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1 Introduction

1.1 Background

The possibilities of novel optical technologies are often limited by the accuracy to
characterize their design parameters. To fine-tune the manufacturing processes of state-
of-the-art devices, or even mass product articles, high-accuracy characterization methods
are needed. Despite the constant improvements in precision and versatility of the
characterization methods, the accuracy in optical measurement technology has remained
one of the least reliable of all physical measurements [1]. Under ideal laboratory
conditions, experts are able to carry out measurements, where relative uncertainty values
are in the region of a few tenths of percent. Some quantities set higher limitations for
measurement error and their uncertainties can remain at the level of few percents.
However, this is just the case of laboratory work as in many practical situations
measurement errors of 10 percent are commonplace.

The reliability of the optical characterization methods relies strongly on the accuracy and
properties of the applied detectors. Today the high precision optical metrology is based
on the accuracy of the cryogenic absolute radiometer [2], which as a primary standard
links the optical quantities to the definition of electrical units and therefore to the
international system (SI) of units. Among the other national metrology institutes (NMlIs)
around the world, Helsinki University of Technology (TKK) has established its spectral
power responsivity scale on the cryogenic radiometer [3, 4, 5 6, 7, 8, 9, 10, 11]. In order
to transfer the accuracy of the cryogenic radiometers to more practical transfer standard
detectors, so called trap detectors [12, 13] have gained popularity. Trap detector is a
construction of several photodiodes aligned to trap the light effectively inside the
structure. At first, only silicon (Si) photodiodes were used in the trap detectors, but the
need to extend the measurement capabilities to ultraviolet and near-infrared wavelength
regions has introduced new trap detectors taking advantage of semiconductor materials
such as gallium arsenide phosphide (GaAsP) [P2, 14], platinum silicide (PtSi) [15, 16],
germanium (Ge) [17, P1] and indium gallium arsenide (InGaAs) [18].

Spectrophotometry is a field of science, where the power of optical radiation is measured
in narrow wavelength intervals. These measurements can be used to quantify optical
properties of materials and artifacts by determining their reflection, transmission or
absorption of light waves. One interesting application for high-accuracy
spectrophotometric measurements lies in the characterization of optical coatings. By
defining the optical properties, such as the complex index of refraction and the layer
thickness, more accurately, we can characterize and further improve the design and
construction of the various optical devices, such as highly reflecting mirrors or
antireflection coated optics that use thin-film layer structures.

Optics has always been inspired by its possibilities of making decorative and colorful
demonstrations. The same reason inspired the early glass fiber drawing of fine narrow
fibers, until their potentiality in optical data transmission was understood [19]. This was
followed by two major inventions: all-optical amplifier [20, 21] in late 1980s and
wavelength division multiplexing (WDM) [22, 23] more than ten years earlier. Together
they gave a major impact on the incredibly fast growth of telecommunication capabilities.
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Today the fiber optic networks have spread to almost everywhere. The ever-growing
need of higher transmission rates with lower costs has increased the number of channels
and thus the amount of power launched into the single optical fiber. This development
has caused the nonlinear properties of optical fibers to start to appear [24, 25].

The nonlinear phenomena arise when high optical power is used to transmit the optical
signal through the fiber path [26]. Therefore, the nonlinear coefficient of optical fibers
na/ A has become one of the key parameters in defining the modern optical transmission
fiber. It contains the effective area of optical fiber A.s, which takes into account the fact
that the magnitude of nonlinear effects depends on the axial power distribution inside the
fiber, and the nonlinear refractive index n,. Both parameters n, and n,/A4.# can be used to
present the intensity / or power P dependence of the refractive index of optical fibers n
through a simple relation n = ny + nol = ng + (n2/Aesr) P, where ng presents the linear part
of the refractive index [26]. The nonlinear coefficient of optical fibers n,/A.sr may also
have interesting applications in special fibers, such as doped fibers and photonic crystal
fibers, where high optical powers can be used together with a great variety of dispersion
and nonlinear properties.

Even though the applications of fiber optics are clearly different from those of free-space
optics, several measurement techniques are practically the same. There are very little
means to access the light propagating inside a waveguide, and eventually almost all
measurements need to be performed outside the fiber. Finally, the same techniques of
using optical gratings, integrating spheres and photodiodes prove to be useful in the wide
field of fiber optics as in the spectrophotometry. However, to better understand fiber
optics and phenomena that take place during the light propagation in optical fibers, some
estimations and modeling are used. The simulations based on the wave theory [26],
originating from Maxwell equations which describe the behavior of both the electric and
magnetic fields, as well as their interactions with matter, can be used to model light
propagation inside silica medium. Such an analysis with some knowledge of transmission
waveguide properties can be used to isolate different phenomena and their effects on
transmitted light. This gives us a powerful tool that in combination with optical
measurement science and technology can further improve the understanding and
characterization accuracy of optical components in fiber optics.

1.2 Progress in this work

The main goals of the research described in this thesis are development of detectors for
spectrophotometric measurements and their applications in the characterization of optical
thin films. Similar approaches are also exploited for the study of fiber parameters, where
simulations and measurements are combined in order to achieve a high accuracy
technique for the determination of fiber nonlinearity.

The first research topic of the thesis is covered in Chapter 2 where characterization of Ge
[P1] and GaAsP [P2] trap detectors is briefly reviewed. The results for the Ge detectors
show that the spatial uniformities of the large area photodiodes have improved
significantly during the years. It is also possible to construct the Ge trap detector with
very low reflectance of ~ 10 in the near-infrared wavelength region making it well-
suitable for applications where harmful interreflections need to be avoided. As a
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drawback, Ge detectors have relatively low shunt resistance, which needs to be taken into
account when high-accuracy measurements are carried out [P1]. The GaAsP trap detector
is constructed and characterized for the first time in the work of [P2]. Unlike Si detectors,
the GaAsP detectors offer smooth spectral responsivity in the ultraviolet wavelength
region below 300 nm and solar blindness for wavelength above 700 nm. Furthermore the
trap configuration approximately doubles the otherwise relatively low spectral
responsivity of the GaAsP photodiodes. However, special attention needs to be paid for
the amount of incident radiation to maintain the long-term stability of the detector [P2].
The responsivity of both studied trap detectors is traceable to the cryogenic radiometer
making them suitable for absolute power calibrations.

Chapter 2.5 describes the work on the extension of the high fiber-optic power scale from
200 mW to 650 mW. The scale realization is based on an integrating sphere (ISP)
detector having an InGaAs photodiode mounted on its exit port. The most important
studied property is the linearity of power responsivity at high fiber-optic power levels.
The extension of the power range of the ISP detector is required in the measurement of
fiber nonlinearity, where high optical power is used to generate nonlinear effects [P5].

The reliability in the characterization of optical thin-film layer parameters greatly
depends on the accuracy of spectrophotometric measurements. The confidence can be
further improved, if the transmittance and reflectance measurements are performed at
oblique angles of incidence, in addition to the normal incidence. However, systematic
error factors such as accurate determination of the polarization plane, angle of incidence
and quality of the beam collimation can become critical and need to be considered. In
Chapter 3, measurements that satisfy these conditions have been carried out for a SiO,
thin-film layer, and the analysis shows that the results are consistent with the high
accuracy of 0.2 % [P3]. For the first time, consistency has been reached in the determined
optical parameters of the thin-film layer obtained in oblique angles of transmittance and
reflectance measurements. This remarkable achievement confirms the accuracy of the
spectrophotometric characterization technique.

The traditional continuous-wave self-phase modulation (CW SPM) method to measure
nonlinearity of optical fibers neglects the effects of fiber dispersion, which can cause
systematic errors of several percents to the apparent results. This also limits the use of the
method to only such conditions, where the dispersion effects are evaluated to be
marginal. Unfortunately, such conditions are difficult to estimate a priori for the new type
of fibers causing significant reliability problems for the CW SPM method [P4]. To
overcome this problem, a new technique combining measurements and simulations using
the Nonlinear Schrodinger Equation (NLSE) is introduced [P5]. To get the full benefit of
the modeling of the light propagation, also the uncertainty related to determination of
fiber-optic power needs to be brought to a satisfactory level. This is performed by using
the integrating sphere detector described in Chapter 2.5.
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2 Optical detectors

2.1 Scale realization of spectral responsivity and spectral irradiance

Traceability is a property of a measurement result, whereby it can be related to stated
reference through a chain of comparisons all having stated uncertainties. This unbroken
chain of comparisons is referred to as traceability chain. Optical detectors used for the
scale realization of spectral power responsivity are all traceable to the absolute cryogenic
radiometers [2] maintained by National Metrology Institutes. It is a primary standard for
optical power measurements and links the optical radiation measurements to electrical
quantities and therefore finally to the definition of SI units [27]. The traceability chain for
spectral power responsivity is illustrated in Figure 1. The listed detector types at every
stage of the traceability chain are examples of the instruments used at the TKK.

