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A B S T R A C T

The filament temperature T is a key parameter in hotwire-assisted chemical vapor deposition (HWCVD). Three
common methods for the in-situ determination of T are based on the measurement of electrical resistance,
electrical power, or intensity of thermal radiation at one or more wavelengths λ. This work discusses the errors
due to assumptions in these methods, primarily when an assumed resistivity ρ(T) or spectral emittance εs(λ,T)
does not match the sample. Further, a method is introduced to find the temperature of a filament behind a
viewport with unknown transmittance, and without the need to have references for ρ(T) or εs(λ,T). This method
combines multiple thermal radiation spectra at varied radiating power and assumes that εs(λ,T) is independent
of T within the resulting variation in T. The combined optical-electrical method is within 30 K in agreement with
pyrometry around 2000 K for the real-life filament, and within 20 K of the true T when applied to simulated data
of a W filament for which T is known.

1. Introduction

In hotwire-assisted chemical vapor deposition (HWCVD), precursor
gases decompose on a metal filament that is resistively heated to in-
candescence, that is, the thermal emission of visible light. The tem-
perature (T) of the filament surface is tuned in the range of
1600–2500 K by adjusting the electrical power, affecting the rates of the
reactions on the surface and thereby indirectly the deposition rate,
composition, and properties of the growing film [1].

Measurement of T is key to the elucidation and optimization of
HWCVD chemistry. For example, the catalytic effect of the filament has
been demonstrated from differences in the activation energy for gen-
eration of silicon (Si) atoms from silane (SiH4) on tungsten (W), mo-
lybdenum (Mo), and tantalum (Ta) [2]. Such evidence relies on accu-
rate determination of T for each filament. In production reactors,
monitoring and controlling T helps to maintain the reproducibility of
the process and the quality of the layer. For example, contamination of
deposited layers by W atoms released from the filament has been re-
ported at T > 2300 K [3]. Processes can be controlled without mea-
surement of T, e.g. by maintaining a constant current or power. How-
ever, this may lead to drift in T as filaments age and are replaced.
Knowledge of T also allows adaptation of information from the litera-
ture or from chemical-kinetic models. In-situ thermometry of the fila-
ment is thus desired.

The International Temperature Scale of 1990 defines temperatures
above 1235 K by Planck's law of thermal radiation [4]. Following this
standard, T of a hot filament should ideally be determined by direct
radiometry [5] of a black body in thermal equilibrium with the fila-
ment. In a HWCVD reactor it is experimentally more feasible to measure
the electrical resistance, dissipated power, or thermal radiance of the
filament and determine T by comparison to a reference function for
resistivity, total emittance, or spectral emittance, respectively [6,7].
Contact thermometry is another possibility, but out of the scope of this
work. Recent progress on the application of thermocouples to samples
above 1235 K is discussed elsewhere [8–10].

Resistivity, total emittance, and spectral emittance as a function of T
have been published for metals such as W (see Section 3) but cannot
serve in uncorrected form as reference functions for many real-life fi-
laments that are not as pure, clean, flat, and smooth as the reference
samples. This is illustrated by two studies of W lamps, showing a dis-
agreement of over 300 K between resistance- and radiance-based
thermometry with uncorrected reference functions [11,12]. Filaments
in HWCVD reactors may further deviate from the reference functions of
the pure metal due to chemical reactions with precursor gas [13,14].
These results illustrate that the assumptions and errors of the methods
that rely on reference functions should be understood in order to cor-
rectly produce, interpret and integrate T-dependent data in the HWCVD
literature. This is especially true when results from different types of
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thermometry and/or different filament materials are compared.
The present work distinguishes four methods for in-situ determina-

tion of T by the reference functions that they require: (1.) - resistivity
ρ(T); (2.) - total hemispherical emittance εt(T); (3.) - spectral emittance
εs(λ,T), where λ denotes wavelength; (4.) - no references required.
Section 2 explains how the experimental data were obtained. Section 3
describes the model and assumptions of each method to determine T.
The subsections for methods 1 to 3 discuss causes for error in the
methods in contemporary use, whereas 3.4 introduces a method to find
T despite unknown or even gradually evolving reference functions.
Section 4 discusses the results of each method applied to a W filament
as test case. To guide the readers with a specific (user-related) case for
in-situ thermometry of a filament, Section 5 provides a decision tree to
select a suitable method, followed by specific considerations for the
implementation of each method. Section 6 concludes the paper.

2. Experimental details

Kurt J. Lesker Co. supplied filaments of W (99.95%). A Keithley
2401 source meter measured filament resistance by the four-terminal
(4T) method [15] at a power < 0.1mW in a Vötsch VT4004 chamber
(uniform T within 2 K). The separation of the contacts was varied with
hook clips and measured with graph paper (10 squares/cm).

A stainless steel vacuum chamber (base pressure < 2×10−5 Pa)
contained a filament (see 4.1 for details) in a holder that is shown
elsewhere [16]. The additional resistance of leads, contacts, and the
power supply (SM 7.5–80, Delta Elektronika BV) was determined by
measuring the total resistance without heating the filament (confirmed
by linear rise of the current with increasing voltage) and subtracting the
filament resistance. Upon heating, thermal radiation from the cavity
between the coils of the filament passed through a narrow tube, a
viewport, and a neutral density filter to a bifurcated fiber-optic cable
(Avantes FCB-UVIR400–2) connected to a spectrometer (Avantes
AvaSpec) with two detectors. The detector for the ultraviolet and
visible (UV/VIS) range was a 2048-pixel charge-coupled device (CCD,
type Avantes ULS2048L), whereas the detector for the near infrared
(NIR) range was a 256-pixel InGaAs diode array (type Avantes NIR256-
1.7). The irradiance calibration of the instrument was determined by
measurement of a standard lamp (OL-100C, Gooch & Housego).

A Wolfram Mathematica 11.2 code computed the results shown in
Subsection 4.4 by a grid search (parameter sweep of 1000 values for
each T) using 5 thermal radiation spectra in the NIR (200 λ points per
spectrum). The relaxation into the minimum of the merit function is
completed by the principal axis algorithm [17].

Unless otherwise indicated, errors in this work represent normally-
distributed random errors propagated as described in [18].

