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Raman spectra of hydrogenated and fluorinated single-wall carbon nanotubes (SWCNTs) are measured at am-
bient temperature before and after heat treatment. The spectra of the as-prepared hydrogenated SWCNTs
show a giant structureless band in the visible region that screens the Raman peaks related to the carbon atom
vibrations. The onset of this strong band follows the excitation laser line, which is typical for hot lumines-
cence. The intensity of the luminescence background decreases exponentially with the annealing time, while
the dependence of the luminescence decay time constant on the annealing temperature is of the Arrhenius
type with the activation energy E, = 465 + 44 meV. The luminescence background in the Raman spectra of
the fluorinated SWCNTs is comparable with the Raman peak intensity and decreases exponentially with the
annealing time. The dependence of the decay time constant on the temperature is again of the Arrhenius type
with the activation energy FE, = 90 &+ 8 meV. The appearance of hot luminescence is related to the upshift of
the fundamental energy gap in functionalized SWCNTs and the structural disorder induced by random binding
of hydrogen or fluorine atoms. The luminescence background disappears upon annealing in a vacuum or in air
after removal of hydrogen (fluorine), while the annealed samples still demonstrate large structural disorder.

1. INTRODUCTION

Single-wall carbon nanotubes (SWCNTS) are can-
didates for hydrogen storage because molecular hydro-
gen can potentially fill the interior of the tubules or
the space between them within the bundles [1]. A
good storage medium must have a potential to adsorb
a high density of hydrogen, and carbon nanotubes are
being widely investigated for this reason [2-5]. Alter-
natively, hydrogen atoms can form covalent bonds with
carbon atoms in an SWCNT due to the existence of
a large number of unsaturated double C=C bonds as
in the case of fullerene Cgy [6]. For example, hydro-
genation of Cgg fullerene results in the formation of
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stable CgoH1g and CgoHgzg compounds, where hydro-
gen and carbon atoms are covalently bonded [7,8]. Re-
ported efficiencies of the hydrogen uptake in the hyd-
rogenated SWCNTs (SWCNT-H) vary between 4 and
8 wt. % of both molecular and covalently bonded hyd-
rogen. The hydrogenation of SWCNTs reported by a
number of research groups was performed at ambient
conditions, as well as at an increased hydrogen pressure
and liquid-nitrogen temperature [2,3]. The high-pres-
sure/high-temperature hydrogenation of SWCNTs was
predicted theoretically to be very effective [4] and a
recent, work at the hydrogen pressure 9 GPa and the
temperature 450 °C has resulted in stable SWCNT-H at
ambient conditions, containing near 6.5 wt. % of hydro-
gen [5]. The IR absorption spectra of SWCNT-H show
C—H vibration bands related to covalently bonded hyd-
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rogen that partially disappear after hydrogen removal
to the residual content of 3 wt. % upon annealing at
increased temperatures [5]. Raman spectroscopy has
been successfully used in the study of the C-H cova-
lent bonds in fullerene hydrides [8], as well as in the
study of the molecular hydrogen physisorption on the
ropes of SWCNTs [9]. In carbon-related materials, the
covalently bonded hydrogen exhibits intense and rela-
tively broad Raman peaks, associated with the C-H
stretching vibrations that shift to lower energies when
hydrogen is substituted by deuterium. In contrast, the
adsorbed molecular hydrogen exhibits narrow peaks,
which are associated with the H-H stretching vibration
mode. In the fluorinated SWCNTs (SWCNT-F), the
covalent bonding between carbon and fluorine atoms
also results in the appearance of C-F stretching vibra-
tion modes [10, 11].

A comparative Raman study of the as-prepared and
annealed SWCNT-H and SWCNT-F samples would
give important information related to the covalent
bonding of hydrogen and fluorine atoms as well as
to adsorbed molecular hydrogen. In view of this, we
have measured the Raman spectra of the as-prepared
SWCNT-H and SWCNT-F samples at ambient condi-
tions and found that SWCNT-H show intense struc-
tureless luminescence background that screens the Ra-
man peaks related to the carbon atom vibrations. The
onset of the background follows the excitation laser
line, which is typical of hot luminescence. The lumines-
cence background gradually decreases upon annealing
of the SWCNT-H in a vacuum or in air. The Raman
spectra of the annealed hydrogenated (SWCNT-H) and
deuterated (SWCNT-D) samples have been compared
to that of molecular hydrogen to clarify the contri-
butions of molecular and covalently bonded hydrogen.
In addition, in-situ Raman spectra of SWCNT-H have
been recorded upon annealing in air in order to study
the process of the hydrogen removal due to its oxida-
tion.

