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Influence of temperature on the photoluminescence of rhodamine 6G deposited on 2D array of the gold 

nanoparticles was studied in the temperature range 78–278 K. The factor of surface plasmonic enhance-

ment of rhodamine luminescence was found to decrease monotonically with increasing temperature. Elec-

tron-phonon scattering and thermal expansion of the gold nanoparticles were considered as two competing 

physical mechanisms of the temperature dependence of plasmonic enhancement factor. The calculations 

showed the significant prevalence of the electron-phonon scattering that causes the temperature induced 

decrease of plasmonic enhancement of rhodamine 6G luminescence observed. 
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1. INTRODUCTION 
 

Noble metal nanoparticles (NPs) exhibit unique 

optical properties, such as resonant absorption and 

scattering of light, not found in bulk counterparts [1]. 

Collective coherent excitations of the free electrons in 

the conduction band are responsible for the strong 

absorption and scattering of the light by the particles. 

These coherent oscillations, also known as Surface 

Plasmon Resonance (SPR), lead to an enhanced local 

electric field close to the surface of the particles [1]. 

Such strong local electric field enhances the optical 

processes such as Raman scattering (SERS), absorption 

(SEIRA) and photoluminescence (SEPL), etc. of 

molecules and clusters functionalized on the surface of 

metal nanoparticles or close to a rough metal surface.  

The influence of the NP’s size on plasmonic en-

hancement of SERS and PL from the molecules ad-

sorbed on the rough metal surfaces and on the surface 

of metal NPs as well as on PL from the metal NPs 

themselves was studied quite well. Meanwhile, the 

influence of temperature on the phenomena of plas-

monic enhancement is still open for study. In general, 

understanding the influence of temperature on the SPR 

in metal NPs and related phenomena, including the 

effect of SPR induced enhancement of the various opti-

cal processes mentioned above, is crucial for pure and 

applied science involving NPs.  

Recently, we reported the temperature dependence 

of the quantum yield of the PL from silver [2] and cop-

per [3] NPs. In present work we studied the influence 

of the temperature on the plasmonic enhancement of 

PL from the object external to the metal NP. As such 

an external model object we have chosen the rhoda-

mine 6G (R6G), a well-known dye widely used in many 

areas of fundamental and applied science.  
 

2. SAMPLE PREPARATION AND CHARACTER-

IZATION  
 

The samples were prepared as follows. Four glasses 

plates with area 1x1 cm2  were cut from the same plate. 

Gold film with thickness of 5 nm was fabricated by 

thermal vacuum deposition on two glass plates at the 

same time. Then this Au film was annealed at a temper-

ature of 370 ºC during half an hour. The annealing leads 

to transformation of the gold film to array of the gold 

NPs. The existence of Au NPs on glass substrate was 

confirmed by atomic-force microscopy (AFM) (Fig. 1). 

The samples studied were found to contain the Au NPs 

with average height about 10 nm, while average lateral 

size was about 25 nm. Then, one of obtained sample with 

gold NPs array and one of remaining initial glass sub-

strate were covered by rhodamine 6G/ shellac hybrid 

film with a thickness of 10 nm at the same time. We 

used hybrid film because molecular aggregates of R6G, 

in the form of dimers or higher aggregates, act to quench 

photoluminescence. This quenching process is mainly 

due to the transfer of excitation energy between mono-

mers and aggregates, which then decay non-radiatively. 

Thus, we had four samples. The first is initial glass 

plate, the second one – gold NPs on glass, the third – 

R6G/shellac film covering gold NPs, and the fourth – 

R6G/shellac film on glass.  
 

 
 

Fig. 1 – AFM image of Au NPs array on glass substrate. 