3. Theory

3.1. T from electrical resistance

The direct current electrical resistivity ρ of a pure metal increases
with Tmainly due to the scattering of conduction electrons on vibrating
atoms [19]. Resistance thermometry determines T by comparing the
resistance of the filament Rfil to a reference resistivity ρ(T), which is
available for pure W [20], Mo [21,22], Ta [23], niobium (Nb) [24], and
other metals [19,25].

This subsection discusses four non-idealities in resistance thermo-
metry. First, the total resistance Rtot of the heating circuit is commonly
measured instead of Rfil. Therefore, a correction for the series resistance
Rext of leads, contacts, and the power supply is required. Second,
thermal expansion of the filament decreases the ratio ℓ /A (filament
length over cross-sectional area) as T rises [12,26]. Third, electrons
scatter on defects in the metal, adding a T-independent term ρd [25] to
the resistivity. Fourth, a filament is in contact with metal leads, which
are colder, making the T-distribution non-uniform. The solution of Eq.

(1) yields T corrected for the first three non-idealities by the additional
parameters Rext, ℓ(T)/A(T), and ρd:
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The series resistance Rext is typically found from Rtot and a four-
terminal measurement of Rfil, both obtained at 293 K. Such a correction
for Rext avoids a large error in T (see 4.1) but introduces a smaller error,
since Rext does not remain constant during the measurements, as nor-
mally assumed. Thermal expansion improves the filament-lead contact,
leading to an underestimation of T by approx. 150 K around 2000 K
(when ℓ /A= 2×105m−1 and Rext decreases by 10 mΩ). In-situ four-
terminal sensing avoids this error by measuring Rfil directly at all
temperatures.

Thermal expansion of the filament can be described with a reference
function β(T)= ℓ(T)/ ℓ(T0)= (A(T)/A(T0))1/2 [27] where T0 is a known
reference temperature, typically 293 K. The substitution of β(T) in (1)
allows the determination of T without explicit measurement of ℓ/A, by
comparing Rfil to Rfil(T0) as in Eq. (2):
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The defect resistance is particularly relevant for HWCVD filaments
that incorporate elements of precursor gases, as has been demonstrated
for boron in W, Mo, and Ta [28]. A 0.05% impurity in W can already
lead to a > 5% increase in ρ(293 K) [29,30].

Since resistance thermometry assumes a uniform T along and
throughout the filament, it can underestimate the T by 82 K around
2350 K, while compared to radiation thermometry selectively applied
to the middle part of a W wire (see Subsection 5.1.2 for details).

3.2. T from electrical power

Like the electrical resistance, the electrical power P dissipated by
the resistive heating circuit is easily measured. T is assumed to be
uniform and determined through the steady-state heat balance of Eq.
(3):
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The first term is Stefan's law [31–33] for a filament area S that
radiates with total hemispherical emittance εt to surroundings at Tsurr,
and includes the Boltzmann constant kB, the Planck constant h, and the
speed of light c. The second term is Newton's model [34,35] of con-
vective and conductive heat loss, where the experimentally determined
kfil depends on conditions such as gas flow. The third term describes
dissipation by Rext (see 3.1) and is not relevant when the filament
power Pfil is directly measured using four-terminal sensing. The fourth
term accounts for j chemical reactions on the filament with rates dni/dt
(n moles per unit of time t) and enthalpy changes ΔHi [36].

The accuracy of power thermometry in high vacuum depends on the
accuracy of εt and S. Reference values for these parameters are only
valid if sample and reference have matching geometry, roughness, and
surface layers (see Subsection 5.2.1). Subsection 5.2.3 discusses that S
depends on T when, at lower filament power, the edges of the wire are
too cold to glow.

Accurate power thermometry during a HWCVD process additionally
requires knowledge of the parameters in the second and fourth terms of
Eq. (3). However, these parameters are themselves found from T-de-
pendent measurements. The equation can be combined with other
methods to verify, constrain, and/or expand them. For example, power
measurements have been combined with radiation thermometry to
determine the dissociation rate of H2 on filaments [37].
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A single data point (P) can only yield a single unknown (T) so that T
is assumed to be uniform. This assumption causes a different error in
power thermometry compared to resistance thermometry, as discussed
in Subsection 5.2.3. In case of a difference between the inner and the
outer (i.e., surface) temperature, Stefan's law yields the latter.

3.3. T from thermal radiation spectrum

Radiation thermometry determines T from the thermal radiation
emitted by the filament and detected by a pyrometer or spectrometer.
In Eq. (4), Planck's law relates the spectral radiance L to T of the fila-
ment surface [7,31–33]:

= × =
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where λ denotes wavelength, LP the Planck function, and 0≤ ε≤ 1 the
spectral emittance in a direction specified by azimuth 0≤ θ≤ π/2 and
zenith 0≤ φ≤ 2π. (See [31] for a visual definition of these angles.) For
a black body, ε=1. In the gray body approximation ε is constant with
λ, θ, and φ. In the Lambertian approximation ε is constant with θ and φ.
The radiance can be spatially resolved and ε can be determined without
prior knowledge of T (see Subsection 5.3.2) so that radiation thermo-
metry can be used to calibrate the electrical methods and verify the
uniformity of the temperature along the filament.

Several parameters in addition to ε must be known to determine T,
since L is not measured directly. The detector of a spectrometer or
pyrometer that observes a hot surface at a normal angle (θ=0) reg-
isters a count rate C according to Eq. (5):

= × × × ×C λ T s L λ T ε λ T t λ r λ( , ) ( , ) ( , ) ( ) ( )P s win s (5)

Here, εs is the spectral normal emittance, twin is the spectral trans-
mittance of the viewport between the instrument and the filament, and
rs is the effective spectral responsivity of the instrument including
components such as fiber and grating, if used. The factor s depends on
the so-called solid angle that the instrument subtends. (See [31] for a
visual definition of the solid angle.)

Given a relative calibration, i.e., the spectral shape of the product of
all functions of λ in (5), T can be determined from the spectral shape of
C. A ratio pyrometer with two wavelength channels [33] is the simplest
implementation. When three or more channels are present, a non-linear
fit of Eq. (5) is required. Single-channel pyrometers, to extract T from
the magnitude of C, require an absolute calibration of the right-hand
side of (5).