The luminescence background of the SWCNT-H de-
creases exponentially with the annealing time and the
dependence of the decay time constant on the annealing
temperature is of the Arrhenius type, with the activa-
tion energy E, = 465 £ 44 meV. The Raman spect-
ra of the annealed samples demonstrate large struc-
tural disorder, most likely related to the defects induced
upon both high-pressure/high-temperature hydrogena-
tion and hydrogen removal at the increased tempera-
ture. No traces of molecular hydrogen associated with
the H-H stretching vibration of hydrogen atoms were
found in the Raman spectra of the as-prepared and
annealed SWCNT-H. The SWCNT-F has initially a

lower luminescence background, which is comparable
with the Raman peak intensities. The luminescence
intensity decreases upon annealing, while its time de-
pendence can be fitted by two exponentials associated
with a fast and a slow decay time constants. The de-
pendence of the slow decay time constant on the an-
nealing temperature is of the Arrhenius type with ac-
tivation energy E, = 90 + 8 meV.

2. EXPERIMENTAL DETAILS

The starting SWCNT was synthesized by the arc
discharge evaporation method in helium atmosphere at
the pressure 0.86 bar using a metallic Ni/Y catalyst. A
purification method based on the multistep oxidation
in air followed by multistep reflux in HCl resulted in an
approximately 90 wt. % content of SWCNT. The aver-
age SWCNT diameter was 1.5 nm (1.4-1.6 nm), as it
follows from the preparation method and the transmis-
sion electron microscopy characterization. No surfac-
tants were used during the purification procedure. The
final material was a black fluffy powder that consisted
of large (about 100 pm) nanotube mats. The main
impurities were graphite nanoparticles of the order of
2—4 pm in size, and the total content of metal impuri-
ties was near 1.3 %. The final product was annealed in
a vacuum at 600 °C for 5 h.

The SWCNTs were hydrogenated at a high hydro-
gen pressure and high temperature. A mass of 60 mg
from the SWCNT material was placed in a high-pres-
sure chamber and saturated with hydrogen obtained
by thermal decomposition of AlH3. The sample was
held under the hydrogen pressure 5 GPa at 500 °C for
10 h. The obtained SWCNT-H samples, containing up
to 5.5 wt. % of hydrogen, were kept in a cold-welded
aluminum container. The samples are stable at am-
bient conditions as the major hydrogen content is re-
leased at T' > 500 °C in a vacuum, in agreement with an
earlier study [5]. The high-pressure/high-temperature
hydrogenation procedure was the same as the one used
for hydrogenation of the Cgo fullerene and described
elsewhere [12].

The purified SWCNT samples synthesized as de-
scribed above were fluorinated in a custom-built fluori-
nation apparatus for 5 h at 180 °C and at the fluorine
pressure 0.8 bar. The fluorinated material was soni-
cated in ethanol for 10 min and then the dispersed ma-
terial, separated from sediment, was filtered through
a 0.2-pym filter and dried. The obtained SWCNT-F
samples contained approximately 25.4 wt. % of fluorine
according to the data of the ionic elemental analysis.
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Raman spectra from small SWCNT-H and
SWCNT-F pieces with typical dimensions of 100 pm
were recorded in the backscattering geometry using
two different micro-Raman setups (DILOR XY), both
comprising a triple monochromator and a CCD detec-
tor system, cooled at the liquid-nitrogen temperature.
The 488-nm and 514.5-nm lines of an Ar™ laser,
and the 647.1-nm line of a Kr* laser, were used for
excitation, while the beam intensity on the sample
was varied in the range 0.04-0.5 mW. The laser line
was focused on the sample by means of a long working
distance 50x objective with the spatial resolution
approximately 1.5 pm. The high-temperature Ra-
man measurements were performed by the use of a
home-made high-temperature cell with a temperature
controller that can maintain temperatures up to 750 K
with the accuracy of +£2 K.

