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Abstract. Spray-deposited carboxylated carbon nanotube (CNT) layers were characterized
using AFM, Raman, and spectroscopic ellipsometry. The layers’ thickness, diameters and band
gap of CNTs, as well as the changes in the CNT layer refractive index at 1319 nm and 2010 nm
after H,0 and NH, adsorption in air and H,O in N, were analyzed. Refractive index changes
and modeling the necessary length of the modified interferometer arm for a m/2 phase shift
allow us to propose the use of such CNT layers for integrated interferometric sensors and gas
recognition.
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Annoramusa. KapOoxkcwnupoBanHble yriaepoaubie HaHOoTpyoku (YHT), HaHeceHHbIe
a’pO30JbHBIM pacHblIeHUEM, HccaeaoBaanuch ¢ mnomolpbio ACM, KOMOMHALIMOHHOTO
paccesiHUsI CBeTa M CIEKTPOCKOMUYECKOU ayaurncoMeTpuu. [IpoaHann3upoBaHbl TOMIIMHA
cJ0eB, JuaMeTpbl U 3amnpeuleHHas 30Ha YHT, uaMeHeHue mokazatessi MpeJOMJICHUsT CIOEB
B MK nuamasone mocie agcopounn H,O m NH, na Bosnyxe u H,O B N,. PacyeTbl UTMHBI
MOAM(UITMPOBAHHOTO Tileya WHTepdepoMerpa st 71/2 (a3oBoro caBura MO3BOJISIOT
MpewoXuTh Takue cion YHT ang M3roToBIIeHUSI MHTErpajbHBIX MHTEPGhEPOMETPUUISCKUX
JATUUKOB U Paclo3HaBaHUs ra3oB.

KmoueBble cioBa: yrjiepomHasi HaHOTPyOKa, 3JUIMIICOMETPHUs, WHTErpajibHas OTTHKA,
nHTepdepoMeTp, CEHCOP
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Introduction

Recently, instead of using a complex system with various wavelengths to detect gases based
on their absorption peaks, multisensor interferometric systems for gas recognition have been
demonstrated [1]. To achieve their high sensitivity, it is important to develop thin modifying
layers that significantly alter their own refractive index (#) upon analyte adsorption. Sensitivity
at the ppb-level (for agrunitrile), as well as recognition of volatile organic compounds using
the sensor array, have already been shown [1]. High selectivity and ppm-level sensitivity for
H,S by one sensor have also been shown [2]. The development of such layers is also relevant
for interferometric biosensors [3]. Modified nanocarbon materials are promising for these tasks
and forming the sensor array. Carboxylation of carbon nanotubes (CNTs) provides a significant
increase in the response to ammonia [4]. Also, they are capable of significantly changing their
electronic structure when the adsorbed molecules change [5]. However, identifying the magnitude
and mechanisms of change in the optical parameters for functionalized CNTs, such as n at
different wavelengths (1) during the various molecules adsorption, remains a relevant task and is
the goal of this work. Previously, only non-functionalized CNTs were studied using ellipsometry
to obtain the n(A) graph, without studying the effect of adsorption on n()) [6, 7].

Materials and methods

We studied three samples of carboxylated CNTs (P3-SWNT, Carbon Solutions, USA [8])
with different layer thicknesses, measured by AFM (NT-MDT, Russia). The CNT diameter was
evaluated [9] from the RBM-band Raman (532 nm laser, Nano Scan Technology, Russia). CNTs
were spray deposited from a dispersion [10] onto a Si substrate with native oxide, followed by
the residual solvent removal [11] at 90 °C. The absorption of the CNT layer was evaluated by the
suppression of Raman of Si by the CNT layer at points in 1x1 mm areas. AFM and ellipsometry
were performed in the same areas. Spectroscopic ellipsometry (SENTECH Instruments,
Germany) was performed at angles of incidence of 75°, 70°, 65° at A: 371—2300 nm for the layer
after exposure in a chamber with H,O at ~12500 ppm (relative humidity (RH) change from 30%
to ~75%) or NH, at ~2000 ppm and after 25 min of desorption under normal conditions at the
same sample area, but different for each analyte. Exposure to H,O or 2-propanol (IPA) in N,
was realized in situ during ellipsometry, only at 70°, with a 0.3 L/min flow rate, managed by gas-
flow controllers. The values of n, extinction coefficient (k), and carrier concentration (p) in the
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layer were estimated from the found Drude—Lorentz model parameters obtained by fitting [7]
the experimental ellipsometry data. Eight oscillators were used: two pairs each to describe the £,
or E,, to describe the CNT differences in the layer; one for M and the remaining to describe
the onset (over 2.5—3 eV) of the n-plasmon peak CNT [6] and an increase in absorption with
photon energy [12]. The band gap of the semiconductor CNT (£))), the E,, and M|, transitions
were estimated from the k(L) graph obtained from ellipsometry data [6, 7]. Ell was also evaluated
based on the CNT diameter estimated from Raman [9], without considering the CNT chirality
indices [13]. Numerical modeling (Beam Propagation Method, RSoft CAD) was carried out
to evaluate the CNT modified arm length (L ) required to achieve a m/2 phase shift in the
900x350 nm Si,N, waveguide Mach—Zehnder interferometer (MZI). The electric field distribution
was calculated using the EME method (ANSYS Lumerical MODE).