Calibration of radiometers

Primary standard - Transfer standard - Working standard - and detectors

. [ . .
Cryogenic radiometer Electr]cal!y call'brated Trap detectors Wavelength range
pyroelectric radiometer 200 - 1650 nm
L ] L ]
Trap detectors Photodiodes

Figure 1. Traceable detectors are calibrated against instruments that are traceable to
national or international standards. Primary standard [3] links the optical power
measurements to the definition of SI units. Listed examples are selected among the
instruments used at the TKK.

The application usually determines the detector of choice. As detectors are selected for
the scale realization of spectral responsivity, special attention for the properties of the
optical detectors needs to be paid. The level of precision decreases along the chain of
traceability, as the uncertainty of the high level standards is inherited to lower levels.
Therefore, primary and transfer standards are maintained by NMIs [28, 29, 30, 31, 32,
33] in order guarantee high scientific level of metrology. Working standard detectors are
then calibrated against transfer standards and used for calibration of radiometers and
detectors by NMIs and accredited research and calibration laboratories.

The TKK method for measuring absolute spectral irradiance is based on filter radiometers
whose components are characterized separately and the modified Planck’s radiation law
[34, 35]. The calibration of the filter radiometers is traceable to the absolute cryogenic
radiometer via spectral responsivity scale, making the detectors crucial components of the
filter radiometers. Absolutely calibrated filter radiometers, consisting of a precision
aperture [36], exchangeable narrow band interference filters [37] and a trap detector, are
used as transfer standards. The characterized filter radiometers will be used to measure
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the spectral irradiance of quartz-halogen-tungsten lamps. A continuous model will
interpolate the irradiance values between the discrete irradiance data. The model is then
fitted to the measurement results with a recursive iteration process [35].

The International Bureau of Weights and Measures (BIPM) maintains Key Comparison
Database (KCDB) for photometric and radiometric quantities among other areas of
metrology. It covers the fields of photometry, fiber optics and properties of detectors,
sources and materials. The accuracy of the scale realizations of photometric and
radiometric quantities can be confirmed in comparison measurements carried out
according to the Mutual Recognition Agreement (MRA) [38] among participating NMIs.
As a result of the comparisons, the measurement uncertainties claimed by NMlIs are
verified. The Calibration and Measurement Capabilities (CMCs) declared by NMlIs are
then collected in Appendix C of the MRA maintained by BIPM [39].

2.2 Trap detector configuration

Today, trap detectors are widely used as reference standard detectors in the ultraviolet,
visible and near infrared wavelength regions. The first trap configuration consisting of
four silicon photodiodes was introduced by Zalewski and Duda in 1983 [12]. The idea
behind their trap detector was to reduce the amount of back reflected light and thus to
increase the external quantum efficiency. This was done by arranging four Si photodiodes
in a configuration, where seven interreflections took place on the diode surfaces before
light escaped from the trap detector. With this type of configuration nearly 100 %
external quantum efficiencies were possible to achieve over relatively wide wavelength
range from visible to near-infrared [12].

Eight years later Fox [13] modified the original trap configuration to be less polarization
sensitive by arranging three photodiodes to lie in a three-dimensional configuration, in
which the first two are at 45 degrees with respect to the incident light and the third one is
at normal angle. Five interreflections take place inside the trap before the reflected light
leaves the detector [13]. This construction, presented in Figure 2, is nowadays widely
adopted among optical research institutes especially due to its insensitivity against
polarization effects [40]. To this day, a large range of different photodiodes have been
used to construct similar trap detectors for the ultraviolet [P2, 14], visible [12, 13], and
infrared [17, 18, P1] wavelength regions, as is also shown in Figure 3.

Typically, the trap detectors have low reflectance and relatively high responsivity.
However, not all photodiodes enable to take full advantage of the trap configuration due
to the reasons such as protective layer absorption [P2] or effects of low shunt resistance
[P1]. During the years, other geometries have also been proposed for trap detectors [41]
and also so called transmission trap detectors with no back reflection have been designed
[42, 43]. These variations have brought improvements only in some special cases and the
three-dimensional reflection trap configuration has remained in many cases the best
compromise between the performance, simplicity of construction and overall price.
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Figure 2. Layout of the photodiodes in a three-element reflection trap detector.
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Figure 3. Spectral responsivities of GaAsP [P2], Si, and Ge [P1] trap detectors
characterized at TKK. All detectors are currently used for calibration purposes
covering the wavelength range between 200 nm to 1650 nm.
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2.3 Germanium trap detector for near infrared wavelength region

The Ge technology dates back to 1950s when it was extensively studied for the
transistors. This research made good quality crystals available for studies of the
photoelectric and optical properties. Nowadays large area Ge photodiodes are
commercially available at moderate prices contrary to InGaAs photodiodes of similar
diameters. Therefore Ge photodiodes potentially offer a cost effective technique for
accurate radiometric measurements in the near infrared wavelength region.

In order to extend the detector-based spectral irradiance scale [34, 35] of TKK to the near
infrared wavelength region, a Ge photodiode and a trap detector consisting of three Ge
photodiodes have been constructed and characterized [P1]. Both detectors are shown in
Figure 4.

Figure 4. (a) Ge photodiode mounted on a housing and (b) Ge trap detector body part,
where photodiodes (PD) are indicated. The first two photodiodes are at 45 degrees
angle with respect to the incident light and the third one is at normal incidence angle.

The spectral responsivity of large area Ge photodiodes in a trap detector configuration
has been studied earlier by Stock et al. [17]. At TKK, the spectral responsivity
measurements were carried out by using the monochromator-based reference
spectrometer [44]. The spectral responsivity results for a Ge photodiode and the Ge trap
detector are illustrated in Figure 5a. The spectral temperature coefficient of the Ge
detectors was also studied and found to vary from -0.003/°C to 0.007/°C at the
wavelength range of 850 nm to 1650 nm [P1] which is similar behavior as reported in
earlier studies [17].

The spectral responsivity R(A) of a semiconductor detector can be expressed as [45]
A

, 1
K M)
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where A is the vacuum wavelength of incident light, p(A) is the spectral reflectance of the
detector, 7(A) is the spectral internal quantum efficiency of the detector, and
K=he/e=1239.48 nm W A™ is determined in terms of fundamental constants.

The internal quantum efficiency (IQE) of Ge photodiodes was calculated from the
measured spectral responsivity and the reflectance using Equation 1. The results
presented in Figure 5b show that there are significant internal losses with the studied
photodiodes. The absorption coefficient and the penetration depths with Ge photodiodes
are strongly dependent on the wavelength. The long wavelength photons can penetrate
deeper into the photodiode than shortwave photons, and therefore they are mainly
absorbed in different volume elements of the detector [46, 47]. Since Ge has no native
oxide that is well suitable as durable resistant passivation and antireflection coating, the
concentration of recombination centers is much higher close to the interface between the
Ge wafer and the passivation layer than at the Si-SiO, interfaces in the case of silicon
detectors. Therefore, the decrease of IQE at short wavelengths is due to recombination at
the interface of Ge-passivation layer and within the front region of the diode [48].
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Figure 5. (a) Spectal responsivity of Ge photodiode (solid black line) and Ge trap
detector (dashed red line). The dotted blue curve shows unity quantum efficiency.
(b) Internal quantum efficiency of the Ge detectors. [P1]

The internal losses can possibly have an effect on the long-term stability of the Ge
photodiodes. Large area Ge photodiodes having even worse IQE have been studied, and
their aging rate between 1100 nm and 1800 nm was found to be lower than +0.5% per
year [48]. Even though these results cannot be used to predict other diodes, they give an
estimate for the severity of the aging effect. Another important issue to be considered is
the radiation damage, which is not expected to take place at the wavelength region above
900 nm, where Ge photodiodes are normally used with moderate power levels of
~20 mW at the maximum. Earlier studies have shown that even the reversible fatigue
effects with Ge photodiodes are negligible, if the diodes are radiated at wavelengths
longer than 600 nm at power levels of a few microwatts [49].
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The reflectances of the photodiodes were measured using the absolute gonioreflectometer
programmed for specular reflectance measurements [50]. Additional comparison
measurements were done with three different lasers. The results for a Ge photodiode are
shown in Figure 6a. The reflectance of the Ge trap detector was then calculated based on
the results of reflectance measurements of the individual Ge photodiodes, using equation

