
REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author): 

This paper describes a method to produce graphene-polymer laminates with enhanced mechanical, 

electrical and electromagnetic properties, for specific applications in EMI shielding in the THz 

range. The paper major claims are: 

1) Production centimetre-size CVD graphene-polymer nanolaminates that have the potential to 

outperform the current overall state-of-the-art graphene-based composite materials in both 

mechanical and electrical properties per graphene content; 

2) Graphene content in the nanolaminate higher than 0.2% vol and up to 1% vol; 

3) The nanolaminate shows impressively high absolute EMI shielding effectiveness in a full 

frequency decade approximately centred at 1 THz; 

4) The process is semi-automatic, scalable and allows for the production of laminates of maximum 

dimension 7 cm × 7 cm. 

The novelty of the claim is limited to the technological process which enable the production of 

centimetre size nanolaminates. 

Instead, the idea of realizing graphene-polymer laminate as high-shielding materials is not a new 

contribution of this paper, but it was originally proposed in the pioneering works of D’Aloia et al., 

which should be cited in the reference list: 

• D'Aloia, A.G., D'Amore, M., Sarto, M.S., “Optimal terahertz shielding performances of flexible 

multilayer screens based on chemically doped graphene on polymer substrate”, (2015) IEEE 

International Symposium on Electromagnetic Compatibility, 2015-Septmber, art. no. 7256309, pp. 

1030-1035. 

• D'Aloia, A.G., D'Amore, M., Sarto, M.S., “Terahertz Shielding Effectiveness of Graphene-Based 

multilayer Screens Controlled by Electric Field Bias in a Reverberating Environment”, (2015) IEEE 

Transactions on Terahertz Science and Technology, 5 (4), art. no. 7128760, pp. 628-636. 

• D'Aloia, A.G., D'Amore, M., Sarto, M.S., “Low-Terahertz Modeling of Graphene/Dielectric 

Multilayers Using an Equivalent Single Layer in Reverberation Environment”, (2018) IEEE 

Transactions on Electromagnetic Compatibility, 60 (4), art. no. 8114264, pp. 849-857. 

• D'Aloia, A.G., D'Amore, M., Sarto, M.S., “Tunable graphene/dielectric laminate for adaptive low-

gigahertz shielding and absorbing screens”, (2018) IEEE Electromagnetic Compatibility Magazine, 

7 (2), pp. 82-87. 

In fact the cited works 15 and 16 in the reference list concerns the development of graphene-

polymer laminates having dimensions up to 2 cm x 2 cm. These works investigate the mechanical 

and electrical conduction properties of these laminates, but they do not investigate the EMI 

shielding properties. 

Therefore, the novel contribution of this paper is related to the experimental demonstration of the 

feasibility and performance the original graphene-polymer shielding laminate structure described 

in the aforementioned papers. 

The results may be of interest for application in the field of metal-free multifunctional materials for 

electromagnetic shielding. 

There are some aspects that should be further addressed before accepting the paper for 

publication. 

1) The measurement set up for the assessment of the SE at THz should be better described. It 

should be specified which is the EM field configuration considered for the measurement of the SE 

(i.e. plane wave? Normal incidence?), which the calibration configuration considered, how the 

effect of edge and wedge scattering is considered or corrected. 

2) It is demonstrated that the produced Gr/PMMA nanolaminates demonstrate a substantial 

increase in Young’s modulus as a function of graphene content and, for the first time, it is shown 

that there is a linear relationship between modulus and volume fraction. A prediction model should 

be used to validate this result. 

3) The performance of the shield is described using the parameter SSE, which however does not 

have a physical or technical limit. In the electromagnetic compatibility community, a parameter 

which is considered in order to predict the minimum shielding performance of a shield is the limit 

for frequency attending to zero of the SE, which is directly expressed in terms of the sheet 

resistance of the screen. It is highly recommended that the authors use this model. 

The paper may influence thinking in the field, since it present a model shielding material. However, 



the part related to the design of the panel is completely missing. For this reason, a comparison 

between modelling and experimental testing should be included in order to validated the obtained 

results. 

Reviewer #2 (Remarks to the Author):

In this work, the authors proposed a kind of method to fabricate centimeter-scale CVD graphene 

(Gr)/PMMA nanolaminates, and investigated the effect of different volume fractions of graphene on 

mechanical, electrical and electromagnetic properties. The maximal EMI SE reaches 60 dB at a 

thickness of 33 μm. This work is meaningful. Therefore, I recommend it to be published in Nature 

Communications after some revision. 

(1) The authors fabricated Gr/PMMA layers with different volume fractions of graphene and 

demonstrated the great effect of volume fraction on mechanical, electrical and electromagnetic 

properties, but there are in the lack of detailed description to fabricate Gr/PMMA layers with 

different volume fractions and to measure the volume fractions. This makes me confused. 

(2) The crystal structure of single Gr/PMMA is different from that of 10 Gr/PMMA. And the authors 

said that the ruptures and tears will occurs in graphene when the number of depositions increases. 

Why? What causes the phenomena? 

(3) Authors said that the thin polymer layers act as spacers whereas the graphene monolayers 

tend to conserve the intrinsic properties of isolated graphene, additively contributing to the overall 

in-plane electrical conductivity of the laminates. What is the meaning of " additively contributing to 

the overall in-plane electrical conductivity of the laminates"? Please explain it in detail, and 

analyze the reason. 

(4) This is a special alternant nanolaminate structure. I suggest the authors could provide the SER 

and SEA to further analyze the response mechanism. 

(5) The background of the manuscript should be further highlighted over the reported literatures. 

