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Optical Measurement of the Reflectance 
Behavior of Z93, the Thermal Coating 
on the International Space Station

Space-based construction materials must meet a range of requirements: mechanical robust-

ness, lightweight characteristics, and tolerance to heat (due to extreme exposure to solar 

radiation). There are three optical requirements for heat management: the solar reflectance 

must be sufficiently high, the thermal emissivity must be sufficiently high, and the surface 

must be diffuse. These properties ensure that the spacecraft will remain cool, and the ther-

mal control material will perform over a wide range of exposure angles. Here, we examine 

a ceramic material, Z93, which is in current use on the International Space Station (!SS). 

Measurements of the optical properties reveal why Z93 is successful in the ISS's implementa-

tion, and also point to potential future material improvements. 

Michael S. Bradley, Chet Szwejkowski, and Martin Szczesniak

M odern materials are being devel-

oped to meet demanding require-

ments in terrestrial construction, 

military operations, and spacecraf t. An in-

creasingly crucial concern is heat manage-

ment. This is controlled through the response 

to incident radiation. As an example, low-

emissivity glass (low-E glass) being used in 

window construction reflects infrared (IR) and 

ultraviolet (UV) light, preventing their pen-

etration into the structure, keeping it cooler 

in the summer. In the winter, this effectively 

reverses as the glass is used to reflect the 

IR (heat) into the structure, preserving the 

internal heat. In both cases, the impinging 

radiation may come from a wide range of  

geometries (angles). 

In military applications, heat-seeking de-

vices use IR radiation to identify and track 

potential targets. High-tech materials can 

reduce the IR signature through reflection 

and absorption. It is not possible to predict 

the exact angle at which the incoming IR-

homing device will approach, meaning the 

material must respond over a wide range of 

angles of incidence as well as over an array 

of frequencies. 

Space-based operations stretch this even 

further. To protect sensitive instrumentation 

and personnel, the surface must meet three 

main criteria: high solar ref lec tance, high 

thermal emissivity, and the surface must be 

dif fuse. These ensure the vehicle remains 

cool and the thermal coating will operate 

over a wide range of exposure geometries. 

In a high-profile example of the impact of 

this, Skylab sustained damage to the micro-

meteoroid shield that removed much of the 

protection from solar radiation; this damage 

led to severe overheating of the interior. The 

orbital repair (the first of its kind) featured 

the addition of a solar "umbrella" shield, 
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which restored suf ficient insulation to per-

mit operations. On the International Space 

Station (ISS), the lightweight ceramic mate-

rial Z93 was used as an insulator, being more 

robust than that ultra-thin metalized mylar, 

such as used on the Lunar Landing Module.

 We present here optical measurements 

on Z93 revealing the heat management char-

acteristics of the material when exposed to 

intense solar radiation. 

Experimental 

The measurements were made using an 

SOC-100 Hemispherical Directional Reflec-

tometer (HDR, Surface Optics Corporation) 

coupled to a Thermo Scientific Nicolet iS50  

FT-IR spectrometer (1,2). Figure 1 shows a 

schematic view of the HDR. The HDR uses 

a large, elliptical reflection hemisphere with 

the source built into the HDR at one focal 

point, and the sample at the other focal 

point. The ell iptical hemisphere ensures 

the emitted source light is focused onto the 

sample over the full range of angles all at 

once (rather than using a directed beam, as in  

integrating spheres). 

A mirror on a moving arm automatically 

sweeps through the ref lec ted radiat ion, 

sending the selected angle of reflected ra-

diation to the FT-IR spectrometer entrance 

port. This reflected radiation is shown as a 

conical section emanating from the sample in 

Figure 1. The arm sweeps over the full range 

of polar angles and directs the light to the 

spectrometer. A blocker mounted in the HDR 

can remove the specular reflected radiation, 

allowing independent determination of the 

specular and diffuse components in the total 

reflection. A polarizer mounted in the HDR 

just in front of the entrance aperture of the 

Hemiellipsoidal Dome of Illumination

Reflected
Polar 
Angle

Reflected
Radiation
(to FT-IR)

Z

X

y

θr

Sample
focus 1

IR
Source
focus 2

FIGURE 1: Schemative of the HDR (SOC-100) sampling accessory. The source is located 
at one focal point, and the sample at the other, resulting in hemispherical illumination. 
The reflected light is collected by a mirror on an arm (not shown) that sweeps over the 
polar angles. This sweeping mirror directs the reflection into the spectrophotometer. 
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spectrometer functions to account for any 

polarization bias in the spectrometer. Also, 

the sample can be heated in the sampling lo-

cation, permitting emissivity measurements 

and the determination of the temperature 

dependence of the reflectivity. 

The automation in the SOC-100 enables 

the moving arm mirror to sweep through a 

wide range of angles or be fixed at selected 

angles to probe the directional properties of 

the reflectivity. The light reflected from the 

rotating arm enters the spectrometer emis-

sion port, and then passes through the inter-

ferometer and onto the deuterated L-alanine 

triglycine sulfate (DLaTGS) detector. 

A sample of Z93 white thermal control 

coating was studied. Developed for use on 

spacecraft, Z93 was one of the original coat-

ings tested on the National Aeronautics and 

Space Administration (NASA)’s Long Dura-

tion Exposure Facility in the Thermal Con-

trol Surfaces Experiment in the 1980s (1). The 

coating is currently used on the surface of the 

ISS. It is composed of zinc oxide pigment in 

a potassium silicate binder. The material ap-

pears as a white ceramic. Scanning electron 

microscope (SEM) data reveal a microporous 

structure, consistent with the need in the ap-

plication for a dif fuse surface; this ensures 

reflectivity over the wide range of exposure 

geometries possible in space. 

Results

The reflectance of Z93 measured from 250 to 

2500 nm is shown in Figure 2. This measure-

ment is made by illuminating the sample at a 

particular angle and frequency and capturing 

the reflection over the entire hemisphere using 

an integrating sphere. This measurement is an 

example of directional hemispherical reflec-

tance (DHR). DHR is a standard integrating 

sphere type of measurement, where the exci-

tation beam is directional, while the reflectance 

is measured over the full hemisphere. The DHR 

for Z93 is low in the UV range, then quickly rises 

to over 90% in the visible (starting in the deep 
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FIGURE 2: Directional hemispherical reflectance of Z93 as a function of wavelength 
measured from 0.2 to 2.5 μm (200 to 2500 nm) using an integrating sphere.
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blue), and slowly tapers off in the near-infrared 

range (NIR). This measured reflectivity of Z93 

corresponds closely to the spectral profile 

of extraterrestrial solar irradiance (maximum  

at 500 nm).

