0, ¢) [38,39], after
integration over the incident angle 6 and the azi-
muth angle ¢ (see Appendix A).

Most PV devices, like those fabricated from
crystalline silicon with textured surface, show,
however, anisotropic optical properties with re-
spect to the azimuth ¢ (see Refs. [40, p. 128; 41,
p. 235]). The calculation of Ry, in this case, re-
quires several measurements of the d/h quantities,
taken at different incident and azimuth angles and
a final numerical integration (see Appendix A).

Respect to this long hypothetical procedure, the
method presented here for obtaining Ry, is very
simple [42]. It requires an Integrating Sphere (IS)
as source of diffuse light. At this purpose, the
sphere must be adequately illuminated by an ex-
ternal collimated light source, with the sample
under test facing an aperture of the IS. The illu-
mination level inside the IS is then measured by
means of an appropriate photodetector. By com-
paring the photodetector signal measured for the
test sample with those measured for a set of
standards of diffuse reflectance, the Ry, can be
simply derived. The Ry, method is described in
detail in Section 3.

If the spectrum ““s” of the light source resembles
that of the diffuse component of real solar radia-
tion, then Ry,(s) precisely gives the fraction of
diffuse light lost by the module when placed hori-
zontally on the ground (tilt =0°). When the
module is installed vertically respect to the ground
(tilt = 90°), it is illuminated by both the diffuse
light coming from the n sr portion of the sky and
by the reflected light (albedo) coming from the 7 sr
portion of the ground. The albedo component, for
our purposes, can be considered equivalent to an
isotropic source of light [43-45]. If “s;” represents
the spectrum of light from the sky and “‘s,” that
from the ground, then Ry, (s1) measures the loss of
light from the sky portion and Ry, (s,) measures
the loss of light from the ground portion. These
are the only two experimental conditions for which
the optical loss of the module can be precisely
simulated by measurements of Ry,. For conditions
different from tilt = 0° and tilt = 90°, the optical
loss can be evaluated by appropriate models
[43,46,47].

The Run(s) reflectance of a PV module at a
standard spectrum of light can be taken as a pa-
rameter for comparing modules of different fabri-
cation technologies, with a view to establish those
most suitable for working with high intensities of
diffuse light. These conditions are encountered at
high latitudes, in countries where the sky is ge-
nerally covered, or where the installation condi-
tions of the modules are rather unfavourable in
such a way as to make the diffuse light a relevant
part of the total incident light [48].

As the application of our Ry, (s) measurements
is for the evaluation of the optical loss of PV
modules when installed outdoors, we will refer to
the standard solar light spectra to choose the ap-
propriate light source for the measurements. At
this purpose, only two diffuse light spectra have
been considered, that is those corresponding to a
clear-sky and to a covered-sky condition, with the
simplified assumption of an isotropic radiance in
both cases. The spectrum for diffuse light at clear-
sky conditions can be derived by the standard
AML.5 direct normal and global spectra (ASTM,
E892-87). No standard spectra for covered-sky
conditions are available. There are, however, ex-
perimental evidences that lightly overcast sky



A. Parretta et al. | Optics Communications 194 (2001) 17-32 19

2500
2000
1500
1000

soo ;) /

Spectral irradiance (a.u.)

1 1
400 600 800 1000

Wavelength (nm)

Fig. 1. (a) Standard AM1.5 global light spectrum. (b) Experi-
mental spectrum of the global light measured under covered-
sky conditions at the Portici site. (c) Spectrum of the Xe arc
lamp used for the white-light h/h reflectance measurements.
(Spectra b and ¢ were enhanced for a better comparison with
the spectrum a).

shows a spectrum of light close to the standard
AML1.5 global one (see Fig. 1). The standard
AMI1.5 global spectrum, therefore, can be chosen
as reference for simulating irradiation from lightly
overcast sky [49].

Even if the distribution of the diffuse solar
radiation over the sky hemisphere can undergo
strong variations, anyway, the only viable ap-
proach to simulate it in laboratory is to produce an
isotropic source of diffuse light, with a spectrum
modulated in such a way to resemble one of the
two standards spectra taken as reference.

In this paper we present the results of Ry, at
monochromatic light, Ry, (633 nm), and at the
white light of a Xe arc lamp whose spectrum is
similar to the standard global irradiation AMI1.5
(see Fig. 1). In this case we are able to simulate the
optical loss of PV modules under covered-sky ir-
radiation.

2. Experimental
2.1. Samples

A set of five Labsphere gray standards, 3 in. in
diameter, were used as references for the Ry,
measurements: SRS-40-030, SRS-20-030, SRS-10-
030, SRS-05-030 and SRS-02-030, of nominal

8°/hemispherical reflectance: 40%, 20%, 10%, 5%
and 2%, respectively. The diffuse gray standards
are obtained blending different kinds of pigments
with the white Spectralon material (a Teflon based
polymer of > 99% 8°/h reflectance). The blending
reduces the high lambertian character of the white
Spectralon [50]. As a consequence, the d/h reflec-
tance of the gray standards will not be perfectly
constant with the incident angle 6 [51,52].

