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Abstract  In this paper, we describe the optical properties of Labsphere diffuse reflectance standards of different nominal 

reflectance. Specifically, we analyze their properties of hemispherical total reflectance and angular distribution of scattered 

light intensity, as function of the angle of incidence and wavelength of a laser beam. Our main objective is to find the 

difference between the optical behavior of a real diffuser of given average reflectance and that of an ideal Lambertian diffuser. 

The optical characterizations were carried out by using original methods and apparatus, and were followed by SEM-EDS 

analysis with the aim to relate the optical properties with the morphological and structural characteristics. The optical 

characterizations demonstrate that the standards with high nominal total reflectance approach better the Lambertian behavior. 

This result is confirmed by SEM analysis, showing, for these samples, the most rugged surfaces and a porous material. 
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1. Introduction 

Reflectance standards are commonly used in commercial 

spectrophotometers for calibration purposes and the most 

widely used ones are those with high reflectivity (close to 

99%) in the visible and near-infrared range, showing almost 

ideal reflection properties, those of a Lambertian diffuser 

[1]. Reflectance standards are also key components in 

optical laboratories devoted to the characterization of 

materials and devices for solar energy research [2-13]. In 

this work we investigate the optical properties of standards 

with very different nominal reflectivity, in particular a 

series produced by Labsphere, which cover the range of 

values from about 2% to about 99%. Our interest for these 

light diffusers comes from their intensive use with the 

innovative equipments developed in the past years at 

ENEA-Portici and Ferrara University labs, and devoted to 

the non-destructive optical characterization of photovoltaic 

materials and devices [4-20]. These devices are realized 

with textured surfaces, to better absorb solar radiation, and 

have been studied in terms of total or diffuse reflectance 

and spatial distribution of the diffused light [21-25]. Since 

these devices are very little reflective, it is advantageous to 

perform the calibration measurements with standards of 

similar reflectivity in order to improve the accuracy of  
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measurements. We used reflectance standards also to 

analyze the flux distribution on cross-sections of focused 

solar beams produced by CPV (Concentrating Photovoltaics) 

systems, following the so called camera-target or light 

scattering-CCD method [26-28]. Here, the standard diffuser 

intercepts the light beam while a CCD camera records the 

image of the irradiated surface. The analysis of the image 

allows, after appropriate processing [28], to recover the flux 

density distribution on the crossed surface. It is a fact that a 

correct reconstruction is made possible only by the use of a 

diffuser with good Lambertian properties [1].  

It is the main objective of the present work to investigate 

the optical behavior of Labsphere diffuse standards of 

different nominal reflectivity, in order to check how much 

these real diffusers deviate from the ideal Lambertian 

behavior. The optical characterizations were performed by 

using original methods and instrumentations. In particular, 

the total hemispherical reflectance was measured by a 

reflectometer, the CAR (Continuous Angle Reflectometer) 

apparatus, designed to vary the angle of incidence of a laser 

beam in a continuous way, at three different wavelengths in 

the visible and infrared spectrum. The optical 

characterizations of Labsphere samples were followed by 

SEM-EDS characterizations for investigating their 

morphological and structural properties. 

2. The Diffuse Reflectance Standards 

We investigated the set of Labsphere diffuse reflectance 

standards of the type Spectralon® [29]. They are durable, 
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chemically inert standards with typical reflectance values 

ranging from 2% to 99% and are quite spectrally flat over the 

UV-VIS-NIR spectrum. All Spectralon materials are 

optically flat to +/- 4% over the range of 2502500 nm and 

+/- 1% over the photopic region of the spectrum. 

 

Figure 1.  The complete set of the SRS-xx-030 series samples 

 

a) 

 

b) 

Figure 2.  Total hemispherical spectral reflectance curves, at 8° incidence, 

in the 2502500 nm range, of the 2, 5, 10, 20% nominal reflectance 

standards (a), and of the 40, 60, 80, 99% nominal reflectance standards (b) 

Labsphere declares that Spectralon Diffuse Reflectance 

Standards are highly Lambertian, with Spectralon SRM-99 

reflectance material being the most Lambertian reflector 

available for use over the wavelength range 2502500 nm. 

