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S1. Optical response of the as-prepared GNR surface 

The spectral response of the GNR array was tested before PEI functionalization. The LSPR mode 

is dynamically tuned via electrostatic gating by applying a back-gate voltage VBG between +20V 

and -80V (Fig S1.a). For zero bias, we observe that the as-prepared GNR surface is slightly p-

doped due to the fabrication process, with charge neutrality point (CNP) around VBG =+20 𝑉. For 

higher negative VBG the LSPR mode blue-shifts and grows in strength due to the increased p-

doping, as expected. Fig S1.b shows the simulated extinction spectra of a GNR array with the same 

geometry used in experiments. The graphene damping is set to 𝛾 =6.7∙1013 s-1 to reproduce the 

experimental LSPR linewidth and the Fermi energy (EF) is swept from 0.05 eV to 0.2 eV to 

compare with experiments. The intrinsic doping of the as-prepared GNR surface is estimated to be 

around EF = -0.15 eV.  

The Fermi energy dependence as a function of VBG for the GNR surface as-prepared (𝑉𝐶𝑁𝑃 =

+20𝑉) and with PEI coating (𝑉𝐶𝑁𝑃 = −80𝑉, see main text) is depicted in Fig S1.c. This is 

calculated as1 

|𝐸𝐹 | = ℏ𝑣𝐹√𝜋
𝐶𝑜𝑥

𝑞𝑒

|𝑉𝐶𝑁𝑃 − 𝑉𝐵𝐺 | 

where ℏ, 𝑣𝐹, 𝑞𝑒  and 𝐶𝑜𝑥  are the reduced Planck constant, Fermi velocity (1.15𝑥108  cm/s), 

fundamental electric charge and capacitance of the 285 nm-thick oxide (𝐶𝑜𝑥 =
𝜖0𝜖𝑜𝑥

𝑡𝑜𝑥
, 𝜖𝑜𝑥 = 3.9 

SiO2 permittivity), respectively.  
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Figure S1. (a) Plasmonic response of as-prepared GNR surface at different VBG and (b) 

corresponding simulations for different graphene Fermi levels. (c) Fermi energy versus VBG of as-

prepared and PEI-coated GNR surface. 

 

S2. PEI-CO2 vibrational fingerprints  

The interaction of PEI with CO2 gas occurs via zwitterion mechanism, wherein the basic amine 

groups of PEI polymer react covalently with the hard-acidic CO2 molecules even under 

atmospheric thermal condition2. Interaction of CO2 with primary (RNH2) and secondary (R2NH) 

amines forms carbamate (R2NCOO-) compounds following reversible chemical reactions as 

illustrated in Ref [2] (R represents species from alkyl group). The reversibility in regenerating 

amines can be done by thermal desorption of CO2 with 85oC heat treatment or above3. Moreover, 

CO2 interacting with tertiary amines which results in the production of bicarbonates (HCO3
−) under 

humid conditions4. The chemical compounds resulting from PEI-CO2 interaction have natural mid-

infrared (MIR) frequency vibrations as summarized in Table S2.  
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Table S2. Frequency assignments of product species from PEI-CO2 interaction5–9. 

Frequency (cm-1) Assignment 

1101 C=O symmetric stretch in R2NCOO- 

1304 Conformational change in HCO3
− 

1380 Asymmetric stretch in carbonate 

1475, 1488 NCOO skeletal vibration 

1550, 1565 C=O asymmetric stretch in R2NCOO- 

1636, 1650 N-H deformation in NH3
+  

3055 N-H stretch in NH3
+ 

3360 Asymmetric NH2 stretch 

3420, 3439 N-H stretch in RN-HCOO- 

 

 

S3. Ultrathin PEI film characterizations 

Two solutions are prepared with branched PEI diluted in ethanol, having 0.76 wt% and 0.22 wt% 

concentrations. The thicknesses of spin-coated PEI films on silicon are 30 nm and 9 nm, 

respectively, which are evaluated from ellipsometric fitting (Fig S3.a). Surface morphologies 

imaged with AFM (Figs S3.b and S3.c) depict continuous films, with both having RMS roughness 

around 0.3 nm. 

Ultrathin polymer film has several advantages compared to its bulk counterpart. For one, this 

avoids the optical loss contribution due to interference in thick polymers. Also, it allows shorter 

path length for gas species, thus yielding faster response due to easier diffusion and faster thermal 

desorption processes. Fig S3.d displays the spectral changes of two PEI films when thermally 

desorbed at 100oC for 2 mins in ambient air. Three prominent peaks at 1304, 1475 and 1565 cm -1 

correspond to HCO3
−  vibration, NCOO skeletal vibration and C=O stretch, respectively. The peaks 
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are more pronounced with 30 nm film as expected with larger interaction length. Flatter spectral 

response is observed with 9 nm film when heated, indicating easier CO 2 desorption from the film. 