The solar reflectance was calculated ac-

cording to ASTM E903 using the spectral 

solar irradiance defined in ASTM E490. The 

solar reflectance is the percentage of solar 

radiation that is reflected by a material and is 

calculated using the equation below: 

ρs =
ʃ     ρ(λ) × i(λ) dλ

     ʃ     i (λ) dλ

λ2
λ1

λ2
λ1

     
[1]

where ρ(λ) is the measured spectral reflec-

tance and i(λ) is the spectral solar irradiance 

function. Using the measurement in Figure 1, 

the solar reflectance was determined to be 

86.5%. This means that 86.5% of the solar ra-

diation incident on the material is reflected, 

or 13.5% is absorbed. This is in agreement 

with NASA’s results in the thermal control 

surfaces experiment (TCSE) and was found to 

be sufficiently high for operation in space (3).

The reflectance in the IR range was mea-

sured from 2 to 25 μm and is shown in Figure 

3. Unlike the DHR above, the source (located 

at one focus of the elliptical mirror) emis-

sion is directed by the large mirror onto the 

sample from all angles at once, but the ro-

tating arm collected the light reflected from 

the sample as an automatically selec ted 

angle; this mirror directs that reflection into 

the input aperture of the spectrometer. This 

measurement is called hemispherical direc-

tional reflectance (HDR) and is mathemati-

cally equivalent to the DHR when summed 

over the full range of angles. The ref lec-

tance was measured at 12 dif ferent angles 

ranging from 8.0° to 80.0°. It is important to 

have measurements across the entire hemi-

sphere to accurately calculate emissivity. The 

reflectance starts high in the near-infrared 

spectral range up to approximately 2 to 3 μm 

(as shown also in Figure 2), and then drops 

significantly from 3 to 16 μm, and rises a small 

amount after 16 μm. There is an increase  re-

f lec tiv it y with the approach to a grazing 

angle, which is expected.  
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FIGURE 3: Hemispherical directional reflectance of Z93 as a function of wavelength 
at 12 different polar angles over the 2 to 25 μm spectral range.
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For each ref lec tance spec trum above, 

the directional emissivity can be calculated 

as follows: 

ɛd =
ʃ     ρd(λ, ϴ) × P(λ, T) dλ

        ʃ     P(λ, T) dλ

λ2
λ1

λ2
λ1   

 [2]

where P is Planck’s blackbody function and 

ρd is the measured reflectance at a particular 

angle. With sufficient directional emissivity 

data spanning the entire hemisphere, the 

total hemispherical emissivity can be cal-

culated by integrating over the entire hemi-

sphere: 

ɛH = ɛd (ϴ) sin ϴ cos ϴ  dϴ
π/2

0
2 ʃ 

   

 [3]

The two calculations above were per-

formed using temperatures ranging from 100 

to 400 K, which is roughly the temperature 

range experienced outside the ISS. Over this 

range, the total emissivity remains relatively 

constant (Figure 4), averaging about 0.907. 

This means that Z93 emits 90.7% of the en-

ergy of a blackbody at the same temperature. 

Again, this is in agreement with NASA’s re-

sults in the TCSE and was found to be suffi-

ciently high for operation in space (3).

Finally, the specular and dif fuse com-

ponents of the total reflectance were mea-

sured at t wo di f ferent angles us ing the 

blocker. These measurements are shown in 

Figure 5. At an angle of 10°, the diffuse com-

ponent is the dominant reflectance charac-

teristic and it remains so until about 22 μm. 

Contrastingly, at 70°, the dif fuse compo-

nent drops below the specular component 

at about 8 μm. Generally, dif fuse materials 

become increasingly specular in behavior at 

steeper angles, as seen experimentally and 

which can be shown with simple geometric 

optics arguments. Because the reflectance 

is quite low (emissivit y is high), Z93 is an 

ef fective thermal control coating. This ex-

plains its successful use on the surface of the 

ISS for 10 years. It is interesting to note, Z93 

transitions from diffuse to specularly reflect-
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FIGURE 4: Emissivity of Z93 as a function of temperature calculated using the hemi-
spherical directional reflectance measurements over 12 different polar angles.
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ing at long wavelengths. By 17 μm at 70°, Z93 

is about 30% reflective and mostly specular. 

This long-wavelength behavior could be 

an area for development in future thermal  

control coatings.

Conclusion

Mater ials involved in heat management, 

such as those used on space-based vehi-

cles, require a complete understanding of 

reflectivity, emissivity, and direction bias in 

those properties. HDR provides a full range 

of measurement capabilities enabling im-

proved design and fabrication of these ma-

terials. With the growth in terrestrial inter-

est in similar performance improvements for 

energy conservation and military hardware 

protec tion, this type of measurement has  

broad applicability.

Z93 is ef fec tive in its role as a result of 

combined high ref lectivity and emissivity. 

Although the relative impac t of dif ferent 

aspec ts of the opt ical per formance var-

ies with the angle of incidence, the over-

al l  per formance remains wel l wi thin the 

design threshold for use in extended du-

rat ion space-based applicat ions. Future 

mater ia l improvement may focus on the 

long wavelength change in per formance. 
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Insights Toward Standardization 
of the Analysis of Microplastics by 
Infrared Microscopy 

Micro- and nanoplastics enter the environment as manufactured products in cosmetics 

and other industrial products, and as breakdown products of plastics of larger size (mac-

roplastics). Recent estimates suggest that the mass of microplastics in aquatic habitats 

will surpass that of fish by 2050; therefore, plastic pollution is a major environmental issue 

faced at global scale. Marine scientists have been working in this field for over a decade, 

and more recently the study of microplastics has captured the attention of other scientists 

in the environmental field. Despite efforts focused on identifying, quantifying, and assess-

ing the size of microplastics in the environment, standardized methods are lacking. As a 

result, studies cannot be compared or reproduced. Infrared (IR) microscopy has become 

an essential technique in the toolbox for the analysis of microplastics in environmental 

samples. In this work, we conducted a methodical evaluation of significant operational 

parameters of IR microscopy for accurately determining the size of microplastics, with the 

overarching goal of outlining performance parameters that will help in the standardiza-

tion of microplastics analysis.

