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TOWARDS GAS SENSING WITH VERTICALLY ALIGNED CARBON
NANOTUBES INTERROGATED BY THz RADIATION PULSES
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When vertically aligned carbon nanotubes (VACNT) are exposed to gases, their dielectric properties may change
by mechanisms such as doping effects or a modification of the scattering channels of the mobile charge carriers of
the VACNT. This report provides first data of a study which aims at an exploration of such conductivity changes in
the THz frequency regime. The test gases are NH, and SO, which are known to act as donors, respectively as acceptors
when interacting with the carbon nanotubes. Our measurements confirm the doping effects. This may open the way
towards gas sensors based on the VACNT interrogated by THz radiation, where the VACNTS act as an accumulation

volume for certain species contained in a gas stream.
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1. Introduction

Vertically aligned carbon nanotubes (VACNT),
owing to their large surface-to-volume ratio, are of
interest as a micro-laboratory platform for the in-
vestigation of physical and chemical surface-relat-
ed processes of gases [EI]. A contactless method to
monitor these processes is THz transmission and
reflection spectroscopy. It is expected that one
can derive information from both the spectral
response of the molecules and from the changes
of the conductivity of the VACNT. A possible
practical use of such a micro-laboratory could be
a gas sensor where the gas species to be detected
accumulates in the VACNT “forest” thus enhanc-
ing the spectroscopic signal [E]. Here, we report

on a first study of such a sensing platform. We in-
vestigate the conductivity change of the VACNTSs
when they are exposed to two gas species, NH,
and SO,, at ambient pressure. This work builds
on our recent study of the dielectric properties of
VACNT in the THz and mid-infrared frequency
regime [E], and on considerations to employ car-
bon nano-materials as gas sensors [H].

2. Experiment

The SEM micrograph of Fig. [l shows VACNT
specimen as they were used in this study. The na-
notube layer was grown by water-assisted chemi-
cal vapour deposition in an Ar/ethylene/water-va-
pour stream on a commercial, weakly boron-doped
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silicon substrate (specific resistance: 1-30 Qcm)
coated with a 0.6-um-thick SiO, layer [E, E]. The na-
notubes are hollow, have an average inner diameter
of 8 nm and consist of two to four tubes in a concen-
tric, onion-like arrangement [E]. Each of the tubes
can have metallic or semiconducting properties
leading statistically to a metallic behaviour, with
a p-type conductivity due to the doping effect by
adsorbed oxygen molecules [ﬁ, E]. The VACNT
layers used in our experiments covered an area of
1 cm?, which was predefined by the area onto which
the catalyst layer consisting of 10-13 nm of Al and
0.6-1.5 nm of Fe was deposited. Upon annealing at
850°C prior to nanotube deposition, catalytic Fe/
Al nanoparticles form from the deposited metal
films [H]. THz transmission measurements showed
that these nanoparticles do not change the THz

Fig. 1. Scanning-electron micrograph of
a VACNT layer on a Si/SiO, substrate.
The average thickness of the layer is 95 ym.
The image shows the high degree of direc-
tionality of the carbon nanotubes.

transmission signal in a discernible manner. For
this reason, we neglected them in the THz data
analysis. For this work, we chose samples with
a VACNT layer thickness of 95 ym (see Fig. EI) it not
specified otherwise. The specimen were mounted
in the gas chamber shown in Fig. E It has two feed
lines which allow for measurements under station-
ary conditions as well as under gas flow. The cham-
ber has two Suprasil glass windows for THz trans-
mission measurements under vertical illumination
of the sample. All measurements were taken with
the gases at atmospheric pressure.