Some important and relevant literatures should not be ignored, such as Nat. Commun., 2015, 6, 

6628; Adv. Mater. 2020, 2002112; Carbon 2009, 47, 922-925; Carbon, 2019, 155, 232-242. 

(6) Some experiments and literature have proved that graphene/PMMA nanolaminates have better 

mechanical properties, but this manuscript lacks theoretical analysis or mechanism elaboration on 

mechanical properties enhancement. 

(7) In the manuscript, the authors said "...... by using the rule of mixture, an effective elastic 

modulus of 846 GPa......". The calculation process should be added, which can be put in 

Supporting Materials. 

(8)Compared with graphene/polymer composites, the conductivity of the graphene/PMMA 

nanolaminates is raided by several order of magnitudes. But in the manuscript, the authors just 

briefly attributed the enhancement to graphene's distribution state in the polymer, without 

involving the essence of electron transport. This is not sufficient to raise wide readers' interest. 

Please provide a further analysis. Actually, there are several important models that can be used to 

explain. For example, according to the two important models of "Electron-Hopping (EHP)" and 

"Aggregative-induced-charge transport (AICT)" [Carbon 2010, 48, 788-796; Carbon 2013, 65, 

124-139; Adv. Mater. 2014, 26, 3484-3489.], this phenomenon can be well explained that the 

conductivity of dispersed graphene system is limited by electron hopping, while that of 

graphene/PMMA nanolaminates is promoted by fast electron migrating due to the continuous pi 

bond. 

(9) In this work, the absolute shielding effectiveness (SSET) is used to compare the EMI SE of 

graphene/PMMA at different thicknesses. However, SET is also relevant to thickness (e-αd), so that 

the usage the SSET seems to be not appropriate as the assessment standard. 

(10) In this work, authors found that the linearity of in-plane conductivity with volume fraction is 

lost for higher graphene content, and attribute it to the occurrence of further mechanisms, 

contributing to electrical conduction. This new mechanism may be the creation of interconnection 

or bridging between adjacent layers. How does the creation of interconnection or bridging between 

adjacent layers cause such changes in conductance? Can authors give a clear explanation and 



provide some relevant literatures? 

(11) According to the equation S1 and S2, the SE increase with frequency. What physical 

mechanism inside the graphene/PMMA nano-laminates causes this change? 

Reviewer #3 (Remarks to the Author):

Recommendation: Reject 

This paper by Pavlou et al reports the synthesis/assembly of graphene/PMA nanolaminates via a 

‘lift-off/ float-on’ process for THz EMI shielding. The nanolaminated structure reached EMI SE of 60 

dB for a small thickness of 33-µm. Although the EMI SE results are impressive, the methodology of 

nanolaminated structure is not new and there is no significant attraction in the results which can 

merit publication in Nature Communications. I will suggest this article for publication in Scientific 

Reports, after addressing following comments. 

1. The authors have published the EMI shielding results of same work earlier in IEEE paper 

https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=8874200 in 2019. Since the shielding 

values are the main object of these works, the current submission provides no new insight on 

shielding values. 

2. Although the nanolaminated structure provides good shielding, the process is quite complex and 

slow as compared to other composite synthesis process, for example, development of foam 

structures with very low graphene filler content in polymer matrices. 

3. The results largely depend on the control of polymer thickness layer via spin coating. How this 

process can be scalable to meet commercial requirements? 

4. For higher graphene content linearity in electrical conductivity is lost. The authors shall state the 

proper reason, why in-plane electrical conductivity, in the presence of a polymer spacer tends to 

increase significantly at higher graphene layers? The electrical conductivity mechanisms may be 

explained. 

5. The process of increasing the overall thickness (Figure 4c) is not explained in experimental 

section. 

6. The SEM image in Figure 1c does not reveal any information related to graphene. The layers 

shown are probably due to polymer spacers; how many graphene layers are expected in, for 

example 0.3 vol % nanolaminated structure?



Reply to Reviewers’ Comments 

Reviewer #1  

This paper describes a method to produce graphene-polymer laminates with enhanced 

mechanical, electrical and electromagnetic properties, for specific applications in EMI 

shielding in the THz range. The paper major claims are: 

1) Production centimetre-size CVD graphene-polymer nanolaminates that have the potential 

to outperform the current overall state-of-the-art graphene-based composite materials in both 

mechanical and electrical properties per graphene content;  

2) Graphene content in the nanolaminate higher than 0.2% vol and up to 1% vol; 

3) The nanolaminate shows impressively high absolute EMI shielding effectiveness in a full 

frequency decade approximately centred at 1 THz; 

4) The process is semi-automatic, scalable and allows for the production of laminates of 

maximum dimension 7 cm × 7 cm. 

The novelty of the claim is limited to the technological process which enable the production 

of centimetre size nanolaminates. Instead, the idea of realizing graphene-polymer laminate as 

high-shielding materials is not a new contribution of this paper, but it was originally proposed 

in the pioneering works of D’Aloia et al., which should be cited in the reference list: 

• D'Aloia, A.G., D'Amore, M., Sarto, M.S., “Optimal terahertz shielding performances of 

flexible multilayer screens based on chemically doped graphene on polymer substrate”, 

(2015) IEEE International Symposium on Electromagnetic Compatibility, 2015-Septmber, 

art. no. 7256309, pp. 1030-1035. 

• D'Aloia, A.G., D'Amore, M., Sarto, M.S., “Terahertz Shielding Effectiveness of Graphene-

Based multilayer Screens Controlled by Electric Field Bias in a Reverberating Environment”, 

(2015) IEEE Transactions on Terahertz Science and Technology, 5 (4), art. no. 7128760, pp. 