Liang Zhao, Sudhir Dahal, and Ruth Marfil-Vega

Plastic pollution is a major environ-

mental issue faced at global scale. 

Micro- and nanoplastics enter the 

environment as manufactured products in 

cosmetics and other industrial products, and 

as breakdown products of plastics of larger 

size (macroplastics). According to a recent 

perspective paper (1), the most pessimistic 

estimates suggest that the mass of microplas-

tics in aquatic habitats will surpass that of fish 

by 2050. Interest in the scientific community 

and public has exponentially increased in the 

past few years, resulting in a significant in-

crease in the number of publications focused 

on this topic (2). Marine scientists have been 

working on this field for a decade, and more 

recently the study of microplastics has cap-

tured the attention of other scientists in the 

environmental field. Despite efforts focused 

on identifying, quantifying, and assessing 

the size of microplastics in the environment, 

standardized methods and agreement of re-

porting parameters are lacking (3). As a result, 

studies cannot be compared or reproduced. 

Common requests from scientists engaged in 

the field include the need for reference ma-

terials, proficiency tests and interlaboratory 

studies, and detailed descriptions of instru-

mental and spectral treatment parameters (2). 

Multiple international groups (2,3), scientific 

organizations (such as the Society of Environ-

mental Toxicology and Chemistry), and stan-
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dardization agencies (such as the American 

Society for Testing and Materials [ASTM] and 

the International Organization for Standard-

ization [ISO]) are currently engaging in efforts 

to fulfill these requests. 

A recent review published in Trends in 

Analytical Chemistry (4) provides an excel-

lent summary of various techniques suitable 

of the identif ication of microplastics and 

their scope. Infrared ( IR) microscopy has 

become an essential technique in the tool-

box for the analysis of microplastics in envi-

ronmental samples. IR microscopy is of ten 

used for two purposes: the identif ication 

and sizing of microplastics present in the 

sample. While lack of appropriate standard 

spectra in the libraries could cause chal-

lenges in proper identification, especially 

for weathered plastic s, this problem can 

be overcome with custom-created libraries 

and analyzing specific regions of the spectra 

(unique peaks, valleys, and intensity ratios, 

to name a few). Therefore, the real challenge 

is to understand the capability of IR micros-

copy for microplastics analysis, mainly in 

terms of smallest measurable microplastic 

particle size.

The objective of the work presented here 

was to collect data to support current stan-

dardization ef for ts for the analysis of mi-

croplastics in environmental samples by IR 

microscopy. For this purpose, we conducted 

a methodical evaluation of significant opera-

tional parameters of IR microscopy for accu-

rately determining the size of microplastics, 

including optical mode, number of scans, and 

background contribution from filters.

Materials and Methods

Reagents

Microplastic standards were purchased from 

Sigma-Aldrich. They were polymer based 

micro particles with various diameters: 100 

µm polystyrene (P/N 59336), 50 µm polymeth-

acrylate (P/N 74161), 50 µm polystyrene (P/N 

74491) and 10 µm polystyrene (P/N 72986).

Three types of filters commonly used to 

hold the microplastics samples for Fourier 

transform infrared (FT-IR) spectroscopy stud-

ies were evaluated: a stainless-steel mesh fil-

ter (Utah Biodiesel Supply, 5 μm pore size), a 

cellulose ester filter (Whatman, 0.6 μm pore 

size) and a glass fiber filter (Whatman, 934-AH 

grade, 1.5 μm pore size).

TABLE I: Instrumental parameters of the FT-IR microscope used in this study

Parameter Setting

Detector Liquid nitrogen–cooled MCT detector

Objective mirror 15x reflection objective mirror

Optical system mode Reflection and ATR*

Resolution (cm-1) 8

No. of scans averaged per spectrum Variable, 64 typical

Intensity mode Absorbance

Range (cm-1) 700 1–N 4000

Mirror speed (mm/s) 9

Apodization Happ-Genzel

*Ge objective; 12.5 μm diameter for the sample contact tip, IR incident angle of 45 degrees.
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Instrumental Conditions

The measurements were carried out with a Shi-

madzu AIM-9000 FT-IR microscope in combina-

tion with an IRTracer-100 FT-IR spectrophotom-

eter. Instrumental control and data acquisition 

were done automatically by the AIMSolution 

software. Data were collected in reflection 

mode and attenuated total reflectance (ATR) 

mode. When measuring in the reflection mode, 

background was acquired using a silver mirror. 

Experiments conducted in ATR mode were con-

ducted with the Shimadzu ATR attachment with 

a Ge objective on the FT-IR microscope. The only 

post-processing steps performed were baseline 

correction of the data whose signal to noise ratio 

were calculated, and Kubelka-Munk transforma-

tion of the spectrum of the cellulose ester filter. 

The instrumental parameters are listed in Table I.

Sample Preparation

All samples were diluted first to 1 mL of Deion-

ized water, except for the 100 μm polystyrene 

based microplastics sample. For reflection mode 

measurements, the samples were dispensed 

onto the filters and dried under ambient condi-

tions. For ATR mode studies, 1–2 drops of the di-

luted samples or the 100 μm polystyrene-based 

stock sample were dispensed on a low-E micro-

scope slide, and dried under ambient conditions. 

Experimental Approach

To get a better understanding of types and dis-

tribution of the particles on the filters, infrared 

mapping measurements were carried out using 

the reflection mode on the FT-IR microscope. 

The information obtained from mapping is often 

qualitative; however, some quantitative informa-

tion can also be obtained with further data analy-

sis. In-depth measurements using more sensitive 

setup and parameters were carried out on areas of 

interest determined by mapping.

Samples containing microplastics of decreas-

ing particle size (described in the section Reagents) 

were analyzed in reflection mode with the condi-

tions listed in Table I. These experiments were 

repeated using three filter types (stainless-steel 

mesh filter, cellulose ester filter, and glass fiber fil-

ter) to assess the impact of the background spectra 

on the detection threshold of the particle sizes. 