We performed time-domain THz spectroscopy
using a high-repetition-rate measurement system
covering the frequency range 0.2-3.0 THz [E].
The system consists of a Ti:sapphire laser deliver-
ing 100-fs-long optical pulses which are used to

Fig. 2. Exploded view of the gas measure-
ment chamber. The VACNT-on-Si/SiO,
element is mounted on the small circular
steel ring shown in the middle of the pic-
ture. This assembly is housed in a cylin-
drical steel chamber with a gas inlet and
an outlet connector. The THz beam is
transmitted through fused silica (Her-
aeus Suprasil) windows. The inner length
of the chamber (window separation) is
2.5 cm.



40

W. Zouaghi et al. / Lith. ]. Phys. 58, 38-48 (2018)

generate THz pulses in a semi-large photoconduc-
tive emitter and to detect the transmitted pulses
electro-optically with the help of a ZnTe crystal.
The THz emitter is home-built from a piece of
an undoped GaAs wafer onto which a slotline (gap
width: 1 mm) is fabricated. Its two metal segments
are electrically biased at 400 V, square-wave-mod-
ulated at a frequency of 30 kHz for lock-in detec-
tion. The laser beam excites the GaAs in the gap
region between the metal segments. The THz
pulses are collimated and then focused into
the gas chamber with the help of two off-axis pa-
raboloidal mirrors, the transmitted beam is then
propagated to the ZnTe crystal by another pair of
paraboloidal mirrors. During the measurements,
the entire THz beam path was purged with dry air
in order to avoid signal distortions because of the
absorption of THz radiation by water vapour.

Electr. amplitude (arb. u.)

Time (ps)

Electr. amplitude (arb. u.)

Time (ps)

3. Results

3.1. NH, - stationary measurements

Figure E displays the measured THz field tran-
sients (left column) and their Fourier spectra
(right column, power spectra in logarithmic pre-
sentation). The transients reveal reflections from
the backside of the sample substrate about 12 ps
behind the main pulse. A second reflection, de-
layed by only about 9 ps, is from a silicon beam-
splitter used for the out-coupling of the THz pulse
returning from the sample and available for analy-
sis of the reflected signal (data not further pro-
cessed in this paper). For the spectral evaluation
of the THz transmission data, only the signal in
the time window up to 6.5 ps behind the peak of
the main signal was used.

Power spectrum (arb. u.)

Frequency (THz)

Power spectrum (arb. u.)

Frequency (THz)

Fig. 3. Red (online) lines: the measured THz transients (left column) and their Fourier transforms (right col-
umn) when the VACNTSs are exposed to either dry air (top row) or NH, (bottom row). The black lines show
the corresponding results when only the substrate without VACNT is employed.
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The top row of Fig. H shows the results for
the chamber filled with dry air. The black curve is
for a Si/SiO, substrate without the VACNT, while
the red curve is for a substrate carrying the VACNT
layer. Weak absorption features around 1.15, 1.4
and 1.7 THz seen in both Fourier spectra indicate
the presence of residual water vapour in the beam
path []. The difference between the two curves is
due to the dielectric response of the VACNT lay-
er. For an analysis of this signal contribution (for
samples of various thicknesses) regarding the ex-
traction of the complex conductivity function of
VACNT and an evaluation of various conductivity
models, see Ref. 3.

We now address the lower row of Fig. H which
displays data for the case of NH, in the chamber.
The most obvious change of the spectra is the ap-
pearance of several discrete absorption lines,
a weak one at 0.58 THz and increasingly stronger
ones at multiples of this frequency. These bands
can be assigned to the rotational absorption of
NH, molecules in the gas phase. The linewidth
appears to increase with frequency which can be
attributed to pressure broadening and the overlap
of a rising number of closely spaced allowed tran-
sitions [].

Outside of these rotational bands, the spectra
do not appear to be changed significantly. Upon
a closer inspection, however, one identifies an
increased transmission which stretches nearly
uniformly over the entire frequency range which
can be evaluated with a reasonable signal-to-
noise ratio (0.1-2.0 THz). This is seen in Fig. @,

Frequency (THz)

black curve, which represents the spectra mea-
sured with NH, in the chamber divided by those
measured with dry air. The modulation seen on
the spectra normalized in this way originates from
the incomplete suppression of reflections by tem-
poral windowing.