For carrying out precise measurements on the
optically active (0.a.) area of the cells, that is on
the area not covered by the grid, and for evaluat-
ing the effect of the grid in modules with normal
cells, special modules were fabricated by Euroso-
lare. The prototype modules were prepared by
encapsulating together mono-Si and multi-Si cells,
electrically unconnected. The multi-Si cells were of
different colorations: blue, green, yellow-gold and
violet. Two types of modules were fabricated: a
first prototype, ES1I8GL, made up of cells without
grid (“gridless” cells, or gl-cells); a second proto-
type, ES18G, made up of similar cells, but pro-
vided with grid. Both the mono-Si and the multi-Si
cells were textured by the classical anisotropic
chemical etching process (see Refs. [40, p. 128; 41,
p. 235)).

2.2. Instrumentation

The h/h reflectance measurements were carried
out by using an apparatus called HEmispherical—-
HEmispherical REflectometer (HERE) (see the
schematics in Fig. 2). It is based on the use of a 40
cm in diameter IS, built by MACAM Photomet-
rics. The port (wl) of the IS is used for the input of
light from the source (1). The diametrically oppo-
site port (w2) is used for holding the sample under
test against it during measurements. Sources of
light were He—Ne lasers (4 = 633 nm; P = 1-20
mW) and arc (Xe, Hg) lamps (P = 150-300 W). Xe
arc lamps produce light with a spectrum similar to
that of the solar radiation, as discussed, apart from
some peaks typical of the Xe(I) and Xe(III) ions
emissions (see Fig. 1). The spectrum of the Xe arc
lamp light was measured inside the sphere by using
the Oriel InstaSpec 11 PDA Spectrograph equip-
ped with an Oriel Multispec monochromator (400
I/mm reticle). A Newport 4832-C multichannel
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Fig. 2. Schematics of the experimental apparatus “HERE” used
for hemispherical/hemispherical reflectance measurements on
PV devices at laser light.

optical power meter, equipped with silicon pho-
todiodes, was used for monochromatic (1 = 633
nm) light measurements. For measurements at
white light, the silicon photodiode (r2) was re-
placed by a pyroelectric detector, as a flat spectral
response is indispensable for these measurements
(see Appendix A). The light detector system was
a Laser Precision Rk-5720 Power Ratiometer,
equipped with the RkP-575 pyroelectric detector.
For measurements at white light, a lock-in con-
figuration is strictly necessary, as the sensitivity of
the pyroelectric detectors is by far lower than that
of a silicon photodiode. The light beam was me-
chanically chopped at 30 Hz. A LICOR Mod. LI-
1800 portable spectroradiometer was used for the
outdoor spectroradiometric measurements.

3. Principles of Ry, measurements

We refer to the apparatus schematised in Fig. 2
and suitable for measuring Ry, of both small and
large samples (c). The diffuse light produced in the
IS irradiates the sample (c) which in turn reflects
back into the sphere a portion of this light equi-
valent to Ry, contributing to the irradiance inside
the IS. This irradiance, measured by the photo-
detector (r2), is a function of the reflectivity of all
the portions of the IS internal surface, and in
particular, of the reflectivity of (c). This simple
consideration allows us to evaluate Ry, just by
comparing the irradiance measured for the sample
(c) with those measured for some standards of
reflectance, with known Ry, values. This mea-
surement of Ry, therefore, is not a direct optical
measurement like the d/h reflectance [38,39], but
an indirect measurement. The effect at the basis of
the Ry, measurement is the cause of the appear-
ance of the so-called ‘“‘substitution error” [53]. It
appears during measurements of d/h reflectance,
Ran, when the sample is replaced with a standard of
reflectance. The ‘“‘substitution error”, to be avoi-
ded in d/h measurements, is here ennobled in a
sense, as it becomes the source of information
about the h/h reflectance.

In Ry, measurements, the primary beam does
not strike the sample (c) directly, as in d/h mea-
surements, but is directed towards a diffuser (d)
(see Fig. 2). This way, the information relative to
the “state” of light in the primary beam, like di-
rection and polarisation, is practically lost. The
diffusing material of the IS (commonly multiple
coatings of MgO or BaSO,) almost completely
destroys the polarisation of light at the first re-
flection (see Ref. [50, p. 37]). This means that the
light source (1) of Fig. 2 can be any type of light,
polarised or not. This is very different from the Ry
measurements, where it is of fundamental impor-
tance to know the light polarisation and direction
of incidence [38,39]. The standards used in Ry
measurements are those of diffuse reflectance,
normally used for d/h reflectance measurements,
Ran(0). They are generally supplied and calibrated
only for a specific angle, typically 8°, as this is
the standard angle of incidence used in commer-
cial spectrophotometers. This makes it possible to
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remove, when necessary, the specular component
of the sample reflection by opening a special win-
dow. If the standards are supposed to be ideal
diffusers, then it is easy to show (see Appendix B)
that Ry, (A) (or Ry (s)) corresponds to Ry (8°, 1) (or
R4n(8°,s)). Precise angle-resolved spectral mea-
surements on standards of diffuse reflectance [51,
52], indeed, show that these standards slightly
deviate from an ideal behaviour, that is the total
d/h reflectance, Rq,(0), is not perfectly constant
with 0 but tends to slightly increase at high angles.
This fact can have a serious impact on d/h mea-
surements, but is negligible in h/h measurements.
In terms of power, in fact, light incident at angle 0
produces irradiance proportional to cosf on the
receiving surface. For the Ry, measurements, there-
fore, the assumption that the standards behave like
ideal diffusers is by far a good approximation.