628-636. 

• D'Aloia, A.G., D'Amore, M., Sarto, M.S., “Low-Terahertz Modeling of Graphene/Dielectric 

Multilayers Using an Equivalent Single Layer in Reverberation Environment”, (2018) IEEE 

Transactions on Electromagnetic Compatibility, 60 (4), art. no. 8114264, pp. 849-857. 

• D'Aloia, A.G., D'Amore, M., Sarto, M.S., “Tunable graphene/dielectric laminate for 

adaptive low-gigahertz shielding and absorbing screens”, (2018) IEEE Electromagnetic 

Compatibility Magazine, 7 (2), pp. 82-87. 

In fact the cited works 15 and 16 in the reference list concerns the development of graphene-

polymer laminates having dimensions up to 2 cm x 2 cm. These works investigate the 

mechanical and electrical conduction properties of these laminates, but they do not 

investigate the EMI shielding properties. Therefore, the novel contribution of this paper is 



related to the experimental demonstration of the feasibility and performance the original 

graphene-polymer shielding laminate structure described in the aforementioned papers. 

The results may be of interest for application in the field of metal-free multifunctional 

materials for electromagnetic shielding. There are some aspects that should be further 

addressed before accepting the paper for publication. 

Authors’ reply 

We thank the Reviewer for his/her comment. In light of that, we have now highlighted in the 

text that the study of the terahertz shielding of the graphene-PMMA nanolaminates has been 

inspired by the theoretical studies on multilayer graphene screens by D’Aloia et al. and we 

have updated the reference list. The amended manuscript, on page 8 lines 10-12, now reads: 

“Therefore, in light of the remarkable electrical conductivity of the Gr/PMMA 

nanolaminates, and inspired by the pioneering theoretical works on multilayer graphene 

screens50-53 and  previous studies on graphene-like materials54, we assessed the shielding 

properties in the range 0.2-2 THz, across one frequency decade55.”

Comment 1. The measurement set up for the assessment of the SE at THz should be better 

described. It should be specified which is the EM field configuration considered for the 

measurement of the SE (i.e. plane wave? Normal incidence?), which the calibration 

configuration considered, how the effect of edge and wedge scattering is considered or 

corrected.  

Authors’ reply 

We thank the Reviewer for his/her comment. In the revised version we have improved and 

expanded the overall description of the THz SE measurement setup by adding several new 

details on beam properties, field configuration, mitigation of scattering effects, and 

calibration method. The specific paragraph in the Experimental Section now reads:  

“The EMI shielding response of the nanolaminates was investigated in the range 0.2-2 THz 

by using a time domain spectrometer (TeraK15 from Menlo Systems) driven by a 

femtosecond laser fibre-coupled to photoconductive antennas both for THz emission and 

detection. Data acquisition was realized by means of a lock-in amplifier coupled with 

electronics and computer software. A standard setup with four polymethypenetene (TPX) 

lenses was used to collimate and focus the beam first impinging onto the sample plane and 

then received by the detector. Computer aided motion controller was utilized for accurate 

target positioning. All samples have been tested under dry conditions (< 0.1% relative 

humidity) in a nitrogen environment to avoid spurious effects caused by moisture. Samples 

are placed on an Al sample holder having a hole of radius 8 mm.  Since the THz beam waist 

w0 at the focus point is approximately 1.5 mm, the area under illumination is at most only 

10% of the sample effective surface, making negligible any scattering given by edge or wedge 

effects. Since (k0w0)2 is much larger than unity in the investigated frequency range (k0 being 

the wavevector in free space) we can safely assume that the plane wave approximation holds 

for all measurements that have been carried out within a few percent relative error. The THz 



beam impinges on the sample surface under normal incidence. The holder is placed on a 

kinematic mount for fine adjustment and the sample surface parallelism with respect to the 

beam wavefront is controlled by a three-points calibration method. Therefore, paraxial error 

is considered to be extremely small. The electric field versus time was acquired separately 

upon transmitting through the sample (������) and through the free space used as a reference 

signal (�����). Time domain signals, averaged over 3000 waveforms, are recorded over a 

relatively large interval up to 300 ps and then converted into the frequency domain by 

applying a Fast Fourier Transform (FFT). From here the electric-field ratio, the 

transmittance �(�) = �
������(�)

�����(�)
�, was measured with a resolution better than 5 GHz.” 

Comment 2. It is demonstrated that the produced Gr/PMMA nanolaminates demonstrate a 

substantial increase in Young’s modulus as a function of graphene content and, for the first 

time, it is shown that there is a linear relationship between modulus and volume fraction. A 

prediction model should be used to validate this result.  

Authors’ reply 

We thank the Reviewer for this comment. Actually, the discovery of graphene had raised 

major expectations for the fabrication of high-performance nanocomposites in the latest 

fifteen years, and one of the earliest concerns was whether the traditional composite theories 

could be applied to the mechanical properties of graphene-based nanocomposites. 

Interestingly, it was experimentally demonstrated that continuum mechanics can describe the 

mechanical reinforcement by graphene1. In the micromechanics approach, the main proposed 

strategies to predict the effective properties of a composite material are based on the 

implementation of analytical methods (such as the Rule of Mixtures2) or semi-empirical 

methods (such as the Halpin-Tsai model3). 