 

3. RESULTS AND DISCUSSION  
 

The main role of this work was to study the tem-

perature effects in the influence of the SP field on the 
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PL spectrum of R6G deposited on Au NPs array. Figs. 2 

and 3 show the behaviour of the PL spectrum of hybrid 

R6G/shellac film and one deposited on the gold NPs 

array correspondingly with the monotonous increase of 

temperature from 78 to 298 K. Note, all the spectra 

presented in Figs. 2 and 3 belong to R6G species. In-

deed, the spectra of Fig. 3 were obtained by subtraction 

of the PL spectrum of shellac film on glass from the 

total PL spectrum and the ones of Fig. 4 – by subtrac-

tion of the spectrum of shellac film on Au NPs array. It 

is seen that PL spectra of R6G both without the gold 

NPs and deposited on Au NPs array consist of three 

bands denoted as Ml, Dl, and Cl. Following the data of 

Refs. [4,5], the Ml one with maximum at 570 nm origi-

nates from the light emission from the single R6G mol-

ecules, the Dl one (605 nm) is due to PL from R6G di-

mers, and Cl (635 nm) is the PL band of R6G aggre-

gates. Note that in PL spectrum of R6G species in shel-

lac on glass the Ml band of single rhodamine molecule 

is quite intensive, its intensity is comparable with ones 

of dimers and aggregates. Meanwhile, the deposition of 

the R6G/shellac film on the Au NPs array leads to ap-

preciable decrease of the molecule Ml band intensity 

with synchronous increase of the intensity of Dl and Cl 

bands related to R6G aggregates. Probably, the higher 

intensity of PL from rhodamine aggregates in sample 

with Au NPs can be explained as following. The in-

crease of the temperature leads to red shift of SPR, i.e. 

to the shift towards the Dl and Cl bands. Such shift 

would lead to higher overlap of the SPR in Au NPs and 

the PL bands of rhodamine aggregates causing the 

higher plasmonic enhancement of intensity of the re-

spective Dl and Cl bands. 
 

 
 

Fig. 2 – Evolution of PL spectrum of R6G/shellac thin film 

with monotonous increase of temperature from 78 to 298 K. 
 

One can see from Fig. 2 that the dependence for 

R6G without gold NPs is slightly decreasing in temper-

ature range 78–198 K and becomes sharply decreasing 

in the range 198–258 K that is in full agreement with 

data reported in Ref. [6]. Meanwhile, the further in-

crease of the temperature from 258 to 298 K leads to 

abrupt change of the intensity decrease to its sharp 

increase. It is seen (Fig. 3) that qualitatively similar 

dependence is observed for R6G on gold NPs array. 

Note that increase of R6G PL intensity at increase of 

the temperature in the range 258–298 K is accompa-

nied by sharp increase of intensity of molecular (mon-

omer) Ml band and simultaneous sharp decrease of 

dimer and aggregates Dl and Cl ones, Figs. 2 and 3. 

Based on this, one can suppose that such PL intensity 

increase with temperature is caused by thermally in-

duced dissociation of R6G aggregates that leads to 

increase of the number of free rhodamine molecules. It 

is well known that the PL quantum yield decreases at 

the aggregation of rhodamine molecules. Thus, ther-

mally induced increase of number of R6G free mole-

cules would lead to increase of the quantum yield of all 

the rhodamine species and, correspondingly, to the 

increase of their PL intensity.  
 

 
 

Fig. 3 – Evolution of PL spectrum of R6G/shellac thin film 

deposited on Au NPs array with monotonous increase of tem-

perature from 78 to 298 K. 
 

It is quite interesting the temperature dependence 

of the ratio of PL intensity of R6G on Au to one of 

R6G without Au, Fig. 4 – blue points and line. One 

can see that this ratio decreases monotonically with 

temperature. Let us analyse the cause of such inter-

esting effect. The R6G molecules in sample with Au 

NPs array are located in the local field of surface 

plasmons excited in gold nanoparticles. The plasmonic 

electric field enhances the PL from rhodamine. Thus, 

one can conclude that difference in the temperature 

dependence of PL intensity from R6G on Au NPs and 

one from R6G without them is caused by the tempera-

ture dependence of the plasmonic enhancement factor 

of PL from R6G. The magnitude of enhancement fac-

tor is determined by the magnitude of plasmonic field 

in vicinity of R6G molecules located near Au NPs. So, 

let us consider the physical mechanisms that can 

cause the temperature dependence of the magnitude 

of the plasmonic field. 

