A St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1
HayuHo-TexHuuyeckne segomoctu CMNO6IMY. dusnko-mateMaTnyeckme Hayku. 18 (3.1) 2025

CONDENSED MATTER PHYSICS

Conference materials
UDC [621.793:621.315.5+544.164]::535.93::681.586
DOI: https://doi.org/10.18721/1JPM.183.101

Comparison of the refractive index changes of nanolayers
of amidated and carboxylated carbon nanotubes after
adsorption of water and ammonia molecules

A.V. Romashkin' =, R.Yu. Rozanov?, A.S. Vishnevskiy 3,
A.E. Mitrofanova 24, A.N. Stebelkov?, V.V. Nepomilueva',

D.D. Levin?, V.V. Svetikov 2 5,|V.K. Nevolin'

! National Research University of Electronic Technology, Moscow, Russia;
2]SC “Zelenograd Nanotechnology Center”, Moscow, Russia;
3MIREA - Russian Technological University, Moscow, Russia;
“Moscow Institute of Physics and Technology, Dolgoprudny, Russia;
5> Prokhorov General Physics Institute of the RAS, Moscow, Russia
= romaleval@gmail.com
Abstract. Spray-deposited layers of amidated carbon nanotubes (ACNTs) were charac-
terized using AFM, Raman scattering, and spectroscopic ellipsometry. The layer thickness,
diameters, and band gap of ACNTs, as well as the changes in the refractive index (n) at 1319
nm and 1625 nm after H,0 and NH, adsorption in air and H,O in N, were analyzed in com-
parison with carboxylated CNTs. Modeling the resonance peak shift due to changes in n for the
ACNT-coated Si waveguide microring resonator after NH, adsorption allows us to propose the
use of such a CNT Ilayer set for integrated optical sensors for gas recognition tasks.
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AHHOTanmus. AdSpPO30JIbHO HAaHECEHHBIC CJIOM aMHWIMPOBAHHBIX YIJIEPOOHBIX HAHOTPYOOK
(AYHT) wuccnegoBanmuch wMeromamu ACM, KOMOMHAIIMOHHOTO pacCesiHUSI CBeTa U
CMEKTPOCKOMMYECKON ayuuncomerpun. M3MeHeHUsT TokasaTensl TpejoMJieHUs (n) TIpu
1319 um n 1625 um nocne ancopounn H,O u NH, cpaBHuBanuch ¢ KapoOKCUIMPOBAHHBIMU
VHT. CMmoaenupoBaHHbIN CIOBUTI PE30HAHCHOTO MUKa Si MMKPOKOJIbLEBOTO BOJHOBOAHOTIO
pesoHaropa, mokpeitoro AYHT, npu ancop6unu NH, m03BoJIsgeT MPEeATOXNUTh UCTIONb30BaHUE
Takux cjaoeB YHT mist uHTerpaabHO-ONTUYECKMX CEHCOPOB JIJISI 3aj1a4 paclo3HaBaHUS ra3o0B.
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Introduction

For an integrated optical sensor array providing gas recognition, to achieve high sensitivity and
form sensors with significantly different responses, it is important to develop thin modifying layers
that significantly change the intrinsic refractive index (#) upon adsorption of the analyte [1—4].
Various modified carbon nanomaterials are promising for these tasks and can provide opposite
sensor responses to the same analyte by changing only the functional group type [5] or by
changing the carrier gas, which can alter their electronic structure [4, 6]. However, identifying
the mechanisms of change in the n for CNTs functionalized by different groups at different
wavelengths (LX) during the adsorption of various molecules remains a relevant task to develop such
a sensor array. Previously, we studied the effect of molecular adsorption on the n(A) dependence
only for carboxylated CNTs (CCNT) [4], but amidated CNTs (ACNT) have not been studied
enough [5]. Therefore, the aims of this work are to study the change in the » after adsorption of
NH, and H,O in both air and oxygen-free (N,) gas in order to identify the features of the sensor
response of ACNT and its differences from CCNTs. Recent results on optical gas sensors based
on microring resonators (MRR), which even use metallic layers (high extinction coefficient (k)),
also open up new possibilities for the development of such sensor layers [7, §].