NH, is known to act as a donor to graphene
and CNT [H, ]. In electrical transport studies,
it was found that the exposure of semiconduct-
ing CNT to NH, gas led to a significant decrease
of the DC conductance of the CNT while any ef-
fect for metallic CNT was comparatively weak [ﬂ].
While density-functional calculations predicted
a weak electronic charge transfer from NH, mol-
ecules to grapheme [, other theoretical studies
did not find a binding affinity of adsorbed NH,
molecules with semiconducting nanotubes, it was
hence speculated that the doping effect may be
indirect via an interaction of the NH, molecules
with the adsorbed oxygen species [[]]. Another
option is doping effects related with defects in
the carbon sheets of the VACNT.

The picture which emerges for our experi-
ment is that ammonia molecules adsorbed on
the VACNT reduce the overall conductance of
the VACNT (noting though that generally one
should be careful to infer the optical conductiv-
ity from the DC conductance value). This leads to
an enhanced THz transmission via reduced reflec-
tance and absorbance. To be more quantitative, we
performed a fit of the data of Fig. H in a Drude-
Smith framework [H, ], and derived a plasma
frequency v of 2.6 THz and a scattering time 7

Fig. 4. Transmittance spectra of Si/SiO,/
VACNT in air (lower curve, blue on-
line) and NH, (upper and middle (red
online) curve) normalized in various
ways. See the text for details.
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of the charge carriers of 50.3 fs for the VACNT ex-
posed to air (with a back-scatter factor ¢ = -0.69),
while the corresponding values for exposure to NH,
were v, = 1.8 THzand 7= 67.6 fs, respectively (w1th
c=-0. 49) For the fit to the data, see Fig. H The re-
duced plasma frequency for the NH, data confirms
the reduction of the density of the mobile charge car-
riers, which is expected for a lower optical conduct-
ance. The increase of T may result from a reduced
Fermi velocity of the semiconducting nanotubes,
which is a consequence of the reduction of the Fermi
level associated with the lowering of the carrier den-
sity. One cannot exclude, though, that a reduction of
scattering sites by the presence of the NH, molecules
contributes.

We also explored two other questions: (i) wheth-
er the concentration of free NH, molecules in
the VACNT layer differs noticeably from that out-
side, and (ii) whether we find any indication of ro-
tational spectra of NH, molecules interacting with
the VACNT, an indicator being a modification
of the spectrum of free molecules. In order to an-
swer these questions, we divided the transmission
spectrum of Si/SiO,/VACNT in NH, atmosphere
by the transmlssmn spectrum of Sl/SlO in NH,,
see middle (red online) curve in Fig. @ If the NH
gas-phase concentrations inside and outside of
the VACNT layer would differ, then one should ob-
serve a residual absorption line of free NH, in the re-
sulting spectrum. On the other hand, any frequency
upshift or downshift of the spectrum could indicate
an interaction of molecules with the VACNT (a pos-
sible situation being that physisorbed molecules

o' (Q"em™)
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were still able to perform rotational motion). How-
ever, neither residual absorption lines nor a shift of
the lines can be identified. The features observed at
the 1.2- and 1.8-THz resonances at first glance seem
to suggest a shifted absorption line, however this
turned out to be an artifact of absorption saturation,
as the features are far too narrow to indicate a pos-
sible spectral shift. That the concentration of free
NH, in the VACNT layer apparently does not dif-
fer strongly from that outside may be surprising be-
cause of the space required by the VACNT. However,
the volume fraction of the VACNT is low, as one can
estimate from the data for VACNT growth given
in [@]. There, the number density of the VACNT
was determined to be in the range of N, = 1-8x10%/
cm?, and the most common outer diameter of
the tubes was 2r = 10 nm, which yields an occupa-
tion of the available volume V, by the VACNT ac-
cording to V. ./V, =N, - nr* ofO 8-6.3x107, i.e. in
the range from one per m111 to less than one percent.