By alternatively fixing the five standards against
window (w2) (see Fig. 2), and measuring the cor-
responding signal by the photodetector (r2), it is
possible to draw a calibration curve of irradiance
vs. Ry, like that reported in Fig. 3. The criterion
for the choice of the standards is to cover the range
of reflectance, within which the unknown value is
expected to fall, in order to draw a well defined
irradiance/Ry;, curve.

The Ry, values in Fig. 3 correspond to mono-
chromatic light (1 = 633 nm). The curve of irra-
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Fig. 3. Irradiance vs. h/h reflectance calibration curve obtained
by measuring the irradiance produced on the photodetector (r2)
of Fig. 2 in correspondence of five Labsphere standards of
nominal 8°/h reflectance: 2%, 5%, 10%, 20% and 40%, respec-
tively.

diance vs. Ry, shows an underlinear behaviour and
can be well fitted by a second-degree polynomial.
For small variations of Ry, the corresponding
variations of the irradiance in the IS can be as-
sumed linear:

AE = (] Ath (1)

where ¢ is a factor related to the light integration
capability of the IS and is here assumed indepen-
dent on A. If monochromatic light is used, the
current from the photodetector (r2) can be ex-
pressed as:

AJ = (&) AE = C‘zclAth (2)

where ¢, is the spectral response of the photo-
detector (r2) and E is the irradiance on (12).

The situation substantially changes when white-
light measurements are carried out. In this case, in
fact, ¢, is a function of the spectral distribution of
the light: ¢; = ¢»(s), and Eq. (2) becomes:

AI(s) = c2(s)AE = cy(s)c1 AR (s) (2a)

The variations of the photodetector signal are not
linearly related to variations of Ry, but depend on
the spectral response of the photodiode itself. For
these measurements, therefore, it is necessary to
use pyroelectric detectors, which assure a flat
spectral response.

To determine the R, of the sample (c), it is
necessary to measure the signal by (r2) and to
derive the corresponding Ry, value from the cali-
bration curve, by a simple interpolation procedure.
In this case the value of R}, has to be interpreted as
the equivalent h/h reflectance of an ideal diffuser.

As a result of variations on Ry,, the corre-
sponding variations on the irradiance increase at
increasing the dimension of the (w2) window, Sc.
To increase the sensitivity of Rp, measurements,
therefore, it is convenient to operate with high Sc
values, relative to the total internal surface area of
the IS. This means that the IS has to be projected
looking at the dimension of the samples testing
area. For small solar cells (few square centimetres),
it is convenient to operate with a small sphere (10—
15 cm in diameter). In principle, a small sphere
could be suitable also for testing small areas of
large samples, like the encapsulated cells of a
PV module. However, due to the light trapping
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Fig. 4. Schematics of the reflectance apparatus evidencing the
phenomenon of light trapping inside the cover glass of a PV
module. A portion of the light incident on the sample exits from
window (w2) and is not collected by the sphere. This portion of
light changes at changing the dimensions of the collecting
window (W2).

phenomenon occurring inside the glass cover,
which extends for lengths well above the linear
dimension of the window (w2) (see Fig. 4), a
considerable amount of incident light is trapped
inside the glass encapsulant, and exits from the
sample out of the window (w2). As a consequence,
measurements performed with too small collecting
windows (w2), with respect to the real sample, are
expected to underestimate the true reflectance ex-
perienced by the entire module. When testing sin-
gle encapsulated cells of 10-12 cm in diameter or
cells within PV modules, it is convenient, there-
fore, to work with an IS of 40-50 cm diameter.
There is another aspect of Ry, measurements
which cannot be disregarded: the presence of the
grid in the cells. The grid reflects the incident light,
like the semiconductor region does, but only par-

tially contributes to the light collection. In encap-
sulated cells, indeed, only a small portion of light,
reflected by the grid, is back reflected by the glass/
air interface towards the active material of the cell.
In general, the grid affects the measurements re-
sulting to an overestimation of reflectance of the
o.a. region of the cell and then an overestimation
of the optical loss [38,39]. In d/h measurements
this problem can be overcome by using well colli-
mated beams, possibly from laser sources, which
impinge only on the region between two adjacent
fingers [38,39]. In the present case, however, the
incident light has a diffuse nature and the illumi-
nated region must be relatively large, as discussed
before, so the grid illumination cannot be avoided.
To obviate this problem, special modules made of
gridless cells were fabricated. The comparison be-
tween “normal” modules and modules with grid-
less cells can put in evidence the contribution given
by the grid on the Ry, measurements. This will be
discussed in details later in Section 5.

