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Abstract

The need for reliable measurement techniques ficalp
characterisation of thin films is growing. In thasp, we
have developed a manual tool for measuring direatio
optical properties with high accuracy. This tootisrently
in use in over 40 laboratories for the charact¢inneof
coated window glass and optical filters. It ha® glsoven
to be a valuable instrument for thin film analylsis
Variable Angle Spectroscopy.

An update on our latest developments includes an
Automated Goniometer tool for Variable Angle
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1. Introduction

In the past decade, much of our work as been feduss
identifying and overcoming the sources of erroispre
when making spectral optical measurements at abliqu
incidence [1,2]. This work has led to the developtud
new spectrophotometer accessories for Variableéngl

Spectrophotometry (VAS) [3,4]. VAS provides a means

for analysis that yields the thickness and opticaistants
of the individual layers in multi-layer coatings, well as
other parameters that can be related to opticadniaat
properties.

On of the tools we have developed is a manualftyol

measuring directional optical properties with haglturacy

[3]. This tool (see Fig. 1) is currently in useover 40
laboratories for the characterization of coateddeim

glass and optical filters and has proven to belaatde
instrument for thin film analysis.

Performing directional optical measurements isanot

there is an additional requirement to obtain alhdaith
the same spot size and geometry.

Fig. 1. The Directional Reflectance / Transmittaaceessory
currently sold by PerkinElmer (part nr. L631-02&dr)the
Spectroscopy and BRDF/BTDF measurements and toolsambda 800/900 and 850/950 spectrophotometers.

for measuring absolute reflectance and transmigtavith
the measurement spot at a fixed size and positich®
sample.

In the following sections we will discuss some e hew
tools we have developed recently to provide adequat
measurement solutions for thin film characterisatio

2. New tools for thin film characterisation

2.1 Automated Goniometer

We recently developed a new Automated Reflectance /
Transmittance Analyser (ARTA) for the PerkinElmer
Lambda 800/900 and 850/950 series UV/Vis/NIR
spectrophotometers (see Fig. 2). It is an improxerdion
of a tool that we designed earlier [5]. The ART Aais
stepper motor driven goniometer tool that uses an
integrating sphere as detector.
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simple task. Between scans, angles have to be elizng] Fig. 2. The Automated Reflectance / Transmittancalyser

if necessary alignment adjusted. Avoiding mistakes
requires the full attention of an experienced ofera
during the whole time. Often, many scans are requn
transmittance and reflectance on both sides oféinge
sample. Needless to say that automation not onfpves
the burden of performing the time-consuming
measurements manually but also offers more reiigbil

Another requirement for obtaining input data fdantfilm
analysis is that all measurement data need to taénelol
on the same position on the sample. In the carerof
uniform layer deposition, not uncommon in R&D work,

(ARTA) installed in the PerkinElmer Lambda 950
spectrophotometer.

The sample holder is not fixed as in our earliesiom [5]
butis removable and can be adjusted to holdreiffie
sizes. The sample is positioned on a motorisedioota
stage in the centre and the integrating sphereietis
either positioned behind the sample (at 180 de)fees
transmittance measurements or in front of the sarfgpl
reflectance measurements (at twice the angle afénce)
as shown in Fig.2.
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Fig. 2. Sample compartment of the ARTA: (1) sanifgam

periscope, (2) sample, (3) integrating sphere tiatec Fig. 4. 100% level measurement without sample ctlirefter
Autozero calibration and after the accessory has lbenning for
The reference beam of the spectrophotometer éegui 650 minutes.
through a mixed fibre bundle containing 50% UV/Vis
fibres and 50% Vis/NIR fibres in order to obtaiwe tivhole
UV/Vis/NIR range. The fibre bundle is connectedhe
movable integrating sphere detector. Since berittiag
fibres too strong can result in a change in the
transmittance, the fibre bundle is mounted insidlexable
cable guide that controls and limits the bending.
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The integrating sphere detector is made from Salectr
and has a 30 mm wide and 17 mm high rectangular
entrance port. The sphere is equipped with a
photomultiplier for the UV/Vis range and a Peltieoled
PbS cell for the NIR range. The integrating sphere
mounted in a large (320 mm diameter) drum thatesta
the horizontal plane along the same axis as th@lsam
holder placed in its centre, driven by a secondoniged
rotation stage. The wall of this drum that forms wall of
the sample compartment is blackened for stray-light
reduction. Without this feature, a systematic ecam
occur when reflection of a transparent sample iasueed
(transmitted beam reflected from the compartmeni) wa
The results shown in Fig. 3 demonstrate the effengss
of the wall coating to reduce stray-light.
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"| Fig. 5. Top view of the sample chamber with différe
i L || measurement geometries: (1) Autozero mode (ho sampl
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 installed), (2) transmission at 0°, (3) transmissab +45°, (4)
wavelength in nm transmission at -45°, (5) reflection at +8°, (€flection at -8°,
(7) reflection at +60°, (8) reflection at -60°.