Finally, the lower (blue online) curve of Fig. @
was derived by dividing the transmission spectrum
of Si/SiO,/VACNT in dry air by the transmission
spectrum of Si/SiO, in dry air. For all frequencies,
the curve lies below the middle (red online) one
just discussed before, which corroborates the sub-
stantial increase in transmittance of the VACNT
upon interaction with the NH, gas.

3.2. SO, - stationary measurements

Figure E displays the normalized transmission spec-
tra for the measurements on SO,. The same VACNT

Fig. 5. Frequency dependence of
the real part of the conductivity de-
rived from the data of Fig. 3. Si/SiO_/
VACNT in dry air (upper curve),
respectively in NH, (lower curve,
red online). The dashed curves are
Drude-Smith fits with the parameters
as given in the text.
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Transmittance
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sample was used as for the measurements on NH,
after annealing at 400° for three to four hours.
The black curve was derived by dividing the trans-
mission spectrum of Si/SiO,/VACNT in SO, at-
mosphere by that in dry air. In contrast to the mea-
surements on NH,, the relative transmittance is
always smaller than unity. Around 0.2 THz, one
finds its highest value which amounts to 0.6-0.65.

In contrast to Fig. @, one cannot identify indi-
vidual absorption lines. This is a consequence of
the narrow spacing of adjacent lines in the fre-
quency space. SO, is a bent molecule (angle:
119°) with three non-equivalent axes of rotation,
while NH, has two equivalent ones. This aspect
already favours a denser rotational spectrum of

Frequency (THz)

Fig. 6. Transmittance spectra of Si/SiO,/
VACNT in air (upper (blue online) curve)
and SO, (lower black and middle (red
online) curve) normalized in various
ways. See the text for details. The upper
(blue online) curve here and the one in
Fig. 4 represent the same situation but
were measured independently.

SO,. In addition, the molar mass of SO, is much
higher than that of NH, (64 versus 17), translat-
ing into larger moments of inertia which shift
the frequencies of rotational transitions to lower
frequencies.

We calculated the low-pressure absorption spec-
trum of SO, using the information of the HITRAN
database (see http://hitran.org). Figure ﬁ displays
the calculated absorption spectra for various val-
ues of the assumed detection bandwidth. The dis-
crete lines observable with a high resolution merge
into a broad absorption band when the detection
bandwidth approaches 100 GHz, which is still lower
than the frequency resolution of our Fourier spectra
(~150 GHz). Pressure broadening and aggregation

6v =3 GHz
ov =10 GHz
év =30 GHz
ov =100 GHz

Fig. 7. Calculated ab-
sorption spectrum of
SO, for different val-
ues of the detection
bandwidth as speci-
fied in the legend.
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effects are not included in the model calculations,
however they do not seem to play a significant role,
because we can reproduce the measured THz ab-
sorption of the SO, gas nearly quantitatively with
this model for the case without the VACNT (with
only the Si/SiO, substrate) in the chamber, see
Fig. E showing the optical-density spectrum de-
rived from the measured data in comparison with
the calculated spectrum for a number density of
SO, molecules corresponding to that at ambient
pressure. The measured and calculated optical den-
sities agree in magnitude, there is only a slight blue
shift of the measured spectrum relative to the sim-
ulated one.

Taking the same spectrum, substracting it from
the optical density derived from the measurements
with the Si/SiO,/VACNT sample in the SO, atmos-
phere and evaluating the frequency-dependent ab-

Frequency (THz)

Frequency (THz)

sorption which corresponds to the difference spec-
trum yields the data shown in Fig. E The graph
shows the additional absorption arising by the pre-
sence of the VACNT in the SO, atmosphere.
The VACNT with their dielectric properties influ-
enced by adsorbed SO, molecules contribute to this
absorption, as may a changed concentration of SO,
molecules in the volume of the VACNT layer.