The Spectralon diffuse reflectance standards were in a set 

consisting of a diffuse white standard and a selection of 

diffuse gray standards. The samples are composed of a 

polymer resin based on fluoropolymers, with high 

reflectivity. The mixture of this material with particles of 

carbon black, used as a black pigment, reduces the surface 

reflectivity in a controlled manner and then allows to obtain 

the series of standard samples characterized by a different 

nominal reflectance. The Spectralon reflectance standards 

are available in diameters of 1, 2 and 3 inches, and are 

identified as SRS-xx-yyy, where xx is the nominal percent 

reflectance, roughly corresponding to the average reflectance 

in the 2502500 nm spectral range, and yy.y is the diameter 

in inches. The standards that have the same nominal 

reflectance are exactly equal, regardless of the size; then, for 

the purposes of optical measurements, it is unconcerned the 

size of the standard. Fig. 1 shows a complete set of the 3 

inches diameter set, SRS-xx-030, with xx = 02, 05, 10, 20, 40, 

60, 80, 99. Each standard is supplied with a calibration 

certificate reporting the directional/hemispherical (d/h) 

reflectance data obtained at 8° incidence, in the 2502500 

nm interval, and at 50 nm step. Fig. 2a shows the total 

hemispherical spectral reflectance curves for the four 

samples in the low reflectivity range (2%, 5%, 10%, 20%), 

whereas Fig. 2b shows the same quantity for the four 

samples in the high reflectivity range (40%, 60%, 80%, 

99%). 

3. Optical Characterization Methods  

3.1. The CAR Reflectometer 

Before describing the CAR reflectometer, it is useful to 

recall here that the first Lambert’s law establishes that a 

Lambertian diffuser, when irradiated by a parallel beam, 

manifests a total reflectance constant with respect to the 

incidence angle [1]. This law can be stated in equivalent 

way saying that the flux reflected by the unit area varies as 

the cosine of the angle of incidence. For this reason, this 

law is also known as the first cosine law. The second cosine 

law regards the behavior of diffused light intensity and is 

discussed in Section 3.2.  

The CAR apparatus was realized at the ENEA-Portici 

labs and is the evolution of the ROSE (Reflectometer for 

Optical measurements in Solar Energy) apparatus [4-9, 13, 

18, 20], equipped with a series of windows to address the 

incident beam towards the sample at variable angles with 10° 

steps. Unlike ROSE, the CAR reflectometer was designed 

to vary continuously the angle of incidence of the beam. For 

this purpose, the integrating sphere of the CAR, of 40-cm 

diameter as that of ROSE, was designed with a slit (sl), 

1-cm wide, that extends to a 180° arc onto the equatorial 

plane and works as input port for the laser beam. The CAR 

apparatus is schematically shown in Fig. 3 and illustrated in 
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the photos of Fig. 4. In the following, we describe the 

measure on a generic Labsphere standard as if it were a test 

sample (sa) to be compared to a reference standard (ref), 

eventually coincident with the test sample itself.  

Three different types of laser sources (la) were used: a 

He-Ne laser Melles-Griot of ~10 mW operating at = 543 

nm (green), a He-Ne laser Lot-Oriel of ~25 mW operating at 

 = 633 nm (red), and a diode-pumped solid state laser 

BWR-50 of BWTEK, of ~50 mW, operating at  = 1064 nm 

(NIR). All the lasers were unpolarized and operating in CW 

mode. The laser beam crosses at first the neutral filter (fi), 

then the diaphragm (di) and is mechanically modulated by 

the "chopper" (ch), that provides the reference signal for the 

lock-in amplifiers (li1) and (li2). The chopped laser beam is 

then sent to the beam splitter (bs), where its intensity is 

monitored by the photodetector (r1) connected to the lock-in 

amplifier (li1). The laser beam transmitted by the (bs) 

crosses the second diaphragm (di), enters the integrating 

sphere (is) through the slit (sl) and strikes the sample (sa) or 

the reference standard (ref) faced to window (ws).  