It is important to discuss the sources of possible errors in Eq. (5).
First, reference values for εs are only valid if the sample and the re-
ference have matching geometry [38,39], surface layers [40,41], and
texture [42,43]. For example, oxidation of W and Mo changes their εs
[44,45]. Such effects limit the usefulness of the so-called ‘X-Points’
[46], i.e., the wavelengths at which εs is independent of T due to an
interplay of several physical effects for a particular surface [47].
Subsection 5.3.2 discusses methods to measure or calculate εs in detail.

Second, the transmittance of the viewport may change upon de-
position of layers, which is typical to CVD processes. Periodic venting of
the reactor for re-measurement of twin may be avoided by placing a
known reference lamp behind the window [48]. Further, the instrument
responsivity rs (discussed elsewhere [49]) should be re-calibrated per-
iodically, or when components such as the optical fiber are replaced.
Finally, the factor s is only relevant for single-channel pyrometers and
should not cause an error as long as the filament fully fills the field of
view of the instrument (refer to the operating instructions supplied by
the manufacturer).

3.4. T from a combination of thermal radiation spectra and electrical power

Although Eq. (5) cannot reveal T when twin(λ), rs(λ), and/or εs(λ,T)
are unknown, a set of raw thermal radiation spectra nonetheless con-
tains information. We introduce a method to solve a system of n≥ 2
spectra at varied P1…Pn for T1…Tn without knowing or parameterizing
twin, rs, or εs. The method combines the optical data with the electrical
power (this work) or another second source of information (see 5.4.4)
to find the temperatures.

The optical component of the method finds a relation between un-
known temperatures Ti and Tj for each pair of raw thermal radiation
spectra {Ci,Cj}, where Ci and Cj are recorded at identical conditions
except for a slightly different filament power and thus temperature.
Following Langmuir [50], εs(λ,T) is assumed to be constant with T
within a narrow range of T so that Eq. (5) may be written as (6a) and
(6b):

= ′ ×C λ T ε λ L λ T( , ) ( ) ( , )i i is P (6a)

= ′ ×C λ T ε λ L λ T( , ) ( ) ( , )j j js P (6b)

where the spectral Planck pre-factor εs' contains all T-independent
factors. Similar T-independent functions have been used to provide
residual corrections for, among others, twin and deviation from the as-
sumed εs in the model of a filament [51,52]. Dividing (6a) by (6b) with
substitution of Planck's law extracts a value τij from the experimental
data that is related to Ti and Tj by Eq. (7):

= −τ
T T
1 1

ij
i j (7)

The second source of information is needed because Eq. (7) only
provides a relation between temperatures, but not their values. More
specifically, analysis of n thermal radiation spectra yields n-1 in-
dependent instances of Eq. (7). The method in the present work couples
the measured electrical powers to Eq. (7) and is therefore named op-
tical-electrical thermometry (OET). The electrical analysis adds n in-
stances of Eq. (3) to the system, leaving at most n-1 free parameters to
parameterize εt(T) and any other unknowns. A similar coupling of op-
tical and electrical data was already implemented with single-channel
pyrometry in 1960 [53], although this method requires a known T as
starting point.

Since OET does not use reference functions, systematic errors are
only caused by deviation from the assumptions. In the optical analysis,
the assumed T-independence of εs(λ,T) breaks down when the tem-
peratures of the spectra under comparison differ too much. Subsection
5.4.1 provides an optical merit function fij to be minimized by scanning
trial solutions {Ti*,Tj*}; if the minima are shallow or inconsistent with
Eq. (7), this indicates a breakdown of the assumption.

The electrical part of the analysis is based on three assumptions.
First, P must be measured in the steady state. If εs(λ) and/or twin(λ)
change within the time required for the power to stabilize, the optical
analysis fails (see 5.4.2). Second, Stefan's law must be the only sig-
nificant term in Eq. (3) or, otherwise, the other terms must be known
and taken into account. Specifically, the effect of chemical reactions on
and/or with the filament surface are discussed in Subsection 5.2.4.
Third, εt(T) must be accurately parameterized but also constrained to a
limited number of degrees of freedom, to prevent correlation between
excessive parameters and the temperatures of interest.

To ensure a unique solution, this work searches the total merit
function F defined in 5.4.1. Essentially, F takes trial values of all
parameters (T1…Tn, and one or more for εt) as input and outputs a score
that reflects the disagreement between the data and the model based on
Eqs. (3), (6a), and (6b). The desired solution thus manifests as a single,
global minimum in F. The optical merit functions fij provide the optical
terms in F. The input of at least one data point per parameter is a re-
quirement, but not a guarantee, of a unique solution.

To summarize, (i) acquiring n≥ 2 different radiation spectra with
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unknown twin(λ), rs(λ), εs(λ,T) and T1… Tn, (ii) assuming εs(λ,T)= εs(λ)
within the measured dataset, and (iii) measuring P1…Pn in combination
with a valid parameterization for εt(T) reveals the required tempera-
tures. The method we propose enables thermometry for filaments with
unknown εs and ρ(T) as well as the use of windows with unknown twin

and a spectrometer with unknown responsivity rs.

4. Results and discussion

4.1. T from electrical resistance

To explore the effect of filament ageing, we measured the properties
shown in Table 1ex-situ for a filament as-received and after use. The
length ℓ is derived independently by four-terminal measurements [15]
of Rfil with controlled variation Δℓ of the current leads. A fit of Eq. (1) to
the Rfil-T data (293–410 K range, not Joule-heated but placed in a test
chamber with regulated, uniform temperature ± 2 K) reveals ρd and A.
The magnitude of ρd is consistent with 0.05% of impurities [30]. Ageing
reduces ρd but not to a negligible level. The electrical results for the
aged filament are fully consistent with the mass, thickness, and re-
ference density [54] so that ρd can also be determined from ℓ, A, and Rfil

instead of from Rfil-T data. The new filament appears to have a non-
cylindrical geometry and/or non-uniform thickness and cross sectional
area.