3. RESULTS AND DISCUSSION

Raman spectra of the initially purified and hydro-
genated SWCNTs are shown in Fig. 1. The spectrum
in Fig. 1a corresponds to the purified SWCNT; its nar-
row peaks and the weak D band at 1350 cm ™! are ty-
pical of SWCNTs with a high structural order. The ap-
pearance and the dispersive behavior of the D band in
graphite-related materials are associated with a struc-
tural disorder, and a double-resonance process was used
for their interpretation [13]. The intense G band at a
higher energy corresponds to the C-C stretching vibra-
tions in tangential and axial directions of the SWCNT,
which splits to G~ and G+ bands located at 1567 cm™!
and 1592 cm™', respectively. The shape of the G~
band is sensitive to the electronic SWCNT properties
(strongly related to chirality), the Lorentzian lineshape
is characteristic of semiconducting SWCNTs, whereas
a Breit—Wigner—Fano lineshape is typical of metallic
SWCNTs [14]. In the spectrum shown in Fig. 1a, the
Lorentzian lineshape of the G~ band indicates that the
SWCNTs probed by the 514.5 nm excitation are mainly
semiconducting. The low-frequency Raman band re-
lated to the radial breathing modes of the tubules is
composed of a prominent peak located at 166 cm ™! and
a high-energy shoulder near 178 cm~!. The frequency
wpr of these modes is inversely proportional to the tube
diameter Dy, and its value is up-shifted owing to the
interaction of tubules within the bundle [14]. One of
the empirical relations between D; and wg, applicable
for bundled SWCNTs, is [14]

234 nm - cm ™!
D = . 1
¢ [om] wr [em™!'] =12 cm~! (1)
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Fig.1. Raman spectra of (a) purified pristine SWCNT

and (b)—(d) SWCNT-H after annealing in a vacuum

at T =~ 200°C for ¢t = 180 min (b), T =~ 350°C for

180 min (c), and T = 550 °C for 60 min (d); RMB is
a radial breathing mode

According to Eq. (1), the main radial-breating mode
peak at 166 cm ™' corresponds to the SWCONT with
the diameter about 1.52 nm, whereas the shoulder at
178 em™! is related to the SWONT with the diame-
ter about 1.41 nm. These tube diameters are in good
agreement with those estimated by the transmission
electron microscopy (TEM) observations.

The diffuse and structureless spectrum in Fig. 1b
refers to SWCNT-H. Its intensity is about a hundred
times stronger than that of the purified SWCNTs due to
the luminescence background that screens the Raman
peaks related to carbon atom vibrations. The high in-
tensity and the frequency dependence of this feature
are typical characteristics of hot luminescence. This
is further supported by the fact that the luminescence
background intensity and frequency dependence do not
change if we alternatively use the 647.1-nm laser line
for excitation (not shown). We note that the spec-
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trum was recorded after annealing of the as-prepared
SWCNT-H samples in a vacuum at 200°C for 3 h,
whereas before annealing, the background is even more
intense. Its intensity differs somehow between sam-
ples taken from the same batch and decreases under
intense laser irradiation. Therefore, the Raman mea-
surements were performed at very low laser intensities
on sample (0.04-0.5 mW). The background intensity
further decreases after the subsequent vacuum annea-
ling at 350 °C for 3 h (Fig. 1¢), but the most prominent
changes occur after an additional vacuum annealing at
550°C for 1 h (Fig. 1d). The spectrum in Fig. 1d has
the lowest luminescence background and comprises the
basic Raman features of the as-prepared SWCNT, i.e.,
the radial breahing mode, the D band and the split
G band as well as second-order Raman peaks above
2000 cm !, The increased intensity of the D band and
the peak broadening are indicative of a higher struc-
tural disorder of the annealed SWCNT-H compared to
that in purified SWCNTs.

The second-order Raman peaks in the spectra of
the purified SWCNTSs, related to the double-resonance
one- and two-phonon processes giving rise to over-
tones and combination modes, become more intense
in the spectrum of the annealed SWCNT-H sam-
ple [13,15,16]. These peaks include the 2D mode
(2692 cm~!), the D + G~ and D + G* combination
modes (2917-2942 cm 1), the 2G™~ mode (3133 cm™1),
the G~ + Gt combination mode (3160 cm™!), and the
2G* mode (3186 cm™!). The Raman modes associated
with the C-H stretching vibrations of the covalently
bonded hydrogen are also expected in the frequency
region 2800-3200 cm~!. These modes are downshifted
upon deuterium substitution of hydrogen.