Actually, one of the simplest relationships that has been developed to describe the 

reinforcement achieved from a high-modulus filler in a low-modulus matrix, under uniform 

strain, is the so-called “rule of mixtures” (RoM), in which the Young's modulus of a 

composite �� along the fibres direction is given by  

�� = ���1 − V�� + V��� Eq. R1

where Em and Ef are respectively the modulus of the matrix and of the filler, and Vm and Vf are 

the volume fraction of the matrix and of the filler. The RoM was developed for continuous 

and unidirectional fibres and its simplicity is coming from hypothetical assumptions such as 

the unidirectional alignment of the fibres, their infinite length and the perfect bonding 

between the components.  

Another common approach used for nanocomposites with parallel-aligned nanoplatelets is the 

Halpin-Tsai model (HT). Accordingly, for nanocomposites having fillers with high 



orientation degree, the Young’s modulus in the direction longitudinal to the filler orientation 

(EII) can be estimated by: 

��� = �
���������

�������
� �� Eq. R2

where, ��� is defined as 

��� = �

��

��
��

��

��
���

� Eq. R3

and a is the aspect ratio of the filler (width/thickness). 

It is interesting noting that, when � → ∞ which is the case of very large filler platelets, Eq. 

R2 is then reduced to the RoM and gives the maximum reinforcement: 

��� = ���� + ���1 − ��� Eq. R2-i 

We implemented the HT model to predict the Young’s modulus of a PMMA-graphene 

composite with fully aligned layers, with different aspect ratios, a. Results are plotted in 

Figure R1 as a function of graphene volume fraction and are compared to the prediction 

based on the RoM. In the models, Ef and Em have been set, respectively, as 1.01 TPa and 1.75 

GPa. The former is modulus of pristine, defect-free graphene4  and the latter is the modulus 

of PMMA as evaluated on the bases of our tensile tests. It is clear that the reinforcement 

approaches the maximum reinforcement when a >10,000, which is the point at which the HT 

model approaches the RoM.  
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Figure R1. Theoretical predictions of the elastic modulus of a graphene/PMMA  

nanocomposite (Ec) versus graphene volume fractions Vf: Halpin-Tsai (solid lines) plotted for 

graphene aspect ratios � and Rule of Mixture (dashed line).  



For the case at hand, the aspect ratio of the proposed nanolaminates is higher than 1,000,000, 

therefore the RoM can be safely adopted to validate our results. Actually, in order to derive 

the effective modulus of graphene in the nanolaminate system, the RoM can be rewritten as 

follows: 

�� = ���1 − V�� + V����    ⇒    �� = �� − ��V� + V���

⇒   �� = �� + V���� − ��� Eq. R1-i 

Therefore, �� can be derived by applying a linear square fitting to the experimental data Ec

plotted as a function of Vf. In our case, by using this approach, an effective modulus for CVD 

graphene of 846 GPa has been estimated. 

Finally, we would also point out that, as shown by some authoritative reviews in the field5,6 , 

discontinuous graphene nanocomposites hardly withstand the linear predictions of the RoM 

when containing graphene volume fractions higher than only 0.5-1%, with experimental 

properties much lower than what expected, and this is mainly due to the inefficient stress-

transfer for small flakes and possible aggregation issues particularly for high graphene 

content, which cannot be encountered in the nanolaminate configuration, thanks to its large 

aspect ratio and the well-controlled continuous layered structure. 

In order to take into account this comment, we have included the description of the 

theoretical models and the predictions in the SI, and the mathematical treatment used to 

derive the effective modulus of graphene. 

Comment 3. The performance of the shield is described using the parameter SSE, which 

however does not have a physical or technical limit. In the electromagnetic compatibility 

community, a parameter which is considered in order to predict the minimum shielding 

performance of a shield is the limit for frequency attending to zero of the SE, which is 

directly expressed in terms of the sheet resistance of the screen. It is highly recommended 

that the authors use this model. 

The paper may influence thinking in the field, since it present a model shielding material. 

However, the part related to the design of the panel is completely missing. For this reason, a 

comparison between modelling and experimental testing should be included in order to 

validate the obtained results.  

Authors’ reply 

We thank the reviewer for his/her suggestion, since it allows us to directly compare our 

experimental results with the predictions of a standard model. Indeed, in a homogeneous 

material and for electrically thin samples at low frequencies, where t <<  (skin depth), and 

assuming a good conductor approximation, it can be shown7 that the total shielding 

effectiveness becomes frequency independent and can be expressed as:



��� = 20����� �1 +
��

�
��� Eq. R4

where s� is the inverse of the sample sheet resistance and Z0 is the free-space impedance. 

This formula can be easily extended in the case of graphene multilayered samples introducing 

the sheet number N (>1) instead of the sample thickness as parameter8. 

Values extracted using this simple model allows to predict the zero-frequency shielding 

performance of our samples. The numerical results have been reported in Table R1 and nicely 

match the extrapolated values deducted from the experimental SET curves as a function of 

frequency.  

Table R1 Comparison between minimum (theoretically calculated) and measured EMI 

Shielding Effectiveness.   

The SET frequency dependence also corresponds to what expected taking into account the 

decomposition model of shielding. A thorough discussion on the role played by the different 

terms in the SET decomposition formula (eq. S5 in the SI) and a comparison between model 

expectations and experimental results has been included in the Supplementary Information. In 

particular, the following text has been added to the revised manuscript on pages 8-9, lines 

25,1-2: 

“The observed increase of EMI SE well compares with what theoretically expected in the 

limit of zero frequency (see related discussion in SI).” 