In-situ measurements were performed on the aged filament only.
Fig. 1 presents the impact of the parameters in Eq. (2) on the perceived
temperature T of this filament. The horizontal line ΔT=0 represents
the benchmark result obtained by accounting for thermal expansion
β(T), defect resistivity ρd, and series resistance Rext. Neglecting Rext

causes the largest deviation from the benchmark, which is interpreted
as the systematic error. In this experimental setup the value of Rext is
significant (0.028 ± 0.002Ω) relative to the low resistance of the fi-
lament. The neglect of thermal expansion β(T) causes a systematic error
lower than the error due to the measurement uncertainty. Not ac-
counting for ρd causes an underestimation of T by 100 K around 2000 K.
T is underestimated rather than overestimated because the denominator
at the right hand side of Eq. (2) is underestimated to a higher degree
than the numerator.

4.2. T from electrical power

This subsection analyzes the measured electrical power Pfil and
temperature T (by resistance thermometry) of the filament under study
to determine whether the parameters Sεt and kfil are constant with T,
which would enable the use of power thermometry. Two datasets were
acquired. Dataset HV was measured while heating the filament in high
vacuum, so as to neglect chemical heat sinks and convection in Eq. (3).
Dataset F was measured at 0.1 Pa, with a flow of 25 sccm H2 along the
filament to observe the impact of the additional heat sinks on Pfil. Fig. 2
displays the data in a form [26] that distinguishes the purely radiative
regime from the colder regimes where Newton's law (Pcon) is sig-
nificant. Each of the three regimes, delineated by the dotted vertical
lines in Fig. 2, is discussed separately below.

In the purely radiative regime above 1800 K, Eq. (3) can describe
data HV and F with a constant Sεt and a neglected kfil. The lack of slope
in Sεt indicates that the filament is better described as a gray body than
by the reference εt for W [55]. Subsections 5.2.1 and 5.3.3 discuss light

Table 1
Selected properties of W filaments, new and aged by 50 processes in H2 at reduced pressure with a total time of 250 h at 2200–2300 K.

Quantity Literature New filament Aged filament Error

[n] Mass (g) 2.075 2.018 0.008
[e] Length at 293 K (mm) 133.2 131.8 0.7
[e] Cross sectional area at 293 K (mm2) 0.867[*] 0.801 0.017
[n] Diameter at 293 K (mm) 1.025[*] 1.010 0.005
[c] Area/diameter2 (deviation from π/4) 5.07% 0.02% 0.12%
[c] Density at 293 K and 105 Pa (g/cm3) 19.3 [52] 17.97[*] 19.11 0.16
[e] Resistivity at 293 K (μΩ*cm) 5.31 [17] 5.96 5.64 0.10
[e] TCR at 300–400 K (10−3 K−1) 4.41 [17] 3.97 4.25 0.04
[e] ρd at 300–400 K (μΩ*cm) 0.65 0.34 0.05

[e] measured electrically; [n] measured non-electrically, i.e. by balance and micrometer; [c] calculated from a combination of electrical and non-electrical mea-
surements; [*] likely in error due to non-uniformity or non-cylindrical geometry.

Fig. 1. The systematic error from neglecting parameters in resistance thermo-
metry, compared to the random error propagated [18] from the measurement
errors in current and voltage, as specified by the manufacturer of the power
supply.

Fig. 2. Pfil/T4 against T; the latter obtained from resistance thermometry.
Below 500 K, the data is described by Newton's law and above 1800 K, by
Stefan's law of radiation (Prad) with a T-independent value of Sεt. The data in
the transitional range (500–1800 K) cannot be described by a model that as-
sumes Sεt constant.
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recycling within the coils and the roughness of the aged filament as a
possible explanation for this result. If S is taken as π× length × dia-
meter then the fitted effective εt,eff is 0.42 ± 0.02 (reduced chi-square
[56] rχ2= 1.4). The true εt is smaller than 0.42 since surface roughness
raises the true S. The fit result is not changed by flowing H2, which
indicates that the power consumed by the dissociation of the H2 is
within the measurement error.

In the regime below 600 K, the domination of Newton's law allows
the estimation of kfil,HV= 3.8 ± 0.3mW/K and
kfil,F = 8.6 ± 0.4mW/K. The flow of H2 increases Pfil significantly
(data F), consistent with convective heat transport. The T-dependence
of Sεt and kfil cannot be resolved in this regime.

In the transitional regime between 600 and 1800 K, Pfil/T4 initially
decreases as expected from Newton's law (600–1000 K) but rises be-
tween 1000 and 1800 K, which can only be explained by a T-depen-
dence of (Sεt)HV. Eq. (3) fits the data poorly (rχ2 > 6) when Sεt is not
allowed to vary with T. This is illustrated in Fig. 2 by the sum of the
high-T and low-T models, which fails to describe the transitional re-
gime. Subsection 5.2.3 argues that S increases between 600 and 1800 K
as the section of the filament that glows expands to include the edges.
The effect is relatively minor above 1300 K, so that the systematic error
from assuming a constant Sεt is within the random error in this region.

To summarize this section, power thermometry can obtain the same
results (Fig. 3) as resistance thermometry for the studied filament from
1300 K onwards, given the correct reference value (Sεt)HV. However,
the determination of (Sεt)HV requires calibration by another form of
thermometry, so that power thermometry cannot be considered as a
stand-alone method.

4.3. T from thermal radiation spectrum

The experimental irradiance spectra such as the one shown in Fig. 4
are fitted significantly better by Eq. (5) when εs is constant with λ rather
than taken from the literature [57,58] for uncoiled W ribbon. Specifi-
cally, the reference εs(λ,T) for W ribbon predicts that the curve should
tail off more rapidly at long λ than is observed. This indicates that εs of
the investigated filament is flatter than the published εs of W ribbon,
providing additional support for the gray body approximation sug-
gested in Subsection 4.2.

The optical T in Fig. 3 is 5–10% (e.g., 165 K around 2000 K) above
the electrical T. This systematic error exceeds the fit error, estimated
from the range of parameters that maintain rχ2 within 25% of the
minimum. Stefan's law fits the P,T curves from both methods. If Rext

were to decrease by 30% (e.g., from 28 to 19 mΩ) due to improved

electrical contact when T rises from 300 to 2000 K, this would fully
account for the discrepancy. Alternatively, if radiation thermometry
overestimates T in Fig. 3, then the spectra misleadingly match the gray
body model by some specific slope in dεs(λ,T)/dλ or by radiation from
other hot surfaces that shifts the peak in Fig. 4 to a shorter wavelength.