To verify the origin of the observed peaks in the
frequency region of interest, we have measured the Ra-
man spectra of the SWCNT-D samples prepared by
the same method and conditions as the SWCNT-H.
These samples have been characterized by mass spect-
roscopy, and have been found to contain approxi-
mately 10.5 wt. % deuterium [17], indicating the atomic
concentration of the light element similar to that in
SWCNT-H. The Raman spectra of the as-prepared
SWCNT-D also demonstrate a giant luminescence
background that decreases under vacuum annealing.
Raman spectra of SWCNT-H and SWCNT-D both an-
nealed in a vacuum at 550°C for 1 h are illustrated in
Fig. 2. The two spectra are nearly identical and their
comparison to that of the purified SWCNT indicates
the increased structural disorder of SWCNT-H and
SWCNT-D. No isotopic shift is observed, suggesting
that the observed peaks are not related to covalently
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Fig.2. Raman spectra of (a) SWCNT-H and (b)

SWCNT-D samples after annealing in a vacuum at

T =~ 550°C for 60 min. Inserts: Raman spectra at

two different spectral regions of molecular hydrogen at
5 bar

bonded hydrogen. Consequently, the SWCNT-H and
SWCNT-D samples annealed at 550°C for 1 h do not
contain any significant amount of covalently bonded
hydrogen, in consistency with the mass-spectroscopy
data [17]. The weak peaks in the Raman spectrum of
the annealed SWCNT-H at 4259 cm ! and 4284 cm ™!
lie closely to the Raman frequencies of molecular hydro-
gen (4130-4160 cm~!). In search for adsorbed molecu-
lar hydrogen, we have measured the Raman spectrum
of pure molecular hydrogen at P =~ 5 bar, obtained
by thermal decomposition of AlH3 in a quartz vessel.
The Raman spectrum of molecular hydrogen shown in
the inserts in Fig. 2b consists of two very sharp peaks
at 353 and 587 cm™!, related to librations of the Hy
molecule, and six sharp peaks at 4126, 4143, 4155, and
4161 cm~ !, related to the H-H roto-vibrations. Obvi-
ously, the Raman spectrum of the annealed SWCNT-H
does not contain any sharp peaks in these frequency
regions, but rather the weak and broad Raman fea-
tures at 4259 and 4284 cm ™' mentioned above, which
remain unaffected upon hydrogen substitution by deu-
terium. Therefore, these peaks should be attributed to
the second-order 2D + G~ and 2D + G combination
modes. Finally, the Raman spectrum of SWCNT-H
sample in Fig. 2a does not contain any peaks in the
range 300-500 cm !, where the librations of the hyd-
rogen molecule are observed.

The luminescence background decreases faster and
at a lower temperature when the annealing occurs in
air rather than in a vacuum, due to the oxidation and
the more efficient removal of covalently bonded hydro-
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Fig.3. Raman spectra in the frequency range of the

D and the G bands for the SWCNT-H after 2, 17, and

212 min annealing in air at 160 °C. Insert: the depen-

dence of the luminescence background intensity on the
annealing time

gen. Figure 3 shows the in-situ Raman spectra of the
SWCNT-H sample measured in the frequency range of
D and G bands upon annealing of samples in air at
160°C. To avoid the additional heating of samples in-
duced by the laser beam, its intensity was kept as low
as 0.04 mW. The spectra measured at a fixed site of the
sample during the long annealing time show a gradual
decrease in the luminescence background. The depen-
dence of the background intensity on the annealing time
is exponential (see the insert in Fig. 3), while the decay
time constant decreases with an increase in the annea-
ling temperature.