The reflection mode measurement of the sam-

ples was obtained as-is in the filter, and although this 

measurement mode allows for faster data acquisi-

tion with the ability to analyze multiple particles or 

an entire area automatically, it is susceptible to back-

FIGURE 1: Aperture settings over a 100 μm polystyrene-based particle from 5x5 μm  
(center) to 100x100 μm (outer box), increasing in intervals of 10 μm.
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ground noise from the filter element, surrounding 

particles, and matrix. Therefore, once the particles 

were identified using the reflection method, a more 

targeted measurement with better signal-to-noise 

ratio (S/N) using the ATR attachment on single par-

ticles was carried out. Samples containing microplas-
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FIGURE 2: (Left column) Mapping area setting, and (right column) chemical mapping 
of microplastics samples on a stainless-steel mesh filter. (a,b) 100 μm polystyrene; 
(c,d) 50 μm polymethacrylate; (e,f): 20 μm polystyrene-based microplastics sample; 
(g,h): 10 μm polystyrene-based microplastics sample.
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FIGURE 3: Representative IR spectra of microplastics samples held collected using a cellu-
lose ester filter (a–e): (a) 100 μm polystyrene, (b) 50 μm polymethacrylate, (c) 20 μm polysty-
rene, (d) 10 μm polystyrene, (e) blank filter, (f–j): 100 μm; and on glass fiber filter, (g) 50 μm 
polymethacrylate, (h) 20 μm polystyrene, (i) 10 μm polystyrene, and (j) blank filter.
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tics of decreasing particle size were analyzed in 

ATR mode with the conditions listed in Table I. 

Because ATR is a contact-based measurement 

for surface measurement (no more than 2–5 

µm into the surface), only particles pressed 

against the ATR crystal are measured, ensuring  

higher accuracy. 

Evaluation of S/N and Threshold of  

Detection Based on Sample Size 

An experiment was conducted for IR spectral ac-

quisition (reflection mode) on the 100 μm polysty-

rene-based sample with varying aperture sizes. The 

aperture sizes started from 5x5 μm, then increased 

to 10x10 μm. The aperture sizes were gradually in-

creased from 10x10 μm to 100x100 μm, with an in-

terval of 10 μm (Figure 1). This change in aperture 

size can be directly correlated to the difference in 

sample size. In addition, and more importantly, using 

the same particle but with different aperture sizes 

also ensured that any other experimental variations 

(inter-sample variation and instrument conditions) 

were eliminated. In a second experiment, the impact 

of the number of scans in the S/N of the measure-

ment at each aperture size was evaluated.

Spectral Search Using the FT-IR Polymer Library

Spectral searches for all spectra were performed 

using polymer libraries provided by the micro-

scope software. The Shimadzu AIM-9000 FT-IR mi-

croscope adopts a score system from 0 to 1000 to 

report search results. In this study, the differential 

derivative algorithm was used, which calculates 

the primary differential of each data and compares 

the differential factor at each point with fitting of 

whole curves.

Results and Discussion

Reflection Mode Mapping Measurement Results

Microplastics samples dispensed on filters were 

scanned automatically using the mapping func-

tion of the AIMSolution Software. Aperture sizes 

were adjusted according to the dimension of the 

microplastics particles. The ratio of the signature 

peak intensity over the baseline intensity could be 

mapped to reflect the specific microplastics abun-

dance at the locale. Figure 2 shows the mapping 

area settings and the resulting chemical mapping 

of microplastics samples of four different sizes on 

a stainless-steel mesh filter.

In Figure 2, it can be observed that mapping 

measurement in the reflection mode can provide 

relatively quick qualitative analysis of the micro-

plastics samples in a potentially large area. When 

measuring particles with a size of 10x10 μm, it be-

came challenging to capture focused images of the 

samples because the unevenness and the structure 

of the filters made it almost impossible for the mi-

croplastics particles to lie within the focal plane. As 

a result, the FT-IR spectra acquired for the 10 μm 

samples tended to reflect signals contributed by a 

subset of particles rather than that of an exact indi-

vidual particle.

Similar reflection mapping measurements 

were obtained for microplastics samples held 

on a cellulose ester filter and a glass fiber filter. 

These filters were selected because they are 

commonly used in environmental laboratories for 

sample filtration. When those filters were used, 

signal interferences from the filters were evident 

(Figure 3). The cellulose ester filter showed IR 

peaks across the whole measured region (Fig-

ure 3e), whereas the glass fiber had IR absorption 

mainly in the low wavenumber region (Figure 3j). 

The stainless-steel mesh filter is highly reflective 

in the IR and can be considered to share simi-

lar features to that of the metal mirror used for 

background measurement; therefore, the spectra 

were not included in Figure 3. Figure 3 also dem-

onstrates qualitatively how the background spec-

tra negatively affects the detection threshold of 

the particle size. Overall, using the stainless-steel 

filter had the advantage of suppressing the signal 

contributions of the filters. 
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ATR Measurement Results

When measuring in the reflection mode, IR signals 

from the microplastics samples may be unable to 

be determined because of unwanted interference, 

like neighboring contaminants or substance attach-

ing to the samples. It is desirable to measure in the 

ATR mode because it greatly assists in getting sig-

nal only from the targeted area. With a tip diameter 

of only 12.5 μm, the Shimadzu ATR attachment for 

AIM-9000 can acquire IR spectra from particles with 

high specificity. Figure 4 illustrates the microplas-

tic samples and the FT-IR spectra acquired using 
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FIGURE 4: ATR measurement results from various microplastic samples: (a) 100 μm 
polystyrene, (b) 50 μm polymethacrylate, (c) 20 μm polystyrene, and (d) 10 μm poly-
styrene. Spectra are in wavenumbers (cm-1) vs. absorbance (AU).
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ATR mode. However, samples were analyzed in 

triplicates; only one spectrum per particle size is 

included in the figure. The pictures on the left side 

are visible images captured for each of the samples 

analyzed. The FT-IR spectra are shown on the right 

side, and they illustrate the characteristic absorp-

tion bands of the microplastics. Spectral search was 

performed using polymer libraries provided by the 

microscope software; search results showed ≥75% 

match for the four samples analyzed, independently 

from the size of the particle. Qualitatively, the results 

demonstrate that FT-IR spectra of microplastics as 

small as 10 µm can be detected in ATR mode.

Evaluation of S/N and Detection Threshold

Measurements made in reflection mode are known 

to be more affected by the presence of interfer-

ences and background than ATR measurements; 

therefore, it can be assumed that the threshold of 

detection for determining the size of microplastics 

will be higher in reflection mode than ATR mode. 