Materials and Methods

We studied sparse and dense networks of ACNTs (P9-SWNT, Carbon Solutions). Layer
thicknesses were measured by AFM (NT-MDT). The CNT diameter and band gap (Eg) were
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evaluated [9] from the RBM-band Raman map (532 nm laser, Nano Scan Technology). ACNTs
were spray deposited from a dispersion [4] onto an oxygen plasma treated Si substrate with 29 nm
SiO,. The residual solvent (ethanolamine, instead of N-methylpyrrolidone used for CCNT [4],
due to the higher ACNT dispersion stability) was removed with iterative rinsing in solutions of
acetic and then formic acid in butyl acetate. The ACNT layer absorbance was evaluated by the
suppression of Raman of Si by the ACNT layer (at A = 550 nm), and thickness was evaluated by
AFM force—distance curves and lithography [4]. Conductivity type in air at a relative humidity
(RH) of 40% was determined from the I—V characteristics for the ACNT sparse network on a
SiO, (300 nm)/Si substrate. The resistive responses were measured by conductivity recovery after
exposure for 15 min to ~12500 ppm H,O (ARH ~45%) or 2-propanol (IPA) or ethanol (22% and
17% of saturated vapor at 23 °C, but both ~12500 ppm) or 2000 ppm NH, and compared with a
denser ACNT network. The latter was also measured by spectroscopic ellipsometry (SENTECH
Instruments) using similar analyte concentrations. It was performed at a 75° (70° in N,) angle of
incidence after exposure in a chamber with H,O or NH, and after 25 min of desorption under
normal conditions in the same sample area, but different for each analyte. Exposure to H,O or
IPA in N, was realized in situ [4]. The values of the n and k of the layer were estimated from
the Drude—Lorentz model [4]. Numerical modeling (finite-difference time-domain and beam
propagation methods, RSoft CAD) was performed to evaluate phase shift, losses, and resonance
peak shift of the ACNT-coated Si waveguide and MRR after NH, adsorption at 1625 nm.

Results and Discussion

Dense and sparse ACNT networks (~10 nm and ~1 nm layers, Fig. 1, a) with diameters ranging
from 1.3 to 1.7 nm (band gap E = 0.63—0.81 e¢V) show similar values for both CNT diameters, band
gaps, and the dependence of absorbance on layer thickness compared to CCNTs [4] (Fig. 1, b).
However, despite the similar (p-type) behavior of channel conductivity under gate field control [10]
and similar ACNT resistive responses to H,O and NH, (Fig. 1, ¢) compared to CCNT [11], the
response to IPA (4%) is noticeably lower than to H,O (40%) or even to ethanol (15%). For
CCNT, on the contrary, the response to ethanol can be comparable to NH, in N, [12]. This can
be used to form an array of resistive and optical sensors for gas recognition.
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Fig. 1. AFM of sparse (top), dense (below) ACNT networks (a); graph of thickness versus absorbance (5);
resistive response versus time after analyte exposure, inset: graph of current (/) versus gate voltage

(Ugy) ()

