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Abstract 1 

 We explore the possibility of using metal nano-particles to enhance the Raman 2 

scattering of single walled carbon nanotubes (SWCNTs) at high temperatures, with 3 

the aim of obtaining enhanced in situ Raman spectra of SWCNT during chemical 4 

vapor deposition (CVD). Particle position, metal type, film thickness, excitation 5 

wavelength are systematically optimized to meet the requirements for high 6 

temperature and in situ measurements. Au particles provide a weak but stable 7 

enhancement up to 1000°C, while the enhancement factors of Ag particles decrease at 8 

elevated temperatures due to morphology change and metal evaporation. After the 9 

morphology relating effects are eliminated, surface enhanced Raman scattering 10 

(SERS) of SWCNT is confirmed to be almost temperature independent in our 11 

SWCNT-Ag/Au system. Finally, in situ enhanced spectra with identifiable RBM peaks 12 

are obtained in a realistic CVD growth of SWCNTs. The mechanism behind the 13 

relatively low enhancement factor is also discussed. 14 
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1. Introduction 1 

 Single walled carbon nanotubes (SWCNTs) have attracted much attention in the 2 

past decades, due to their many outstanding properties and potential applications 3 

[1,2]. In many applications (e.g. as the transparent conductive layer in a solar cell [3] 4 

or as the channels in a field effect transistor[4]) SWCNTs with highly uniform 5 

properties are required. However, present growth techniques normally produce 6 

SWCNTs with mixed length, diameter, and conductivity. In this context, extensive 7 

and sustained efforts were made by both theorists and experimentalists to 8 

understand the growth mechanism of SWCNTs and to search for better solutions to 9 

control the key structural parameters [5-7].  10 

    Since the early stage of chemical vapor deposition (CVD) growth, researchers 11 

have attempted to monitor the growth process of SWCNTs in real time, because an in 12 

situ measurement always provides more direct and comprehensive information which 13 

can help to get a better understand of the nucleation, termination or growth 14 

selectivity. For example, ten years ago in situ TEM clearly revealed the reshaping of 15 

the catalyst particles and restructuring of mono-atomic step edges at atomic level [8]. 16 

Later, methods including real time reflectance [9,10], absorbance measurements 17 

[11,12], and optical imaging [13-15] have been proposed to monitor the growth process 18 

of vertically aligned carbon nanotubes (CNTs), which significantly accelerated the 19 

investigation and identification of CNTs’ various growth and termination behaviors. 20 

More recently, Hofmann et al. performed a systematic in situ XPS measurement on 21 

the surface bounding during CVD of SWCNTs, and obtained a series of new 22 

understandings on catalyst-substrate interaction and catalyst phase transition 23 

[16,17]. Hart et al. introduced a high speed small angle X-ray scattering technique, 24 

which un-ambiguously revealed the quick evolution of catalyst from a film to particles 25 

during reduction and also the later size change during growth [18]. Chen et al. 26 

studied SWCNT growth and oxidation in an in situ thermogravimetric reactor and 27 

identified the role of working metal catalysts [19]. 28 

 Raman spectroscopy is one of the most powerful techniques for SWCNT detection 29 

and structure confirmation [20,21]. In principle, in situ Raman scattering can provide 30 
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insights into both formation dynamics (quantity vs. time) and population evolution 1 

(distribution vs. time) of the obtained SWCNTs. For example, intensity and shape 2 

evolution of G band may suggest the overall growth deceleration during a CVD, as 3 

well as the proportion change between semiconducting and metallic SWCNTs. The 4 

evolution of each radial breathing mode (RBM) may even quickly reveal chirality 5 

dependent nucleation and termination behaviors. More importantly, for an in situ 6 

measurement, spectra can be continuously taken in the same CVD run at short 7 

intervals (e.g. 5 s). Obtaining the similar information using an ex situ Raman 8 

scattering will take enormously more experiments. However, within the limited 9 

progresses on in situ Raman scattering since the very pioneer work by Chiashi et al. 10 