To quantitatively determine the threshold of detec-

tion under the most challenging conditions, a series 

of experiments was conducted in reflection mode. 

FT-IR spectra were acquired on a 100 μm polysty-

rene particle, with variable aperture sizes gradually 

increasing from 5x5 μm to 100x100 μm (Figure 1); 

four replicate measurements at each aperture were 

performed. This change in aperture size can be di-

rectly correlated to the difference in sample size 

(See the Experimental Approach section for more 

details). Peak-to-peak S/N values at each aperture 

setting were evaluated; results are shown in Figure 

4. Threshold of detection was determined based 

on measurements that presented a S/N > 3 (5). Ac-

cording to the results included in Figure 5, it can 

be concluded that when using the typical opera-

tional conditions of FT-IR microscopy (included in 

Table I), the smallest particle size that can reliably 

measured is 10x10 μm. From Figure 5, it was clear 

that the greatest increase in S/N took place when 

the sample (aperture) size was increased from 5x5 

μm to 10x10 μm. After the sample (aperture) size 

was increased to 40x40 μm and higher, the rate of 

increase of S/N remained constant.

To further confirm the threshold of detection 

in terms of particle size, another study was carried 

out with sample sizes of 5x5 μm and 10x10 μm. In 

this study, the number of scans averaged to obtain 

a spectrum were gradually increased. The number 

of scans was set at 32, 64, 128, and 256 scans for the 

two sample sizes mentioned above. Measurements 

were replicated five times. Peak-to-peak S/N was 

evaluated at each measurement. As can be con-

cluded from Figure 6, S/N in the 5x5 μm sample size 

did not show any substantial improvement with the 

increased number of scans. The averaged S/N val-

ues stayed close to 0.5, suggesting that only noise 
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was observed. When the sample size was changed 

to 10x10 μm, S/N showed a noticeable increase as 

the number of scans increased. S/N should increase 

as more scans are averaged when a real signal is 

detected, this result further verifies that the signal 

from the 10x10 μm was real and that from the 5x5 μm 

sample was primarily noise; thereby, this confirms 

the threshold of 10x10 μm.

Conclusions

This work demonstrates a series of method and ex-

perimental conditions in FT-IR microscopy in both 

reflectance and ATR mode for identification and 

accurate determination of the size of microplastics. 

The results presented in this paper are a subset of 

data being prepared for standardizing the analysis 

of microplastics in environmental samples. We have 

demonstrated that, by using typical operating con-

ditions of FT-IR microscopy, it is possible to iden-

tify and distinguish between microplastic particles 

as small as 10x10 μm in dimension. This threshold 

value held true for both the reflection measurement 

method (which is faster, but can experience signal 

interference from neighboring particles and matrix) 

and the ATR method, which is specific to a particle to 

get “cleaner” measurements but is slower because 

of the setup involved. In the reflection measurement 

itself, this threshold value was determined and veri-

fied by two separate analysis methods, further verify-

ing the capability of the technique.
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Characterization of GeSbSe  
Thin Films Synthesized by the 
Conventional Melt-Quenching Method

Chalcogen thin films GexSb40-xSe60 with the composition  x = 12, 25, and 30 (atomic 

percentage) at.%, have been synthesized from elements with 99.999% purity (Ge, Sb, 

Se) by the conventional melt-quenching method. The quartz ampoule containing the 

mixture of elements with proper weight percent was evacuated down to a pressure of 

10-3 Pa. The parts of synthesized glasses were served as parent material for deposition 

on the quartz substrate. The Swanepoel method was applied to transmission spectra 

given by the Lambda spectrophotometer to determine the optical properties of the 

thin films. The influence of the glassy composition on the optical constants of the films 

was studied by spectroscopic ellipsometry and correlated with UV-vis-NIR spectros-

copy to determine the optical constants.

N. Nedelcu, V. Chiroiu, L. Munteanu, and I. Girip

T he chalcogens are the chemical ele-

ments in group 16 of the periodic table, 

and are also known as the oxygen family. 

Chalcogens consists of the elements sulfur (S), 

selenium (Se), tellurium (Te), and the radioac-

tive element polonium (Po). Polonium is also a 

chalcogen, but is not used because of its strong 

radioactivity. The last chemical element in this 

group, Lv, is uncharacterized, and predicted to 

be a chalcogen as well (1). Oxygen is treated 

separately from the other chalcogens, because 

of its very different chemical behavior from sulfur, 

selenium, tellurium, and polonium. 

Chalcogenide glasses are covalently bonded 

materials, and may be classified as covalent net-

work solids. Chalcogenide materials have low 

band gaps, contributing to very dissimilar opti-

cal and electrical properties.

The classical chalcogenide glasses are based on 

As-S or Ge-S that form a strong glass within large 

concentration regions. Glass-forming abilities de-

crease with increasing molar weight of constituent 

elements; for example, S > Se > Te (2).

More recently, chalcogenide ternary GeSbSe 

glasses suitable materials for both passive and active 

infrared applications, such as optical fibers devices, 

given their thermal, mechanical, and chemical prop-

erties (3–4). Chalcogenide glass based on GeSbSe 

deposited on silica glass substrate has losses in op-

tical propagation that can be achieved in photoin-

duced channel waveguides (5). GeSbSe system can 

be synthesized from a solid target using different 

physical vapor deposition (PVD) methods such as 

thermal evaporation (6–9), RF magnetron sputtering 

(6,10–13), or pulsed laser deposition (10,13).

By varying the chemical composition of GeS-

bSe thin films, the network undergoes changes 

reflected in the structural phase transformations 

(14–16), to the effect of doping Sb on the elec-

tronic structure (17) and in the threshold transi-
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tion in the physical parameters (18). The ternary 

chalcogenide glasses offer a new important 

application for infrared-transmitting lenses and 

infrared imaging sensors (3,19–21). The optical 

parameters determinate by spectroscopy meth-

ods are used to study thin films in optical wave-

guide devices, dynamic random-access memory 

(DRAM) materials, and electro-optical and sensor 

or actuator devices.

In this study, GexSb40-xSe60 samples with 

composition x = 12, 25, and 30 at.% were mea-

sured by a Lambda 950 spectrophotometer, and 

we determined the optical properties using the 

Swanepoel method (22). The results obtained by 

the ultraviolet-visible-near infrared (UV-vis-NIR) 

spectroscopy are correlated with spectroscopic 

ellipsometry measurements.