VGr [%] 
σ 

[S/cm] 
Minimum shielding 

[dB] 
SE@0.5 THZ 

[dB] 

0.04 4.6 3.1 2.9 

0.06 6.9 4.0 7.4 

0.13 8.7 5.2 10.1 

0.22 16.7 8.2 12.4 

0.33 28.7 11.4 15.3 

0.5 93.1 21.9 23.2 



Reviewer #2 

In this work, the authors proposed a kind of method to fabricate centimeter-scale CVD 

graphene (Gr)/PMMA nanolaminates, and investigated the effect of different volume 

fractions of graphene on mechanical, electrical and electromagnetic properties. The maximal 

EMI SE reaches 60 dB at a thickness of 33 μm. This work is meaningful. Therefore, I 

recommend it to be published in Nature Communications after some revision. 

Comment 1. The authors fabricated Gr/PMMA layers with different volume fractions of 

graphene and demonstrated the great effect of volume fraction on mechanical, electrical and 

electromagnetic properties, but there are in the lack of detailed description to fabricate 

Gr/PMMA layers with different volume fractions and to measure the volume fractions. This 

makes me confused. 

Authors’ reply 

We thank the Reviewer for this comment. We would like to recall here that, in the 

nanolaminate configuration, the repetitive unit cell is a ply consisting of a monolayer 

graphene sheet and a PMMA film, as shown in the sketch depicted below.  

Figure R1. Sketch of the nanolaminate with exploded view of the repetitive unit cell 

‘Gr/PMMA ply’. 

Therefore, the volume fraction of graphene in the nanolaminate (���) is defined by the 

following equation: 

�� =
���

���������
Eq. R2-i 

where ��� is the thickness of a monolayer graphene (0.33 nm) and ����� is the thickness of 

the PMMA film. In light of eq. R2-i, it is clear that, as ��� is fixed, graphene volume fraction 

can be increased by reducing ����� in the repetitive unit cell. Specifically, in our work, 



nanolaminates with ��� from 0.04% to 1% have been produced, and this was achieved by 

modulating the thickness of the polymeric film produced via spin coating, with �����
ranging from 750 to 33 nm (Figure R2). Actually, prior starting the iterative lift-on/ float off 

process, spin coating was fine-tuned to produce PMMA films on graphene with set 

thicknesses. In this preliminary ‘thickness optimization’ phase, different PMMA solutions in 

anisole were employed and the angular speed was varied during spin coating: therefore ultra-

thin PMMA films were produced on monolayer graphene grown on Cu film. Subsequently, 

having etched away the Cu, the Gr/PMMA ply was deposited on a Si wafer using the transfer 

device shown in Figure 1 of the manuscript. The thickness of the single film was then 

measured by AFM according to the scratch step method9. In this way, we obtained the 

correlation between the spin coating conditions (concentration of the solution and RPM) and 

the thickness of the single layer (which was already reported in the Table S1), which was 

adopted as reference for the fabrication of nanolaminates with different graphene volume 

fractions. The information on the spin coating process employed to produce the ultrathin 

films, along with the correspondence between the volume fraction of graphene in the 

nanolaminate and the thickness of the polymer in the Gr/PMMA ply, was already reported in 

the Table S1 of the submitted paper. It is important to note here that, for each nanolaminate, 

the number of plies and therefore the final thickness (between 4.5 and 6.5 μm) was 

determined in order to guarantee a safe handling of the produced membranes during 

characterization. For instance, the nanolaminate with ��� = 0.04% was constructed with six 

Gr/PMMA plies (or layers), the thickness of each being 750 nm. The nanolaminate with ���
= 0.5% was built by depositing a hundred of 65 nm-thick Gr/PMMA plies, as well. Full 

details on the different nanolaminates we have produced are reported in Table R1. Finally we 

would like to add that the volume fraction of graphene was also inferred inversely from the 

thickness of each nanolaminate as measured by a digital micro-meter. 

Figure R2. Relation between the thickness of the polymeric layer and the volume fraction of 

graphene in the nanolaminate. 
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Table R1. Produced CVD Gr/PMMA nanolaminates (*1 vol% model specimen is 

not a freestanding membrane but is supported on a quartz substrate) 

Solution 

in 

Anisole

(wt%)

Angular 

speed 

(RPM)

Layer 

Thickness  

(nm) 

Nominal 
Graphene 
Volume 
Fraction 

(%) 

N. of 

layers

Nominal 

Nanolaminate 

thickness

(μm)

Measured 
Final 

thickness 
(μm) 

Actual 
Graphene 
Volume 
Fraction 

(%) 
3 1500 250 0 20 5 5.05 0 

6 1000 750 0.044 6 4.5 4.64 0.04 

6 2000 500 0.066 10 5 5.15 0.06 

3 1500 250 0.13 20 5 4.98 0.13 

3 2000 200 0.165 20 4 4.1 0.17 

3 3000 150 0.22 30 4.5 4.58 0.22 

2 1500 100 0.33 50 5 5.08 0.33 

2 3000 65 0.5 100 6.5 6.47 0.5 

1 1500 33 1* 4 0.132 0.132 1 

Therefore, in order to clarify the way we produced nanolaminates with different volume 

fractions, details on the calculation of the ��� have been added in the Experimental Section, 

Figure R2 has been included in the SI as Figure S1 and Table S1 has been updated as shown 

in Table R1: 

“The production of each PMMA/Gr layer was done by spin coating a PMMA solution in 

anisole (495 PMMA, Microchem) on the graphene grown on the copper foil of dimensions 35 

mm × 35 mm. This step is fundamental for the control of the graphene volume fraction (���)

in the nanolaminate. In fact, ��� is defined as 
���

���������
, being ��� the thickness of 

monolayer graphene (0.33 nm66) and ����� the thickness of the PMMA layer. The spinning 

conditions and concentration of the solution were preliminarily optimized to fabricate films 

with specific thickness, compatible with the desired graphene content in the nanolaminate 

(see Table S1 and Figure S1). In this optimization process, the thickness of the single 

PMMA/graphene layer deposited on a Si wafer was measured by using AFM according to the 

scratch step method.” 