The question arises whether the spectrum al-
lows one to identify (at least qualitatively) a doping
effect of the SO, molecules on the VACNT. Con-
sidering that the VACNTSs in air exhibit a mono-
tonically increasing absorption with the frequency
between 0.1 and 2.5 THz [E], the low-frequency
range of the spectrum shows an interesting change
of the sign of its slope with rising frequency which
is in contrast to the expected monotonous behav-
iour. According to Fig. EI, this is the regime where

Fig. 8. Transmission of THz
radiation through SO,: the cal-
culated optical density (red on-
line) compared with the mea-
sured one (blue (online) circles
and line; experimental data for
Si/SiO, in SO, atmosphere, cf.
Fig. 6).

Fig. 9. Absorption arising by
the VACNT in SO, atmos-
phere. See the text for details.
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free SO, molecules contribute very little to the ab-
sorption. We therefore assign the enhancement
of the absorption predominantly to a doping ef-
fect of the VACNT by SO, molecules adsorbed on
the VACNT which enhances the density of mobile
charge carriers in the VACNT and concomitantly
raises the absorption by the free carrier plasma.

The literature indeed lists SO, as an acceptor
for graphene-related materials [E, ]. Appar-
ently, the exposure of VACNT to SO, enhances
the pre-existing p-conductivity of the VACNT.
This is a fairly strong effect. An evaluation of our
transmittivity data yields an increase of the con-
ductance of the VACNT at 0.2 THz from 0.37 to
0.65 (Qcm)™.

This strong interaction may be surprising if one
considers the results of the density-functional cal-
culations for SO, on graphene in [@] which find
that the SO, molecules are only weakly adsorbed
on the graphene surface, with a molecule-sheet
distance of 3.3 A to be compared with a S-O bond
length of 1.45 A. Possibly, the main doping effect
involves defects. However, transferring the find-
ings to VACNT, the large molecule-sheet distance
is interesting in its own right because it leads to
the question whether molecules adsorbed in
the calculated way may be able to perform a rota-
tional motion. Unfortunately, the densely packed
absorption lines of non-adsorbed molecules do
not allow us to answer this question with our
measurements, otherwise a division of the Fou-
rier spectrum of Si/SiO,/VACNT in the SO, at-
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mosphere by that of Si/SiO, in SO, (see the mid-
dle (red online) curve in Fig. E) might be able to
reveal new/shifted lines by adsorbed molecules.

3.3. 502 - time-series measurements

We finally investigate the temporal dynamics
of THz transmission upon switching on and off
an SO, gas flow, interrupting a flow of dry air. Mea-
surements were taken with two Si/SiO,/VACNT
samples with different values of the thickness of
the VACNT layer (85 and 165 um, respectively).
We performed time-series measurements con-
tinuously recording THz transients (lock-in time
constant: 300 ms, scan range: 25 ps). This pro-
duced 185 scans over the duration of each two-
hour-long measurement session.

Figure displays the peak amplitude of
the transmitted electric field of the THz transients.
Following a flow of dry air for more than a quarter
of an hour, the gas flow was exchanged abruptly
by one of pure SO, gas. We recorded a very rap-
id drop in the peak transmission occurring over
a time span of two to three minutes. Afterwards,
the transmitted peak amplitude remained con-
stant. We observed a temporal shift of the peak
position during the amplitude drop by 0.3 ps. As
the gas stream was switched back abruptly to dry
air after about half an hour, the peak amplitude
rose and the temporal peak position shifted back,
but rather gradually with more than one time
constant describing the dynamics. For more than

Fig. 10. Time dependence of
the peak amplitude of the THz
pulses in transmission mea-
surements with two samples
with different thickness of
the VACNT layer. Switch-on
resp. switch-off of the SO, gas
stream (atmospheric pressure
except for a small overpres-
sure to maintain a weak gas
flow, 100% SO,, no carrier
gas) at the time stamps 17 and
50 min.
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70 min, the amplitude kept rising but did not re-
cover to its initial value until the end of the mea-
surement.