P = P0°) p2(45°)- p2(45°) 2

where p(0°), py(45°) and p,(45°) represent reflectance of the photodiodes at 0° and 45°
for both polarization planes, respectively. The trap reflectance is needed, for instance, to
make the inter-reflection correction when the components of filter radiometers are
characterized separately. The calculated result was verified with a laser measurement at
1523 nm. The spectral reflectance of the Ge trap detector is plotted in Figure 6b.
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Figure 6. (a) Reflectance of the Ge photodiodes was measured at 10° and 45°
incidence angles with both s- and p- polarized light. (b) Based on these results
reflectance of the Ge trap was calculated and verified with a laser measurement at
1523 nm. [P1]

The studied Ge diodes have a thin film coating on top of the diode, which explains the
shape of the spectral reflectance curves. In the analysis of thin film coating, the spectral
reflectance measurements at oblique angles of incidence are combined with a
mathematical model that considers a thin homogeneous layer of a dielectric material
deposited on a macroscopically thick plane-parallel substrate [S1, P3]. For the substrate
characteristics, tabulated values for bare Ge [52] are used. The analysis reveals that the
thicknesses of the thin film coatings of the four Ge photodiodes vary between 175 nm
and 182 nm. As the refractive index is found to be at the level of ~ 1.7, the optical
thickness of the thin film layer is approximately 300 nm, which makes it optimized for
the wavelength region around 1200 nm. The analysis does not reveal any appreciable
absorption in the thin film coating.
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The current signals of the diodes are measured using current-to-voltage converters
(CVC). When the gain setting of the CVC is adjusted, the input impedance of the device
can change. Therefore, the relatively low shunt resistances of the Ge photodiodes
(~5kQ) and trap detector (~ 1.7 k() need to be taken into account. Otherwise, a
significant ratio of the photocurrent can flow through the shunt resistance instead of the
CVC. If the input impedance of the CVC increases from 1 Q to 100 Q, this can affect the
apparent responsivity of the Ge photodiodes or of the trap detector by ~2 % or ~ 6 %,
respectively.

Due to the low shunt resistance of Ge detectors, the detector and the amplifier should be
constructed and characterized as one unit. One commonly used technique to increase the
shunt resistance of the photodiode is the use of a bootstrap transimpedance amplifier [53].
Otherwise, Ge photodiodes demand for extra care, if used as transfer standards, as they
should be calibrated for the different gain settings or the shunt and input impedances
should be measured in order to be able to apply corrections. Even though the photodiodes
have low shunt resistance, their noise level does not become a critical issue as the
Johnson and dark current noises do not exceed the level of a few picoamperes.

The most severe drawback of the Ge photodiodes is their low shunt resistance and in turn
significant dark current, which are both temperature dependent [54]. However, these
problems can be reduced to a satisfactory level by either monitoring the detector
temperature or by constructing temperature stabilization. In addition, our results show
that the spatial uniformity of the Ge photodiodes has improved significantly over the
years, when compared to earlier studies [55, 56], and is now at the level of ~ 0.1 % at the
wavelengths of 1308 nm and 1550 nm [P1]. The reflectance of the Ge trap detector is
found to be below the level of 10 in the near infrared wavelength region [P1]. This
makes the Ge trap detector applicable for filter radiometry, such as spectral irradiance
measurements, which are affected by inter-reflections between the detector and filter.

2.4 GaAsP trap detector for ultraviolet wavelength region

High accuracy radiometric measurements in the ultraviolet (UV) wavelength region of
200 - 400 nm set some special requirements for semiconductor photodiodes. These
requirements include solar blindness, long-term stability of spectral properties, and
stability of spectral responsivity under UV exposure. Use of silicon photodiodes is
limited by the possible damage by high energy photons below 250 nm [57]. They also
have high responsivity up to 1000 nm wavelength, which may cause severe leakage
problems, if the detector is used for the filter radiometry in ultraviolet. Moreover, GaAsP
photodiodes have smooth spectral responsivity at wavelengths below 300 nm unlike Si
photodiodes. This is preferable as the responsivity is typically interpolated between
measured values [58].

Gallium arsenide phosphide (GaAsP) Schottky-type photodiodes, which have cut-off
wavelength around 610 nm, are widely used as working standard detectors in the UV
wavelength region. The photodiodes are coated with a thin gold layer, which acts both as
the Schottky contact and as a protection layer against oxidation. The GaAsP photodiodes
meet to some extent most of the requirements listed earlier and they are commercially
available with large active areas. Several research groups have investigated the properties
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of GaAsP photodiodes [59, 60, 61, 62, 63, 64, 65, 66]. In addition to favorable properties,
the research has revealed several problems. The responsivity of GaAsP photodiodes is
usually 2 - 3 times lower as compared to Si photodiodes and the spectral responsivity
changes rapidly under intense UV radiation [64]. In addition, the spatial uniformities of
studied photodiodes have been modest [63, 64].

The properties of Au-GaAsP Schottky photodiodes in the trap detector configuration
have been studied in order to extend the Finnish national scale of spectral responsivity,
maintained at TKK, down to 200 nm [P2]. Photodiodes have been arranged in three-
dimensional trap configuration [13] and they have been connected electrically in parallel.

The spectral responsivity of the GaAsP photodiode and trap detector were studied using a
customized spectrophotometer, constructed and characterized at TKK [44]. The
instrument is well-suitable for spectral responsivity measurements, because it is easily
accessible for adjustments and systematic error components are controlled via careful
characterization measurements. The measurement results are presented in Figure 7a. Also
the internal quantum efficiencies (IQE) of the trap and of a single photodiode were
calculated in the wavelength region between 250 and 400 nm using Equation 1. As
clearly visible in Figure 7b, the comparison revealed a reduction of the apparent IQE of
the trap detector as compared to the single photodiode at the level of ~ 10 %. The
probable reason for this effect is the increased absorption in the Schottky contact layer of
the photodiodes in the trap detector configuration, where two photodiodes are at 45° with
respect to the incident light and thus the path length of the light through the contact layer
is longer.
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Figure 7. (a) Trap configuration (black crosses) increases responsivity compared to
the single GaAsP photodiodes (blue circles). (b) However, due to the absorption in
the Schottky contact layer the IQE is lower when the trap configuration is used. [P2]
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The high accuracy gonioreflectometer [S0] was used to measure the spectral reflectance
of a GaAsP photodiode in the wavelength range between 240 nm and 600 nm. The
measurements were conducted at the angles of incidence of 45°, 30°, and 10° using
linearly polarized light sequentially in s- and p-planes. The reflectance at the normal
incidence was then calculated by extrapolation of the measured reflectances. The
reflectance of GaAsP trap detector was calculated from the data using Equation 2. The
results of the reflectance measurements are plotted in Figure 8. We also measured the
reflectance of the trap detector as a whole at several laser wavelengths in order to verify
the calculated reflectance. The measurements were conducted at 325 nm, 442 nm, and
457 nm. During the measurements, the trap detector was tilted 0.5° from the direction of
the incident light in order to be able to measure the power of the reflected light. The
relative deviations of the calculated reflectances of the trap detector from the measured
values were around 5-107 at all wavelengths. This corresponds approximately to the
uncertainty of the measurements.
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Figure 8. (a) GaAsP diode reflectance measured at 45° with both s- and p-
polarizations. Reflectance at normal angle of incidence has been calculated based on
the oblique angle measurements. (b) Based on these values the reflectance of the
GaAsP trap (solid black line) has been calculated and compared with the reflectance
of the Si trap detector (dashed blue line). The results for GaAsP trap reflectance have
been verified with laser measurements at three different wavelengths (crosses). [P2]

The stability of the Au-GaAsP photodiodes was investigated during the characterization
process under the conditions, where radiation doses and exposure times are equivalent to
the actual applications of photodiodes. No systematic changes in spectral responsivity
were detected during the measurements. It has also been demonstrated that the change of
the responsivity of GaAsP Schottky photodiodes is slower compared to the corresponding
change in the responsivity of a Si photodiode [62].

The spatial uniformity of the optical power responsivity was measured first separately for
the single photodiodes. The measurements were carried out at two helium—cadmium laser
wavelengths, 325nm and 442nm. The 1/¢* diameter of the laser beam was
approximately 2 mm. One photodiode out of the four tested ones was rejected due to a
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4 % responsivity peak near to its center. Typically, the responsivity was lowest in the
center and increased close to the edges of the photodiodes by approximately 5 %. Next
the trap detector was assembled, and the measurements were repeated with the trap
detector. The measurements were conducted at the same laser wavelengths with similar
diameters of the laser beam. The measured responsivities at 325 nm, relative to the
responsivity at the center of the trap detector, are shown in Figure 9. On the average, the
spatial uniformity of the assembled trap detector was approximately 2 times better as
compared to that of the single photodiodes.