Figure 4 illustrates the room-temperature Raman
spectra of SWCNT-H sample recorded in-situ at a fixed
site of the sample before and after a 20-min annealing
in air at 180°C. The Raman spectrum of the sample
after an additional 20-min annealing at 230°C is also
included (Fig. 4¢). These spectra clearly show that the
annealing in air is more efficient than in a vacuum. The
intense D band in the spectra of SWCNT-H samples
after annealing in air indicates their enhanced struc-
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Fig.4. Raman spectra of (a) as-prepared SWCNT-H,
(b) SWCNT-H after annealing in air at T =~ 180°C
for 20 min, and (c¢) after additional annealing in air at
T ~ 230 °C for 20 min. Insert: Arrhenius plot of the lu-
minescence decay time constant (E, = 465 & 44 meV)

tural disorder compared to the samples annealed in a
vacuum. The insert in Fig. 4 shows the dependence of
the decay time constant on the annealing temperature
obtained from the in-situ measurements of the lumi-
nescence intensity at various annealing temperatures.
We can estimate the activation energy of the hydrogen
removal by taking into account that the decay time con-
stant versus the annealing temperature 7' is described
by an Arrhenius-type equation

7(T) = Aexp(E, /kpT), (2)

where kp is the Boltzmann constant and 7 is the time
constant of the luminescence decay. The constant A is
related to the characteristic phonon frequency and is
measured in time units. The activation energy calcu-
lated from our data is E, = 465 + 44 meV. This value
refers not to the C—H bond energy but to the activation
of the reaction, which results in the removal of bonded
hydrogen due to its oxidation.

The in-situ Raman spectra of the as-prepared and
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Fig.5. Raman spectra of (a) as-prepared SWCNT-F,
(b) SWCNT-F after annealing in air at T ~ 200°C
for 60 min, and (c¢) after additional annealing in air at
T =~ 300 °C for 50 min. Inserts: (b) the dependence of
the luminescence background intensity on the anneal-
ing time and (c¢) Arrhenius plot of the luminescence
decay time constant (E, = 90 & 8 meV)

annealed in air SWCNT-F sample are shown in Fig. 5.
Figure 5a shows the Raman spectrum of the as-
prepared SWCNT-F characterized by the D and G
bands superposed on a structureless luminescence back-
ground. A similar luminescence background was ob-
served earlier in the Raman spectra of SWCNT-F flu-
orinated at 250 °C [18]. The luminescence background
decreases with an increase in the fluorination tempera-
ture and almost disappears in the samples fluorinated
at 400°C [19]. The defluorination of SWCNT-F, per-
formed by annealing in air [20] or by reaction with
anhydrous hydrazine [19], leads in both cases to the
disappearance of the luminescence background asso-
ciated with the removal of bonded fluorine. In our
case, the luminescence background rapidly decreases
under the annealing of SWCNT-F in air, resulting in
the domination of the Raman D and G bands in the
spectrum of the sample annealed at 200 °C for 60 min
(Fig. 5b). Further annealing of this sample at 300°C

for 50 min does not change the Raman spectrum sig-
nificantly, which demonstrates a relatively low lumines-
cence background and typical features of highly disor-
dered SWCNTs (Fig. 5¢). Despite the high structural
disorder associated with the presence of a strong D
band and a broad G band, a weak radial-breathing-mo-
de peak also appears in the spectrum.

The annealing process in SWCNT-F is faster and
occurs at lower temperatures compared to that for
SWCNT-H. The dependence of the luminescence back-
ground intensity on the annealing time can be reliably
described by two exponential terms of the shorter and
the longer decay time constants (Fig. 5b, insert). The
fast-decay time constant is independent of the annea-
ling temperature, while the slow-decay time constant is
comparable with that of the SWCNT-H and decreases
as the annealing temperature increases. The indepen-
dence of the fast-decay time constant on the treatment
temperature may be related to some photostimulated
process that also results in fluorine removal. In any
case, our results are insufficient to make a conclusion,
and this effect needs further study. The insert in Fig. 5¢
shows the dependence of the slow-decay time constant
on the annealing temperature, obtained from a series
of in-situ measurements of the luminescence intensity
reduction at various annealing temperatures. This de-
pendence can be fitted by an Arrhenius-type equation,
yielding the activation energy E, = 90 =+ 8 meV for
the removal of the bonded fluorine. As in the case of
SWCNT-H samples, this value refers not to the C-F
bond energy but to the activation of the reaction with
atmospheric gases, resulting in the removal of bonded
fluorine.