The total radiation reflected by the test sample is collected 

and integrated by the integrating sphere (is), then is 

measured by a second photodetector (r2) connected to the 

lock-in amplifier (li2). The lock-in amplifiers (li1) and (li2) 

selectively amplifies the signals modulated at the frequency 

of the chopper (ch). 

 

Figure 3.  Schematic top view of the CAR apparatus 

  

a)                                             b) 

Figure 4.  Overall view (a) and details (b) of the CAR apparatus 
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Thanks to the innovative design of the CAR sphere, it was 

possible to vary the angle of incidence of the laser beam on 

the test sample with continuity between ~10° and ~80°. To 

move the laser source (la) respect to the sphere (is), the laser 

source and its accessories were assembled together on a track 

(tr), which is rotated by angle  around the vertical axis 

crossing the center of the sample (sa). The calibration 

measurements can be carried out in two alternative ways: i) 

by removing sample (sa), a Labsphere standard, and 

replacing it with another Labsphere standard taken as 

reference (ref), irradiating this one at 8° and measuring the 

corresponding signal to be assigned to the spectral 

reflectance reported on the calibration chart (see Fig. 2); ii) 

by keeping the sample (sa), a Labsphere standard, on 

window (ws) and simply redirecting the laser beam in order 

to irradiate it at 8°, in this way using the same sample (sa) as 

the reference standard (ref) for calibration, of known 

reflectance at 8°, as obtained by the calibration chart. 

3.2. The Optical Scatterometer 

The second Lambert’s law establishes for a Lambertian 

diffuser a reflected light with constant radiance L() 

(W/sr·m2) as function of the polar scattering angle  ; this is 

equivalent to say that the radiant intensity I ( ) (W/sr) must 

follow a cos behavior. For this reason, this law is also 

known as the second cosine law [1]. The angular 

distribution of scattered light has been investigated on the 

plane of incidence of the laser beam.  

In this way, it is represented by a curve, the “reflectance 

indicatrix” [1], which describes the variation, with the 

observation, or scattering angle of the radiant intensity of 

light, I (). For a Lambertian diffuser the indicatrix (in) is a 

circle that we have drawn tangent to the test surface in Fig. 

5. For measuring the indicatrix, it was set up the 

scatterometer schematically shown in Fig. 5 and illustrated 

in the photos of Fig. 6. In the same way as for the CAR, the 

collimated and unpolarized beam from the laser source (la), 

spatially selected by the diaphragm (di), is mechanically 

modulated by chopper (ch), monitored by detector (r1) and 

lock-in amplifier (li1), after being splitted at beam splitter 

(bs) and attenuated by the neutral filter (fi); finally it crosses 

a second diaphragm (di) and strikes the sample (sa) at the 

incidence angle . The radiant intensity is measured rotating 

detector (r2) around the sample (sa), keeping it oriented 

towards (sa) and at a constant distance. As the solid angle of 

collected light is constant, the photocurrent from (r2) is 

proportional to the radiant intensity I (). The scattering 

angle  is varied from -90° to +90°, being the indicatrix 

curve not generally symmetric respect to ñ, the normal to 

sample surface. The polarization degree of light diffused 

along direction  is obtained by placing a polarizer (po) in 

front of (r2) and taking several measures of intensity to 

draw the polarization ellipse. The polarization degree is 

reported in terms of inverse ellipticity. As for the CAR 

apparatus, the signal from (r2) and (li2) is normalized to the 

signal from (r1). 