4. Project of the apparatus for R, measurements
4.1. Sources of diffuse light

The diffuse solar light, supposed isotropic,
behaves like a lambertian light source [50]. With
regards to the incident angle (0) and the azi-
muth angle (¢), the radiance of this source, L
(Wm~2sr1), is constant with respect to the dif-
ferent orientations in the sky. The radiance is de-
fined as the irradiance produced on a unitary
surface oriented perpendicularly in a particular
direction and collecting light from a unitary solid
angle (1 sr). If the receiving surface is kept hori-
zontal, it will receive light, within a unitary solid
angle, of maximum irradiance from the zenith and
zero from the horizon. Consequently, this irradi-
ance will change as the cos 0 function.

An IS can be used to simulate a source of diffuse
light in the laboratory. Before demonstrating this,
let us first consider the general case of an illumi-
nated wall (s) surrounding the sample (c), centred
at (O), in the entire hemisphere in front of it (see
Fig. 5), and consider the irradiance E produced in
(0). For simplicity, Fig. 5 shows only the section
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Fig. 5. General case of an illuminated wall (s) surrounding the
sample (c). If the wall is homogeneously illuminated (,(60) =
const), then the radiance on the sample is constant too and the
wall is an ideal source of diffuse light.

of the irradiating surface that is orthogonal to the
sample surface. Changing the azimuth angle ¢, the
orthogonal plane rotates around the z-axis and
the same considerations can be applied to other ¢
angles. The irradiance produced in (O) by the
surface element As, irradiating from the point (P),
can be expressed as (see Ref. [50, p. 25]):

As cosy cos ¥ B
SR wm) (3)

AE(9, ¢) = constlj
where [, is the intensity of light emitted (or re-
flected) by a unitary surface of the illuminated wall
(s), r is the modulus of the vector joining the points
(O) and (P), yr is the angle the vector r forms with
the normal to the As surface and 6 is the angle the
vector r forms with the normal to the receiving
surface. Iy, ¥ and r are functions of the angles 0
and ¢, which define a point on the irradiating
surface. Additionally, with:

_ Ascosy

AQ > (sr) 4)

r

being the solid angle within which the point (O) see
the elementary As source, we can write:

AE(9, @) = constly (9, )AQ(Y, ¢) cos) (Wm?)
(3a)
The “radiance” in (O) corresponds to the irra-
diance measured when the receiver is collimated to
the source of light (cos @ = 1) and the solid angle is
unitary (AQ = 1):

L(0, ¢) = constly(0, ¢) (Wm?sr) (5)

If the light emitted by the wall is homogeneous,
we have ,(0, ¢) = const and thus:

L(¥9, ¢) = const (Wm?sr) (5a)

It comes out that, if light distribution in the
sphere is homogeneous (/; = const) and the re-
ceiver faces the internal wall of the IS, whatever be
its position and orientation inside the IS, the ra-
diance on the receiver will always be constant with
respect to the different directions from the front
hemisphere (0 and ¢ angles). From Eq. (5a) it can
be deduced also that the shape of the irradiating
surface is irrelevant, when it radiates in a homo-
geneous way, for producing a constant radiance on
(c). In the practice, as the wall (s) of Fig. 5 radiates
by reflected light, in order to illuminate it as much
as possible homogeneously, it is necessary to start
from a spherical surface (IS).

Let us now discuss where to place the sample
and how the sphere should be illuminated. Con-
sidering that the tested samples can be as large as
a PV module, and that they are generally different
from the standards of reflectance in dimension, it
is excluded that the measurements could be carried
out with the sample inside the sphere. Once de-
fined the area of testing, it is necessary to provide
the IS with a window of the same dimension, to
which face the sample (c) and the standards (see
Fig. 6a). When the light beam is directed into the
IS, excluding the very luminous area where the
light beam strikes the surface, the rest of the sphere
is almost equally illuminated as an effect of light
integration. The area where the input beam strikes
the IS surface can be hidden from the testing areca
by using an appropriate baffle (see Fig. 6a). The
presence of the baffle, however, determines a slight
asymmetry in the light distribution over the sam-
ple. To obviate this, we decided to send the light
beam against a diffuser (d) placed at the centre of
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Fig. 6. (a) The figure shows an IS illuminated by a light beam striking its internal surface. Apart from the very luminous region near the
point A, all the points P of the sphere wall irradiate light in a quasi-lambertian way. The indicatrix (i) of the diffusing element of the
surface is indicated in P. A baffle is commonly used inside the IS to hidden the intense light spot from the testing area, assuring in this
way a more homogeneous diffuse illumination of the sample. (b) A diffuser (d) is placed at the centre of the sphere. In this case it acts

also as the baffle (ba) of Fig. 6a.

the sphere (see Fig. 6b). If the coating of the IS
behaves like an ideal diffuser (Lambert-type radi-
ator), the angular distribution of light intensity,
emitted by any elementary portion of the surface,
can be represented by a spherical surface (indica-
trix) in contact with the radiating point (see Fig. 6a
and b and Ref. [50, p. 29]).