When exposed to H,O in air, the n of ACNT dropped slightly from 1.708 to 1.706 at 1625 nm
(An = —0.002 as opposed to An = 0.002 for CCNT) and was 1.628, but did not change at 1319 nm
(An < 0.001 versus An ~ 0.012 for CCNT, Fig. 2, a). The decrease in the n with increasing H,O
concentration occurs only near 1625 and 1410 nm (0.763 and 0.88 ¢V), which corresponds to the
opposite changes in experimental A(F) and W(E) data for ACNT compared to CCNT (Fig. 2, b, c).
This is presumably due to specific local changes in the density of states spectrum [13] for ACNTs.
Although, when exposed to H,O, near the main peak of n(E), located at the photon energy close
to the CNT band gap energy, an increase in the n is observed in air (but a decrease in N,) with a
slight decrease in the charge carriers concentration (p) for ACNTs in the Drude—Lorentz model:
Ap = —0.2% in air, but Ap = 1% with RH change from 20 to 65% in N,. This also corresponds
to the resistive response in air for CCNT [11] and ACNT (~7% for dense network, Fig. 2, c).
This effect is presumably related to a charge carrier type change: from holes in air to electrons in
dry N, and is observed for both ACNT and CCNT [4, 6]. H,O and NH, are donors for CNTs,
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opposed to O, and NO,, both of which are charge acceptors [13]. Thus, in air, H,O and NH,
reduce the concentration of CNT carriers [11], but in the absence of O,, the opposite occurs
for both ACNT and CCNT [4]. When exposed to NH,, the n increased: from 1.697 to 1.710 at
1625 nm, from 1.620 to 1.638 at 1319 nm for ACNTs (Fig. 2, a). It corresponds to an increase
in resistivity for both ACNTs (Fig. 1, ¢) and CCNTs [4, 11]. However, the ratio of responses to
NH, and H,O changes for ACNTs from —6.5 at 1625 nm to ~18 at 1319 nm. In contrast, for
CCNTs this ratio is ~2 at 1625 nm and close to zero at 1319 nm. These changes in the ratio are
apparently due to local but different changes in the band structure (and away from the edges of
the CNT band gap) for both ACNT and CCNT and can provide the recognition of NH, versus
H,O in air using only CCNTs [4] or ACNTs, in contrast to resistive sensors [11].

10.55

@air-—NH; 2 kppi —RH 65% 1 1 gdb=se] B [Far102[)
: —NH_: 0 kppm —RH 20% i =] ™ [ fees ol 000
@N,:~--RH 0% --RH 20% ! T L N 2.t L= . Tes7

__:RH 65%--IPA22% i 156 = "~ ]865 ldos.7 10050 i

18F \a@air: - *NH; 2 kppm +-RH 75% 4] ol ,ms]

O. '/4; - - o
" -NH; 0 kppm - -RH 30% s mps S

10.0F
..:-:»”‘.681

SR

Sy SN 4126.3
o_ ..'“l»‘«wwr“_ o o
> i S : g >
[ 11 ] Yoot
. . 1030k eid  112f
0.6 E, eV 0.9 E,eV 0.763 0.764  0.93E, eV 0.94

Fig. 2. n and k as a function of photon energy (F) for ACNT and CCNT (a), insets: enlarged n(E)

near A = 1625 nm and A = 1319 nm; Drude—Lorentz model (lines) for fitting to ellipsometry data

(dots): A(E) and W(E) near the specified A for the adsorption of H,0O and NH, in air (b, ¢); H,O and
IPA in N, (d, e)

The ACNTs, differing in the An direction in air after adsorption of NH, (“+” An) and H,O
(low, but “~” An) at 1625 nm with response (i.e., An) only to NH, at 1319 nm, also allow
recognition of these gases. The response behavior differences for ACNT versus CCNT can only
be associated with the different types of functional groups, since the remaining features of CNTs
(E the IR absorption peaks) are similar, and for non-functionalized CNTs, both NH, and
H, ‘0 are donors [4] and should not form the opposite sensor response in air. Although H O in
dry N, as a carrier gas gives a drop in the n for both ACNT and CCNT. The initial n value at
A= 1319 nm for ACNT in dry N, was 1.602. The » values during exposure to H,O (subsequent
N, purging) were at 20% and 65% RH: 1.579 (1.596) and 1.541 (1.565). The incomplete return
is due to incomplete desorption during the 20-minute low-flow N, purge, which is typical for
CNTs [4, 11]. For ACNT, despite the low resistive response to IPA in air and low An value at
IPA exposure in N, near the main peak of n(E) (An =~ -0.02 at £~ 0.65 eV), the An was higher
in modulus at 1625 nm and 1319 nm (An = —0.05), which is higher than for NH, in air. This
indicates an improvement in the gas recognition capabilities when using several A.