Comment 2. The crystal structure of single Gr/PMMA is different from that of 10 Gr/PMMA. 

And the authors said that the ruptures and tears will occurs in graphene when the number of 

depositions increases. Why? What causes the phenomena? 

Authors’ reply 



We thank the reviewer for this comment. As mentioned earlier, the production of 

nanolaminates with increasing graphene volume fraction requires multiple graphene 

depositions in order to achieve a final thickness that can be suitable for handling. This means 

that the lift-off/ float-on process must be repeated on the same ‘growing’ laminate even 50-

100 times or more. However, the process of multiple deposition, can introduce some 

structural defects in the nanolaminate. This in fact, has been verified by Raman spectroscopy 

which shows that, upon multiple depositions of Gr/PMMA layers, a very small increase of 

the I(D)/I(G) ratio vis-à-vis a single Gr/PMMA layer is indeed observed.  

Figure R4. Comparison of I(D)/I(G) for 1Gr/PMMA (left) and 10 Gr/PMMA layers (right). 

In order to clarify this aspect, we have included the histograms of the I(D)/I(G) ratios in the 

Figure 2 of the revised manuscript and we have added the following text: 

“A slight increase of the I(D)/I(G) ratio in the Gr/PMMA nanolaminates indicates that 

structural defects are in fact induced by the lamination process.”  

Furthermore, we have recently deducted that the main factor responsible for the 

embrittlement of the nanolaminates with the increase of graphene volume fraction (i.e. the 

decrease of the thickness of the single PMMA layer) over 0.20% (figure 3a) is the gradual 

introduction of structural defects in the polymer layer that conformally reproduces the 

morphology of the rough copper substrate. As shown in Figure R5a and b, the surface of the 

commercial Cu foil adopted for graphene growth as sacrificial substrate for the fabrication of 

each graphene/polymer layer, presents a roughness of around 70 nm, as revealed by AFM 

measurements, and in agreement with literature studies10,11. The polymer layer reproduces 

conformally the irregular surface of the Cu substrate and, as its thickness decreases (e.g. to 65 

nm for 0.5 vol%), the presence of such morphological defects contributes to the premature 

failure of the entire nanolaminate under tensile loading. 



Figure R5. (a) Optical micrography and (b), AFM images of copper foil after CVD process. 

(c) Optical micrography of Gr/PMMA single layer deposited on Si wafer. 

To verify the above, we have made some preliminary experiments on nanolaminates that 

have been produced by using copper foils with different roughness and varying graphene 

content. The stress-strain curves of these Gr/PMMA laminates are depicted in Figure R6 and 

clearly show that for the specimens with lower graphene content (���=0.13 %  �����~250 

nm), the mechanical behaviour is not affected by the roughness of the substrate; however, 

when ��� is increased to 0.28 (�����~ ~120 nm), the elongation at break (and the tensile 

strength) of the specimen produced using a smoother Cu foil is significantly higher. 

Therefore, we conclude that the roughness of the sacrificial Cu substrate affects significantly 

the tensile strength of the laminates particularly when the polymer layer thickness decreases.  



Figure R6. Effect of roughness of Cu foil on the mechanical behaviour of the nanolaminates: 

Stress-strain curve of Gr/PMMA laminates produced on copper foils of different roughness. 

It is interesting noting that roughness of the Cu sacrificial substrate plays an increasing role 

as the thickness of the polymeric layer decreases. In fact, for the nanolaminates with 0.28% 

graphene (thickness of PMMA around 120 nm), a visible improvement of the mechanical 

performance is observed, while in the nanolaminates with 0.13 % (thickness of PMMA 250 

nm), the effect of copper roughness is negligible on the final performance of the 

nanolaminate. 

In order to take into account this comment, Figures R5 and R6 have been added to the SI and 

the following text has been added to the revised manuscript: 

“Nevertheless, it is worth adding that, for graphene content over 0.22 vol%,  an 

embrittlement of the nanolaminates is observed which could be ascribed to defects originated 

at random locations in the non-uniform thickness of the ultra-thin polymer/graphene layers32. 

Actually, optical microscopy and AFM images (Figure S3) reveal that the single 

polymer/graphene layer conformally reproduces the morphology of the Cu foil after CVD 

graphene growth, which presents typical roughness values around 70 nm or even more36,37. 

As the thickness of the polymer layer decreases (e.g. to 65 nm for Vg=0.5 vol%), the 

contribution of such morphological defects contributes to the premature failure of the entire 

nanolaminate under tensile loading. Furthermore, the increase number of depositions in the 

lamination procedure (up to 100 in the laminate with 0.5 vol% graphene) may also introduce 

ruptures and tears in graphene that can affect its strength, in agreement with Raman 

spectroscopy. Production of nanolaminates by using higher quality graphene grown on Cu 
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foil with lower roughness is in progress and is expected to improve this behaviour, as shown 

by preliminary tests reported in Figure S4.” 

Comment 3. Authors said that the thin polymer layers act as spacers whereas the graphene 

monolayers tend to conserve the intrinsic properties of isolated graphene, additively 

contributing to the overall in-plane electrical conductivity of the laminates. What is the 

meaning of " additively contributing to the overall in-plane electrical conductivity of the 

laminates"? Please explain it in detail, and analyze the reason. 