The accuracy of the alignment of the trap detector with the incident light beam is in the
order of 0.5 mm for most of the measurement applications. From the measured spatial
uniformities of the GaAsP trap detector at 325 nm and 442 nm wavelengths, the
corresponding uncertainty contribution to the responsivity of the trap detector was
calculated. In the case of a beam with 3 mm diameter, the relative standard uncertainty
contribution is 4-10™* for both of the wavelengths. Due to the systematic increase of the
responsivity towards the edges of the detector, it is necessary to apply a small correction
to the responsivity of the trap detector if the beam sizes in the calibration and in the
application are not equal. For example, the relative difference between the average
responsivities of the trap detector for a 2 mm beam and for a 3 mm beam is 2:10™.

Change of responsivity (%)

Figure 9. Spatial uniformity of GaAsP trap detector at 325 nm, measured using a
2 mm beam. [P2]
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2.5 Integrating sphere detector for measurements at fiber optic wavelengths

Measurement of high fiber optic power has practical applications in optical amplifiers,
fiber lasers and testing of long-haul telecommunication systems. The same power
measurement principles can be exploited in the accurate determination of fiber
nonlinearity. In the determination of fiber optic power, we are limited to measure either
the optical power launched into the fiber or the power coupling out of the fiber. This is a
fundamental measurement problem, when we are trying to determine the optical power
inside a fiber system, as any modifications on the system would change the alignment of
the fibers and interfere to the measurement conditions. To overcome this problem with
satisfactory uncertainties, accurate methods to determine optical attenuation are needed.
Commonly used cut-back method is one suitable alternative, as the measured fiber
lengths are significantly longer as compared to the length of the lost fiber piece.

When the optical signal leaves the fiber, the light spreads into a relatively wide solid
angle. This leads to problems with detector spatial uniformity and may therefore cause
systematic errors. Systematic calibration errors of even 10 % have been recorded and the
results have been varying depending on the connector type [67]. By taking this into
account in the detector design, as low as ~ 0.1 % uncertainty contributions are possible
due to the divergence of light from the fiber exit [68, 69]. Integrating sphere (ISP)
detectors have been proposed for measurement of fiber optic power, as they have flat
angular responsivity over wide solid angle [70, 71, 72, 73, 74]. Fortunately, the low
throughput of the ISP detectors, which is normally considered as a downside, becomes an
advantage as high fiber optic power is being measured. These types of detectors do not
necessarily require use of any external attenuators in front of them to avoid the saturation
of photodiode.

Part of the light is reflected backwards from the air-glass interface, as the light leaves the
optical fiber [75]. This reflection has to be taken into account while we are determining
the optical power inside the fiber by using detectors collecting exiting light [76, P5]. The
reflected optical power can be determined with a measurement setup utilizing a 50:50
fiber coupler as illustrated in Figure 10. On the input side, a continuous laser source is
connected into the first branch of the coupler and an optical detector into the second one.
On the output side, first branch containing the FUT is connected directly to the ISP
detector. It is now possible to see an interference effect to take place, on the optical
detector located on the input side of the coupler, due to the small variations in optical
path difference between two coupler branches. The magnitude of this interference effect
depends on the conditions of the free output connector.

If both output fiber ends are in air, the reflected intensity at the optical detector varies
between zero and a maximum value determined by the reflectance at the air-glass
interface. When the free connector is dipped into water, having refractive index between
air and SiO,, the reflected intensity at optical detector does not reach the zero at any time.
Finally, when refractive indices of the free connector and output medium are matched to
prevent the back-reflection, the interference effect disappears and the total reflected light
remains constant. It is now straightforward to calculate how much light is reflected on the
connection between FUT and ISP [75]. These measurements showed that with studied
SMFs the amount of back reflected light from the fiber end was 3.4 %.
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Figure 10. Measurement setup to determine reflection from the interface of FUT and
air.
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TKK maintains the scale of high fiber optic power at wavelength regions around 1.3 pm
and 1.55 um [72, 77]. The optical power region of this scale has been now extended to
650 mW [P5], which is the maximum output power of the used erbium-doped fiber
amplifier (EDFA). The ISP detector designed for this purpose is presented in Figure 11.
The ISP has two input ports on the equator of the sphere: the first one has a fiber
connector for FC/PC and FC/APC connectors and the other one is an open port. An
InGaAs photodiode of 5 mm diameter has been mounted on the exit port lying in the
north pole of the sphere. The port 2, in Figure 11a, can be used in the characterization
process of the sphere to map the linearity of power response and to measure the change in
throughput when fiber adapter is attached.
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Figure 11. (a) Schematic drawing [72] and (b) photograph of integrating sphere
detector for high fiber optic power. Fiber connector input is located on port 1
lying on the equator of the sphere. InGaAs photodiode is mounted on the exit port
on the north pole.
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The diameter of the exit port is 4 mm and therefore the InGaAs photodiode mounted on it
is over-illuminated. The linearity of the ISP detector was studied using the AC/DC
method [78], where small intensity-modulated signal (AC) is accompanied with high
intensity continuous wave signal (DC). The changes in AC light are then monitored with
the help of a lock-in amplifier, as the DC level is increased. The results of the linearity
measurement of the ISP detector response are presented in Figure 12. Especially when
optical power of over 10 mW is measured with the detector, the nonlinear response of the
detector needs to be taken into account. If a 1 mm aperture is placed in front of the
InGaAs photodiode, the power response will be linear up to 650 mW as illustrated in
Figure 13. This shows that the nonlinearity of the ISP detector is entirely a property of
the used InGaAs photodiode. However the additional aperture was not taken into the use,
as the sphere throughput and responsivity did drop significantly.
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Figure 12. Linearity of the responsivity of the integrating sphere detector at 1550 nm
wavelength. InGaAs photodiode is over-illuminated. [P5]
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Figure 13. Linearity of the responsivity of the integrating sphere detector at 1550 nm
wavelength. An aperture of 1 mm diameter is placed in front of the diode to prevent
over-illumination conditions.
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3 Optical coatings

3.1 Optical thin film structures

To understand why the application possibilities of optical thin film coatings are almost
unlimited, we consider the interference effect that takes place in dielectric films. There is
large variety of situations in which such interference can take place. Variables in the
arrangement include the size and spectral width of the source and the shape and
reflectance of the film. Figure 14 illustrates a practical simplification of the problem,
where a beam of light is divided into a reflected and refracted portion at any boundary of
the dielectric material. A condition called external reflection occurs with light going from
lower index toward a higher index (e.g. n1<n). On the other hand, when light is going
from higher index medium to lower index medium, the effect called internal reflection
takes place. A relative phase shift of 180° takes place between externally and internally
reflected beams, so that equivalently, an additional path difference of 1/ 2 is introduced
between the two beams. If the optical thickness of thin film coating d, in Figure 14, is
designed to match the wavelength A/2, the net optical path difference between the
reflected beams is A+ A/2, which puts them precisely out of phase. This condition,
called destructive interference, is opposite to the condition where reflected beams are in
the same phase making the thin film coating a reflector. This condition is called
constructive interference. [79]
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Figure 14. Interference effect takes place in thin film layer of thickness d. The
substrate thickness L is orders of magnitude larger than d and the phases of the
waves reflected from 3-1 interface are randomized relative to the waves reflected
from interfaces 1-2 and 2-3.
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For interference to occur between waves, they must be coherent. With laser light sources,
the interference between waves can take place when the two waves’ travel paths are quite
different in length. White light from a thermal source on the other hand, does not have
this coherence. In a typical thin film structure, where the total thickness of the stack is in
the order of the wavelength, all the waves reflected from the interfaces can be added
coherently. In this case, the amplitudes add, and the phases of the waves have to be taken
into account when adding these amplitudes. The coherence length [80] of light is
approximately

/12

Al =—,
AL

3)

where A is the wavelength and A4 is the bandwidth.

For the continuous wave (CW) laser beam, the coherence length can be several meters
and even for the picosecond lasers the coherence lengths can be in the order of hundreds
of microns. In a monochromator that has a bandwidth of 1 nm, for example, Equation 3
leads to a coherence length of approximately 0.25 mm for the light with wavelength of
500 nm. A thin film layer of this thickness or thinner will produce the interference effect.
When the length difference between two paths is greater than coherence length, the
phases of two waves are randomized and they cannot interfere with each other. In such a
situation, two waves behave as two incoherent sources. Such sources are combined by
adding their intensities, rather than their complex amplitudes. [80]

The variety of different optical components that can be manufactured with thin film layer
structures is enormous: narrow band-pass interference filters, highly reflective mirrors,
antireflection-coated lenses, polarizers, WDM filters and gain-flattening filters for
optical-fiber amplifiers are just a few examples. Thus the design of the these components
is highly dependent on the knowing of optical parameters of deposited thin-film layers,
the complex index of refraction and layer thickness need to be known accurately in order
to achieve the optical properties of the components.