[22], Raman intensity obtained at a high temperature during growth is almost always 11 

too weak to explicit the structure-relating fingerprints, e.g. position and shape of G- 12 

peak or [23-27] even RBM peaks [28,29]. Therefore, one interesting question that 13 

arises is whether it is scientifically and technically possible to enhance Rama 14 

scattering of SWCNTs during CVD growth by conventional enhancing techniques, e.g. 15 

metal nano-particles which are often recognized as surface enhance Raman 16 

scattering.  17 

 In this study, we are devoted to explore the possibility of enhancing Raman 18 

scattering of SWCNTs at CVD growth conditions using SERS metal nano-particles. 19 

One major difference from conventional SERS of SWCNTs [30,31] is that SERS 20 

measurements during a CVD (called "in situ SERS" hereafter) involves a high growth 21 

temperature (usually above 800°C), which brings new technical and scientific 22 

challenges. At the same time, previous SERS studied were seldom performed at 23 

temperatures above 300°C. Whether or not SERS effect still existing at a growth 24 

temperature has not yet been experimentally confirmed. Therefore, exploring SERS 25 

effect at CVD conditions become meaningful for both studying SWCNT growth and 26 

SERS study itself. In this context, we perform a systematic study on the metal 27 

position, metal type, particle size, excitation wavelength to seek the feasibility and, if 28 

feasible, the optimized configuration of in situ SERS. Finally, a weak but clear 29 

enhancement of Raman scattering during a realistic CVD is demonstrated by Ag 30 
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SERS. Though the enhancement factor is low at this stage, this work proves the 1 

concept of using SERS at high temperatures to enhance the Raman scattering during 2 

SWCNT CVD formation. 3 

 4 

2. Experimental  5 

2.1. Preparation of metal particles 6 

Au, Ag, Cu, Pt particles are prepared on Si/SiO2 (500 nm oxide layer) substrates by 7 

e-beam evaporation and post-annealing. The thickness of metal film is controlled by 8 

the deposition rate and time, and the particle size can be adjusted by the annealing 9 

temperature. The annealing time is 30 min in all cases unless described otherwise.  10 

2.2. Transfer of SWCNT films 11 

Transfer of SWCNT films is achieved by the following steps: 1) submerge the 12 

as-grown SWCNT sample (i.e. SWCNTs on Si/SiO2 substrate) into a HF solution, 13 

which removes the SiO2 layer and therefore detaches the SWCNT film from the Si 14 

substrate; 2) dilute the HF solution (with SWCNT film floating on top); 3) collect the 15 

floating SWCNT film by a SERS substrate (with metal particles) prepared in section 16 

2.1.  17 

2.3. Catalyst preparation and CVD growth 18 

Catalyst for SWCNT growth is prepared by dip-coating [32]. Briefly, the substrate is 19 

submerged into a catalyst precursor solution (cobalt and molybdenum acetate in 20 

ethanol) and lifted at a speed of 4 cm/min. After coating, the substrate is annealed at 21 

400°C for 5 min to decompose the acetates. SWCNTs are synthesized by alcohol 22 

catalytic CVD (ACCVD) using ethanol as the carbon source [33]. The CVD 23 

temperature is 800°C and the ethanol pressure is kept at 1.3 kPa. More details of the 24 

dip-coating and SWCNT growth can be found in our previous reports [11,34,35]. 25 

2.4. Characterization and Raman measurement 26 

 The obtained materials are characterized by an SEM (Hitachi S-4800, operated at 27 

3 kV), and a Raman spectrometer (Horiba HR-800). High temperature and real time 28 

Raman spectra are measured in a Linkam CCR1000 reaction cell (accompanied with 29 

gas inlets and outlets for keeping a protective Ar atmosphere, a schematic of the 30 
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reaction cell is shown in Figure S1), which is put on the XYZ-motorized stage of the 1 