This surprisingly slow recovery raises the ques-
tion whether the gas remains trapped in the
VACNT and is only slowly released from there.
The present data do not allow us to make a con-
clusive statement. SO, is known to have a high
sticking coefficient to steel and it is well possible
that the observed relaxation is strongly influenced
or even dominated by gas release from the steel

walls in the entire gas system. This matter remains
to be studied in the future.

We finally address the important question
whether our results give an indication for SO, mol-
ecules remaining adsorbed to the VACNT during
and after the removal of the free SO, molecules.
For this purpose, we explore the THz transmis-
sion spectra derived from the time scans recorded
successively during the time-series measurements.
The upper panel of Fig. displays the optical
density spectra determined from the transmission

Frequency (THz)

Fig. 11. Upper panel: time series of the spectral change of the optical density following the switch over from
the SO, gas to dry air. Data base: time-series measurements with a sample with a 85-um-thick VACNT
layer. The flat (blue online) line is the reference just prior to the switch over to the dry-air purge. As the SO,
concentration decreases, the optical density diminishes relative to the reference benchmark resulting in
the negative values of the optical-density change plotted in the graph. Time interval between consecutive
spectra: 39 s. Time covered: from time stamp 50 min (at the top (blue online) curve, just prior to the switch-
over, as stated above) until time stamp 91 min (bottom (red online) curve).

Lower panel: time series of the residual optical density change. The residuals are calculated for each time
stamp by substracting from the measured transmission spectrum the calculated spectrum fitted on it on
the basis of the HITRAN data. Perfect fits result in a flat line with an optical-density residual of zero.



47 W. Zouaghi et al. / Lith. ]. Phys. 58, 38-48 (2018)

spectra. They are normalized to the optical density
spectrum taken just prior to the turn-off of the SO,
gas flow. If there were a low-frequency signature of
a VACNT doping effect as in the stationary case,
see Fig. , which would disappear during the dry-
air purge, then this signature should become visible
in the data. We do not observe the emergence of
such a signal. This leaves the option that the doping
signature does not change during the purging and
is normalized out. This is, however, not the case.
We rather have to conclude that there is no low-fre-
quency doping signature at all in the spectra. One
arrives at this conclusion on the basis of the graphs
in the lower panel of Fig. . Each line there rep-
resents the residual of the measured optical-density
spectrum minus the theoretical spectrum fitted to it
on the basis of the HITRAN data. The only fit pa-
rameter is the number density of the SO, molecules
which gradually decreases (starting at the number
density of ambient pressure) as time progresses. On
the low-frequency edge, the residuals vanish for all
curves within the margin of error. This implies that
the measured transmission spectra can be explained
entirely by the properties of free SO, molecules, and
that there is no indication for an additional signal
component as in Fig. |11l around 0.2 THz.

At this time, it is unclear why the time-series
measurements do not show this signature which
we assigned to a doping effect of the VACNT by
the SO, gas, while the stationary measurements do.

4. Conclusions

In conclusion, we have presented a study of the in-
fluence of NH, and SO, on the dielectric prop-
erties of vertically aligned carbon nanotubes in
the THz frequency range, probed by time-domain
terahertz spectroscopy. Stationary measurements
find changes of the transmittivity which are con-
sistent with doping effects by the gas species,
which modify the pre-existing p-conductivity of
the nanotubes, NH, acting as a donor and SO,
as an acceptor. Interesting but still unexplained
is that time-series measurements did not reveal
a (transient) doping effect by SO,. The doping
effect needs to be investigated further in future
studies, also for other gas species and especially
for low gas concentration. Such studies should
also include chemically modified nanotubes [,

], which are expected to have properties which
enhance their suitability for gas sensing.
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