3.2 Spectrophotometric characterization methods for thin films

Optical properties of homogenous thin film layers are determined by the Maxwell
equations by their complex index of refraction N(A) =n(A) — ik(A) and thickness of the
layer d. The real part n(4) includes the normal dispersion and the extinction coefficient,
k(1), governs the absorption of light waves propagating inside a medium. The
transmission and reflection of light waves at the boundary of two media is also governed
by the complex index of refraction. As presented in Figure 14, in a case of single
dielectric film deposited on a macroscopically thick substrate, three interfaces will be
formed. The reflection and transmission from these surfaces can be described using
Fresnel complex amplitude coefficients [37, 81]. Both the reflected and transmitted
waves are sums of multiple internal reflections at the three interfaces.

During the last decades there has been an enormous growth in the field of applications,
where optical thin films are used. Because of this the research of different methods to
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characterize optical thin films has increased remarkably. The variety of techniques is
huge, and it is convenient to classify the methods to single-wavelength and multi-
wavelength approaches based on the number of wavelengths used simultaneously for the
characterization.

The single wavelength methods offer potentially accurate characterization results, but
because of their single wavelength nature they are more vulnerable to both random and
systematic errors in the measurements. Furthermore, the relation between optical
parameters and the measured quantities is very complex. Therefore, the optical
parameters are often derived through multiple successive iterations, which often lead to
multiple solutions or no solution at all [51, 82]. Furthermore, even small measurement
errors can cause the result to converge towards a wrong solution. Several techniques to
avoid these problems have been proposed such as additional measurements and error
analysis techniques [83, 84, 85, 86, 87, 88, 89, 90].

The main multi-wavelength methods for determination of optical constants of thin films
are based on the Kramers-Kronig relation or on curve fitting with the aid of dispersion
equations. The values of n and k obtained in this way are interdependent, and this limits
the number of solutions. The fact that transmittance, reflectance or both are measured
over an extended spectral region also reduces the likelihood of multiple solutions. Some
multi-wavelength methods are also relatively insensitive to random measurement errors.

The Kramers-Kronig methods [91, 92, 93] require that the reflectance or transmittance of
the substrate-film combination be known for all wavelengths. However, in practice
measurements are not available for all wavelengths, and so corrections have to be
applied. These can introduce uncertainties in n(A) and k(A) in the neighborhood of the
two ends of the wavelength spectrum used in the measurements. In the multi-wavelength
curve fitting methods [51, 94, 95] the dispersion of the optical constants is represented by
dispersion equations. These can be based on theoretical considerations or on analytical
formulas. In the former case causality conditions are satisfied. The initial estimates of the
constants of these equations are then gradually adjusted until a fit between the
experimental measurements and the values calculated from the thin film formula is
obtained. The advantage of this approach is that the measurements and the fit need not
extend beyond the spectral range of interest. However, the assumption that the dispersion
of the optical constants can be adequately represented by such simple models is not
always justified.

Ellipsometry consists of the measurement of the change in polarization state of a beam of
light upon reflection from or transmission through the sample of interest. It is one of the
most popular among the methods due to its relative simplicity and capability of
characterizing very thin layers. There is also a great number of different hardware
configurations which have been used to perform experiments and have proven
commercially successful for research and production applications [96]. However to avoid
problems of single-wavelength measurements, the recent development of spectroscopic
ellipsometry has provided a powerful tool to characterize both single and multilayer
stacks [97, 98, 99]. The experimental data are fitted by adjusting the coefficients of the
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dispersion equations describing n(A) and k(A1) and the thickness of the layer. The critical
step involved in the fitting is a proper selection of the dispersion equations.

Dobrowolski et al. introduced a multi-wavelength characterization method, known as
inverse synthesis [51], where a thin film synthesis program is used to derive the optical
parameters from the measured spectral transmittance or reflectance data. The program
adjusts the dispersion parameters until good fit between calculated and measured spectral
curves is found. The optical constants do not necessarily have to have physical meaning
since the equations are only used to describe the convenient n(4) and k(1) parameters that
are required to fit the measurement data. However, this is not a problem, as it is not
always obvious that optical parameters in bulk materials and thin film structures would
be the same. The main criteria when selecting adequate dispersion equations is their
capability of describing n(A) and k(1) parameters with the least possible number of
constants in the dispersion formulas.

For measured spectral transmittance or reflectance the adjustment of the optical
parameters is carried out by minimizing the merit function M representing discrepancy
between model and measurements [51].

M = ii(ci_Eij , (4)

i

where merit function M is defined in terms of difference between the calculated C; and
experimentally measured E; values of any desired combination of m photometric
quantities. The measurement accuracy of the i™ photometric quantity is taken into
account with &. This normalization is important for balanced solution of the data. The
merit function depends on the optical parameters of the thin film layer structure. To find
the unknown parameters d, n(A) and k(1) of a thin film layer system, initial parameters
are refined gradually until the minimum value of the merit function is found.

The method of inverse synthesis has also been adopted in this work [P3]. It has the
benefit of using all available spectral data unlike the relatively simple envelope methods
[100, 101, 102], where the analysis is based on the mathematical relation of the maxima
and minima in the measured transmittance or reflectance spectra. Moreover inverse
synthesis allows to increase the sensitivity or to avoid convergence to a spurious solution
in the case of demanding coatings such as metal or semiconductor films. For this purpose
the merit function can be utilized to cover spectrophotometric measurements at various
angles of incidence.

3.3 Characterization of optical thin films in various angles of incidence

In the optical metrology of thin-film coatings, characterization techniques based on least-
squares fitting to the measured reflectance or transmittance spectra are widely used [51,
94, 95, P3]. The fitted spectral characteristics usually consist of the normal-incidence
transmittance measurement results. However, the analysis may also include
spectrophotometric measurement data collected at oblique angles of incidence. Moreover,
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the reflectance measurements are almost always made at oblique incidence. Thus in order
to compare the reflectance and the transmittance measurement results, the transmittance
data at the oblique incidence may also be needed. Furthermore, the oblique-incidence
data can increase the sensitivity of the characterization methods [51, P3].

It is obvious that the accuracy of the characterization procedures based on curve fitting to
the spectrophotometric data is highly related to the quality of the measurements. The
uncertainty in the determined optical parameters of a thin-film layer is a result of various
uncertainty components in the measurements, especially of those having systematic
origin [103, 104]. Furthermore, there are additional systematic factors that require careful
consideration when the spectrophotometric measurements are performed at oblique
angles of incidence, such as misalignment between the polarization and the incidence
planes, angle determination error, and quality of the beam collimation [105]. At the TKK,
it is possible to carry out spectrophotometric measurements that satisfy such high
requirements [50, 37, 106].

The spectral transmittance and reflectance of a SiO, thin-film sample have been
measured over the visible to near infrared wavelength regions, 400 — 1600 nm, with
collimated linearly-polarized beams incident on the sample at incidence angles ranging
from normal incidence to the Brewster's angle. The results for spectral reflectance and
transmittance are presented in Figure 15 and Figure 16, respectively. The optical
parameters of the layer determined from each of the oblique incidence reflectance spectra
were compared to those derived from the transmittance measurements [P3].

The intercomparison shows a good agreement among the optical parameters derived from
the reflectance data at the different angles of incidence and among those from the normal
and oblique-incidence transmittance characterization. The agreement among the results is
within 0.2 % [P3]. Thus the good agreement among the determined optical parameters
supports the accuracy of the measurements with the two instruments and consistency in
determining the incidence angles, alignment of the plane of polarization with respect to
the plane of incidence, and also a good collimation of the measurement beams. These
factors have to be considered carefully in the oblique-incidence spectrophotometric
measurements, especially when ordinary commercial spectrophotometers with
converging beam geometries are used. Otherwise they could cause significant systematic
errors in the determined optical parameters of the layer. For the first time, this confirms
the reliability and accuracy of the used technique in the characterization of thin films
[P3].