Results and Discussion

Spray-deposited CNTs used have functional groups and contain residual solvent before post-
treatment (Fig. 1, a). Therefore even their resulting concentration in the layer (Fig. 1, b, ¢) is
ca. 3 times lower than in other work [6], which determines the higher slope of the thickness on
absorbance dependence (Fig. 1, d). The layer thicknesses were 3 nm, 17 nm, 35.5 nm (Fig. 1, b).
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Fig. 1. Optical images of iterative residual solvent removal from the CNT layer (a); AFM (b) with cross
sections, inset: force — distance curve (c); graph of thickness (H) versus absorbance (A)
at A= 550 nm (d)

The results of applying the Drude—Lorentz model to describe the experimental data of W
and A are shown in Fig. 2. Estimates of the n are slightly different (Fig. 2, a) due to the layer
thickness non-uniformity (~10 %) while the thickness is the same in the model for each analyte.
E , E,, M, evaluated from k(A) were 0.70, 1.31, 2.05 eV respectively, which are higher than in
another work [6], due to the smaller CNT diameter. A larger M, peak relative to E, distinguishes
functionalized CNTs [6, 12]. When exposed to H,O in air, n 1ncreased (Fig. 2, a, c, f) from 1.653
to 1.661 at L = 1319 nm (Nd:YAG laser) and from 1.890 to 1.907 at A = 2010 nm (Tm:YAG laser).
The latter A corresponds to the photon energy, similar to £, and to the estimate of the CNT
band gap (E) Approximately 70% of the RBM Raman reglon (140—195 cm™') corresponds
to CNT diameters of 1.6, 1.44, 1.3 nm [9] with Eg energies of about 0.67, 0.74 (~40 %),
0.81 eV [13] respectively (Flg 2, a inset). The charge carrier concentration (p) decreased slightly
from 5.75-10" cm™ to 5.72-10" cm‘3 when exposed to H,O in air, which corresponds to the low
resistive response of a high-density CNT network [10]. When exposed to NH,, n dropped from
1.586 to 1.584 at A = 1319 nm, but increased from 1.815 to 1.847 at L = 2010 nm (Fig. 2, a, d, g);
and p was dropped from 7.31-10"” cm™ to 7.28-10" c¢cm™3, which also corresponded to the low
resistive response [10]. Considering the differences in the concentrations of H,O and NH,, the
measurement results indicate a change in the electronic structure of CNTs during adsorption, and
are not associated with filling the pores of the layer. This is further supported by the nature of
the n response changes when the carrier gas is altered. H,O adsorption led to an increase in the n
under air conditions, but a decrease in the n when the carrier gas was dry N, (Fig. 2), the same
as for IPA in N,. The p values increased with the adsorption of H,O in N,, and for RH of 0%,
32%, 64%, 85% they were 7.55-10", 7.69-10", 7.89-10", 8.06-10" cm~3. This effect is presumably
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related to a charge carriers type change: from holes in air conditions to electrons in dry N, [6],
and H,O and NH, are donors for CNTs (ca. 0.03 e/molecule) opposed to O, and NO,, both of
which are charge acceptors (ca. —0.09 e/molecule) [14]. Thus, in air, H,O and NH, reduce the
concentration of CNT carriers and increase resistivity [10, 12], but in the absence of oxygen, the
opposite occurs. The values of the n, determined after cycles of exposure to H,O followed by N,
purging before applying the next concentration of vapor, almost return to the initial value at 0%
RH: 1.464. The values of n at A = 1319 nm during exposure (subsequent purging) were: 1.453
(1.459), 1.446 (1.457), 1.431 (1.454). The incomplete return is due to incomplete desorption
during 20-minute low-flow N, purge, which is typical for CNTs [10].