 

Figure 5.  Scheme of the apparatus for the measurement of angular distribution of intensity and polarization of scattered light 

li1 

li2 

  
bs di ch 

la 

r1   

to li   

ñ 
  



po 

z 

fi 

  

r2 

sa 

in 
di 

from ch 

from ch 



 International Journal of Optics and Applications 2015, 5(2): 33-49 37 

 

 

 

(a) 

   

(b)                                                 (c) 

Figure 6.  Photos of the apparatus for measurement of the angular distribution of intensity and polarization of light scattered by the sample (sa). In (a) it 

is shown the path of a ray of green light ( = 543 nm). The laser of red light is also shown. In (b) and (c) photos of other details of the scatterometer 

4. Theoretical Aspects of Reflectance 
Measurements  

The theory of reflectance measurements by the CAR 

apparatus is derived by that of an integrating sphere [30-34]. 

The formula for the correct value of reflectance is derived 

by the expression of the stationary irradiance incident on 

the sphere wall. We briefly outline here the procedure for 

obtaining the stationary irradiance in the simple case of an 

integrating sphere, of radius r, of homogeneous wall 

reflectivity w , and provided with a series of N openings, 

or ports, with zero reflectivity and relative area fi (see Fig. 

7). 

If we irradiate the sphere with a collimated beam of flux

in , impinging on the sphere wall, we have that the 

reflectivity of the first impact surface is: first w  . The 

first reflected flux is therefore: 

(1)R first in           (1) 

As the integrating sphere has a wall with Lambertian 

properties, this flux diffuses inside the sphere with uniform 

radiance, producing an irradiance (1)wE  given by: 

2(1) (1) / (1) / (4 )w R sph RE A r          (2) 

where sphA  is the total area of the sphere. The irradiance 
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(1)wE  produces a second reflected flux given by: 

1

(2) (1) (1 )
N

R w w sph i

i

E A f


           (3) 

 

Figure 7.  Schematic representation of a simple integrating sphere, of r 

diameter and w  wall reflectivity, provided with three open ports 

The irradiance corresponding to this flux, (2)wE , is a 

contribution that adds to (1)wE and is given by:  

1

(2) (2) / (1) (1 )
N

w R sph w w i

i

E A E f


      (4) 

Proceeding in this way, we have for the n-th contribution 

to wall irradiance: 

1 1

1

( ) ( ) /
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i

E n n A
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    (5) 

The stationary irradiance on the wall, after an infinite 

number of reflections, is given by: 

1 1
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   (6) 

It is easy to find that, being w <1 and 

1

(1 )
N

i

i

f



 <1, 

the final expression for wE becomes: 

1
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      (7) 

The expression (7) of irradiance incident on the wall can 

be immediately extended to a sphere with a series of N 

openings characterized by reflectivity i : 

1 1

1

1 (1 )

first in
w N N

sph
w i i i

i i

E
A

f f



 
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
 

     

 (8) 

So far we have not considered the dependence of the 

introduced quantities on the wavelength of light; this 

dependence, however, must be considered and included in 

the above equations. 

The irradiance wE
 
induces a proportional current signal 

S on the photodetector (r2) (see Fig. 3), that is measured by 

the lock-in amplifier (li2) and normalized to the signal on 

(r1). The sphere of the CAR in the configuration of Fig. 3, for 

example, can be modeled as provided with a port for the 

sample (sa) (i=1), a port for the photodetector (r2) (i=2) and 

an opening for the slit (sl) (i=3). The measure of reflectance 

is carried out in the following way: i) the sample under test 

(sa), of reflectivity X , is placed at the sample port (ws) 

(i=1); ii) the signal XS  from (r2) is measured by the 

lock-in amplifier (li2); iii) a “reference” standard of 

reflectance (ref), of reflectivity REF , is placed at the 

sample port (ws) (i=1) in place of the test sample (sa); iv) the 

signal REFS  from (r2) is measured by the lock-in 

amplifier (li2). Then we have, when measuring the test 

sample: 1first X    , whereas, when measuring 

the reference standard of reflectance: 

1first REF    . In both cases we have: 3 0  , 

because the slit behaves as an open port.    