Fig. 3. Stray light (0% level) detected by the d&edirectly
facing the position where the beam hits the compemt wall. )
Various example of the measurement geometry angrsho

The nominal measurement range of the analyzerdsg2 in Fig 5. The instr_ument is_calibrated in the sdemh_
— 2500 nm (limited by the range of the fibre burwihel Autozero mode Fig.5(1) without sample and deteictdine

polariser. The results shown in Fig. 4 give an iesgion of 180° position. For transmittance the sample isriegiein
the stability and noise level the beam and the angle of incidence set with thgpka

rotation stage and the detector position at 180°.



For reflection measurements the angle of the datect  This feature is useful for investigating the suefac
rotation stage is set at twice the angle of thepdastage. morphology of Transparent Conductive Oxides (TCO)
The angular range is 10° - 350° (180° being thétipos  used for solar cells. A key technology to increesi

directly behind the sample). The angular range for efficiency in thin-film solar cells is optimizatioof the
measurement of specular samples is 7.5° - 85° for light trapping effect [5]. The ARTA has proven te &
reflectance and 0° — 85° for transmittance (dependn  useful tool in comparing different materials andgesses.
sample type and size). An example of such a measurement is shown in Fig. 7
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Fig. 7. Angular Resolved Scattering measuremeradiation
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200 400 600 800 1000 vja%%?en;ﬁ??n 1600 1800 2000 2200 2400 Fig. 8. Our Absolute T0Reflectance/ Transmittance accessory
installed in the Spectrum GX FTIR.

Fig. 6. Measurements performed by the ARTA in glsittask.
The results are the transmittance (T) and refleetaneasured on
the coated side (Rc) and glass side (Rg) of a Agedosindow
glass sample measured with P and S polarised il it

different angles of incidence. Yo ==
detector

sample

An example of results obtained on a coated windassy
sample are shown in Fig. 6.

The ARTA is also capable of measuring BRDF/BTDF ar
Angular Resolved Scattering. For this purpose, the
detected solid angle can be controlled by a veeialil in  Fig. 9. Direction of the beam in the reference mayl
the entrance port of the integrating sphere detecto transmittance mode b) and reflectance mode c).

b)




For a 100% reference measurement the detectorsarm i
the upward position (Transmittance mode) to captee
beam from below (see Fig. 9). A transmittance
measurement (at 10ncidence) is performed by placing
the sample in the beam on the horizontal sampte.pfa
reflectance measurement is performed by rotatiag th
detector arm 180° to capture the reflected bea2b fam
diameter integrating gold sphere is used as a eter
reduce the sensitivity for misalignment. Since abbcated
reference sample is necessary the measuremersakitd

Fig. 12. Reflectance (R) and transmittance (T) meakan a 1
mm clear float glass sample.

Another tool we have developed for the Spectrumi&X
shown in Fig. 13. This accessory measures the safar
the reflectance of flat specular samples havinigc&ince
values > 20%, like reflectance standards, lasefonsiy
optical solar reflectors, beam-splitters, etc..

Fig. 10. The accessory in Reflectance (R) and tratesmse (T)
mode with a glass sample in position,

The accuracy was determined by measuring a cettifie
(NPL) bare gold mirror in the following sequencéén
performing a background calibration first):

R,, M,,R,, M,,R,, M,,......., Ry, Mo, R,

in which R is a reference measurement (T mode witho
sample) and M the measurement on the mirror (R jnode
The reflectance of the mirror was determined byditng

the average value of the mirror measurements by the
average of the reference measurements.