—RH 75% —NH, 2 kppm —RH 85% —RH 32% | )l
RH 30% —NH, 0 kppm —RH 64% —RH 0% :
: . - -IPA 36%

<
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Fig. 2. Application of the Drude—Lorentz model to obtain a graph of » and k£ on photon energy:
n(E), k(E); inset — fraction of CNT (/) with different £ (a); to describe the experimental data of ¥
and A (b), and enlarged sections in the regions of A = 2010 nm and A = 1319 nm for the adsorption

of H,O (c, f) and NH, in air (d, g), H,0 and IPA in N, (e, h)

1102

Numerical modeling showed that the single-mode regime is realized in the MZI (Fig. 3, a, b).
Stronger differences in the change in n during NH, adsorption at A = 2010 nm, compared
to A = 1319 nm (Fig. 2), determine the shorter required L , of the MZI arm: 700 pm at
A = 2010 nm instead of 7700 pm at A = 1319 nm. Similar behavior exists for H,O in air (Fig. 3, ¢).
These obtained values are in agreement with other studies [15]. However, for H,O vapor in N,
more significant changes in the » occur in the region of 0.8—1.2 eV compared to 0.62—0.7 eV.
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This enables the implementation of a n/2 phase shift using a shorter Lmod of the MZI arm:
700 um for A = 1319 nm instead of 780 um at A = 2010 nm. This is apparently due to the greater
changes in the electronic structure of CNTs not near the band gap and at its edges (£, region in
Fig. 2 and inset), but in more distant energy regions of the CNT density of states spectrum, up
to E,,. In turn, this can be explained by the absence of oxygen on the CNT during measurements
in N,. The absence of oxygen can alter the band structure through molecule adsorption not
only the vicinity of the band gap edges but also in the region of Van Hove singularities of CNTs
[16]. It apparently leads to significant changes in the n(L) not only in the E| region but also at
photon energies of 0.8—1.2 eV (Fig. 2, a, for NH, in air and H,O in N,), exceedmg the CNT E
energy. This corresponds to changes in the den51ty of states no longer so much inside or near the
edges of the CNT band gap but far from them, as is the case, for example, with the adsorption
of NH, and H,S [14, 17]. A similar behavior apparently occurs during the adsorption of H,O
in N,. Such opposing or different changes in n after the adsorption of H,O or NH, allow the
recognition of analytes in the pair of NH, and H,O in air or H,O in air and H,O in N, using the
MZI configuration with two outputs by analyzing the opposing intensity changes. The intensity
on each in the absence of analyte adsorption is equal to 0.5 of the sum of inputs in the signal loss
absence, which sets a convenient zero point (Fig. 3, d, e).

: H,Oin N
------------------ R [ I gt

u. g
30%

o oD

, 1 T 85
LS 1+8u§§; g 3%

: < — u ' < g |

5 : & o o (:: @g’rt#1 ﬁ S

E = 0.5 ™~ E‘.E :§3 imi = e : < 0\63

Reference arm Out e R S o #2 N
I B~ m S Do I

#2 KT o T ) | x

Out P2 ojg : P R -
R = S S S < 0 B P ‘
Open #1 i 2000 4000 6000 il 0 30 60 90 20,608 O 0 608
to adsorption CN T SeCtlon /ength (Lmod) RH, % . An .

Fig. 3. Waveguide electric field distribution (a); MZI scheme (b); modified section length (L, )
for m/2 phase shift (c); output intensities after exposure to H,O in N, (,), H,O or NH, in air (e) for
selected L ,
The changes in the n were grown when the photon energy became close to £ (Fig. 2, c, /),
thus the required L, was decreased (Fig. 3, ¢). However, due to the n of the CNTs becomes
close to Si,N,, the losses in the waveguide with CNT increase (4% at A = 1319 nm, 12%
at A = 2010 nm). The differences in the response behavior of the interferometric sensor to
implement the recognition of NH, against the H,O background should be noticeable already in
the A range of 1.3—1.65 um. Based on the typical noise level in such structures of about 0.2° [1]
and an estimate of the sensitivity derived from modeling and ellipsometry data of 0.045°/ppm,
assuming a linear dependence of the response on concentration, we can theoretically estimate
the detection limit of the proposed MZI sensor to be 4.5 ppm. This is higher than for the CNT
resistive sensors [10]. However, as the CNT network density decreases, the changes in the CNT
layer properties during adsorption can increase. If in resistive sensors this leads to an increase in
noise that limits detection [10], in the proposed MZI sensor, high resistivity is not a limitation.

Conclusions

Spray-deposited CNT layers with subsequent solvent residual removal can be used to modify
the surface of waveguides in integrated interferometric sensors. CNT layers provide high sensitivity
and selectivity with maintaining an acceptable length of the interferometer arms and refractive
index changes following analyte adsorption. Recognition can be realized for the NH, and H,O
pair in air or for the H,O in air and H,O in N, pair in the MZI configuration with two outputs,
due to the opposite changes in the » after the adsorption of molecules in these pairs. The ability
of the CNT refractive index to be changed at photon energy not near CNT band gap energy, but
corresponding to the change in density of states in the CNT band structure far from the edges of the
band gap with analyte adsorption opens up new additional mechanisms for increasing the sensor
response and its selectivity. This can be used for the development of optical, rather than resistive,
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gas sensors based on functionalized carbon nanomaterials. The low electrical conductivity of the
waveguide modifying layer is not a limiting factor for the proposed MZI optical sensor. This
expands the range of materials that can be used in such integrated optical sensors and potentially
improves the detection limit.
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