It is well known that optical transitions in 

molecules and clusters located near the surface of 

metal NPs are strongly enhanced. Such enhancement 

is caused by a strong local electric field near the metal 

NP where surface plasmons are excited. Thus, tuning 

the magnitude of plasmonic enhancement gives the 

opportunity to tune the magnitude of the optical 

response of such molecules and clusters. According to 

Boyd’s theory [7], the local electric field outside a metal 

NP is enhanced by a factor known as the local field 

correction factor 
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where D  is the depolarization factor ( 1 3D  for 

spherical particles),  is the dielectric permittivity of 

the metal particle, 
m

 is the dielectric permittivity of 

the surrounding medium,  is the light wavelength, 
3 6V d  is the NP volume, and d  is its size 

(diameter). The intensity of PL ( )lI  from a molecule 

located near the metal NP excited with a photon of 

energy exc  is given by 

 

 2 2

0
( ) ( ) ( ) ( )l l exc lI I L L , (3.2) 

 

where 
0
( )lI  is a function describing the intrinsic PL 

spectrum of the molecule, i.e. in the absence of metal 

NP. The plasmonic factor L  depends on T  due to 

temperature dependence of dielectric permittivity of 

NP  and NP’s volume V .  
 

 
 

Fig. 4 – Temperature dependence of the ratio of PL intensity 

of R6G on Au to one of R6G without Au: experimental – blue 

points and solid line, and calculated – dashed green line. 

 

Based on theoretical model considered in details in 

Ref. [2] we calculated the PL spectra of R6G on Au NPs 

influenced by SP field at various temperatures in range 

of 78–298 K. The obtained behaviour of the spectra is 

shown in Fig. 5. One can see that calculated tempera-

ture evolution of PL spectrum of R6G  on Au NPs array 

is in good agreement with experimental one (Fig. 3) 

that proves correctness of the used theoretical model. 

The good agreement is obtained as well for the experi-

mental and calculated temperature dependences of the 

ratio of PL intensity of R6G on Au to one of R6G with-

out Au, Fig. 4. One can see that the dependence of the 

ratio is monotonically decreasing with temperature. 

This indicates the fact of monotonic decrease of plas-

monic enhancement factor with temperature.  Let us 

discuss it. 

As one has been discussed above, the temperature 

affects both the SPR width and frequency. The temper-

ature dependences of both width and frequency are 

caused by two physical mechanisms. Those are the 

electron-phonon scattering and the thermal expansion 

of metal NP. The SPR width is caused the plasma oscil-

lation damping constant. The increase of temperature 

leads to increase of electron-phonon scattering rate 

and, correspondingly, to increase of SPR damping. 

Meanwhile, the temperature increase leads to the 

thermal expansion of the NP which leads to decrease of 

the rate of electron surface scattering and, correspond-

ingly, to decrease of damping constant. However, as we 

have shown in our previous works [8] the contribution 

of the electron-phonon scattering in the temperature 

dependence of SP damping constant exceeds greatly 

the one of the surface scattering.  
 

 
 

Fig. 5 – Calculated evolution of PL spectrum of rhodamine 6G 

on Au NPs array with monotonous increase of temperature 

from 78 to 298 K. 
 

As well, the thermal expansion of NP leads to red 

shift of SPR. The red shift of SPR with increasing tem-

perature occurring due to NP expansion would increase 

the overlap of SPR (maximum at 543 nm at 298 K) and 

PL bands of R6G with maxima at 570 nm, 605 nm and 

635 nm. This effect would lead to increase of plasmonic 

enhancement factor and, correspondingly, would lead 

to the increase of R6G PL quantum yield. Note, howev-

er, that the spectral separation of the SPR in Au NPs 

and PL spectrum of R6G is quite large. So, it is reason-

ably to expect that this effect is not so much to affect 

significantly the plasmonic enhancement factor. Be-

sides this, an additional mechanism of the influence of 

temperature induced red shift of SPR on plasmonic 

enhancement factor exists. Hubentahl showed recently 

[9] that interband transitions are significant additional 

mechanism of SPR damping when SPR frequency is 

close to the onset of interband transitions. At photon 

energies higher than onset of interband transitions the 

energy of the plasmon can be transferred to a single 

electron, which makes an interband transition. It is 

clear that for photon energies well below the onset of 

the interband transition, the plasmon energy is too low 

to permit an interband transition and, correspondingly, 

such a mechanism of plasmon damping is not im-

portant. For bulk gold the onset of interband transi-

tions is at about 660 nm. At wavelength shorter than 

660 nm the increase of imaginary part of dielectric 

permittivity of gold 
2
 occurs that reflects the increase 

of contribution of the interband transitions. Note, how-

ever, that strong increase of 
2
starts at  520 nm 
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while in wavelength range from 660 to 520 nm 
2
 in-