Raman system. Samples can be heated from room temperature up to 1000 °C in the 2 

reaction cell. The heating and cooling rate is 100°C /min in all measurements. 3 

Ethanol is brought into the reaction cell by bubbling a 15 sccm H2 through an ethanol 4 

container. The Raman signal is collected by a long working distance lens, with the 5 

excitation wavelength of 488, 514, 633, and 785 nm. 6 

 7 

3. Results and discussion 8 

 Different from room temperature SERS which has been extensively studied, high 9 

temperature SERS is a field that received much less attention previously [36-38]. This 10 

may be partly attributed to the few expecting applications of higher temperature 11 

SERS. Meanwhile, those organic molecules often used in SERS experiments are also 12 

not high temperature resistible, which may have limited even fundamental research 13 

on high temperature SERS. In real time monitoring CVD growth of SWCNT, however, 14 

SERS technique may provide a path to increase the weak Raman signal and to reveal 15 

more details of a formation process. High thermal stability also makes SWCNT a 16 

promising system for high temperature SERS studies. Therefore, a systematic 17 

exploration becomes both meaningful and possible in this context. 18 

 19 

  20 
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Figure 1. (a) Non-SERS spectra of SWCNT on SiO2 substrate and SERS spectra of the 1 

same SWCNT film on Au deposited substrate at different temperatures (excitation 2 

laser 514 nm); (b) enhancement factor vs. temperature at different excitation 3 

wavelengths; (c) non-SERS spectra of SWCNT on SiO2 substrate and SERS spectra of 4 

the same SWCNT film on Ag deposited substrate at different temperatures (excitation 5 

laser 488 nm); (d) a comparison of enhancement factor vs. temperature between Au 6 

and Ag at 488 nm excitation. 7 

 8 

 Figure 1a shows comparisons of SERS (red) and non-SERS (black) spectra of 9 

SWCNTs taken from 30 °C up to 1000 °C. A protective Ar atmosphere is introduced in 10 

the cell  during the entire measurement to prevent oxidation of SWCNTs. Au, one of 11 

the most commonly used SERS metal, is pre-deposited onto a Si/SiO2 substrate before 12 

the transfer of SWCNTs (metal-SWCNT structure in Figure S2). The SERS and 13 

non-SERS spectra are obtained in a small area to ensure precise identification of the 14 

enhancement (Figure S3a). In Figure 1a, high temperature brings at least two main 15 

changes to the Raman spectra. First, all peaks down shift to lower wavenumbers. This 16 

trend has been well recognized in previous studies and can be explained by the 17 

structure expansion and C-C bond softening [24,39,40]. Second, Raman intensity 18 

decreases significantly at evaluated temperatures (e.g., at 1000°C, only ~10% of 19 

original). However, if we compare G band intensity in SERS and non-SERS conditions, 20 

clear enhancements can be still observed at all temperatures. For example, the 21 

enhancement factor (defined as ISERS /Inon-SERS) is 1.65 at room temperature and 1.5 at 22 

800°C. Though an enhancement factor of less than two in this first study is 23 

un-expectedly small (reasons to explain later), there are about two wavenumber shift 24 

in G band to lower wavenumber (from 1592 to 1590 cm-1) when metal particles are 25 

existing, which is one typical feature of SERS effect. 26 

 High temperature SERS effect is further confirmed at different excitation 27 

wavelengths (488, 514, 633, 785 nm). The enhancement factor vs. temperature is 28 

plotted in Figure 1b. There are slight drops with temperature but generally 29 

enhancements are observable at all excitations. In this experiment, strong red (from 30 