Experimental Details

Glassy system GexSb40-xSe60 alloys with composi-

tion x = 12, 25 and 30 at.%, were synthesized from 

elements with 5N purity (Ge, Sb, Se) by conventional 

melt-quenching methods. The mixture of the ele-

ments with proper weight percent was placed in a 

quartz ampoule, and evacuated down to a pressure 

of 10-3 Pa. The ampoules were loaded in a rotary 
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FIGURE 1: Spectral transmission obtained from spectrophotometer (21).

TABLE I: Thickness (d), wavelengths (λx), and refractive index (nx) of  
GexSb40-xSe60 thin films with composition x = 12, 25, and 30 at.%.

Chalcogenide 
Layers

Thickness
d (nm)

λ1
(nm)

λ2
(nm)

n1
(λ1)

n1
(λ2)

Ge12Sb28Se60

1340 920 845 3.15 3.21

1410 1142 1025 3.06 3.11

1370 1572 1330 3.01 3.11

Ge25Sb15Se60

1320 920 838 3.04 2.99

1424 1120 1045 2.92 2.94

1228 1767 1420 2.84 2.86

Ge30Sb10Se60

1288 866 788 2.84 2.89

1235 1125 978 2.76 2.80

1266 1650 1340 2.71 2.73
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furnace, and heated up to 950 °C. To achieve ho-

mogeneous melting, the glassy mixture was kept 

at this temperature for a continuous 2 h by rotating 

the furnace. Then, the ampoules were pulled out, 

and the melts were rapidly cooled down in ice water. 

The parts of synthesized glasses were served 

as parent material for deposition on the quartz 

substrate, using a resistive crucible with a 0.1 mm 

molybdenum sheet having the shape and size of 

item number 0482070 in the UMICORE catalog. 

Plasma cleaning with glow discharge took place 

at a pressure of 10-1 Pa for 12 min in the N2, and 

during that time, the dome with the quartz sub-

strates was rotated at 10 rot/min. This process 

removed impurities on the walls from the vacuum 

deposition installation and on the bulk. At 4×10-3 

Pa pressure, the heating resistance was coupled, 

by ensuring a temperature of 300 oC in the evapo-

ration chamber while the dome rotation was kept.

The powder material was evaporated at an 

electric current at least 400 mA. The monitoring 

of the deposition control was done by the soft-

ware TFCalc 3.5 for approximately 6 min, with a 

deposition rate of 3 nm/sec, and showed 1300 nm 

thickness. After evaporation, the samples were 

measured by a Lambda 950 spectrophotometer 

to determine the optical constants (J.A. Woollam 

Co. Inc.). Spectroscopic ellipsometry measure-

ments were used to certify the dates.

Spectrophotometer Results

and Discussion

The spectrophotometer measurements were 

recorded on a Lambda 950 Spectrophotometer 

with double beam and double monochromator 

at  room temperature, in the UV–vis-NIR spec-

tral range at 266 nm/min, a scanning speed for  

normal incidence. 

TABLE II: Values of the high frequency dielectric constant ɛ∞ for: GexSb40-xSe60 
thin films with composition x = 12, 25, and 30 at.%.

Chalcogenide Layers
From Fig. 7 

(ɛ∞)
From Fig. 6 

(ɛ∞)

Ge12Sb28Se60 9.86 9.84

Ge25Sb15Se60 8.71 8.73

Ge30Sb10Se60 8.09 8.06
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FIGURE 2: Envelope function applied to spectral transmission exemplified for 
GexSb40-xSe60 thin films.
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The optical system under consideration corre-

sponds to homogeneous and uniform thin films, 

deposited on thick transparent substrates. Figure 

1 shows the variation with respect to wavelength 

of the transmittance for glassy system GexSb40-

xSe60 alloys with composition x = 12, 25, and 30 

at.%. The film has the thickness d and the complex 

refractive index

nc = n - ik   [1]

where n is the refractive index and k the extinction 

coefficient. The transmission Tλ (1–4) at normal in-

cidence is given by:

T(λ) = Ax

    B - Cxcosφ + Dx2
 [2]

A = 16ns2 [3]

B = (n+1)3(n+s2) [4]

C = 2(n2-1)(n2-s2) [5]

D = (n-1)3(n-s2) [6]

φ = 4�nd
λ

[7]

x = exp(-αd) [8]

where n is the refractive index, s is the index of the 

quartz substrate and the value is s = 1.458, d is thick-

ness, φ is the phase difference between the direct 

and multiple reflected transmitted beams, x  is the 

absorbance and α is the absorption coefficient. 

Based on Swanepoel’s method (22–23), which is 

based on the idea of Manifacier and associates (24) , 

the transmission values at the maxima and minima of 

the interference fringes can be obtained from equa-

tion 2 by setting the interference condition cosφ = +1 

for maxima (Tmax) and cosφ = -1 for minima (Tmin) . 

The expressions of Tmax and Tmin are the following:

Tmax =
Ax

    B - Cx+ Dx2
  
[9]

Tmin =
Ax

    B + Cx+ Dx2
  
[10]

This method implies the calculation of the maxi-

mum Tmax and the minimum Tmin transmittance 

envelope curves by using the parabolic interpolation 

of the position of the experimental peak. Figure 2 

exemplifies the relationship between the maximum 

Tmax and the minimum Tmin transmittance and the 

wavelength for Ge30Sb10Se60 films. 

We mainly observe two distinct regions: a region 

(800 to 1800 nm) having interference fringes whose 
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FIGURE 3: Refractive index (n) calculated by equation 11 for GexSb40-xSe60 alloys 
with composition x = 12, 25, and 30 at.% (21).
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operation allows us to determine both films' refrac-

tive index and thickness, and a region (200 to 800 

nm) where the absorption becomes larger, which 

results in a progressive damping of the interference 

fringes and a strong decrease of the transmittance.

The first approximate value of the real part of the 

refractive index n of the film, in the spectral region 

of medium and weak absorption, can be calculated 

using the following expression (25–27)

n =   Z +   Z2 + s2    [11]

where          

Z =                              -
2s(Tmax - Tmin)

   Tmax - Tmin

s2 - 1

2   
[12]

here Tmax and Tmin are the transmission maximum 

and the corresponding minimum at a certain wave-

length λ.