32



T T T T T T T T T T T T T
25 L 4—' .56_._405 S—pOl
20 | N
S
8 5
2 ISt -
8 [ ]
é [ 30°, s-pol " ]
l:dé 10 /W—\ i
[ 30°, p-pol 56.4°, p-pol ]
[ pp L p-p
0 1 " 1 i 1 " 1 " 1 " 1 L 1

400 600 800 1000 1200 1400 1600
Wavelength (nm)

Figure 15. Reflectance of the 720 nm thick SiO, thin film layer deposited on a fused
quartz substrate. Crosses represent measured values and solid lines modeled values.
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values. [P3]
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4 Measurement of optical fiber nonlinearity

4.1 Nonlinear refractive index

Nonlinear interactions between light and silica fiber start to arise, when high powers are
used. The response of any dielectric material to light becomes nonlinear for intense
electromagnetic fields and several nonlinear effects influence to propagation of light. The
severity of these nonlinear effects in optical fibers can also be affected by different
dopants in the fiber core and cladding, such as GeO, and Al,Os. The total polarization P
is not linear with respect to the electric field E but it can be written as [26]

PZSO(Z(I).E+Z(2)'E'E+Z(3)'E'E'E+'--)’ (5)

where & is the vacuum permittivity and 7 (j = 1,2,...) is /™ order susceptibility. The
linear susceptibility y ") represents the dominant contribution to P. It is included in the
refractive index n and the attenuation constant ¢. The second order susceptibility y * is
responsible for nonlinear effects such as second-harmonic generation and sum-frequency
generation. However, these phenomena arise from the lack of inversion symmetry of the
material. As SiO; is a symmetrical molecule, the second-order susceptibility normally
vanishes.

The lowest-order nonlinear effects in the optical fibers originate from the third-order
susceptibility 7, which is responsible for such phenomena as third-harmonic generation,
four-wave mixing (FWM) and nonlinear refraction. Most of the nonlinear effects in
optical fiber arise from the nonlinear refraction, a phenomenon referring to the intensity
dependence of the refractive index. The relation between the refractive index », intensity
I and power P is

n=n0+n21:no+(;’2 jp, (6)

eff

where the first term ny is the wavelength-dependent part of the refractive index and A is
the effective area of the optical fiber. The second term, nonlinear refractive index, ny,
collects up intensity-dependent nonlinear effects. The most interesting effects of this
group are self-phase modulation (SPM), cross-phase modulation (XPM) and FWM.
Because all of the above-mentioned effects are intensity-dependent and optical fiber has
relatively low value of nonlinear susceptibility ), these effects are visible only at high
powers.

The nonlinear coefficient is defined as ny/Aer [107]. Therefore, it can be measured
without knowing the effective area of the optical fiber. However, the impact of the
nonlinear effects depends also on the axial distribution of power inside the optical fiber.
If the effective area is increased, then the influence of the intensity dependent nonlinear
effects is reduced.

In the literature, the nonlinearity of optical fibers is often expressed with so called
nonlinear parameter ¥, which is related to the nonlinear refractive index n; as
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where ay represents the angular frequency of the light wave, ¢ is the speed of light in
vacuum, Ay is the wavelength in vacuum and A is the effective area of the optical fiber.
In general, n; is related to y for linear polarization as [26]

3
n, =§z,€i§x : (8)

Where 4 is the third-order susceptibility and x represents one direction of the principal
axes. The optical field is assumed to be linearly polarized, and therefore only one
component of the fourth-rank tensor contributes to the refractive index.

4.2 Nonlinear light propagation in optical fibers

Pulse propagation in fibers can be described by Nonlinear Schrédinger Equation (NLSE)
[26]:

04 o4 ip, 0*°4
oz b or 2 or?

+%A —iyld 4, ©)

where A is the pulse amplitude that is assumed to be normalized such that |A | 2
represents the optical power. NLSE equation includes the effects of fiber losses through
a, chromatic dispersion through £, and £», and fiber nonlinearity through .

The dispersion parameter D is related to propagation constants £ and £, by the relation
[26]:

dp, 27 Ad’n
D:—:—— N —™— 5
dA 2 & ¢, dA?

(10)
where ¢y is the speed of light in vacuum, A is the wavelength in vacuum, and 7 is the
refractive index.

Pulses at different wavelengths propagate at different speeds inside a fiber because of a
mismatch in their group velocities. However, the group velocity dispersion can be
neglected for relatively long pulses (7p > 100 ps) with a large peak power (Po>1 W)
[26]. As a result, the term /5, can be set to zero in Equation 9. Now, the SPM gives rise to
an intensity-dependent nonlinear phase shift ¢gspyv presented in Equation 18. In order to
derive this, normalized amplitude, U, is defined by [26]

A(z.T)=[Bye 72U (z.7) (11)
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where 4 is the slowly varying amplitude of the pulse, Py is the peak power of the incident
pulse, « represents losses, and 7 is the normalized time scale proportional to the input
pulse width 7. The 7is defined as

t—7
!
i e (12)

T, T,

where v, is the group velocity, and 7" is measured pulse width in a frame of reference
moving with the pulse at group velocity after pulse has propagated time ¢ and distance z
in the fiber.

Now, the pulse-propagation equation [26] can be written with normalized amplitude as

U _ie
oz L

ulu, (13)

where « accounts for fiber losses. The nonlinear length Ly is defined as [26]

Ly =—, (14)
where Py is the peak power and y is related to nonlinear refractive index as in Equation 7.
Equation 13 can be solved directly to obtain the general solution

u(L,7)=U(0,T)e™ ") | (15)

Where U(0,T) is the field amplitude at z = 0 and nonlinear phase shift is

o (LT)= IU(O,T)IZ(E] (16)

NL

with the effective length L. defined as [108]

1§ 1—e™
L.=—|Pe*dz= , 17
PI » (17)

where P is the optical power launched into the fiber and « is the attenuation constant.
This simple model assumes that the power is constant over a certain effective length Leg.
It has proven to be quite sufficient in estimating the effect of nonlinearities, as most of
the nonlinear effects occur in the beginning of the fiber.

Equation 15 shows that SPM gives rise to the intensity-dependent phase shift but the
pulse shape remains unaffected. The nonlinear phase shift ¢y increases with fiber length.
In the absence of fiber losses = 0 and L = L, the maximum phase shift ¢spy occurs at
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the pulse center located at 7= 0. With U normalized such that | U(0,0) | =1, it is given
by

L
Dspm = TCH =10 L - (18)

NL

4.3 Continuous-wave self-phase modulation method

The method of continuous-wave self-phase modulation (CW SPM) for the measurement
of nonlinear coefficient of optical fibers was first introduced by Boskovic et al. in 1996
[109]. Since then the method has been widely adopted by optical fiber measurement
community [110, 111, 112]. However, the name of the technique is inconsistent in the
literature. The same measurement principle is sometimes referred as four-wave mixing
(FWM) method, as e.g. in [110], due to the fact that generated sidebands can also be
interpreted as FWM product. Even though this could be a more descriptive name, there
are several reasons to use the term CW SPM instead of FWM. When the CW SPM
method was first introduced [109] the authors explained the generation of optical
sidebands using nonlinear phase shift. Due to this mathematical description, probably
similar to the one presented in Chapter 4.2, the method has traditionally been considered
as SPM method. Nowadays, it is also an established convention to separate this well-
known method from other techniques, referred as FWM methods [113, 114, 115, 116,
117], utilizing measurement of optical sidebands.

In addition to these methods to determine the nonlinear coefficient of optical fibers, also
techniques utilizing pulsed light source and self-phase modulation (P-SPM) [76, 118,
119], cross-phase modulation (XPM) [120, 121] and modulation instability [122] have
remained in use. No method has been clearly superior compared to others [123] and so
far no standard methods have been proposed by International Telecommunication Union
(ITU). However, the standardization work is in process [107] and the CW SPM method is
one of the strongest candidates to be among the standardized methods.