In contrast to hydrogenated carbon materials, the
C-F stretching vibration, resulting in a rather strong
peak in the IR absorption spectra at 1260 cm ™!, is
very weak in the Raman spectra of SWCNT-F due to
the small polarization of the C—F bond [18,19]. Hence,
the main effects of SWCNT fluorination in the Raman
spectrum are the appearance of the background lumi-
nescence, the broadening of the peaks related to carbon
atom vibrations, and the intensity enhancement of the
D band. These effects are indications of an increased
structural disorder in SWCNT-F. In addition, it was
shown that the fluorination of open-end SWCNTSs re-
sults in less structural disorder than that of closed-end
SWCNTs with the same concentration of fluorine, as
follows from the higher intensity of the D band in the
Raman spectra [20]. All these data indicate that the
random creation of C—F covalent bonds upon nanotube
fluorination distorts the translational symmetry and
induces structural disorder manifested in the Raman
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spectra by an intense D band. On the other hand, the
annealing of SWCNT-F induces additional defects re-
lated to the removal of fragments comprising carbon
atoms bonded to fluorine [19].

It is interesting to compare the Raman data with
those obtained from the IR spectra of the as-prepared
SWCNT-H, which show distinct C-H stretching vibra-
tion peaks [5]. The IR bands demonstrate large iso-
topic shifts in SWCNT-D due to deuterium substitu-
tion of hydrogen. The peak intensity in the IR spect-
ra of SWCNT-H gradually decreases upon vacuum an-
nealing and the peaks eventually disappear at 550 °C
following the removal of hydrogen [5].

Contrary to the case of the IR spectra, the main
characteristic of the Raman spectrum of SWCNT-H
is the giant luminescence background, which masks
the Raman peaks, thus preventing the observation of
the C-H and H-H stretching vibrations. We note
that bundling effects in SWCNTSs result in the quen-
ching of light emission, possibly due to the presence of
some amount of metallic nanotubes within the bundles,
whereas debundling in sonicated solution and separa-
tion of the nanotubes leads to the appearance of IR
luminescence [21,22]. The hydrogenation of SWCNTs
should result in the upshift of the fundamental gap of
semiconducting nanotubes similar to fullerene hydride
CeoHss [23], as well as to a possible transformation
of metallic nanotubes into semiconducting ones. The
latter cancels the luminescence quenching in SWCNT
bundles and could explain the appearance of the strong
luminescence background in the visible range.

At the same time, the structural disorder induced
by formation of the C—H and C—F covalent bonds ran-
domly distributed over SWCNTS results in the lifetime
reduction of the excited states, and fluorescence is re-
placed by the observed hot luminescence. The lumi-
nescence background disappears upon the annealing of
SWCNT-H and SWCNT-F at high temperature in ac-
cordance with the removal of bonded hydrogen and
fluorine, respectively. Evidently, the absence of the
C-H and H-H stretching vibration peaks in the Raman
spectra of the annealed SWCNT-H and SWCNT-D is
related to the vanishingly small density of covalently
bonded atomic hydrogen and adsorbed molecular hyd-
rogen.

4. CONCLUSIONS

Summarizing, the Raman spectra of the fluorinated
and hydrogenated SWCNTs show an intense and struc-
tureless luminescence background that interferes with

or completely screens the peaks related to the carbon
atom vibrations. The onset of the background follows
the excitation laser line, typical of hot luminescence.
The observed hot luminescence may be attributed
to the upshift of the energy gaps in functionalized
SWCNTs and the structural disorder induced by
random binding of hydrogen/fluorine atoms. The
luminescence background gradually decreases upon
sample annealing in a vacuum or in air. The Raman
spectra of the annealed SWCNT-H and SWCNT-D
do not show any peaks related to C-H stretching
vibrations or peaks related to the H—H vibrations
or librations of molecular hydrogen, associated with
covalently bonded or adsorbed molecular hydrogen.
The luminescence background of the SWCNT-H
decreases exponentially with the annealing time and
the dependence of the decay time constant on the an-
nealing temperature is of an Arrhenius type, with the
activation energy 465 +44 meV. The Raman spectra of
the annealed samples demonstrate large structural dis-
order, most likely related to the defects induced both
by  high-pressure/high-temperature hydrogenation
and by hydrogen removal at increased temperature.
The fluorinated carbon nanotubes initially have a
lower luminescence background, comparable to the
Raman peak intensity. The luminescence intensity
decreases again upon annealing, and the time de-
pendence of this reduction can be well fitted by two
exponentials with fast- and slow-decay time constants.
The dependence of the slow-decay time constant on
the annealing temperature is also of the Arrhenius
type, associated with the activation energy 90+8 meV.
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