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Abstract

Three well-defined soot samples from laminar premixed McKenna flames are analyzed by broadband in situ and ex
situ extinction measurements and Raman spectroscopy. The extinction measurements are corrected for scattering
based on the aggregate size parameters determined from TEM data. The optical band gap is inferred from the
absorption spectra via the Tauc method, which is further compared to the Urbach energy resulting from the same
data. Neither method yields a significant advantage or disadvantage. Additionally, there was good agreement
between the in situ and ex situ results. Cross-influences of the evaluation strategy, such as constant offsets and the
evaluated wavelength range, are discussed. Finally, the results are compared to Raman spectra from the samples to
investigate possible correlations between both techniques.

Introduction

The optical properties of soot particles such as the
optical band gap E,, absorption function E(7it) or dis-
persion exponent { have been widely used to track
the evolution of soot maturity in flames [1-3]. Due
to a graphitization-like process, the optical properties
change throughout the soot evolution process. Knowl-
edge about the maturity of soot particles is beneficial
in a variety of applications. For example, young soot
is more reactive than more mature forms, which could
be leveraged to counteract pollutant emission through
early oxidation [4]. Additionally, soot optical properties
are key parameters in the context of carbon black nano-
materials being used in devices such as solar cells and
semiconductors [5]. In particular, the optical band gap —
the major focus of this work — relates to available elec-
tronic transitions of a material, which could potentially
be engineered such that the resulting carbon black ma-
terials might be utilized as extremely cheap substitutes
for conventional semiconductors. Determining the band
gap of carbon blacks is difficult due to the effects of
one’s choice of spectral (fitting) range and assumptions
about the underlying transition type, as well as device-
specific effects.

The present work provides an overview regarding in
situ and ex situ band gap measurements of soot and high-
lights some of the most influential parameters. Broad-
band extinction measurements for wavelengths A from
200 to 2100 nm are presented in well-characterized pre-
mixed flat flames. The data are systematically cor-
rected for impacts such as scattering and analyzed with
respect to some recent hypotheses concerning the Ur-
bach energy and the impact of thermally excited free
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electrons on the absorption behavior [6]. To link the
observed results from absorption data to the underly-
ing fine-structural arrangement of the particles, Raman
spectroscopy measurements of soot sampled from the
flames are performed and discussed.

Theory

Optical properties (including the optical band gap)
of soot nanoparticles can be determined via broad-
band extinction measurements, which can either be per-
formed in situ in the flame [7-9] or ex situ on soot sam-
ples extracted from the flame [10, 11]. The attenuation
of light, forming the extinction signal, results from the
sum of absorbed and scattered photons. For the evalu-
ation of the optical band gap Eg, only the wavelength-
dependent absorption signal is relevant, which requires
correcting for the scattering contribution to the extinc-
tion signal. Light scattering by soot aggregates mainly
depends on their size and morphology-related quanti-
ties such as the fractal dimension Dy, the radius of gyra-
tion Rg, the primary particle diameter dp, and the number
N, of primary particles forming the aggregate, which
can be inferred from transmission electron microscopy
(TEM) images or elastic light scattering [12, 13]. With
knowledge of these quantities, the aggregate’s scatter-
ing albedo @,z — defined as the ratio of the scattering
Ogca o the extinction signal Oy — can be calculated as
follows [14]
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and scattering vector ¢ = 27/A. As can be taken from
Eq. (1), several wavelength-dependent optical properties
are required, i.e., the absorption function E () and scat-
tering function F (7). Both result from the complex re-
fractive index with the real and imaginary parts n and
k, respectively. For soot particles, a variety of differ-
ent values for both parameters exist and (as previously
mentioned) they may further change with soot maturity.
Here, the obstacle arises that the optical properties must
be known to correctly determine the optical properties.
Throughout this work, recent data by Wan et al. [15] are
used to exclusively correct for the scattering contribu-
tion, considering this assumption a second-order effect
on the inferred quantities of interest.

Measurements of the spectral intensities of a light
source with (/) and without passing the absorbing me-
dia (fy ;) can be used to calculate the absorbance o,
following the Beer—Lambert Law,

I L
oy =In( 24 ) = / K, (1) dl.
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Both spectral intensity signals I; and I, 5 are typically
background-corrected before being used in Eq. (3), as
is done in the present work. This is especially rele-
vant for in situ measurements of bright flames. The ab-
sorbance can also be expressed as the integral of the ab-
sorption path length through the absorbing media L and
the local spectral absorption coefficient k; . For the pre-
mixed flames under investigation, we assume a homo-
geneous Kk, field of at each height above burner (HAB)
position: an assumption which may be subject to errors
[16]. Once the absorption coefficient spectrum has been
determined, it can be used to investigate the electronic
transitions of the material. A simplified illustration is
adopted from [17] and given in Fig. 1.
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Figure 1: Schematic illustration of transitions between HOMO
and LUMO bands, with Tauc and Urbach regions superim-
posed. Adapted from [17].