By applying Eq. (8) to the case of test sample, we have: 

1 2

1
( )

1 (1 ) ( )

X in
w

sph w

E X
A X






 

   
  (9) 

where: 1 1 2 3f f f     is a constant and known 

quantity, 2 1 2 2( ) XX f f       is an unknown 

quantity. By applying Eq. (8) to the case of the reference 

standard, we have: 
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where: 2 1 2 2( ) REFREF f f       is a known 

quantity. 

As the photodetectors (r1) and (r2) operate in a linear 

regime, the signals to the lock-in amplifier, corresponding to 

the test sample and to the standard, become, respectively, 

( ) ( )wS X k E X   and ( ) ( )wS REF k E REF  . 

By calling R the ratio between the two measurements, we 
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have: 

1 2
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From which we obtain: 

1 2 2

1 1 2
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(12a) 

Eq. (12a) gives the final, correct formula for the 

calculation of X . In some cases, however, the long 

formula (12a) is not required. This is true whenever the area 

of the sample port is negligible respect to the sphere area 

sphA , or when the reflectance of the standard is similar to 

that of the test sample. This will be clear writing Eq. (12a) in 

the following way:   
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(12b) 

From Eq. (12b) we see that, if R  1, that is the standard 

has a reflectance similar to that of the test sample, or if the 

fraction area of the test sample is very little ( 1 0f  ), in 

both cases we have that the second addendum of the 

denominator vanishes and then the expression for the 

unknown reflectivity X  reduces to: 

X REFR                   (13) 

that is the common formula used for fast, approximated 

reflectance measurements. 

5. Results and Discussion 

5.1. Total Hemispherical Reflectance 

The angle-resolved total directional / hemispherical 

reflectance, ( )dhR  , was measured on a complete set of 

Labsphere Spectralon samples of 3-inches diameter: 

SRS-02-030 (2%), SRS-05-030 (5%), SRS-10-030 (10%), 

SRS-20-030 (20%), SRS-40-030 (40%), SRS-60-030 (60%), 

SRS-80-030 (80%) and SRS-99-030 (99%) (the nominal 

reflectance is in parentheses). Measurements were carried 

out at three wavelengths: 543 nm (green), 633 nm (red), 1064 

nm (NIR), and the results are reported in Figs. 8 (a-c), 

respectively. Remembering that “Lambertianity” requires a 

constant reflectance vs. the incidence angle [1], we observe 

that most of the samples show quite good characteristics of 

Lambertianity, as declared by Labsphere; however, this 

condition is better respected here by the samples with high 

nominal reflectance. The reflectance curves at the three 

different wavelengths for the standards with 40%, 60%, 80% 

and 99% nominal reflectance are compared in Fig. 9.    
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c) 

Figure 8.  Total hemispherical reflectance vs. the angle of incidence () for the set of 3-inches Labsphere Spectralon standard samples: (a)  = 543 nm; 

(b)  = 633 nm; (a)  = 1064 nm 

The increase of total reflectance at increasing  can be 

explained considering that the increase of  reduces the 

absorption depth of radiation; this has the effect to reduce the 

chance for the radiation to be randomized and favors the 

appearance of a “specular” component, generally a “hump”, 

which is less absorbed by the material and finally determines 

an increase of total reflectance. To have a rough estimate of 

the deviation from ideality of the various standards, we have 

calculated the relative increase of total reflectance, Rtot (%), 

when moving from  = 10° to  = 40° (see Fig. 10). 
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Figure 9.  Comparison of reflectance curves obtained at 543 nm, 633 nm and 1064, for the 3-inches Labsphere standards of higher nominal reflectance 