The strength of the CW SPM method lies in the straightforward measurement scheme
and fairly good repeatability [110], when compared to other techniques. At TKK, we
utilized the CW SPM method as outlined in Figure 17 [P5]. Two continuous-wave
external cavity diode lasers (ECDL) were operated at around 1550 nm. The output beams
were set to have the same linear polarization using polarization controllers and a polarizer
after the beams were combined. The beat signal was then amplified and launched into the
fiber under test (FUT). The length of the fiber samples, L, varied from 100 m to 3000 m.
The optical power was measured at the end of the tested fiber. The total attenuation of the
99 % branch of the coupler and the tested fiber were taken into account by carefully
characterizing their attenuation.
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Figure 17. Measurement setup of continuous-wave self-phase modulation method.
[P5]

In CW SPM-method only peak heights of the fundamental waves and first-order
sidebands are measured from the spectrum. Starting from Equation 16, where nonlinear
phase-shift induced by SPM is presented, we can derive the relationship between the
measured intensity peaks /o, /; and nonlinear phase-shift gspym. The FUT has two different
input signals with same amplitude, £, = E,, but different frequencies @, and w;:

U(0,7)= E, sin(@,T)+ E, sin(w,T) . (19)
This signal can be substituted into Equation 16 to get the nonlinear phase-shift

: : L
o (L,T) = |E, sin(oT)+ E, sm(a)zTY(i] . (20)
NL
Now, it is possible to solve the normalized field amplitudes after the light has propagated
distance L in the fiber. Equation 20 can be substituted into Equation 15 to get the
following form

|, sin(oT)+E sin(wZT)‘z(?—"]
NL

U(L,T) = [E, sin(&T)+ E, sin(@,T ) e

NL

i[[ilZ sinz(wlT)-%-ZE,Ez sin(m,T)sin((uﬂ")-%—E:2 sinz(w:T) Lew
= [E, sin(oT)+ E, sin(w,T )| I ] . (2D

| B B Lar
tl:T(]fcos(Z(olT))JrE, E, (cos[((u, —w, )T]*COS[((AW +m, )T])+7(lfcos(2wlT))}[m]

= [E, sin(oT)+ E, sin(w,T )|

i[(E,Z +E,2 )»E,Z cos(2a,T)+2E,E, cos[((o, —w, )T]*ZEXEQ cos[((u, +0, }T]*EZz cns(ZwlT)I(ps%]

= [E, sin(oT)+ E, sin(w,T )|
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It is possible to generate Bessel functions from the exponents of the above equation, by
using the following Bessel function expansion [124]

GCOS Zan ka(ﬁ (22)

where J, is the Bessel function of the n™ order. All the terms have an imaginary factor i",
which will be cancelled out later from the significant terms, when the terms of the infinite
Bessel function series are multiplied with each other.

+g2| $sem
U(L,T)=[Elsin(a)1 )+ E, sin(w, )]e b EI )

« iin‘] ¢752PM (20, )T j( l' (DSPM (a)l—a)z)T]
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Using the Euler formula [124],

i0 —i6
sin(0)= &4 (24)
2i
to the to sine-terms of the Equation 23. We will obtain an equation
ilE2 ¢ 12 Pspm
U(L T)= [E ( ioT —m)l )+E ( iw,T _e—isz)k [El E I 2 ]
x| — zin‘]n[(oS;M ]ein(Za)l)T j( iin‘]n(wng jein(a)l—(uz)TJ
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These infinite series of Bessel functions contain exponent terms, which are modulating
the phase of the input waveform. Therefore, it leads to the generation of 1%, 2™, 3™

sidebands. The generation of new frequencies is presented in Figure 18. Only the terms
that contribute to the intensities of the fundamental or 1* order sidebands are taken into

account, because even the power transferred to the 1% order sidebands is orders of
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magnitude lower than the power in the input frequencies. Respectively, the power of the
2" order sidebands is considerably smaller than the power of the 1% order sidebands.

g o
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4w:-3w: 3w -2w: 2w -w: W w- ‘W 2w, 2w +3w: 3w, +Aw:

Figure 18. Dual-frequency signal (an and ;) will generate new frequencies due to
SPM. These frequencies are determined by the frequency of the beat signal («;, - @).

This modulation will generate following intensities to the fundamental wavelengths (0"
order) and 1* order sidebands:

J(? Pspm_ [(eimlT _gioT )+(eim2T _gieT )k:

0" order 2
Jg (Ds;M le (Ds;M [(eiwlT _eieT )+ (einT _eioT )k
, (26)
Jé Pspm le Pspm [(ei(Z(ul—a)z T _ piloray)T )+ (ei(—a)l+2wz T _ gil-err20,)0 )k
1* order 2 2
Jé (PSZPM J22 (PSZPM I:(ei(Za)l—a)z)T _pi2orap)T )+ (ei(ﬂuﬁzmz)T _pil-or20,)T )k

where C is a constant, containing products of the amplitudes E; and E;, and Yzi-term from
the sine-function of the Euler formula.

When high optical power is coupled into the fiber, sidebands lying symmetrically around
the fundamental wavelengths are generated due to self-phase modulation [109]. In
Figure 19, optical spectrum containing fundamental wavelengths at intensity I, and first
side bands at intensity I; is shown. Second sidebands lie about two orders of magnitude
below the first sidebands and the power transferred to the higher order sidebands can be
neglected. Therefore, only Bessel functions of second order or lower can take part to the
generation of the frequencies of the intensity of the input waveform Iy and the intensity of
the 1% sidebands I;. When 0™ order terms are divided by 1% order terms from Equation
26, we will get the intensity ratio lo/l; of the fundamental wavelengths to the first
sidebands, the nonlinear phase shift ¢spv Of the signal can be obtained from

40



PO 2 T VG I G i e
O AT CHI CHTECHIRCH A

where J,, are Bessel functions of the n™ order [109]. The nonlinear coefficient n,/A.¢ can
then be found from the relation [109],

n _ A ((DSPM]: A k (28)
Ay A7l \ Pyye A7L 5 "

» (27)

by plotting the nonlinear phase shift ¢spy as a function of the average power of the
signal, Payg. In Equation 28, A is the center wavelength in vacuum, and Legr and A are
the effective length [108] and the effective area [26] of the fiber, respectively. A value for
the nonlinear coefficient is obtained from the slope of the line, k., fitted to the
measurement data [P4]. Figure 20 shows the measurement data for several SMF lengths
together with the fitted lines. The above analysis neglects the effects of fiber dispersion.

Intensity (dB)
2

-40

1549.0 1549.5 1550.0 1550.5 1551.0

Wavelength (nm)

Figure 19. Optical spectrum measured from 500 m single-mode fiber (SMF) using
27.6 dBm input power in dual-frequency signal. Fundamental wavelengths are
separated 0.3 nm from each other. Symmetric sidebands of first and second order are
generated.
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Figure 20. Nonlinear phase shifts for SMF of various lengths. The measurement
power range is limited by noise level and stimulated Brillouin scattering at low and
high power level sides, respectively. [P4]

4.4 Effects of dispersion

In telecommunication applications fiber dispersion and chirp can set limitations to optical
system performance. Same phenomena can cause systematic errors for the determination
of fiber nonlinearity, when the wavelengths of interest experience effects of fiber
dispersion. As the light propagates inside a dispersive medium, the phase matching
conditions between two fundamental wavelengths will vary resulting, in most of the
cases, lowered apparent value for nonlinear coefficient. The severity of the dispersion
effects depends greatly on the measurement conditions [P4, P5, 111, 112], but in the early
studies of nonlinear refractive index, the effects of dispersion were either neglected or the
measurement conditions were adjusted to avoid the significant influence of the fiber
dispersion [109]. However, fiber dispersion can cause systematic shift of several percent
in the value of nonlinear coefficient even with SMFs having a moderate dispersion
parameter D = 16 ps/nm-km [P4, PS5, 111, 112].

K. Nakajima et al. have been determining the measurement conditions for measuring the
nonlinear refractive index of optical fibers, where the effects of fiber dispersion would be
minimal [111]. This approach limits the measurement conditions to the individual cases,
which vary depending on the fiber length, dispersion, wavelength separation of the
fundamental waves and used optical power. By combining measurements with
simulations using NLSE [26, 125], it is possible to develop a more generic approach for
different measurement conditions [P4]. If the measurement results in Figure 21 are
evaluated without taking dispersion into account, the value of nonlinear coefficient is
underestimated by ~ 2 % due to the result of imperfect fitting to the measurement data.
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By taking the dispersion into account in the fitting using NLSE, the phase shift curves are
not straight lines anymore, but tend to bend slightly upwards in the case of anomalous
dispersion. This will result in a significantly better fit, as the quality of the fitting is
evaluated with the least-squares method [P5].

Even though the dispersion affects the determination of n,/Ae typically a few percent
with standard single-mode fibers (SMFs), the effects of dispersion can be drastic with
special fibers [P4]. In Figure 22a, the phase shift curves simulated for SMF having
anomalous dispersion of 16 ps/nm-km are only slightly bending upwards. Similar
behavior takes place with non-zero dispersion shifted fiber (NZ-DSF) having anomalous
dispersion of 6.8 ps/nm-km. In the case of dispersion compensating fiber (DCF) having
normal dispersion of 110 ps/nm-km, the phase shift curves bend downwards. The bending
of phase shift curves, results in variations in apparent values of ny/Ae, as shown in
Figure 22b, if the dispersion is not taken into account. The apparent results can therefore
become significantly erroneous.
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Figure 21. Relative difference (dotted red line) between nonlinear phase shifts
determined either by using traditional model (dashed green line) or model that takes
dispersion into account (solid black line). Crosses present measured values. [P5]
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Figure 22. Simulated (a) Nonlinear phase shift curves and (b) apparent values for
nonlinear coefficient for various single mode fibers.