The transition between the extended highest occu-
pied molecular orbital (HOMO) state to the extended
lowest unoccupied molecular orbital (LUMO) state is
called the band gap. It is linked to the absorption co-
efficient via the proportional relationship introduced by
Tauc [18] and Mott and Davis [19],

Ey Ky o (Ey —Eg)", )

where £ is Planck’s constant, Ej; = hc/A is the photon’s
energy and k defines the type of optical transition. In this
work, we consider k = 2 for an indirect allowed transi-
tion based on previous studies [20-23]. However, the
exponent can also take a value of 0.5 in case of a direct
allowed transition. Following Eq. (4), the band gap can
be determined by plotting (E; k3 )'/* versus E; and ex-
trapolating a linear fit to the data to the abscissa, with E,
corresponding to the intersection point.

It is well known that soot particles have a complex
turbostratic internal structure of polycrystalline graphite
layers with defects and dislocations that impact the sp>
and sp® hybridization and ultimately the energetic states.
A recent study [6] therefore concluded that, due to the
smearing of the sharp energy gaps through the existence
of tail states in the forbidden band, the Urbach energy
Ey is the better descriptor of the particles’ properties.
This energy describes an electron transition from an ex-
tended state to a tail state or vice versa and appears at
lower photon energies compared to the Tauc region. The
relationship between the spectrally resolved absorption
coefficient and the Urbach energy can be expressed by

1)
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Similar to the Tauc procedure, a linear fit to the data
In(x;,), plotted against the energy E;,, allows for ex-
tracting the Urbach energy Ey from the inverse slope.
The Urbach energy should be inversely proportional to
Eq, and as stated in [6], resulting in a high sensitivity to

temperature.
It must be mentioned that the determination of E,

and Ey with both techniques is independent of con-
stant factors multiplied by k; , which, e.g., could result
from a misinterpretation of the absorption path length
or normalization of the spectra. In the case of the Tauc
method, a constant multiplied to the data simply impacts
the slope of the line but does not affect the intersection

point at the x-axis.
The (postulated) high sensitivity of the Urbach en-

ergy towards defects in the material can be better inter-
preted by applying a reference technique to investigate
the latter. Raman spectroscopy serves as a valuable tool
to study the disorder and defect density of soot samples.
Here, soot exhibits two characteristic first-order bands
(called D1 and G) and a second-order 2D band. Typi-
cally, the measurements are decomposed into individual
peaks that are indicative of characteristic internal fine
structures. Most importantly, the ratio between D1/G
yields insight into the defect density.

&)

Data acquisition and experimental set-up

The investigated soot samples result from laminar
premixed flames for which corresponding TEM data are
available [12]. The key quantities derived from TEM
are summarized in Table 1. In situ and ex situ measure-
ments were taken in a bronze McKenna burner with the

stabilization plate mounted at HAB 26 mm.

The in situ setup is shown in Fig. 2. A fiber-
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Figure 2: Schematic illustration of the experimental setup used
for broadband extinction measurements.

coupled laser-driven light source provides light from
200-2100 nm, which is collimated by an off-axis
parabolic UV-enhanced aluminum mirror. The light
passes through the flame into a detection split fiber,
which is connected to two spectrometers covering dif-
ferent spectral ranges. For measurements in a spec-
tral range from 300 to 1000 nm, a QEPro spectrome-
ter (Ocean Insight) is used, and from 1000 to 2200 nm,
a NIRQuest spectrometer (Ocean Insight) was utilized.
To avoid overexposure, an additional neutral density fil-
ter with an optical density of OD2 is placed in front
of the detection fiber. For in situ measurements, an
OFX (Ocean Insight) spectrometer with a solarization-
resistant detection fiber is used to cover the range from
200 to 300 nm in a sequential recording. Two apertures
are mounted: first after the collimating mirror and sec-
ond at the entrance of the detection fiber to allow for

spatial sampling from the beam of light.
For ex situ measurements, the soot was extracted

from the flame by rapid insertion of microscopy cover-
slip plates with a loading time of approximately 500 ms
— similar to those used by [10, 11]. The samples were
investigated with the setup shown in Fig. 2 by placing

the plates with the soot samples in the beam of light.
Raman measurements were performed on the soot

samples following the procedure described in [20].
However, measurements reported here were conducted
with a 532 nm continuous wave laser and a spectrometer
(Ocean Insight, QE65000) with 1200 grooves/mm.