800 °C) and IR (from 600 °C) background prohibited us from obtaining moderate 31 

spectra at 633 and 785 nm excitations. Therefore, red and IR lasers may not be 32 
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directly used as excitation when monitoring realistic growth processes, the 1 

temperature of which is mostly above 800 °C. For green (514 nm) and blue (488 nm) 2 

excitations, moderated spectra are obtained up to 1000 °C.  3 

 Leung et al. have previously calculated the influence of temperature on SERS 4 

effect [36]. In their theory, SERS effect decrease at elevated temperatures if the 5 

excitation wavelength is close or higher than the resonant peak of the metal particle. 6 

However, if the excitation wavelength is much shorter, SERS effect is generally 7 

insensitive to temperature. In Figure 1b, we notice the slopes of 785 nm and 633 nm 8 

(longer wavelength) seem to be larger than those of 488 nm, which is in agreement 9 

with Leung’s predictions. Although more systematic experiments may be needed to 10 

confirm the versatility, this preliminary work clearly suggest SERS effect can survive 11 

a high temperature both theoretically and experimentally. 12 

 Similar measurements are performed on Ag. For Ag SERS, a higher enhancement 13 

factor up to four is achieved, as shown in Figure 1c. Further study on wavelength 14 

dependence also revealed 488 nm (no influence of background irradiation) excitation 15 

has the largest enhancement effect among all our available lasers. Therefore, the 16 

combination of Ag with 488 nm excitation becomes presently most promising 17 

configuration for an in situ SERS study in terms of getting a large (relatively) 18 

enhancement factor and a clean background. However, as shown in Figure 1d, though 19 

Ag has generally larger enhancement factors than Au at all temperatures, a drastic 20 

decrease is observed from 600°C. Considering that the Ag particles in this experiment 21 

are annealed at 650°C before use (to let metal film aggregate into particles), we 22 

speculate this decrease originated from the poor stability of Ag at high temperatures. 23 

Similar experiments are also repeated on Cu, and Pt particles. We include Pt since its 24 

higher melting temperature may possibly benefit the thermal stability in an in situ 25 

measurement (e.g. at 800 °C). However, unfortunately both Pt and Cu show almost no 26 

enhancement at all our excitations (e.g. see Figure S3b), possibly due to their 27 

relatively smaller Raman cross-sections and shorter resonant wavelength (near UV) 28 

[41].  29 
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 In order to explain the enhancement decrease at high temperatures for Ag SERS, 1 

we propose an experiment to investigate the influence of annealing temperature on 2 

morphology of Ag, and its corresponding Raman enhancement. First, a SWCNT film 3 

is transferred on to a substrate with 50 nm as evaporated Ag film. The SERS and 4 

non-SERS spectra are measured at room temperature. A SEM image is also taken at 5 

same point where Raman spectra are obtained. After Raman and SEM 6 

characterizations, the substrate is heated to 200°C, kept for 10 min, and then cooled 7 

to room temperature. This heating and cooling process are repeated at 400, 600, 8 

800°C. For each cycle, SEM images are taken after cooling, and Raman spectra are 9 

measured at both high temperatures and room temperature. The experimental profile 10 

and the obtained results are summarized in Figure 2. 11 

 12 

Figure 2. (a) An experimental scheme recording the morphology and enhancement 13 

factor change with annealing temperature; (b)-(f) Representative Raman spectra and 14 

corresponding SEM images (insets) of the “SWCNT on Ag” structure in each 15 

annealing cycle.  16 

 17 

 The representative SEM images (insets) after each cycle in Figure 2b-f clearly 18 

reveal that Ag evolves from a continuous film to separate islands. The enhancement 19 

factor gradually decreases from 3.2 (before annealing) to less than 2 (after 800°C 20 

annealing). However, at each morphology, if comparing the enhancement factors at 21 
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elevated temperature (before cooling) and room temperature (after cooling) in Figure 1 

3, we find the “cold” and “hot” enhancement factors are almost identical (e.g. for the 2 