4.4. T from a combination of thermal radiation spectra and electrical power

To validate the method of optical-electrical thermometry (OET), this
subsection describes its application to (i) an experimental dataset for
which the temperatures are known by other methods; (ii) a synthetic
dataset for which the true temperatures are known. The results of OET
in both cases are obtained and checked for uniqueness by a grid search
(sweep of all parameter combinations) of the total merit function F, as
introduced in Subsection 3.4 and defined in 5.4.1.

Dataset (i) consists of 5 thermal radiation spectra and powers from
the same W filament as characterized in Subsections 4.1–4.3. The op-
tical merit function fij (see 3.4) is first computed for each pair of spectra
{Ci,Cj}. Fig. 5 shows this function for two spectra (indices i=1 and
j=2, acquired at filament power P1= 96W and P2= 143W). The
minima of f12 indicate possible solutions for {T1,T2} and lie on a line
that is well-described by Eq. (7) with
τ12= (5.067× 10−5 K−1) ± (6×10−8 K−1). The minima of the 9

Fig. 3. T determined from electrical resistance (Subsection 4.1), electrical
power (4.2), thermal radiation spectra (4.3), and a combination of thermal
radiation spectra and electrical power (4.4).

Fig. 4. The best fits of a gray body model (rχ2= 1.2) and a model assuming
εs(λ,T) for strip W [57,58] (rχ2= 2.3) to the thermal radiation spectrum of the
filament at 119 W. For clarity, 9 out of every 10 data points are not drawn. The
error band was calculated from the uncertainty in rs and the shot noise [60].

Fig. 5. Contour plot of the optical merit function f12 for two thermal radiation
spectra {C1,C2}. The minima correspond to possible solutions {T1*,T2*} and lie
along a line well-described by Eq. (7) with τ12= 5.067×10−5 K−1. For
comparison, two lines are plotted that indicate where the minima should lie
according to the results from resistance (black dotted line) and radiation
thermometry (white dashed line).
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other optical merit functions similarly follow Eq. (7), confirming that εs
may be assumed independent of T within this dataset.

The analysis of dataset (i) is completed by combining the optical
merit functions with an analysis of the electrical powers. This analysis

assumes a gray body and uses only the first term in Eq. (3), since the
data were acquired in high vacuum. On the back of an envelope, T1 and
T2 might be calculated as T1= (P21/4 – P11/4)/(τ12P21/4)= 1871 K and
T2= (P21/4 – P11/4)/(τ12P11/4)= 2067 K. Minimization of the 6-di-
mensional total merit function F (see 5.4.1) determines all 5 tempera-
tures at once, accounts for measurement errors, and checks the un-
iqueness of the result.

The results in Fig. 3 show that OET matches standard radiation
thermometry despite not needing the transmittance of the viewport
twin(λ) or the response function of the spectrometer rs(λ) as input. The
feature makes OET an attractive option for HWCVD reactors in which
the gradual deposition of layers on the viewport complicates standard
pyrometry. Moreover, OET can determine ε's (the product of εs, twin, and
rs) on the basis of the determined temperatures and Eq. (6a). Given a
gray body radiator and a known twin, OET can thus provide a relative
irradiance calibration rs for a spectrometer. Fig. 6 compares the result
from OET to rs determined for our spectrometer by measurement of a
calibration lamp.

The error bars for OET in Fig. 3 reflect the spread of Ti when the raw
spectrum Ci is analyzed with Cj/(λ) / LP(λ,Tj) for all j≠ i in the dataset.
This spread indicates the internal consistency of the method, i.e., the
validity of assuming εs' to be independent of T, and rises as the
minimum in fij becomes more shallow, wide, and divergent from Eq.
(7).

To determine absolute errors in OET, the true T must be known. To
this end, dataset (ii) was created by simulating five pairs of spectrum
and power between 1700 and 2300 K, using Eq. (5) and the published

Fig. 6. The average εs'(λ) determined from 5 raw thermal radiation spectra by
the optical-electrical method (solid line) matches rs (dashed line, independently
determined with an uncertainty of 5%) within 9%. The error band around εs'
indicates the range of outcomes from the set of 5 spectra.

Fig. 7. Decision diagram to select a method for in-situ thermometry of a HWCVD filament. Note that only the purely optical methods can spatially resolve T.
Abbreviations: Y= yes, N= no.
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εs(λ,T) of W ribbon [57–59]. The simulation of C(λ,T) includes shot
noise [60], read noise [60], and a rs(λ)× twin(λ) with absorption fea-
tures and Gaussian fluctuation. The simulation of P(T) integrates LPεs
dλ between 340 and 5100 nm, extrapolates εs beyond this range with an
error< 5% in P (since 0≤ εs≤ 1), and corrects for non-Lambertian
emittance [61]. Analysis of this synthetic dataset by OET
(400–1650 nm, εt = aT where a is a fit parameter) returns the correct
T ± 20 K. This validates the method for a non-gray body radiator be-
hind a viewport with unknown twin(λ).

5. Implementation considerations

This section provides guidance to readers who intend to implement
a method for in-situ thermometry of a filament. The decision diagram in
Fig. 7 helps to determine the most suitable method, which depends on
the conditions and demands of the use case. Subsections 5.1 to 5.4
discuss implementation considerations for each method, to complement
Sections 3 and 4.

5.1. T from electrical resistance

Resistance thermometry is implemented through Eqs. (1) or (2).
This subsection discusses the parameters in these equations, and the
assumption of a uniform filament temperature.

5.1.1. Parameters in resistance thermometry
The parameters in (1) and (2) are taken from known reference

curves (ρ(T) and β(T)) or measured. Section 4.1 describes the experi-
mental determination of ρd, ℓ, and A. In-situ four-terminal measurement
of Rfil is recommended to avoid errors due to a temperature dependence
of Rext. The assumed T-independence of ρd may break down if the
concentration of defects is lowered by annealing or evaporation of
impurities [30,62]. Filaments typically operate in a range of T too wide
for a linear approximation of ρ(T), such as the temperature coefficient
of resistance (TCR) [63].