The values of the refractive index n1, which 

is the first approximate value of the real part of 

the refractive index, as calculated from equa-

tion 11, are present in Figure 3. The results are 

shown in Table 1, and are according to (3,27). 

The refractive index of the samples varies with 

the germanium content. We can see that the 

refractive index decrease when increasing the  

germanium content.  

The accuracy of this initial estimation of the 

refractive index is improved after calculating d, as 

will be explained below. It is necessary to take into 

account the basic equation for interference fringes:

2nd = mλ   [13]

where the order number m is an integer for maxima 

and half integer for minima.

  Moreover, if n(λ1) and n(λ2) are the refractive indices 

at two adjacent maxima (or minima) at λ1 and λ2, it 

follows that the film thickness is given by

d = λ1λ2

2[λ1n2(λ2)- λ2n1(λ1)]   [14]

Equation 14 is very sensitive to errors in re-

fractive index n, and is not very accurate. The 

film thickness values obtained from equation 14 

are shown in Table I. There is some dispersion 

in the values of d. This deviation is an indica-

tion that n1 as calculated from equation 11 is not  

accurate enough. 

To determine the absorption coefficient, we used 

the transmittance T in the region of higher absorp-

tion (between 200 and 800 nm). The expression [2] 

of T in this region is reduced to
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T (λ) =
Ax
B 

  [15]

A = 16ns2 , B = (n+1)3(n+s2)   [16]

x = exp(–αd)   [17]

In this a region of strong absorption, the interfer-

ence fringes disappear and the three curves for Tmax 

and Tmin converge to a single curve. A and B depend 

on the refractive index of the thin film and refractive 

index of the quartz substrate. The thickness d is calcu-

lated (Table I), thus we can determine the absorption 

coefficient α (Figure 4) by the expression

α =       ln1
d

A
BT(       )   [18]

It is seen that the absorption coefficient de-

creases with an increase in germanium and a 

decrease in antimony content. To complete the 

calculation of the optical constants, the extinction 

coefficient k (Figure 5) is estimated from the values 

of the absorption coefficient α and wavelength λ, 

using the formula

k = αλ
4�   [19]

The influence of the glassy composition on the 

optical constants of the films was verified by the 

ellipsometry. In the UV-vis-NIR spectral range, the 

complementary SE measurements were performed, 

working in the wavelength region (193–1700) nm 

and at an 50o angle of incidence. The transmission 

spectra were obtained directly by the UV-vis-NIR 

measurements done at zero angles of incidence 

(Figure 6). In the SE data analysis, the wavelength λ 

function of the ellipsometric angles Ψ(λ) (Figure 7a) 

and Δ(λ) (Figure 7b) were simulated by considering 

the samples as a two-layer optical system (substrate/

first layer [film]/second layer [surface roughness]) 

and using General Oscillator mathematical models 

of corresponding software (data acquisition and 

analysis supplied by J.A. Woollam Co. Inc.). In the 

SE fitting procedure measurements, the surface 

roughness was considered as a mixture of 50% 

material (film) and 50% voids (air), and was mod-

eled by applying Bruggemann’s effective medium  

approximation theory (29).

From the spectroscopic ellipsometry data analy-

sis the optical constants (refractive index n and ex-

tinction coefficient k) (Figure 8 and Figure 9) were 

calculated in the whole spectral range of 0.193 to 

1700 nm. The results obtained by SE measurements 

are compared with the results calculated obtained 

by UV-vis-NIR spectroscopy. We can see the value 
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for optical properties is the same, though a small  in-

crease is observed for optical properties determined 

by the ellipsometry. 

Wemple-DiDomenico (W-D) (28,30) is the 

model of dispersion of refractive index, and can 

be written as 

n2-1=
S0λ0

2

1- (λ0/λ)2’   [20]

where λ is the wavelength of the incident radiation, 

S0 is the average oscillator strength, and λ0 is an 

average oscillator wavelength. The curves of (n2 -1)-1 

against (1/λ2) (Figure 10) were fitted into straight lines 

following Sellmeier’s dispersion formula (27–28), and 

the graphs were obtained to confirm formula. The 

values of S0 and λ0 are estimated from the slope 1
S0

(       ) 
and the infinite wavelength intercept 

1
S0λ 0

(        )2

.

According to the Wemple-DiDomenico single-

oscillator model, the dispersion energy increase in 

the sample GexSb40-xSe60 corresponds to a com-

position of x = 12, 25, and 30 at.%

Determination of High  

Frequency Dielectric Constant

Two procedures are applied to obtain data for the 

refractive index n with the high frequency dielectric 

constant (29). The first procedure describes the con-

tribution of the free carriers and the lattice vibration 

modes of the dispersion. The second procedure is 

based on the dispersion arising from the bound car-

riers in an empty lattice. Both models are used for 

the estimation of n for the high frequency dielectric 

constant ε∞.

The high frequency dielectric constant (28, 30,31) 

can be obtained by equation 21:

ε1 = ε∞- Bλ2   [21]

where 

B = e2N
4�2c2ε0m

*,   [22]

where ε1 is the real part of the dielectric constant, ε∞ 
is the high frequency dielectric constant according 

to the first procedure, λ is the wavelength, the free 

charge carrier concentration, ε0, is the permittivity 

of free space (8.854*10-12 F / m), m* is the effective 

mass of the charge carrier, and с is the veloc-

ity of light. The real part of dielectric constants ε1 = 

n2 was calculated at different values of λ (Figure 11). 

Extrapolating the linear part of this dependence to 

zero wavelength gives the value of ε∞. 

The values of ε∞ are given in Table II for sample 

GexSb40-xSe60 alloys with composition x = 12, 25, 

and 30 at.%.
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The dielectric constant of material could be cal-

culated using the dispersion relation of the incident 

photon in the second procedure. The Moss model 

(31) for data corresponding to the wavelength range 

lying below the absorption edge of the material is 

to be used. The high frequency dielectric constant 

can be calculated by applying the following simple 

classical dispersion relation (28,30)

λ 0

λ(        )2

           = 1-
 n2  - 1
n0

2  - 1 
 
 [23]

where n0 is the refractive index at infinite wavelength 

λ0, n the refractive index and λ the wavelength of the 

incident photon. Plotting (n2 -1)-1 against 1/λ (Figure 

10) showed a linear part. The intersection (n2 - 1)-1 axis 

is (n0
2 - 1)-1 and n0

2 at λ0 give ε∞. The values for sample 

GexSb40-xSe60 alloys with composition x = 12, 25, and 

30 at.% are given in Table II. From equation 20, we 

can calculate S0:

S0 =
n0

2 - 1
λ0

2   [24]

where S0 is the average oscillator strength.