The mirror was certified in the range 500 — 4000cwith

a calibration uncertainty of 0.3%. The deviatioonfrthe Fig. 13. Directional IV accessory for measuringaibte

reflectance of highly reflecting materials at asghé incidence in

NPL c_er_t|f|ed value is shown in Fig. 11. The oatm_ _ the range 10 80.
scale is in wave numbers (wavelengths per cm) wisich
common for IR spectrophotometers. The accessory uses output port ohéhe Spectrum GX

(right compartment, rear position). We call thisl'sn
accessory, after the shape of the beam in refermmte
sample modes (see Fig. 14).

Fig. 11. Accuracy determined with a certified refeze mirror.

An example of a sample measurement is shown inlRig.
The sample is this case was a thin uncoated glasple

Fig. 14. Top view of the sample stage, showingoihical path

wh_ich proved to be opaque for wave numbers belo®020 ¢ihe beam in the I-mode (a) and V- mode with Sartip).

cm?.



The measurement principle of the IV reflectancesasory
is based on a combination of two measurements. The
100% scale calibration is performed in the so-dalie
mode without the sample and the sample is measured
the V-mode in which the beam additionally interauetke
with the sample. The ratio of the two scans prodube
square of the sample reflectance. This method is an
absolute one since a calibrated reference is rextat

In addition to (near-) normal incidence, the acopsss
capable of performing measurements under oblique
incidence as well. Two forms of the V -mode aregias,
representing "positive" and "negative" angles afdence
as shown in Figure 15.

Fig. 15. Measuring under “negative” (left) and “pin®” (right)
angles of incidence.

The ability to perform measurements at both “positi
and “negative” angles, gives the user the possilfiir
compensating for systematic errors related to bglaifb-
effects and angular accuracy, by taking the avesége
these two types of measurements.

A schematic drawing showing the various optical
components and the optical path of the beam in the
reference mode (without sample) is given in Fig. 16

Fig. 16. Schematic drawing of the IV accessory.

The beam entering the accessory compartment fstega
the polarizer, is redirected via mirrors MF1, MR2S3,
MS4 and again MS3, passes through the beam siBi8er
and the sample holder, reflects on MF5, MS6 anéhama
MF5, goes back through the sample holder (alongainee
optical path), is 90 degrees reflected by the bsglitter

BS towards mirror MS7 and is finally directed todsithe
detector by mirror MF8.

The sample holder is mounted on a rotation stagettthe
angle of incidence. Mirror combination MF5 and MS6
form a retro-reflector. It forms an image of thengde spot
onto itself and is designed to compensate for igisaient
and sample tilt (Radius of spherical mirror MS@dgial to
its optical distance from the sample).

Although the accessory was optimised for the r&88f0

cm® — 5000 crit, where the combined standard uncertainty
of the measurement is as low as 0.002, the workabige

is at least down to 500 ¢h{20 nm).

As an example we show our results obtained on a
commercial low-e (single Ag) coated window glassaluh
we measured at different angles of incidence (sgelF).

Fig. 17. Reflectance of a low-e coated window glassasured
with our IR IV accessory at different angles ancapishtion.



2.2 Absolute 8 Reflectance/Transmittance accessory
for the UV/VisNIR range

The last new tool we will briefly discuss is sinmita the
accessory shown in Fig. 8. It is an accessorytfer t
UV/Vis/NIR range, capable of measuring Absolute
reflectance and transmittance with accuracy < 0 2fgle
of incidence at 8° and a wavelength range of

5. Conclusion

Various new tools have been described for the ateur
characterisation of thin films by spectrophotoméitryhe
UV/Vis/NIR and MIR ranges. Examples of measurement
results have been given to demonstrate their paeice.

Automation of directional optical measurements for

approximately 200 nm — 2500 nm. The accessory has aVariable Angle Spectrophotometry has increased the

horizontal sample plate and all optics are protbbtea
cover to prevent accidental contamination (see F8J.
The optical path in transmittance and reflectanoées is
shown in Fig. 19.

Fig. 18. Absolute Reflectance/Transmittance accgdsotthe
PerkinElmer Lambda 950 spectrophotometer.

Fig. 19. Optical path of the beam between sampiiedatector
sphere in transmittance (left) and reflectancehjig

In Fig. 20 we show results obtained for one of our
reference mirrors which has been calibrated® ah@dence
using a VW accessory. The results demonstrate lextel
agreement between the two methods.

Fig. 20. Comparison of the reflectance of a secomfhse
reference mirror, measured with the VW and ART asuess.

reliability and significantly reduces the time r@ed for
the operator to be involved with the measurement.
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