600°C annealed substrate, 2.2 at 600°C and 2.3 back at room temperature). This 3 

comparison suggests that the decrease in Figure 1d originates from the temperature 4 

induced morphology change. The SERS effect itself is weakly dependent, or almost 5 

independent, on temperature at a fixed morphology. Besides the change from a film to 6 

islands, evaporation of Ag may be another reason for the enhancement decay, because 7 

density of the island/particles starts to decrease from 600 °C, and Ag completely 8 

disappears at 1000°C (not shown).  9 

 10 

Figure 3. A comparison of enhancement factors at hot (high temperature, red) and 11 

cold (room temperature, black) conditions for a fixed morphology of Ag particles, 12 

suggesting the SERS effect in our system is weakly temperature dependent and the 13 

enhancement decay merely originates high temperature induced morphology change. 14 

 15 

 Though SERS effect is confirmed to be temperature insensitive in our system, the 16 

enhancement factor is much lower than expected, since SERS is often recognized to be 17 

able to enhance Raman signal by many orders of magnitude. We attribute this low 18 

enhancement factor to the following two reasons. First, Raman scattering of SWCNT 19 

is well known as a resonant process, for a single SWCNT, it is easy see a strong SERS 20 

effect if the tube is not in resonance to the excitation. For the entire SWCNT film, 21 

however, since there are always tubes that are resonant to the excitation, the signal 22 

obtained is already resonance enhanced. Therefore, SERS effect in resonant Raman is 23 

much less significant. The difference between resonance SERS and SERS spectra 24 

were carefully investigated before by M. Dresselhaus.[42] Second, since the 25 
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inter-particle distance is about tens of nm, possibly the SWCNTs are in plane not 1 

uniformly enhanced, and only at local areas were SWCNTs strongly SERS enhanced. 2 

Also, the SWCNT is normally tens of nm thick, the SWCNT may be also not uniformly 3 

enhanced in Z direction. Though at this stage we are not able to quantify the 4 

percentage of SWCNTs that are enhanced, very likely the enhancement factor can be 5 

further improved in future studies, e.g. by controlling SWCNT growth directions.  6 

 After the feasibility of high temperature SERS is confirmed, we present a 7 

preliminary demonstration of a during growth in situ enhancement. Figure 4 shows 8 

the in situ obtained Raman spectra in a realistic CVD growth at 900°C. In this 9 

experiment, 5 nm Ag (effect of initial deposition thickness is shown in Figure S4) is 10 

deposited onto Si/SiO2 substrate and 488 nm laser is used as excitation. Co/Mo 11 

catalyst is coated onto the substrates by dip-coating. The catalyst preparation, CVD 12 

parameter and Raman measurement are kept strictly the same in (a) and (b). On bare 13 

Si/SiO2 wafer (non-SERS condition), G band is about 100 after a 600 s growth. On the 14 

SERS active substrate, however, signal reaches about 600. Mostly importantly, a clear 15 

peak is observed in the RBM region of the in situ SERS spectra, whereas in the 16 

non-SERS situation, no identifiable RBM peaks are observed. The exposure time for 17 

each spectrum in this experiment is short (5s) and the laser power is also fairly weak 18 

(few mW). Improved spectra may be obtained if longer exposure and stronger laser 19 

are applied. Furthermore, the catalyst preparation and CVD condition may be also 20 

not optimized in the present reaction cell (much smaller than conventional lab-scale 21 

CVD furnaces). Therefore, though at this stage the obtained in situ spectra are still 22 

too noisy and can hardly reveal the growth dynamics of each single chirality SWCNT, 23 

there should still plenty of room to improve the experiment design and the spectrum 24 

quality in the future studies. Nonetheless, we believe the concept and potential 25 

application of this during CVD in situ SERS has been to this end well proven. 26 
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 1 