Authors’ reply 

We thank the reviewer for his/her comment. Actually, the graphene-polymer nanolaminate 

consists of n alternated conductive and dielectric layers. In the ideal laminated structure, only 

graphene sheets contribute to the in-plane electrical conduction and the polymer layers act as 

insulating spacers. Therefore in this ideal composite architecture of perfectly oriented 

graphene layers, each of them should conserve its intrinsic properties, and the material can be 

modelled as a parallel system of conducting sheets with an equivalent conductance ���������
equal to n times that of  an  isolated  graphene  layer ���

12,13,  

��������� = ���� Eq. 2 

Considering the relation of conductance � and conductivity �, Eq. 2 leads to  

��������� = ������ Eq. 3 

As shown in Figure 4a, the in-plane conductivity of the nanolaminate increase linearly with 

graphene volume fraction up to ���= 0.33%, and by using Eq.3, the contribution of graphene 

to the electrical conductivity has been evaluated from linear fitting to be 8.1·103 S/cm. The 

fact that this value is not far from reported values for CVD monolayer graphene transferred 

on Si wafer14 confirms that each graphene layer retains its intrinsic properties. 

In order to clarify this aspect, the derivation of the equivalent conductivity of the laminate has 

been added in the SI and the amended manuscript now reads: 

“In fact, unlike particular-filled composites in which electrical conductivity is limited by 

electron hopping38,40-42, the electrical conduction in the proposed nanolaminates is due to fast 

electron transport in the continuous π bonds of the graphene sheets that are separated by the 

continuous polymer layers. Hence, in this laminated architecture of perfectly oriented 

graphene layers, each of them should retain its intrinsic properties, and the material can be 

modelled as a 2D parallel system of conducting sheets with an equivalent sheet conductance 

N times that of an isolated graphene layer43.” 

Comment 4. This is a special alternant nanolaminate structure. I suggest the authors could 

provide the SER and SEA to further analyze the response mechanism. 



Authors’ reply 

We thank the reviewer for his/her suggestion. A detailed discussion on the mechanisms 

underlying the response for each term was already reported in the SI and has been expanded 

in the new version (see also our reply to comment #11 for further details). As an example, in 

the figure below we plot the total shielding effectiveness for the 100 layers sample (0.5 vol%) 

and its decomposition in the three different contributions SEM, SER and SEA (multiple 

internal reflections, surface reflection, and absorption respectively) in the frequency interval 

of investigation.  
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Figure R7. Frequency dependence of the total (measured) shielding effectiveness SETOT

(square symbols) and its decomposition in surface reflection, internal reflections and 

absorption contributions for 100 layers of graphene/PMMA stack with 0.5 vol% of graphene. 

SER, SEA and SEM (blue, red, and green continuous lines respectively) were calculated using 

Eq. S1 and S2. 

Comment 5. The background of the manuscript should be further highlighted over the 

reported literatures. Some important and relevant literatures should not be ignored, such as 



Nat. Commun., 2015, 6, 6628; Adv. Mater. 2020, 2002112; Carbon 2009, 47, 922-925; 

Carbon, 2019, 155, 232-242.  

Authors’ reply 

We have updated the reference list accordingly.

Comment 6. Some experiments and literature have proved that graphene/PMMA 

nanolaminates have better mechanical properties, but this manuscript lacks theoretical 

analysis or mechanism elaboration on mechanical properties enhancement.  

Authors’ reply 

We thank the reviewer for this comment. Actually, the discovery of graphene had raised 

major expectations for the fabrication of high-performance nanocomposites in the latest 

fifteen years, and one of the earliest concerns was whether the traditional composite theories 

could be applied to the mechanical properties of graphene-based nanocomposites. 

Interestingly, it was experimentally demonstrated that continuum mechanics can describe the 

mechanical reinforcement by graphene1. In the micromechanics approach, the main proposed 

strategies to predict the effective properties of a composite material are based on the 

implementation of analytical methods (such as the Rule of Mixtures2) or semi-empirical 

methods (such as the Halpin-Tsai model3). 

Actually, one of the simplest relationships that has been developed to describe the 

reinforcement achieved from a high-modulus filler in a low-modulus matrix, under uniform 

strain, is the so-called “rule of mixtures” (RoM), in which the Young's modulus of a 

composite �� along the fibres direction is given by  

�� = ���1 − V�� + V��� Eq. R1

where Em and Ef are respectively the modulus of the matrix and of the filler, and Vm and Vf are 

the volume fraction of the matrix and of the filler. The RoM was developed for continuous 

and unidirectional fibres and its simplicity is coming from hypothetical assumptions such as 

the unidirectional alignment of the fibres, their infinite length and the perfect bonding 

between the components.  

Another common approach used for nanocomposites with parallel-aligned nanoplatelets is the 

Halpin-Tsai model (HT). Accordingly, for nanocomposites having fillers with high 

orientation degree, the Young’s modulus in the direction longitudinal to the filler orientation 

(EII) can be estimated by: 

��� = �
���������

�������
� �� Eq. R2

where, ��� is defined as 



��� = �

��

��
��

��

��
���

� Eq. R3

and a is the aspect ratio of the filler (width/thickness). 

It is interesting noting that, when � → ∞ (which is the case of very large filler platelets), Eq. 