We have experimentally verified that the con-
figuration of Fig. 6b assures a constant radiance
on the sample (c). Fig. 7 shows an IS illuminated
by the source (1) through the window (wl). The
light is directed towards the diffuser (d), which
then diffuses the light and, in turn, reflects it into
the sphere. A window (w2) is opened on the IS at a
position diametrically opposite the source. A
photodiode (p), inserted at the bottom of a tele-
scopic tube (t), is used to measure the irradiance
inside the sphere. The tube (t) enables the photo-
diode to receive light from only the internal sur-
face of the sphere. It can be rotated around a
vertical axis passing through the centre of (w2) and
oriented at a variable angle (0) with respect to the
optical axis. The photodiode (p) always measured
a constant signal at changing 0 values, confirming
the fact that the radiance produced by the IS
source is constant when the receiver is placed at
any aperture of the sphere. A further confirmation
was obtained by removing (t) and measuring the
signal directly by (p). In this case (p) sees the entire

window (w2) and the signal precisely follows a
cos 0 function (see Fig. 8).

4.2. The apparatus HERE

The apparatus for Ry, measurements is sche-
matised in Fig. 2 for the case of a laser light
source. By using a white-light source (Xe arc
lamp), the scheme only changes for the fact that
the light of the lamp has to be focused onto the
diffuser (d). Care must be taken in this case to
prevent the beam from striking the window (wl),
and also to focus the light precisely onto the dif-
fuser (d), otherwise shadowing effects will manifest
in both cases, with a consequent lack of homoge-
neity of light distribution into the IS. The appa-
ratus used for Ry, measurements at white light is
shown also in the photographs of Fig. 9a and b.
When single cells are to be characterised, they are
fixed at the window (w2) which has a maximum
diameter of 15 cm. For measurements on modules,
these are fixed on a trolley (see Fig. 9b) which is
moved towards the sphere, in such a way as to
position the area under test precisely at the win-
dow (w2). The light from the source (1) is split up
into two beams by the beam splitter (b) (see Fig.
2). One beam is measured by (r1) + (ra), where (ra)
is a multichannel radiometer, and is taken as ref-
erence to control changes in the intensity of the
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Fig. 7. Experimental set-up used for the measurement of the
radiance of an IS. The detector (p) is looking only at the interior
of the sphere.

light source. The second beam pass through the
diaphragm (g) and enters the sphere through the
window (wl) thereby striking the diffuser (d),
placed near the centre of the sphere. The diffuser
(d) is a BaSO, coated disk, the same as the internal
surface of the IS. The irradiance inside the IS is
measured by the photodetector (r2), placed into a
small cylinder covered by a semi-transparent dif-
fuser (t). The radiometer (ra) then collects the
signals from the two detectors, (r1) and (r2), and
works out their ratio. In this way the irradiance
inside the IS is normalised with respect to the
primary beam intensity. The detector (r1) can be a
silicon photodiode for any type of measurements.
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Fig. 8. The signal (see “mV”’ curve), measured by the detector
(p) in the configuration of Fig. 7 when the tube (t) is removed,
precisely follows the cos 6 function (see “cos’ curve).

For monochromatic light measurements, (r2) can
be a silicon photodiode too, but for white-light
measurements it must be a pyroelectric detector.
The view port (0) is used to adjust the position of
the testing area towards the window (w2). The
window (w2) is circular but can be masked to suit
the particular shape of the sample. For measure-
ments on encapsulated cells with grid, for example,
it could be necessary to avoid the illumination of
the wide and highly reflective bus bars. In this case,
the mask is shaped in almost a rectangular form in
order to expose to light only the region which lies
between the two bus bars (Fig. 10).

For white-light measurements, a Xe arc lamp
was used. The spectrum can be even modulated to
better suit the distribution of the real diffuse irra-
diation, by using an appropriate set of filters. For
spectral measurements, a band-pass filter (f) or a
monochromator is placed between the source and
the beam splitter (b).

5. Results of R,;, measurements

Ry, measurements have been carried out on
prototype modules supplied by Eurosolare. The
ES18GL prototype, made up of cells without grid,
was first characterised using laser light. Fig. 11
shows the Ry, results for the different cells: mono-
Si cells with blue colour and multi-Si cells with
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j(b)

Fig. 9. The apparatus for Ry, measurements is shown in these photos. (a) General view of the apparatus. (b) Particular of the IS with a

gridless cells module under characterisation.