Figure 4. In situ Raman spectra taken at 900°C in a realistic CVD growth on (a) a 2 

bare Si/SiO2 substrate and (b) a SERS active substrate, suggesting Raman scattering 3 

of SWCNTs is about six times enhanced during the growth by the as-deposited Ag 4 

particles. 5 

 6 

 Finally, one may be concerned with the possible influences of the SERS particles 7 

on SWCNT growth, particularly after recent advances having shown noble metals [43] 8 

like Pt, Au, Ag, and other transition metal like Cu [44] can also catalyze the 9 

nucleation of SWCNTs. Since the diameter of enhance media (e.g. Ag) so far used in 10 

the present study are all larger than 50 nm, which is way beyond the size range 11 

(usually < 5 nm) that can catalyze SWCNT formation, we tend to believe growth and 12 

enhancement are two rather independent processes with weak influence to each other. 13 

To ensure this point, we compare SEM images of SWCNT grown on two substrates 14 

and confirm that there are no noticeable difference in CNT yield with and without 15 

media coating. At the same time, we also observe a slight down shift of G-band for the 16 

SWCNTs grown on SERS media covered substrate, which convince us the increase of 17 

Raman signal is a SERS effect. One other concern is that G and RBM peaks of 18 

SWCNTs shift and broaden at high temperatures, which may bring additional 19 

challenges for spectrum interpretation (e.g. chirality assignment). However, this 20 

interpretation should always be possible as long as the correlation between a room 21 

and high temperature spectrum can be known (e.g., by an experimental or theoretical 22 

approach). Nonetheless, more efforts are absolutely needed before high quality in situ 23 
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Raman spectra and more structure relating information can be obtained from realistic 1 

CVDs. 2 

 3 

4. Conclusions 4 

 To conclude, we explored the possibility of using SERS techniques at high 5 

temperatures, with the aim of enhancing Raman signal of SWCNTs at realistic CVD 6 

growth conditions. Particle position, metal type, particle size, and excitation 7 

wavelength were systematically sieved to meet the requirements of in situ 8 

measurements. Au was able to provide a small but stable enhancement factor up to 9 

1000°C. Ag particles presented a relatively larger enhancement factor but the 10 

enhancement decayed quickly above 1000°C. However, the comparison between high 11 

temperatures enhancement factor and room temperature enhancement factor at a 12 

fixed morphology confirmed weak temperature dependence for SWCNT SERS. Finally, 13 

an in situ Raman spectra with identifiable RMB peaks were obtained using Ag SERS. 14 

We expect this work can provide the first step toward enhancing Raman scattering of 15 

SWCNT during realistic CVD growths. Future work may be focused on the improving 16 

the low enhancement factors as well as the poor stability of SERS particles at high 17 

temperatures.  18 
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 1 

Figure S1: Schematic of the reaction cell (Linkam CCR1000) equipped on Raman 2 

spectrometer for high temperature and in situ Raman measurement. Arrows indicate 3 

the direction of gas (Ar in a protective atmosphere and Ar/H2/Ethanol in a growth 4 

atmosphere) flow. 5 
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 1 

Figure S2: Characteristic Raman spectra obtained from an as-grown SWCNT film 2 

(non-SERS condition), the same SWCNT film with Au particles deposited on top, and 3 

the same SWCNT film transferred onto a Au particle coated substrate. The 4 

wavelength of the excitation laser is 785 nm. 5 

 6 
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 1 

Figure S3: (a) Microscopic images (optical image with SEM micrographs as insets) 2 

and G band line scan of SWCNT films transferred onto a Si substrate partly covered 3 

with metal particles; (b) characteristic Raman spectra of SWCNTs at the areas 4 

without (non-SERS, black line) and with metal particles (SERS, red line). The effects 5 

of Pt, Cu, Au, Ag are investigated. 6 
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 1 

Figure S4. Characteristic non-SERS (black) and SERS (red) spectra of SWCNTs on Au 2 

film with different initial deposition thickness (5, 10, 20 and 50 nm), with SEM 3 

images of the metal particles shown as insets. If enhancement factors are similar, 4 

thinner metal film is preferred for in situ SERS since there is larger space for catalyst 5 

deposition and therefore SWCNT growth.  6 
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