 
Figure S3. (a) Ellipsometry parameters (𝛼, 𝛽) fitting of spin-coated PEI layer from two solutions  

of 0.76 wt% and 0.22 wt% in ethanol, yielding 30 nm and 9 nm ultrathin films, respectively. 

Surface morphologies of (b) 30nm and (c) 9nm PEI membranes are imaged with atomic force 

microscopy (AFM), both having approximate RMS roughness Rq~0.3 nm. (d) Extinction spectra 

comparing thermal desorption at 100oC of PEI between 9 and 30 nm films on CaF2.  
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S4. PEI permittivity model 

To derive the complex permittivity of the ultrathin PEI film of Fig.2d, we used the Lorentz model 

with 5 oscillators corresponding to the visible PEI vibrational bands in the spectral range 1200-

1800 cm-1. The multi-Lorentz relative permittivity is written as: 

𝜀𝑃𝐸𝐼  = 𝜀∞ + ∑
𝑆𝑗

1−(
𝑘

𝑘0𝑗
)

2

−𝑖𝛾𝑗(
𝑘

𝑘0𝑗
)

5
𝑗=1  

where 𝜀∞ = 2.56 is obtained via ellipsometry characterization and the remaining parameters are 

optimized by fitting the transmission T data of a 9 nm PEI film on an IR-transparent substrate 

(CaF2). To this end, a fitting code was written in Python using the TMM package by S. Byrnes10. 

The experimental and fitted T spectra are shown in Fig. S4 and the fitting parameters in Table S4. 

 

Figure S4. Experimental vs fitted T spectrum for 9 nm PEI film on CaF2 

Table S4. Extracted fit parameters for multi-Lorentz PEI permittivity model 

 k0j (cm-1) Sj γj 

1 1300 0.012 0.05 

2 1404 0.005 0.04 

3 1474 0.013 0.04 

4 1560 0.019 0.04 

5 1700 0.005 0.06 
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S5. CO2 sensing with bare GNR 

Figure S5 illustrates the control experiment of CO2 sensing using GNR without ultrathin PEI film. 

No significant change is observed in the spectral response for varying CO2 concentrations, varied 

with similar ppm range in the test experiments. When combined with ultrathin PEI film (Figure 

3a, main text), the plasmonic response is tuned for various concentration levels. This supports the 

hypothesis that the tunable effect mainly arises from chemical doping of GNR associated to a 

change of PEI, this change being proportional to the gas concentration. 

  
 

Figure S5. Extinction spectra of GNRA (width w=45nm and period p=80nm) on SiO2/Si substrate 

exposed with different CO2 ppm levels.   
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S6. Deconvolution of LSPR and PEI vibrational frequency peaks. 

The deconvolution of PEI extinction spectrum shown in Fig S6.a is done using a 5-peak Lorentzian 

fitting function whose central positions can be referred to the vibrational frequencies summarized 

in Table S2. The extinction spectrum of GNR+PEI surface shows the coupling of the graphene 

LSPR resonance with the PEI vibrational modes, occurring as dips in the LSPR peak (Fig S6.b). 

The fitting function for the asymmetric LSPR line shape is taken from the paper of Ju et al.11. 

 

Figure S6. Deconvolution fitting for the extinction spectrum of (a) PEI alone and (b) GNR+PEI. 
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S7. Cyclic CO2 sensing of ultrathin PEI film 

The response to CO2 ppm variations of PEI film only is also recorded (Fig S7), alongside the three 

cycles of test measurements. The repeatability is confirmed for days 2 and 20, with PEI 

regeneration at 95oC for 1.5 min.  Here, the sensing response can be monitored by intensity change 

of the peaks, whereas sensing with hybrid GNR-PEI can be quantified via plasmonic changes 

(variations in peak intensity and peak wavelength). An extra strong peak at 1684 cm -1 is observed 

on day 20, this being likely related to urea formation12. 

  
Figure S7. Cycle measurements of spectral evolution for different CO2 ppm level exposures of PEI 

directly on SiO2/Si substrate. 
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S8. GNR LSPR peak position versus Fermi energy  

The dependence 𝑘𝐿𝑆𝑃𝑅  versus the 𝐸𝐹  used in the main text to estimate the change in EF upon 

CO2 exposure has been derived from the simulations in the left panel of Fig.S8. The extinction 

spectra have been computed as described in Methods and EF has been swept from 0.1 to 0.55 eV. 

The linear fit in the right panel of Fig.S8 yields  
∆𝑘𝐿𝑆𝑃𝑅

∆E𝐹
= 1216 𝑐𝑚−1/𝑒𝑉.    

 
Figure S8. (left) Simulated extinction spectra vs Fermi energy EF for the GNR surface of the study. 

(right). LSPR peak position vs EF. The linear fit gives a slope of 1216 cm-1/eV. 
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