Results and discussion
Both the in situ and ex situ extinction measurements
in the premixed flames are depicted in Fig. 3. With

Table 1: Premixed flames and corresponding mean TEM pa-
rameters from [12].

Fuel & HAB, d,, N, R, Dy
mm nm nm
CH, 23 17 202 741 770 160
27 17 257 1435 1328 1.62
CH, 27 17 302 357 752 162

knowledge about the absorption path length (which
equals the flame diameter), the in situ data can be eval-
uated quantitatively, following Eq. (3). In the case of
the ex situ samples, the absorption path length, resulting
from the loading efficiency of soot particles on the cov-
erslip plate, is more difficult to quantify. To facilitate a
comparison between in situ and ex situ measurements,
the latter were first normalized to the maximum value
and then multiplied by a factor of the according in situ
data. It should be repeated that a constant normaliza-
tion value does not affect the following Tauc or Urbach
energy procedure.
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Figure 3: Top: In situ extinction spectra taken in 3 flames with
resulting Tauc plots on the right side. Bottom: Ex situ mea-
surements normalized and scaled to the in situ measurements
for the corresponding samples.

The spectra reveal that the fuel C,H, results in in-
creased extinction compared to C,Hy and that the light
extinction increases with increasing equivalence ratio
®. The gap at approximately 1400 nm results from the
transmission characteristics of the detection fiber. Ad-
ditionally, for the in situ measurements an increased
absorption can be observed towards 2000 nm, which
results from hot H,O absorption as a major combus-
tion product in the flame. Next to the extinction mea-
surements on the right side the resulting Tauc plots are
shown with linear fits to the entire spectral range. While
the ex situ data reveal a more or less linear behavior,
the in situ data show stronger discrepancies at the high
energy regions >3.5 eV, which most likely result from
absorption of polycyclic aromatic hydrocarbons (PAHs)
in the flame. The ex situ measurements are limited in

the UV by the absorption of the coverslip glass.
In a next step, for the three soot samples with their

size parameters listed in Table 1 the scattering albedos
are calculated following Eq. (1) and Eq. (2). The results
are shown in Fig. 4 with the same color coding as used
in Fig. 3.

As can be seen, the scattering contribution increases
towards the UV and is stronger for large aggregates in
the CoHy © = 2.7 case (purple line) compared to larger
primary particles in the C;Hy @ = 2.7 data (dark vio-
let line). The extinction spectra can now be corrected
for the scattering contribution resulting in the absorp-
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Figure 4: Calculated scattering albedo following Eq. (1) and
Eq. (2) for aggregates as listed in Table 1 with the complex
refractive index m taken from Wan et al. [15]. For latter, both
parameters n and k are shown as solid lines in the inset with a
comparison to older data from Chang and Charalampopoulos
[24] depicted as dashed lines.

tion spectra, which are given with the according Tauc
plots in Fig. 5.
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Figure 5: Top: In situ absorption spectra taken in 3 flames
with resulting Tauc plots on the right side. Bottom: Ex situ
measurements normalized and scaled to the in situ measure-
ments for the corresponding samples.

As data on n and k from [15] are limited from 200 to
1400 nm, the upcoming evaluations are restricted to this
region. It should be noted, however, that the spectra in
Fig. 3 have a more or less continuous trend towards the
longer wavelengths and no pronounced bending of the
spectra is evident that would be indicative of the Urbach
tail. Table 2 summarizes the resulting optical band gaps
from the ex situ and in situ Tauc analysis for a linear fit
to the data at an energy range from 0.9 to 3.5eV. There
is a discrepancy of up to 0.07 eV between in situ and ex
Situ measurements.

Additionally, the impact of the scattering correction
should be investigated by evaluating the same energy
range for the k; and Oy spectra of Fig. 5 and Fig. 3,
respectively. Neglecting the scattering share results in
an overestimation of E; by 0.07 eV in the CoHy & =2.7
as well as the CoHy @ = 2.3 case and up to 0.13 eV in
the C;H, & = 2.7 case. Readers should recall that the
huge aggregates of the latter soot sample reflect a kind
of worst-case-scenario.