Modeling showed that the phase shift of 0.2° per 100 um length is achieved in the Si waveguide
coated with a I nm ACNT Ilayer with a 50 nm SiO, sublayer. Thus, at ~22.5 mm a w/2 phase
shift can be achieved. However, accounting for losses due to the high k of CNT obtained from
ellipsometry (Fig. 2, a) does not allow the implementation of such an interferometer arm. The
losses are ~0.9 dB per 100 um (Fig. 3, a). The phase shift to loss ratio is 0.22°/dB.

Further increases in the sublayer do not lead to an improvement in this ratio. However,
despite the high losses, the sensor structure can be implemented based on the ACNT-coated
Si waveguide MRR structure (Fig. 3, b), similar to known results [7]. Modeling showed that
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Fig. 3. Simulation results: electric field distribution and losses of ACNT-coated waveguide (a); scheme of
microring resonator sensor (b); transmission spectra with resonance peak shift after NH, adsorption (c)

the quality factor (Q) of the proposed structure is 1900 without the CNT layer and 1200 with
it, due to losses in the ACNT Ilayer. Therefore, the MRR radius was chosen to be limited to
20 uym. The free spectral range was 6 nm, slightly higher than known [14] due to the use of a
ribbed waveguide (Fig 3, a, b). Since the implementation of a gap between coupled waveguides
less than 150 nm complicates the implementation [7, 8], this distance was chosen, even though
critical coupling has not yet been fully realized. Thus, the extinction ratio and Q were lower than
reported in the experiment [7]. The estimate of the resonance peak shift after NH, adsorption
was about 5 pm (Fig. 3, ¢, red shift). This, assuming a noise level estimation of ~0.1 pm [7] and a
linear response on concentration dependence, yielded an estimate of the sensitivity (S) to NH, as
2.5:1073 pm/ppm and a detection limit of ~40 ppm, comparable to the use of a special polymer,
with higher changes in its # during the analyte adsorption [7]. However, recently a higher .S value
has been achieved for a similar sensor layer by changing only the MRR parameters [8]. Thus, it
is presumed that the .S of the proposed structure can also be improved. Moreover, the proposed
structure with ACNT implemented for two A can allow the recognition of NH, versus H,O due
to the difference in their response ratios at 1319 nm and 1625 nm. More reliable recognition can
be implemented using ACNTs and CCNTs together, even at the same A (even at 1625 nm), due
to the larger differences in the responses between them. This is important because typically for a
single sensor layer, the RH change can also affect the resonance peak shift, interfering with the
analysis of target analyte [8]. However, changes in the band structure of CNTs during analyte
adsorption can change not only the » but also k, which distinguishes them from the known
polymer [7, 8], and can change the resonance peak width, complicating measurements.

Conclusion

Despite the similar behavior of the resistive response of ACNT and CCNT, ellipsometry
showed significant changes in the ratio of responses to NH, and H,O, expressed in the refractive
index changes (An) at 1625 nm and 1319 nm for both ACNT and CCNT, especially between
them, despite their differing only in the functional group types. Therefore, spray-deposited
ACNTs or CCNTs can be used to modify the Si waveguide in a microring resonator (MRR) to
manufacture the proposed integrated optical sensor, providing acceptable sensitivity, recognition
of NH, versus H O. It can be implemented for two wavelengths using only ACNT or CCNT,
or even for one wavelength when using ACNT and CCNT together in a sensor set capable of
even better recognition of the gases. Despite the fairly high extinction coefficient of CNTs, the
use of the MRR structure allows the use of such thin (~1 nm) CNT layers to implement integral
optical sensor structures. The noticeable CNT An at photon energies far from the CNT band
gap, presumably caused by the density of states changes in the CNT band structure with analyte
adsorption, opens up new additional mechanisms for improving the sensors response selectivity.
The combined use of such optical and resistive sensors significantly expands the possibilities of
developing multisensor systems. This can be used for the development of integrated optical gas
sensor array based on functionalized carbon nanomaterials and new principles of gas recognition.
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