creases quite slightly. It is obvious that the red shift of 

SPR with increasing temperature would lead to de-

crease of the contribution of interband transitions to 

plasmon damping constant at the frequency of SPR. 

Such a decrease of SPR damping would lead to the 

increase of plasmon enhancement factor and, corre-

spondingly, to the increase of PL intensity. However, 

taking into account that SPR wavelength (about 540 

nm) is in the range of slight spectral dependence of 
2  

(520 – 660 nm) it is reasonably to expect that this effect 

is not so much to affect significantly the plasmonic 

enhancement factor. Therefore, proceeding from above 

considerations one can conclude that the electron-

phonon scattering is prevailing mechanism of the tem-

perature dependence of plasmonic enhancement factor. 

Correspondingly, the temperature induced increase of 

electron-phonon scattering rate leads to decrease of 

quantum yield of PL from rhodamine 6G on gold NPs 

array. Note that this effect observed for Au NPs is 

opposite to one observed for the PL from copper NPs 

where the increase of temperature leads to increase of 

PL quantum yield [3]. An origin of such surprising 

behaviour of PL from copper NPs is that for Cu NPs 

the interband transitions and spectral overlap of SPR 

with PL band give considerably larger contribution in 

the temperature dependence of plasmonic enhance-

ment factor than for gold NPs. 

 

4. CONCLUSIONS 
 

In conclusion, we made the comparative study of 

the temperature dependence of the PL from rhodamine 

6G deposited on 2D array of gold NPs and PL from R6G 

without Au NPs in the temperature range of 78 – 298 

K. The PL from R6G on Au NPs array is enhanced by 

the coupling of exciting and emitted photons to the 

surface plasmons excited in the NPs. There is a 

significant difference in the temperature behaviour of 

the PL spectra from R6G–Au and R6G samples. The 

ratio of PL intensity of R6G on Au to one of R6G 

without Au was found to be monotonically decreasing 

with temperature. This indicates the fact of monotonic 

decrease of the factor of plasmonic enhancement of PL 

from R6G on Au NPs with temperature. The theoretical 

model was proposed to explain the observed 

temperature dependence of plasmonic enhancement 

factor. Two possible physical mechanisms of the 

observed temperature dependence were considered. 

First one is the electron-phonon scattering which 

causes the increase of plasmonic damping constant 

with increase of the temperature leading to the 

weakening of the plasmonic enhancement. Second one 

is the thermal expansion of the gold NPs. The thermal 

expansion increases the NP size leading to decrease of 

the plasmonic damping caused by surface scattering of 

electrons and to corresponding strengthening of 

plasmonic enhancement. As well, the thermal 

expansion of Au NPs leads to red shift of SPR in Au 

NPs with increasing temperature. The red shift would 

cause the increase of the spectral overlap of SPR with 

PL band of R6G as well as decrease of the contribution 

of interband transitions in gold NPs in plasmonic 

damping constant. Thus, the temperature induced red 

shift of SPR would lead to the strengthening of 

plasmonic enhancement of R6G PL. The calculations of 

the influence of temperature on the PL spectrum of 

R6G in plasmonic field of Au NPs were performed. The 

results of calculations agree with the results of the 

experimental observations proving the model used. The 

calculations showed that the electron-phonon 

scattering is prevailing mechanism in the temperature 

dependence of the factor of plasmonic enhancement of 

PL from R6G on Au NPs as compared to effects related 

to the thermal expansion of Au NPs. Correspondingly, 

such prevalence of the electron-phonon scattering 

causes the temperature induced decrease of plasmonic 

enhancement of R6G PL observed.  
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