(40%, 60%, 80%, 99%) 
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Figure 10.  Relative increase of total reflectance moving the incidence angle from  = 10° to  = 40°, calculated at wavelengths:  = 543, 633 and 1064 

nm 
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We observe that Rtot increases monotonically at 

decreasing the nominal reflectance, with one exception for 

the SRS-02 standard at  = 543 nm; the same standard shows 

an abnormal behavior of the diffused light intensity 

distribution, as it will be shown in Section 5.2. For the 

SRS-99, SRS-80, SRS-60 and SRS-40 standards, the relative 

increase of total reflectance remains below 10%. These four 

samples are also those better respecting the second 

Lambert’s cosine law, as we shall see by analyzing the 

angular distribution of scattered light intensity (Section 5.2). 

5.2. Analysis of the Scattered Light Intensity 

The angular distribution of the intensity of scattered light 

(radiant intensity) was measured at  =543 nm on the 

samples SRS-02-020, SRS-10-020, SRS-40-020, 

SRS-60-020, SRS-80-020 and SRS-99-020, choosing, for 

the angle of incidence, the values:  = 0°, 10°, 20°, 30° and 

40°. The results are reported in Figs. 11(a-e), together with 

the curve of cos, which represents the behavior of a 

Lambertian diffuser (as discussed in Section 3.2), to show 

how much the experimental curves deviate from the ideal 

behavior. In the figures, the negative angles are angles 

measured from the incident beam side, and then are affected 

by a shadow zone produced by the photodetector, while the 

positive ones represent the angles measured from the side of 

the “specular” beam, imagining the sample like a mirror. 
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e) 

Figure 11.  Relative radiant intensity curves of some Spectralon standards SRS-xx-020 vs. the scattering angle , obtained at  = 543 nm and at 

incidence angles: (a)  = 0°; (b)  = 10°; (c)  = 20°; (d)  = 30°; (e)  = 40° 
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c) 

Figure 12.  Relative radiant intensity curves of the Spectralon standards SRS-40-020, SRS-60-020, SRS-80-020 and SRS-99-020, vs. the scattering angle 

, obtained at  = 1064 nm at incidence angles: (a)  = 0°; (b)  = 10°; (c)  = 40° 
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All curves of relative radiant intensity were normalized 

setting equal to one the radiant intensity measured at 0° 

scattering. In reality, the curves corresponding to higher 

incidence angles are slightly more intense (see Fig. 8). As it 

can be seen in Fig. 11a (angle  = 0°), all the samples, except 

the SRS-02 one, the darkest, show an almost Lambertian 

behavior; more precisely we note that samples from 40% to 

99% reflectance show an excellent Lambertian behavior. 

The 2% reflectance sample instead has a strong specular 

character, because the radiant intensity shows a large band 

occurring at an angle of diffusion of 0°, the same of the 

incidence angle. At angle of incidence  = 10° (Fig. 11b), the 

situation improves because all samples from 10% to 99% can 

be considered excellent Lambertian, but the 2% sample 

remains yet far from ideality, as for  = 0°.  

The situation changes unexpectedly at the incidence angle 

 = 20° (Fig. 11c) for the 2% sample, which turns into a 

Lambertian diffuser. At the same time, the sample of 10% 

reflectance moves out from ideality showing a forward 

scattering hump, i.e. an enhanced reflection in the opposite 

direction to that of the light source. The other samples 

remain Lambertian. At  = 30° incidence (Fig. 11d), some 

samples show the appearance of a small forward scattering 

hump and the 2% reflectance sample shows a little specular 

reflection. At this angle of incidence, the 2% and 10% 

samples begin to show a back hump, i.e. a back reflection 

towards the light source. The  = 40° incidence angle (Fig. 