Another important influence is a constant offset
(equal for each wavelength) superimposed to the spec-
tra, which might result from intensity variations of the
light source between I; and Iy ; recording, stray light
impacts in the detection device, or reflections due to
misplacement of the sampling substrate in case of ex
situ measurements. Adding a simulated offset of +5%
of the mean x value to the absorption spectrum results
in a band gap bias of -0.06 eV and +0.06 eV if 5% are

subtracted.
As addressed in multiple studies, a strong depen-

dency on the evaluated wavelength range can be ex-
pected. Therefore, in a next step a case study with vary-
ing spectral ranges was performed on the example of
in situ absorption data at CoHy @ = 2.7. The resulting
Tauc plot is shown on top of Fig. 6.
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Figure 6: Impact of the evaluated wavelength range on the in-
ferred optical band gap value. The upper plot shows the under-
lying data with the fits resulting in minimal and maximal Eg.
The lower plot shows the variation of window size vs. central
wavelength position.

Below, a plot of the resulting band gap values in dif-
ferent colors is shown by varying the center positions
and the window size of the evaluated energy range. A
straight vertical line from the tip of the triangle to the
base therefore corresponds to a symmetrically increas-
ing width of the energy range around the center value
of 2.6 eV. The plot reveals that the choice of the center
value is more important than the width with decreasing
values towards the lower energies and therefore infrared
wavelength regions. The two extreme examples differ

Table 2: Resulting optical band gaps and Urbach energies for
various cases of the soot samples each taken at HAB=17 mm.

Fuel [63) Eg, Eg Eu, EU DI/G
eV eV eV eV
ex situ  insitu  exsitu  in Situ
CH, 23 0.20 0.22 1.79 1.81 2.62
2.7 0.18 0.14 1.83 1.91 2.47
CHy 2.7 0.45 0.52 1.38 1.19 3.12




by a value of approximately 0.3 eV and are marked in
the upper Tauc plot with orange and magenta colored
data points. The large difference of the inferred band
gap value regarding different energy ranges described
in previous work [6] of up to 1.3 eV could not be con-
firmed.

Next, the absorption spectra are interpreted utilizing
the Urbach approach. Figure 7 shows the Urbach plots
for the three in situ and ex situ samples, which were first
normalized to facilitate comparison. From the inverse
slope, the Urbach energies can be inferred and the re-
sults are given in Table 2 for an evaluated energy range
between 1.3 to 3.5 eV depicted as dashed vertical lines.
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Figure 7: Urbach plot following Eq. (5) for the 3 scattering
corrected absorption data with the linear fits in an energy range
from 1.3 to 3.5eV.

This evaluation range is based on the choice of [6],
while in our case the lower energy limit could be ex-
tended down to 1.3 eV without noise restrictions. How-
ever, no clear linear trend is observable resulting in sim-
ilar or even more pronounced dependencies of Ey on the
evaluated energy range as for the Tauc procedure. The
inverse correlation between Ey and E; is given, how-
ever, no pronounced difference between ex situ and in
situ measurements could be observed. The Urbach en-
ergies overall decrease by shifting the evaluation range
to lower energies or longer wavelengths.

Figure 8 shows the Raman spectra of the samples,
with the spectrum of CoHy @ = 2.3 decomposed into
five Voigt profiles following [25, 26]. For the three sam-
ples, the D1/G ratio is given in Table 2. A direct propor-
tionality to the E, values can be observed, which might
be indicative of a crystallite size of L, > 2nm [27]. In
this case, higher D1/G values correlate with higher de-
fect densities. This confirms the finding that C,H; soot
is more graphitized than CoHy soot [28].

Conclusions

Flame temperatures present during in sifu measure-
ments do not strongly impact the optical band gap nor
the Urbach energy in comparison to ex sifu measure-
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Figure 8: Raman specta of the samples with spectral decom-
position following [25, 26]. The D1 and G peak are depicted
as filled peaks in blue and yellow, respectively.

ments, confirming the results by Russo et al. [9]. The
observed differences might mainly result from the si-
multaneous presence of other combustion species such
as HyO or PAHs. However, qualitative trends between
ex situ and in situ measurements of E, agree, making
the latter a valuable tool to track soot maturity in flames.
The (very) broadband measurements of the present work
enabled a detailed study on the impact of the evaluated
wavelength range on estimates of E;. Here, a strong de-
pendency was found leading to the conclusion that cau-
tion is required when attributing a certain value of E, to
the measurements. At the same time, the measured data
can neither be correctly explained by the Tauc nor the
Urbach procedure (requiring linear trends), which leads
to the fact that neither procedures is preferable. Care-
ful attention should be paid to device-specific impacts
such as stray light or nonlinear behavior to avoid biased
results.
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