different colours (blue, green, yellow-gold and
violet). The data represent the average optical be-
haviour of the single cells. The mono-Si cells show
the lowest Ry, value of 4-5% under red light. The
multi-Si cells behave quite differently depending on
the colour. The blue and green multi-Si cells show

similar reflectance values, between the 5% and 7%
interval. The yellow-gold and violet multi-Si cells
show higher reflectance with values as high as 8-
11%. Cells with the same colour show a significant
dispersion of Ry, values due to the different crys-
tallographic orientations of the crystals at the
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Fig. 10. It is shown a typical mask to be placed on a solar cell,
when it is necessary to avoid the reflection from the bus bars.
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Fig. 11. Hemispherical/hemispherical (h/h) reflectance of the
Eurosolare PV modules made of mono-Si and multi-Si gridless
cells. The results refer to monochromatic light (1 = 633 nm).
The multi-Si cells were processed in a different way to show
different colouring at white light: blue, green, yellow-gold and
violet.

surface of the cell, which manifests themselves
differently with varying reflection properties. This
means that the reflectance of a multicrystalline cell
is strongly influenced by the crystalline substrate,
even if the antireflection coating (ARC) process
was the same for cells with the same colour. The
different crystalline substrates, with their different
crystallographic orientation, could also have in-
duced a different growth velocity of the ARC,
during the deposition process.

The strong heterogeneity of the multi-Si cells
makes the evaluation of the grid effect on the Ry,

ES18G and ES18GL modules, laser light: A = 633 nm

8 e e meiieeeeeiieeeieesessessssssssssssssssssssssssssssssssssssssssssssssssssessssean -
; @® gridiess cells
O cells with grid
S
ST ]
&

mono-blue

Cell type

Fig. 12. Comparison between the (h/h) reflectance of normal
and gridless cells modules. Only the results for the blue mono-Si
and green multi-Si modules are here reported.

reflectance rather difficult. This is shown in Fig.
12, where the reflectance results of gridless mono-
Si cells and green multi-Si cells are compared to
those of the corresponding cells provided with
grid. For the blue mono-Si cells the effect of the
grid is small and hidden by the dispersion of the
Ry, values measured for the gridless cells. For
the green cells with grid, there is a dispersion of
Ry, values slightly higher than for the corre-
sponding gridless cells, and an increase of the av-
erage value of 0.5-1%. The maximum effect of the
grid on the Ry, measurements for multi-Si cells
seems, therefore, to be of the order of 1%, which is
well below the dispersion of the Ry, values them-
selves (=3%). We conclude that Eurosolare PV
modules could be characterised taking roughly
into account a 1% increase in the reflectance, as
grid effect, for that particular grid design.

Using diffuse white light the gridless cells reflect
as shown in Fig. 13. With respect to mono-
chromatic light measurements, very different re-
sults are observed, as expected. The blue mono-Si
cells again show the lowest optical losses (4-6%),
whereas the multi-Si cells show now reflectances in
the 6-9% interval, much less colour dependent
than under red light. The highest reflectance is
attained with the violet and yellow-gold coloured
cells, the same that produced the highest optical
loss at red light.

Considering the results obtained under both
monochromatic (red) and white light, we expect
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Fig. 13. Hemispherical/hemispherical (h/h) reflectance of the
gridless cells of the ESI8GL Eurosolare PV module, at the
white light produced by a Xe arc lamp.

that, among the different multi-Si cells, the blue
and green-coloured cells should be preferred, as far
as the electrical performance of modules is taken
into account. Their lower optical loss under red
light, in fact, determines a higher current produc-
tion at white light, as the spectral response of a
silicon cell increases with increasing wavelength
(see Ref. [40, p. 165]). These results must be taken
into account when making a choice from the dif-
ferently coloured Eurosolare m-Si modules.

An interesting fact to be noted is that the dis-
persion of Ry, values, for a given type of multi-Si
cell, is a little higher for monochromatic (red) light
than for white light (1.5-2% against 1-1.5% re-
spectively). It seems that the optical heterogeneity
of the multi-Si cells is attenuated by white light, or,
equivalently, that the monochromatic light loss of
the multi-Si cells is more sensitive to the different
crystallographic orientations of the silicon surface
crystals.

6. Discussion about the method

The reflectance method discussed here gives the
average reflectance of large tested areas of a solar
cell. It is thus very suitable for characterising
multi-Si cells, which manifest very different local
optical properties within the single cell and from
cell to cell. Only a method intrinsically meant for