11e) moves almost all samples far from ideality, although to 

varying degrees, higher for lower reflectance standards. The 

samples that can still be considered fully Lambertian are the 

80% and 99% ones, to a lesser extent the 60% one. The 

choice of the suitable reflectance standards, to be used as 

Lambertian diffusers with the various optical 

characterization apparatus, depends therefore on the 

maximum divergence angle of the incident beam. If the angle 

of incidence is limited to 30°, the diffusers with a very good 

Lambertian character are: 40%, 60%, 80% and 99%; if the 

maximum angle of incidence is instead 40°, the diffusers 

with very good Lambertian character are the 60%, 80% and 

99% ones.  

Some light diffused intensity measurements were made 

also in the NIR at  = 1064 nm. The results are reported in 

Figs. 12(a-c). At this wavelength, the four samples selected 

after the first set of measurements at  = 543 nm (SRS-40, 

SRS-60, SRS-80 and SRS-99) all behave very close to the 

ideal, that is they approach very well the cos  function. 

From the curves of Figs. 12(a-c) we observe in fact only a 

very small hump at  = 40°. It is likely that the greater 

penetration depth into the material of NIR radiation than that 

of visible radiation causes it to be more easily randomized 

inside the porous material and then to escape with a 

widespread distribution of Lambertian character.  

From the curves of Fig. 12, as consequence of what said, 

we note the complete absence of forward or backward 

reflective characteristics. This aspect will be discussed in the 

next section, devoted to the morphological and structural 

characterizations at SEM-EDS.  

5.3. Analysis of the Scattered Light Polarization  

The polarization of the scattered light was analyzed for the 

Labsphere samples of the SRS-xx-020 series, that is of 

2-inches diameter, and at the wavelength  = 543 nm. The 

degree of polarization is normally expressed in terms of 

“ellipticity", defined as the ratio b/a between the major and 

the minor axis of the polarization ellipse. Here we use the 

quantity “inverse ellipticity” a/b in order to have always 

values smaller than one (a/b = 0: maximum polarization;  

a/b = 1: absence of polarization). In Fig. 13 it is shown, by 

way of example, the polarization ellipse measured for the 

SRS-02-020 standard at an angle of observation  = 50°. The 

inverse ellipticity, a/b, measured on some samples of the 

series SRS-xx-020 at an angle of incidence  = 0°, is reported 

in Fig. 14. This figure shows that only the less reflective 

samples, SRS-02, SRS-05 and SRS-10, cause a polarization 

in the diffused light. The SRS-02 sample induces a strong 

polarization on the diffused light; less polarization is induced 

by the SRS-05 and SRS-10 samples. The inverse ellipticity 

tends to decrease at increasing the scattering angle, then the 

polarization tends to increase at increasing the scattering 

angle. This is particularly evident for the SRS-02 sample.  

 

Figure 13.  Polarization ellipse of diffused light ( = 543 nm) measured 

for the SRS-02 standard at incidence angle  = 0° and observation angle  

= 50° 

The Labsphere samples that showed a nearly Lambertian 

behavior were the samples SRS-40/60/80/99; they indeed 

induce no appreciable polarization of diffused light up to 

scattering angles of 75°. 

5.4. Morphological and Structural Characterization 

The characterization of surface morphology and internal 

structure of diffuse reflectance standards Labsphere was 

made by scanning electron microscopy (SEM), and the 

compositional analysis, to identify the elemental constituents 

of the material used, was made by x-ray microanalysis (EDS). 

The measurements were performed on the samples 

SRS-02-020, SRS-40-020 and SRS-99-020 (2%, 40% and  

99% of nominal reflectance, respectively). The surface 

morphology of the three samples is shown in Figs. 15 (a-c). 

The surface is in all cases extremely wrinkled. In the sample 

a/2 

b/2 
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SRS-02 it looks like a conglomerate of rounded grains of 

varying sizes (from a few micrometers to a few tens of 

micrometers), while the standards with higher reflectivity are 

characterized by roughness of fractal type, accentuated in the 

sample of highest reflectivity. All specimens show a high 

internal porosity. 

Higher magnification observations on samples of 2% and 

99% reflectivity show a compact amorphous structure, 

connected by fibrous material (Fig. 16). 