5.1.2. Error due to the assumption of uniform T
Since the measurement of a single data point (Rfil) only permits the

determination of one unknown (T), resistance thermometry must as-
sume that T is uniform. This section estimates the resulting error. In a
typical temperature profile along the length x of the filament, T(x) falls
near the edges where contacts conduct heat away [11,26,64–66]. As the
filament is made hotter and thinner, the fall in T(x) steepens so that a
larger fraction of the filament is at its central temperature [67]. For a W
filament (ℓ /A=163,000 m−1) with a published profile T(x) [38] that
is 2358 K ± 4 K along 80% of the wire, we calculated a perceived T of
2276 K from Eq. (1). The effect of coils on the profile is negligible (< 5
K difference between the inside and outside of coils) [50,68].

5.2. T from electrical power

Power thermometry is implemented through Eq. (3). Subsection 4.2
discusses the parameters Sεt and kfil using data specific to the filament
under study. This subsection discusses the features of Sεt for filaments
in general, and the effect of ageing. Second, a model is demonstrated to
determine whether Tsurr may be assumed constant. Third, the assump-
tion of uniform filament temperature is discussed. Fourth, the con-
tribution of chemical reactions to the power is treated.

5.2.1. Sεt and the effect of ageing
Fig. 8 shows εt(T) for clean and smooth metal strips [55,69,70].

Such reference values are valid under the same conditions as references
for εs (see 3.3) since εt(T) is derived from εs(λ,T). Below 2500 K, εt(T)
for these metals can be approximated as linear with zero intercept: as T
is lowered, the centroid of the Planck curve shifts to long λ where the
Drude model [71,72] predicts a reflectance of 1 and thus an emittance

of 0 by Kirchhoff's law.
The reported flattening of εt(T) with filament age [73,74] can par-

tially be explained by re-absorption of a fraction ξ of the emitted light at
the rough surface [75]. Re-absorption also occurs within the coils of a
filament (typical ξ≈ 0.3) [35,38,50,52,68,76]. Although this so-called
‘light recycling’ effect increases εt, the re-absorption decreases S by a
factor (1- ξ) which is included in the calculated effective εt(ξ,T) for W in
Fig. 8. In practice S increases due to surface roughness, so that Sεt(T) as
a whole flattens and increases.

For the aged filament in this and other [76] work, εt is experi-
mentally found to be constant with T. Fig. 8 shows that this ‘flattening’
cannot be explained by light recycling alone, except at
ξ > 0.8.Subsection 5.3.3 discusses the role of surface films on the
flattening of εt. Various films such as carbides and silicides have been
observed on W filaments aged in HWCVD processing [13,14]; for such
cases, Kirchhoff's law (Subsection 5.3.2) should be used to calculate the
spectral emittance from which εt is obtained [31].

5.2.2. Tsurr can be assumed constant in this work
This subsection demonstrates an analysis of the dataset HV in Fig. 2,

that determines whether Tsurr can be assumed constant. The vacuum
chamber is modeled as a single body at homogeneous Tsurr that receives
all of Pfil and in turn dissipates it by Newton's law with constant ksurr to
an environment at 293 K. The solutions of Eq. (3) coupled to
Pfil = ksurr(Tsurr – 293) are the roots of a polynomial with 10 terms.
Fig. 9 shows how the only physical solution varies with ksurr/kfil. The
data for Tfil matches (within the error margin) both the models at
ksurr = 100kfil and ksurr = 1000kfil, despite the fact that these models
disagree on the value of Tsurr by over 400 K at 200 W. This shows that
the result for Tfil is insensitive to Tsurr as long as ksurr > 100kfil, so that
Tsurr can safely be assumed constant. A model that includes radiative
dissipation from the chamber walls to the environment would be even
more capable of maintaining a constant Tsurr. The best fit of Eq. (3) to
the entire HV dataset gives Tsurr = 298 ± 8 K, which is mainly de-
termined in the low-power regime where Newton's law dominates since
Stefan's law is less sensitive to Tsurr (T4− Tsurr4 approaches T4 when
T> > Tsurr).

5.2.3. Error due to the assumption of uniform T
The effect of a temperature profile along the wire is different in

power thermometry than in resistance thermometry (see 5.1.2) due to
the T4 dependence in Stefan's law. The filament modeled in 5.1.2
(central T of 2358 K) radiates 269 W at εt = 0.41, which by Eq. (3)

Fig. 8. Calculated (dashed lines, W only) and experimental [55,69,70] εt of
group 5 and group 6 metals. Calculations proceed from spectral emittance in
the Lambertian approximation [31,58,59] and show the effect of the light re-
cycling factor ξ [38] on εt of coiled filaments.
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corresponds to 2299 K or 23 K above the result from resistance ther-
mometry. A second difference is that the resistance is determined by the
temperature throughout the wire, whereas the power only depends on
the temperature at the surface [31,32].

Below 1800 K, non-uniformity of T along the length of the wire
leads to a lowering of the effective S since the edges of the filament
glow less intensely. In Fig. 2, this is seen as an upward slope between
600 and 1800 K. As the filament becomes hotter, T becomes more
uniform (see 5.1.2) and the value of SHV stabilizes. The value of SF
stabilizes earlier, because convective transport reduces the non-uni-
formity. The data cannot be explained by thermal expansion, which
increases S by only 3%, or by a slope of εt(T), because such a slope
should have an identical effect on both the HV- and the F-dataset in
Fig. 2.

5.2.4. Chemical contribution to power
The chemical power PC, that is the last term in Eq. (3), is non-zero

during HWCVD due to reactions on the filament surface. The experi-
mental results in Section 4.2 show that this term is negligible (for
purposes of thermometry) in our setup when dissociating H2 (0.1 Pa) at
T > 1800 K on W. (The production of H atoms was verified by the
etching of tellurium layers [16].) The kinetic theory of gases [77] can
estimate an upper limit to PC under the assumption that each H2 mo-
lecule that impinges on the filament instantly dissociates. The flux of H2

(1022 s−1m−2) on the filament (S=4.182 cm2) then limits the reaction
rate (7.5 μmol/s), yielding PC≤ 3.4W and confirming the experimental
result. If the filament were enlarged, PC would remain negligible since
both the chemical and radiated power scale with S. At higher pressures
of H2, PC could rise sufficiently to complicate power thermometry so
that a different method must be used (see Fig. 7).