“large areas” could be applied to the optical
characterisation of multi-Si cells, for which a
“punctual” characterisation does not make too
much sense. We can even push far this concept
affirming that, perhaps, the most practical and
simplest way to summarise the optical reflectance
properties, or optical loss, of multi-Si cells or
multi-Si materials in general, could be just to as-
sign their h/h reflectance, Ry,. This approach
appears convincing dealing with diffuse light
irradiation. Thinking of alternative, practical
methods for measuring the optical loss of a multi-
Si material using collimated light, in alternative to
diffuse light, traditional methods of reflectance
measurement imply the testing sample being illu-
minated by a small cross-section beam, always
internal to the sample surface. The overall optical
reflectance behaviour of the sample is therefore
missed by these measurements. Moreover, larger
regions of the sample, with different optical prop-
erties, are illuminated when the incidence angle of
the beam is increased, with a consequent loss of
congruence in the set of measurements. The re-
cently published method called differencing re-
flection method (DRM) [51,52,54], developed by
us, could be an alternative to the present Ry
method when investigating multi-Si materials by
collimated beams, without loosing the overall in-
formation contained in the optically heteroge-
neous cell material. This method, in fact, entails
the use of a large, collimated light beam, illumi-
nating the entire surface of the sample at any
chosen angle of incidence. Also, this innovative
method proves to be suitable for characterising
strongly heterogeneous materials or devices, giving
the average reflectance of the sample at a parti-
cular angle of incidence. The DRM method seems
suitable for assigning the optical loss of a hetero-
geneous PV device, which operates constantly at a
specific angle with respect to the light source, for
example 0° when the device is tracking the sun
disk. The characterisation of large multi-Si cells
(10-12 cm in size) by DRM, however, would imply
the use of large IS, about 60 ¢cm in diameter, to
maintain a proportionality factor between sample
and the size of sphere [51,52,54]. Considering that
an installed PV device is generally oriented to-
wards a fixed direction outdoors, it experiences a
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wide range of incidence angles of light, and the
only d/h reflectance at 0°, R4, (0°), is not so rep-
resentative of the average outdoor optical loss of
that device, in this case. More representative could
be Ruy(s), as it better summarises outdoor reflec-
tance properties, and also takes into account the
fact that the diffuse component of the outdoor
solar radiation can be relevant in some cases [20].

The fact that the h/h reflectance, Ruy(s), of a
multi-Si PV device could be taken as a represen-
tative parameter of its optical loss, when outdoor
and no-tracking operation is considered, seems
now convincing.

For sun-tracking operation, the most suitable
parameter of its optical loss could be the d/h re-
flectance, Ryn(s,8°), or more simply Rgp(s, 10°),
easily derived by our ROSE or DRM apparatuses.
We have excluded the 0° reflectance, Rgy(s,0°),
which is more difficult to be measured by our ap-
paratus as the specular beam exits out of the input
port for this incident angle.

7. Validation test

To make an estimation of validity of our
Rin measurements, the Ry, reflectance was also
calculated by using the d/h reflectance data,
R4n, as established by Eq. (A.la) Fig. 14 shows
the R4,(633,0) data obtained for a blue-
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Fig. 14. Curve of directional/hemispherical (d/h) reflectance,
R4n(633,0), at red light (2 = 633 nm), measured by our ROSE
apparatus for the blue mono-Si module.

coloured mono-Si cell of the ESI8GL module,
at monochromatic light (1 = 633 nm). The data
were fitted by a fifth and sixth degree polyno-
mial after having put Rg(633,0°) = Ran(633,10°)
and R4, (633,90°) = 100%. A calculated value
of Ry (633) = 4% was obtained in both cases, to
be compared with the experimental value of
Run(633) = 4.6 £ 0.5%. The agreement between
experimental and calculated data can be accepted
as good. Some little experimental effects have been
picked out, which have likely produced the above
little underestimation of the calculated h/h reflec-
tance:

(i) The R4, (633, 60) curve has been obtained for
only one azimuth angle of the incident light [39],
that one defined by the plane orthogonal to the
mono-Si cell surface and parallel to one side of the
square base of the random pyramids produced by
the anisotropic chemical etching (see Section 2).
Previous reflectance measurements on pyramidal
texturisations [39] have shown that the reflectance
shows a minimum at this azimuth angle.

(i) The R4y(633,0) measurements have been
carried out with a window of small diameter (3 cm)
in order to limit the substitution error, the basis of
the present method (see Section 3). The experi-
mental Rp;(633) measurements, on the contrary,
have been carried out with a 7.5 cm diameter win-
dow. As a consequence, the Ry,(633) measure-
ments could have dispersed more light out of the
window, with respect to the Ry;(633) measure-
ments, as an effect of light trapping in the mod-
ule cover glass (see Fig. 4). The final effect of
this light trapping in the encapsulant, could be
an underestimation of Ry,(633,0), and finally of
the Ru,(633) calculated by it.

(iil) Data of R4;,(633,0) from 70° to 90° are not
available.

From what was discussed before, it appears
clear that, in order to validate our method, it is not
possible to over emphasise the comparison be-
tween the h/h results obtained experimentally and
those calculated by the experimental d/h mea-
surements. This is because the experimental d/h
measurements, required in principle to get pre-
cisely calculated h/h reflectance, could be so many
to require too much work. Secondly, the propa-
gation of the corresponding errors could lower the
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precision required for the “validation” method. It
remains important to focus on the fact that the
experimental h/h measurements by the HERE
apparatus do give results, which agree with those
calculated by representative d/h measurements.
The present method, moreover, implies a mea-
surement procedure so simple that systematic er-
rors could only be derived by a loss of accuracy of
the reflectance standards. These, however, are
supplied with certified values and have shown a
good similarity with ideal light diffusers.