In the sample of 2% reflectivity we observe, mixed to the 

fibrous amorphous structure, spherical particles of sizes 

between 500 and 800 Å, due to the carbon black used as a 

black pigment to reduce the reflectivity of the material (Fig. 

16a).  
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Figure 14.  Inverse ellipticity of the light scattered by some samples of the SRS-xx-020 series, measured as function of the observation angle, at 

incidence of  = 0° and at  = 543 nm 

   

a)                                  b) 
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c) 

Figure 15.  SEM images of surface morphology of (a) SRS-02, (b) SRS-40 and (c) SRS-99 samples 

  

a)                                               b) 

Figure 16.  High magnification SEM images of the structure of samples: (a) SRS-02 and (b) SRS-99 

 

Figure 17.  EDS spectra of the three Labsphere standards 
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The results of compositional measurements performed on 

the three samples are shown in the spectra of Fig. 17. 

The qualitative analysis of the spectra shows the presence 

of fluorine and carbon in the SRS-40 and SRS-99 samples, 

while traces of oxygen are present in the SRS-02 sample. In 

the SRS-40 sample there is a little more quantity of carbon 

respect to the SRS-99 sample; instead, in the sample SRS-02 

there is a notable increase in the amount of carbon due to the 

large amount of carbon black introduced as black pigment. 

The EDS analysis confirms the Labsphere standards 

composition as polymer resin based on fluoropolymers 

added to a variable quantity of carbon black.  

We can now briefly discuss the correlation between 

optical and morphological-structural properties of the 

Labsphere standards. First of all, the morphological analysis 

at SEM on the three samples reveals that the surface 

roughness is much greater than the wavelength of light. This 

should result, in principle, in efficient light trapping for all 

the samples, independent on wavelength. The difference 

found on the optical properties of samples must be then 

justified only by a more accurate analysis of the morphology. 

In the SRS-99 sample the light trapping is always effective at 

any incidence angle, as the surface roughness is very evident 

and the porous network affecting the structure of surface and 

adjacent sub-surface area seems suitable to induce multiple 

reflections of light. In the SRS-40 sample the surface 

roughness has undergone a slight smoothing, due to the 

adding of small quantities of carbon black. This explains the 

appearance of the specular hump observed at 40° incidence. 

In the SRS-02 sample the surface domains have undergone a 

strong roundness, so only some particular incidence angles 

could provide efficient multiple reflections of light; in all 

other cases, there should be always a significant specular 

component. The micro-roughness introduced by carbon 

black grains, whose average size is around 700 Å, should not 

have any effect on light trapping. 

6. Conclusions 

Spectralon Labsphere standards with different nominal 

reflectance were characterized by investigating their optical, 

morphological and structural properties. The optical 

characterizations were performed analyzing the 

angle-resolved total reflectance at different wavelengths, the 

intensity and polarization of the diffused light as function of 

the scattering angle. The results of optical measurement 

show that higher is the nominal reflectance of the standard, 

better is its behavior as Lambertian diffuser. The reason for 

this is that the average reflectance of a standard is obtained 

by mixing a fluoropolymer, of very high reflectivity and 

highly diffusing, with various amounts of carbon black 

particles, highly absorbing and with smooth surface. As a 

consequence, the SRS-02 standard, of 2% nominal 

reflectance, is the farthest from the Lambertian behavior, 

whereas the SRS-99 standard, of 99% nominal reflectance, 

and made of pure fluoropolymer, shows the best optical 

properties and can be considered, in practice, an ideal 

Lambertian diffuser. The standards with reflectance between 

2% and 99% show optical properties intermediate between 

these two extremes. Despite this, it is possible to find, for any 

standard, the restricted conditions in which each of them can 

work as a Lambertian diffuser. All the standards therefore 

can find applications in optical apparatus, provided that their 

use be made taking account of their properties, as found by 

this study, and the limitations imposed by the experimental 

conditions. 
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