Besides dissociating into radicals, precursors such as SiH4 may also
react with the filament [13]. Since solid products of a filament-pre-
cursor reaction are more stable than radicals, the enthalpy of such a
reaction is typically less than that of full dissociation. Furthermore, in
any experimentally feasible HWCVD process the rate of such reactions
should be slower than the rate of radical production. Therefore, fila-
ment-precursor reactions will contribute less to the chemical power
than dissociation reactions. For example, we used thermodynamic data
[54,78–80] to calculate a chemical power of 0.04W for the formation
of 50 μm of tungsten disilicide (WSi2) in 10 h [14] on a filament
(S=4.182 cm2) by the reaction 2 SiH4+W ➔ WSi2+ 8 H at 2000 K.
The production of H, rather than the formation of WSi2, still dominates
this power: the reaction would in fact be exothermic (−0.003W) if the

hydrogen were released as H2.
To conclude, chemical reactions on the filament complicate power

thermometry by altering the surface and thereby Sεt (as mentioned in
Subsection 5.2.1) rather than through the chemical power. PC is sig-
nificant only at high precursor dissociation rates, which requires a large
reaction probability at precursor partial pressures exceeding 0.1 Pa.

5.3. T from spectral radiance

Radiation thermometry is implemented through Eq. (5). This sub-
section first discusses how the derivation of (5) changes when the
sample is observed from a non-normal angle. Second, methods to de-
termine the spectral emittance are discussed. Third, a type of filament is
discussed for which εs does not change with λ.

5.3.1. Derivation of (5)
Integration of Eq. (4) yields (8) for the photon flux density J that a

finite-sized observer receives, in the direction θ1,θ2,φ1,φ2 [31] from the
radiating surface and neglecting reflections

∫ ∫=J λ T L λ T ε θ ϕ λ T θ θdθdϕ( , ) ( , ) ( , , , ) cos sinP ϕ
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θ

θ

1

2

1

2

(8)

Eq. (5) is obtained by integrating (8) for a narrow fiber at normal
angle (θ1= 0) and factoring in the transmission of the viewport twin and
responsivity of the instrument rs.

At normal angle, the pre-factor in Eq. (5) = −−s θ θsin ( )ϕ ϕ
2

2
2 1

2 1 and
the spectral normal emittance εs can be used. Otherwise, the spectral
directional emittance ε in the correct direction should be used. For
metals, εs can be used with a deviation of< 0.1% if θ remains within
25° of the normal [31].

5.3.2. Determination of spectral emittance
Kirchhoff's law [31,33,81] is the basis of several methods to de-

termine ε (in any direction) of an opaque surface without knowing T, by
relation to the reflectance 0≤ R≤ 1 as in Eq. (9)

= −ε θ ϕ λ T R θ ϕ λ T( , , , ) 1 ( , , , ) (9)

where θ and φ [31] specify the direction of outbound rays in thermal
emission, but of inbound rays in a reflectance measurement.

Although values for R and thus the emittance can be found in the
literature, they are sensitive to surface roughness and the presence of
films such as oxides. Direct measurement of R is possible [82,83] but
challenging [57,72] due to reflection in non-specular directions [7,33]
as well as the incandescent signal. Methods to resolve T and a para-
meterization of ε solely from thermal radiation spectra were recently
reviewed [84]. A common solution to the problem of not knowing R is
to drill a cavity for which, to good approximation, the reflectance
Rcav= 0 and thus the emittance εcav= 1 [57,85].

To what extent the growth of a film on the filament during HWCVD
affects R and thus the accuracy of resistance thermometry, differs per
use case. Specifically, the evolution of R can be predicted from the
optical constants and the growth rate of the films, using Fresnel's
equations [31] and other models based on Maxwell's equations
[43,86–88]. Such methods are typically implemented in software for
the fitting of reflectance and ellipsometry data, such as the free program
RefFIT [89]. The T-dependent optical constants of the metal are re-
quired and have been determined by ellipsometry [40,55,69,90] and
modeled by oscillator functions for W [91] and Mo [92].

5.3.3. Aged, coiled filaments as gray bodies
For a gray body εs is constant with λ in Eq. (5), so that radiation

thermometry can be performed easily. Subsections 4.2–4.4 present ex-
perimental evidence that the aged, coiled filament under study can be
treated as a gray body. This subsection provides theoretical arguments
for the same conclusion.

Light recycling in the rough surface and the coils of an aged filament

Fig. 9. The best fits of a steady-state model for the temperatures of the filament
Tfil (solid line; εt = 0.42) and the surrounding vacuum chamber Tsurr (dashed
line) to data from resistance thermometry in high vacuum (circles), at 4 dif-
ferent orders of magnitude for the ratio ksurr/kfil.
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increases and spectrally flattens εs. The quantitative model of this effect
[38] predicts that εs flattens most rapidly for surfaces that are already
highly emissive at ξ= 0. Smooth metals are not highly emissive, but
surface films such as oxide can enhance the emittance as predicted by
Kirchhoff's law and described in the literature [40,44,86,93–95]. Light
recycling dampens the interference fringes. Therefore, a combination of
film formation and light recycling may produce a near-gray emittance
in aged, coiled filaments.

The emittance will be most gray in cavities between the coils (as
were observed in the present work). The independence of εs on λ results
in an independence of εt on T, as experiment000000000000ally ob-
served here (see 4.2) and elsewhere [76].

5.4. T from a combination of thermal radiation spectra and electrical power

The first part of this subsection presents the mathematical functions
that implement optical-electrical thermometry (OET). The second part
discusses a limit to the rate at which εs and twin may evolve for the
optical component of the analysis to work. The third and fourth part
discuss requirements for the electrical component of the analysis. The
fifth part discusses alternative constraints that may be used instead of
Stefan's law.