8. Conclusions

In conclusion, a method and the relative appa-
ratus (both shortly called as HERE) have been
presented, which make it possible to measure the
hemispherical/hemispherical reflectance, Ry, of
any plane surface and, in particular, of PV mate-
rials and devices (solar cells, modules). The
method is based on a procedure that is simple and
non-destructive. The basis of the apparatus re-
quires the use of an IS, typically of 30-40 cm di-
ameter. The Ry, measurements directly give the
optical loss of a PV device under diffuse illumi-
nation. This loss, together with that measured for
the direct light, expresses the total optical loss of a
PV device, one of the five effects which contribute
to define its outdoor performances. The basic ap-
paratus here presented is suitable for characteris-
ing both small and large samples.

The HERE method can work on testing areas
as high as tenths of square centimetres. It is thus
particularly suitable for characterising multi-Si
devices, which are intrinsically highly heteroge-
neous from point to point. The method gives the
average optical reflectance at diffuse light of a
multi-Si cell, when the use of a directional/hemi-
spherical method would require lots of measure-
ments at different incident angles.

We can affirm that the Ry, datum can be taken
as representative of the optical loss of a PV devices
operating in outdoor conditions, in absence of sun
tracking. For sun tracked PV devices, other
methods of optical loss characterisation, like the
DRM (see text), could be used to better represent
the optical loss of the modules.

The measurement of special modules made of
gridless cells, allowed us to determine the optical
loss manifested at diffuse light by the o.a. region of
the cells. Losses of 4-5% for modules made
of mono-Si cells and of 6-9% for modules made
of differently coloured multi-Si cells were mea-
sured by our method at white light.
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Appendix A

The hemispherical/hemispherical (h/h) reflec-
tance, Ry, can be calculated by the directional/
hemispherical (d/h) reflectance, Ran(0,¢), inte-
grating over the incident angle 6 and the azimuth
angle ¢:

027t do fon/z dv sin 9 cos VR (4,9, @)

Oznd(p 0”/2 dd¥ sin ¥ cos ¥

th(ﬂw) =

1 on n/2
— _/ dq)/ dd sin ¥ cos IR (4,9, @)
T
0 0 (A1)

where A is the wavelength of the incident light. Eq.
(A.1) represents the spectral h/h reflectance.

If the incident light is not monochromatic, but
spread over a range of wavelengths with spectral
irradiance E(A) (spectrum “s”), an equivalent
equation can be written:

1 2n n/2 )
Run(s) = - / do / dd sin 9 cos YRan (s, 9, @)
0 0
(A.2)
where

Ra(s.0.¢) - LEEC R 0.0) (A3)

If, however, the sample is isotropic with respect
to ¢ (or can be approximated as an isotropic
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sample), that is if Ry, is a function of only 0, then
Egs. (A.1) and (A.2) can be simplified as:

n/2
Run(4) =2 / d¥ sin ¥} cos YR4n (4, 9) (A.la)
n/2
Run(s) =2 / d¥ sin ¥ cos YR (s, 1) (A.2a)
where
Ran(s,0) = J; dAfEE;)L)gz;g)’ %) (A3a)
Run(s) = —fs d;iii;f;;(A) (A.4)

The integrals in Eqgs. (A.1)-(A.3) or Egs.
(A.1la)-(A.3a) can be evaluated by numerical
methods applied to the d/h reflectance data.

Appendix B

We demonstrate that the hemispherical/hemi-
spherical (h/h) reflectance, Ry, (4) or Ryy(s), of an
ideal diffuser corresponds to the directional/hemi-
spherical (d/h) reflectance, R4 (8°, 1) or R4n(8°,s),
of the same diffuser, where /4 is the wavelength of a
monochromatic light and s is the spectrum (spec-
tral irradiance) of a white light. We re-write Eq.
(A.1a), which can be applied to samples whose
optical properties are isotropic with respect to the
azimuth angle ¢:

n/2
Run(2) = 2 / A sin 9 cos URas (7, 9) (B.1)
0

An equivalent equation applies for light with
spectrum “‘s”’.

An ideal diffuser obeys the Lambert cosine law
[50], which establishes that the intensity of light
diffused by the unitary surface on a unitary solid
angle is: (i) proportional to the cosine of the inci-
dent angle; (ii) proportional to the cosine of the
observation angle. From condition (i), considering
that the illuminated area increases as 1/cos 0
when the incident light is totally internal to the
sample surface, it comes out that the total (d/h)
reflectance, Rqn(0, 1), is constant with the angle of
incidence 0, that is:

Rdh(g, i) = Rdh(go, }) = Rdh(/l) = const (BZ)
Eq. (B.1) then becomes:

n/2
Run(4) =2 / d¥ sin ¥ cos VR4 (4, 8°)
0

= - 2Rdh ()v, 8O> = Rdh(/l, 80) (Bla)

1
2

An equivalent equation applies for light with

[T3% L)

spectrum “s”.

By hypothesising an ideal behaviour for the
Labsphere standards of reflectance, we can con-
clude that the Ry,(4,8°) data reported in the
calibration certificate correspond to the h/h re-
flectance data Ry,(1).
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