The nonlinear refractive index and nonlinear coefficient are physical parameters related
to optical fibers. Therefore their values should be independent on measurement
conditions. Another example demonstrating the dispersion effects on the determination of
the nonlinear coefficient is presented in Figure 23, where the wavelength separation
between the fundamental waves used in CW SPM method is varied. The measurements
are in good agreement with simulations utilizing NLSE. With the approach completely
neglecting fiber dispersion, it is impossible to take into account that apparent results of
the nonlinear coefficient will vary as a function of wavelength separation. Unfortunately,
this condition of fixed nonlinear coefficient is true only in a special case, where the
dispersion parameter is set to D =0. When NLSE simulations are used, the value of
nao/ A giving the best fit to the measurement data can be interpreted as a physical value.
As mentioned earlier, the value of the nonlinear coefficient acquired with this method is
independent of the measurement conditions.
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Figure 23. Fiber dispersion affects the apparent values on n,/4.. Measurements are
performed for 500 m long SMF with power range of 19 to 26 dBm. [P4]

4.5 Measurement of high fiber optic power

If uncalibrated instruments are used, significant systematic errors can occur in
determination of fiber nonlinearity as the nonlinear phase shift is directly proportional to
the value of optical power as presented in Equation 6. At TKK, we use the integrating
sphere (ISP) detector which is designed for high fiber optic power. The detector is
described in more detail in Chapter 2.5. The traceability chain sets the limits for
minimum uncertainty of the ISP detector. The fiber optic power can be measured directly
from the output end of the fiber with expanded uncertainty (k = 2), corresponding to 95 %
level of confidence, of 0.93 % up to 100 mW [72, 77] and of 1.3 % up to 650 mW. The
uncertainty component due to determination of the attenuation of the splice and coupler,
between the optical power meter and front end of the fiber under test, is 0.7 %. This
results in the total power measurement an uncertainty component of 1.5 %.

The difficulty in fiber optic power measurements is often not only the determination of
optical power, but the determination of the optical power inside the closed fiber system.
We are not interested in the power that couples out of the fiber, but the power launched
into the fiber. This can be measured by either using an optical coupler with a known
coupling ratio in front of the studied fiber or the power measurements can be performed
from the rear end of the measurement setup, as presented in Figure 24. This figure is a
close-up from the end part of the measurement setup between EDFA and ISP detector,
illustrated in Figure 17. The reason for selecting the rear end measurement scheme is that
both alternatives would require characterization of optical attenuations in order to
determine the optical power launched into the fiber under test. In addition to this, the use
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of the coupler to divide the launched signal in two beam paths would result in a loss of
maximum available power for the front end measurement.

Fiber input

power

L O .

Splice Fiber Splice Optical Integrating
under attenuation sphere
test (e.g. coupler) detector

Figure 24. Measurement of fiber optic power in CW SPM method.

4.6 Uncertainty analysis

The development of the measurement techniques for nonlinearity of optical fibers has
reached a level, where increased interest should be directed towards improved agreement
of the current techniques. It is clearly evident that without better justified uncertainty
analyses and concern for the high precision measurements, the results of the
intercomparisons between different laboratories will not show their full potential as a tool
to improve measurement accuracy.

Several relatively wide intercomparisons containing different techniques and
participating laboratories have been performed since the year 1999 [123, 126, 127, 128,
129, 130, 131]. Among them the most recent ITU-T comparison [123] shows that the
agreement between participating laboratories is on the order of + 10 %. Even the four
laboratories, all using the CW SPM method did not succeed in obtaining a remarkably
better agreement between each other. The further development of the various techniques
has not brought the results of various laboratories any closer to each other, as the
agreement levels already achieved in earlier comparisons have not improved
significantly. The common problem for these comparisons is that the measurement
uncertainties of the participating laboratories are not evaluated. Another important issue
is that several factors, such as fiber dispersion [111, P4], light polarization state [121,
132, 133, 134] or calibration of the instruments [P5] can cause severe systematic errors to
the measurements. The pilot and coordinating institute arranging such comparison
measurements should demand sufficient uncertainty analysis from the participating
laboratories. On the other hand, the analysis technique of the final comparison results
should be known in advance by all the participants.
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At the TKK, an effort has been made to estimate the uncertainty contributions related to
the CW SPM method. The analysis takes into account several parameters that are directly
affecting uncertainty in the determination of n,/4.s. The measurement of high fiber optic
power has remained as the major source of uncertainty, even though it has been improved
significantly by replacing the commercial power meter and attenuator with the ISP
detector [P4, P5]. Formerly the second biggest uncertainty component, dispersion, is now
reduced to the uncertainty level of 0.5 % instead of 3.0 % (k = 2) [P5]. Its contribution is
now also possible to take into account in much wider range of measurement conditions,
as the measurements were earlier limited to the range where dispersion effects remained
weak enough. The combination of uncertainty budgets [135] presented in [P4] and [P5] is
shown in Table 1.

Table 1. Uncertainty analysis for the CW SPM method realized at the TKK.

Uncertainty component Relative uncertainty (%)

old setup [P4] improved setup [P5]

Fiber length L 0.4 0.4
Determination of optical power Pavg 5.4 1.5
Optical spectrum analyzer Io/I; — @spum 1.3 1.3
Wavelength uncertainty 0.1 0.1
Contribution of fiber dispersion 3.0 0.5
Expanded uncertainty ny/Acsr (k= 2) 6.4 2.0
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5 Conclusions

Metrology Research Institute is in the process of extending its spectral responsivity and
spectral irradiance scales out of the wavelength band, where traditional Si photodiodes
are applicable. For this purpose, the Ge photodetectors have been characterized in the
wavelength range of 850 -1650 nm and the GaAsP trap detector for the range
200 - 600 nm. In this thesis, also a high-accuracy measurement technique using
spectrophotometric reflectance and transmittance measurements is used to experimentally
characterize optical parameters of SiO, thin films at oblique angles of incidence. Finally
an integrating sphere detector and mathematical modeling of fiber dispersion are used to
improve the determination of nonlinear coefficient of optical fibers n2/Acs.

The use of Si detectors accompanied with GaAsP and Ge detectors provides a possibility
of continuous scale realization of spectral responsivity over the wavelength range of 200
to 1650 nm. Both studied detectors are characterized in terms of spectral responsivity and
reflectance and attention is paid to their special characteristics. The Ge detectors have
several drawbacks when used as transfer standard detectors, such as low shunt resistance
and thus reasonably high dark current. They are also sensitive to temperature changes.
However, nowadays large area Ge detectors have good spatial uniformities and they offer
cost-effective, yet reasonably accurate, alternative for expensive large area InGaAs
photodiodes. The GaAsP trap detector has a decrease in internal quantum efficiency
when compared to a single photodiode. This is probably a result of increased absorption
in a Schottky contact layer, made of gold, on the top of the photodiodes. Nevertheless,
the constructed GaAsP trap detector seems to be suitable to be used as working standard
in the ultraviolet wavelength region.

The high accuracy spectrophotometric measurements are carried out in order to
characterize the SiO; thin film layer deposited on a fused quartz substrate. The spectral
reflectance and transmittance measurements performed in various incidence angles from
normal to Brewster’s angle are compared successfully for the first time ever. The
consistency of ~0.2 % in the results confirms the quality of the spectrophotometric
measurements and the characterization method. When measurements are performed at
oblique angles of incidence, several systematic factors, such as quality of beam
collimation, and determination of the polarization plane and incidence angle need to be
considered. The use of commercial photometers, with diverging beam configuration, can
cause significant systematic errors.

Also a method that can be easily used to take into account the effects of dispersion during
the data analysis by using the Nonlinear Schrodinger equation to model nonlinear phase
shift and nonlinear coefficient is demonstrated. These improvements do not modify the
basic idea of the direct continuous-wave self-phase modulation method, but are easy to
implement in already existing measurement setups. The technique also allows flexible
adjustment of the measured fiber length, wavelength spacing of the dual-frequency
signal, fiber dispersion and launched optical power. It is also reasonable to expect that the
same approach would improve the accuracies of other techniques used to measure the
nonlinearity of optical fibers.
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At the moment the determination of nonlinear coefficient n,/A4.¢ of optical fibers is
typically limited due to the optical power measurement. It is evident that high accuracy
fiber optic detectors are needed to improve the level of uncertainty. A good solution for
this problem is a fiber optic detector based on the integrating sphere and a mounted
InGaAs photodiode. It is capable of measuring high optical power without any external
attenuator and therefore offers better repeatability as the number of fiber connections is
reduced. Among the fiber community, the issues related to the traceability of optical
power measurements and uncertainty analysis need careful consideration, if better
agreement between different laboratories and measurement methods is aimed at.
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