5.4.1. Merit functions in the optical-electrical analysis
The optical merit function fij is defined similarly to a reduced chi-

square (rχ2) function [56], and serves to test a trial solution {Ti*,Tj*}
against the experimental spectra Ci and Cj measured with errors
δ[Ci(λ)] and δ [Cj(λ)]:
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where the summation iterates over the Nλ wavelengths in the spectra.
Minimization of Eq. (10) yields the values for parameters {Ti*,Tj*} that
best agree with the experimental data {Ci,Cj} under the model de-
scribed in Section 3.4, which predicts that the correct solution should
yield the same εs'(λ) from Eq. (6a) as from (6b). Eq. (10) is weighted so
that fij equals 1 when the difference between εs'(λ) in (6a) and (6b)
matches the propagation [18] of the experimental errors δ[Ci(λ)] and
δ[Cj(λ)]. The method circumvents computationally expensive para-
meterization of εs'(λ) and supports pairwise analysis of n spectra. Tables
for LP(λ,T) and the squared error terms can be generated once and used
for all calculations.

The total (optical-electrical) merit function F in Eq. (11) combines
multiple instances of fij (one for each pair out of n spectra) with n rχ2-
like terms for the electrical power, and thereby allows combined ana-
lysis of optical and electrical data in a single minimization procedure:
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where T* denotes the set of n candidate temperatures, a* the set of
parameters in εt(T), and Eq. (12) specifies the partial merit function pi
that evaluates the model prediction P(Ti*,a*) through Eq. (3):
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where the measured filament power Pi has an experimental error of
δ[Pi]. A search of all parameters in Eq. (11) identifies the minimum that
corresponds to the best solution. Eq. (11) is weighted so that F=1
when the difference between model and data matches the experimental
errors.

5.4.2. Requirements for the optical analysis step in OET
Whereas standard pyrometry requires a negligible evolution of εs

(see 5.3.2) and twin during the entire process, in OET this requirement is
reduced to the duration of one measurement cycle (thermal radiation
spectra {C1…Cn} as the steady-state power is varied from P1 to Pn).
Therefore, Fig. 7 recommends OET when εs(λ,T) and/or twin(λ) change
gradually during the process as a result of the formation (or etching) of
films on the filament and/or viewport. With increasing growth rate of
the films, the assumption of a constant εs between eqs. (6a) and (6b)
becomes less valid so that eventually, OET also breaks down. Experi-
mentally, this situation should manifest as a divergence from Eq. (7)
and/or a shallowing of the minima in the merit functions. Theoretically,
the methods in Subsection 5.3.2 can be used to predict whether the
growth of a given film at a given rate invalidates the assumptions of
OET. In that case, the use of resistance thermometry with periodic
pauses in the process to update ρ(T) by OET can be considered.

5.4.3. Requirements for the electrical analysis step in OET
To use OET during a HWCVD process, all non-radiative heat sinks in

Eq. (3) must be known or negligible. Otherwise, the optical analysis of
Eq. (10) must be combined with a different additional relation (see
5.4.4). Chemical reactions on the filament may produce or remove heat
during HWCVD; Subsection 5.2.4 shows a calculation of the sig-
nificance of this effect.

Furthermore, εt(T) must be parameterized with a suitable function.
Calculations such as those shown in Fig. 8 correctly predict the linear
shape of εt(T) for smooth and clean metal filaments and provide starting
values for the slope. (The calculations do not exactly reproduce the data
due to deviations from the Lambertian approximation
[22,24,31,61,72,96–99].) To similarly calculate εt for filaments with a
surface film or texture, εs should first be calculated using Kirchhoff's law
(see 5.3.2).

OET parameterizes εt(T) rather than εs(λ) as this requires less
parameters. In general, εt(T) has no sharp features and can increase
with T despite the assumption that εs does not. These characteristics
follow from the origin of εt as a convolution [31,100] of LP, which shifts
towards shorter wavelength as T increases, and ε(θ,φ,λ,T), which for
metals increases towards shorter wavelength [31,72]. Since εt(T) is
fitted anew during each OET cycle, it adjusts to changes in emittance as
a result of film formation on the filament during HWCVD, provided that
a suitable function has been chosen.

5.4.4. Alternative to the electrical analysis step
If Stefan's law cannot be used, temperatures can be found by com-

bining the result from optical analysis (i.e., Eq. (7)) with measurement
at a known melting point [53], addition of a known amount of heat
[101], or the parameterization of T by measuring a well-understood
transient. If the electrical resistance is available, ρ(T) may be related to
εs or εt by a physical model [31,33,70–72,91,92].

Even without additional measurements, parameterization [84] or
other constraints on εs' may enable estimation of {Ti, Tj} from {Ci, Cj}
only. This works because a trial solution Ti* failing to match the true
temperature Ti will predict an εs' that may be identified as unphysical
because it deviates from the true εstwinrs by a factor Exp[(1/Ti* - 1/Ti)
hc/(kBλ)], as derived from (5) and (6a).

6. Conclusions

In resistance and radiance thermometry of the studied filament
(99.95% W), the use of uncorrected reference functions for resistivity
ρ(T) and spectral emittance εs(λ,T) from the literature leads to errors
exceeding 100 K around 2000 K. The references may be corrected after
additional characterization of the filament, such as measurement of
defect resistivity ρd and reflectance R(λ,T). Power thermometry always
requires calibration measurements. Since the reference functions are
likely to evolve during exposure of the filament to a HWCVD process,
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frequent re-calibration is required.
Optical-electrical thermometry (OET) is introduced to determine

filament temperatures without the need for ρ(T) or εs(λ,T). The method
requires (i) measurement of multiple thermal radiation spectra at
slightly varied powers; (ii) measurement of the radiated power; (iii)
parameterization of the total hemispherical emittance εt(T). Analysis of
experimental data (result within 30 K of pyrometry) and simulated data
(within 20 K of true T) validates OET.

The choice of a method for in-situ thermometry depends on the use
case and can be made with the decision diagram in this work. A key
benefit of OET for HWCVD reactors is that it can be used even when the
emittance of the sample and the transmittance of the viewport are
unknown due to the effect of the process.
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