The dielectric constants ε1 and ε2 are determined 

from the analytical dielectric complex function  

ε = ε1 + i ε2 where ε1 and ε2 are calculated from the  

optical properties:

ε1 =  n2 - k2 = ε∞ -                             λ2e2N
4�2c2ε0m

*(                       )   [25]

ε2 = 2nk =                   λ3
ε∞ωP

2

8�2c2ґ(              )   [26]

Wavelength (nm)

Wavelength (nm)

 P
si

 (d
eg

)
D

el
ta

 (d
eg

)

36

32

28

24

20

16

12

8

Ge25Sb15Se60

200 400 600 800 1000 1200 1400 1600 1800

225

200 400 600 800 1000 1200 1400 1600 1800

Psi Ge25Sb15Se60
Model fit

Ge25Sb15Se60

(a)

(b)

120

135

150

165

180

195

210

Delta Ge25Sb15Se60

Model fit

FIGURE 7: (a) Experimental (blue line) and fitted (red lines) Psi (Ψ) spectra for a 
Ge25Sb15Se60 thin film.  (b) Experimental (blue line) and fitted (red lines) delta (Δ) 
spectra for the Ge25Sb15Se60.



30  IR Spectroscopy for Today’s Spectroscopists August 2020

where ε1 is the real part, ε2 is the imaginary part of 

the dielectric constant, ε∞ is the high frequency di-

electric constant, ωp is the plasma frequency, and τ 

is the optical relaxation time, and can be calculated 

by equation 27:

ґ  =
ε∞ε1

ωPε2
(            )   [27]

and k is the extinction coefficient. The values for ε1 
and ε2 are present in Figure 12 and Figure 13.

The dielectric constants decrease with increas-

ing germanium content, and the results obtained 

are verified by (3,27).

Conclusions

The GexSb40-xSe60 thin films with composition x = 

12, 25, and 30 at.%, have been synthesized from 

elements with 5N purity (Ge, Sb, Se) by the con-

ventional melt-quenching method. The mixture of 

the elements with proper weight percent was put 

in a quartz ampoule which was evacuated down 

to a pressure of 10-3 Pa. The optical properties for 

the GexSb40-xSe60 alloys with composition x = 12, 

25, and 30 at.% were analyzed by the generation of 

the envelope interference maxima and minima of 

the transmission spectrum. The optical properties 

were obtained by UV-vis-NIR spectroscopy and el-

lipsometry. The refractive index, absorption, and 

extinction coefficients decrease as increases the 

germanium content.

The dielectric properties were determined by 

the Wemple-DiDomenico (W-D) model based on 

calculus by high frequency dielectric constant.

This opto-geometrical characterization of the 

thin films carried out by the method detailed in 

this article will provide good knowledge of geo-

metric (refractive index and thickness) and optical 

parameters for use of the studied thin films in op-

tical waveguide devices, dynamic random-access 

memory (DRAM) materials, and electro-optical and 

sensor–actuator devices.

  Another technique to improve the estimation of 

optical constants consists of combining the Swane-

poel method with a formalism based on the Hilliard 

theory of surface tension (21).
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Production Environment:  
Hand Sanitizers Product Safety and Efficacy
Steve Lowry, Thermo Fisher Scientific

Thermo Fisher Scientific
5225 Verona Road, Madison WI 53711

tel. (800) 532-4752
Website: thermofisher.com/summit

Selection Sample ID Sam QCheck TQ Analyst Report Save Results Repeat
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Figure 1: Workflow to verify the final product and to confirm incoming alcohol identification.

Most alcohol-based hand sanitizers contain 
either isopropanol, ethanol, n-propanol, or a 

combination of alcohols. The best antimicrobial 
efficacy can be achieved with ethanol (60 to 85%) and 
isopropanol (60 to 80%) solutions. In response to the 
coronavirus disease 2019 (COVID-19) pandemic, the 
Food and Drug Administration (FDA) recently issued 
guidelines that temporarily allows compounders 
and certain entities to prepare and distribute hand 
sanitizer products for the duration of the public 
health emergency. Despite the relatively simple 
formulations and preparation protocols, it is critically 
important that proper quality assurance and control 
measures be in place to ensure the safety and 
efficacy of hand sanitizer products.

Three applications developed on the Nicolet iS50 
Spectrometer were rapidly deployed to the Nicolet 
Summit PRO FTIR Spectrometer equipped with 
an Everest diamond ATR. The first was using QC 
Compare to confirm that incoming material was the 
alcohol specified. This is particularly important with 
the recent discovery of methanol in hand sanitizer. 
The second was using QCheck to verify that the 
production lot had the same spectral fingerprint as an 
approved reference sample that met all specifications. 
QCheck will also ensure that significant levels of 

methanol are not present in the final product. The 
third application determines the percent ethanol 
in the final product to verify that it meets regulatory 
requirements. A workflow was created in the OMNIC 
Paradigm software to combine the three applications 
(Search, QCheck, Quant) into a single application.

ATR FTIR measurements are straightforward 
and take less than 30 s, with no need for sample 
preparation. QCheck and QC Compare allows for 
a rapid quality check of materials, enhancing the 
confidence on materials quality at different stages 
of the production cycle. Quantitative analysis 
allows for accurate predictions of the alcohol 
content in final formulations. The Nicolet Summit 
PRO is ideally suited for the quality assurance and 
control of alcohol-based hand sanitizer products.

To read the full Application Note, 
visit thermofisher.com/handsanitizerAN

https://assets.thermofisher.com/TFS-Assets/MSD/Application-Notes/AN53344-hand-sanitizer-efficacy-production-environment.pdf
http://www.thermofisher.com/summit
https://assets.thermofisher.com/TFS-Assets/MSD/Application-Notes/AN53344-hand-sanitizer-efficacy-production-environment.pdf
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KnowItAll combines the world’s 
largest spectral database with 
the most powerful analytical 
tools for fast, accurate results!

KnowItAll 2020 just released!

http://www.knowitall.com/trial
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