R2 is then reduced to the RoM and gives the maximum reinforcement: 

��� = ���� + ���1 − ��� Eq. R2-i 

We implemented the HT model to predict the Young’s modulus of a PMMA-graphene 

composite with fully aligned layers, with different aspect ratios, a. Results are plotted in 

Figure R1 as a function of graphene volume fraction and are compared to the prediction 

based on the RoM. In the models, Ef and Em have been set, respectively, as 1.01 TPa and 1.75 

GPa. The former is modulus of pristine, defect-free graphene4 and the latter is the modulus of 

PMMA as evaluated on the bases of our tensile tests. It is clear that the reinforcement 

approaches the maximum reinforcement when a >10,000, which is the point at which the HT 

model approaches the RoM.  
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Figure R1. Theoretical predictions of the elastic modulus of a graphene/PMMA  

nanocomposite (Ec) versus graphene volume fractions Vf: Halpin-Tsai (solid lines) plotted for 

graphene aspect ratios � and Rule of Mixture (dashed line).  

Finally, we would also point out that, as shown by some authoritative reviews in the field5,6, 

discontinuous graphene nanocomposites hardly withstand the linear predictions of the RoM 

when containing graphene volume fractions higher than only 0.5-1%, with experimental 

properties much lower than what expected, and this is mainly due to the inefficient stress-

transfer for small flakes and possible aggregation issues particularly for high graphene 



content, which cannot be encountered in the nanolaminate configuration, thanks to its large 

aspect ratio and the well-controlled continuous layered structure. 

In order to take into account this comment, we have included the description of the 

theoretical models and the predictions in the SI. 

Comment 7. In the manuscript, the authors said "...... by using the rule of mixture, an 

effective elastic modulus of 846 GPa......". The calculation process should be added, which 

can be put in Supporting Materials. 

Authors’ reply 

We thank the reviewer for this comment. The aspect ratio of the proposed nanolaminates is 

higher than 1,000,000, therefore the RoM can be safely adopted to validate our results, as 

mentioned in the reply to Comment 6. Actually, in order to derive the effective modulus of 

graphene in the nanolaminate system, the RoM can be rewritten as follows: 

�� = ���1 − V�� + V����    ⇒    �� = �� − ��V� + V���

⇒   �� = �� + V���� − ��� Eq. R1-i 

Therefore, �� can be derived by applying a linear square fitting to the experimental data Ec

plotted as a function of Vf. In our case, by using this approach, an effective modulus for CVD 

graphene of 846 GPa has been estimated. 

In order to clarify the calculation process, we have included mathematical treatment used to 

derive the effective modulus of graphene in the SI. 

Comment 8. Compared with graphene/polymer composites, the conductivity of the 

graphene/PMMA nanolaminates is raised by several orders of magnitudes. But in the 

manuscript, the authors just briefly attributed the enhancement to graphene's distribution state 

in the polymer, without involving the essence of electron transport. This is not sufficient to 

raise wide readers' interest. Please provide a further analysis. Actually, there are several 

important models that can be used to explain. For example, according to the two important 

models of "Electron-Hopping (EHP)" and "Aggregative-induced-charge transport (AICT)" 

[Carbon 2010, 48, 788-796; Carbon 2013, 65, 124-139; Adv. Mater. 2014, 26, 3484-3489.], 

this phenomenon can be well explained that the conductivity of dispersed graphene system is 

limited by electron hopping, while that of graphene/PMMA nanolaminates is promoted by 

fast electron migrating due to the continuous pi bond. 

Authors’ reply 

We thank the reviewer for his/her comments and suggestions. We agree with the fact that, 

unlike particular-filled composites in which electrical conductivity is limited by electron 

hopping, the electrical conduction in the proposed nanolaminates is due to fast electron 



migrating in the continuous π bonds of the graphene sheets that are separated by the 

continuous polymer layers. In order to include this comment in the amended version of the 

manuscript, we have added the following statement: 

“In fact, unlike particular-filled composites in which electrical conductivity is limited by 

electron hopping38,40-42, the electrical conduction in the proposed nanolaminates is enhanced 

thanks to the fast electron transport in the continuous π bonds of the graphene sheets that are 

separated by the homogeneously-thick and continuous insulating polymer layers.” 

Comment 9. In this work, the absolute shielding effectiveness (SSET) is used to compare the 

EMI SE of graphene/PMMA at different thicknesses. However, SET is also relevant to 

thickness (e-αd), so that the usage the SSET seems to be not appropriate as the assessment 

standard. 

Authors’ reply 

We thank the reviewer for this comment that allow us to clarify our choice to use the SSEt in 

the comparison of the shielding behaviour of the proposed nanolaminates to other materials. 

Generally, SET alone is not a sufficient parameter for understanding material shielding 

properties, as a higher shielding effectiveness can simply be achieved at a larger thickness, 

which directly increases the weight of the final product. Lightweight materials are a necessity 

for applications like aerospace and automotive industry. Therefore, when considering a 

material’s shielding properties, mass density must be also taken into account. Therefore, a 

more realistic parameter is to divide SET by the material thickness. SSEt has been widely 

adopted in the majority of the recent literature in the field as a standard to assess and compare 

the shielding performance of different materials15,16. In light of that, we embraced this 

consolidated approach and used SSET as a criterion to evaluate the effectiveness of different 

materials since it incorporates three important factors at once: EMI SET, thickness, and 

density. 

Comment 10. In this work, authors found that the linearity of in-plane conductivity with 

volume fraction is lost for higher graphene content, and attribute it to the occurrence of 

further mechanisms, contributing to electrical conduction. This new mechanism may be the 

creation of interconnection or bridging between adjacent layers. How does the creation of 

interconnection or bridging between adjacent layers cause such changes in conductance? Can 

authors give a clear explanation and provide some relevant literatures? 

Authors’ reply 

As stated before, in the ideal alternant-layered structure, electrical conduction is due to fast 

electron migrating in the continuous π bonds of the graphene sheets that are separated by the 

continuous polymer layers. This is confirmed by the linearity of conductivity vs. volume 

fraction plot up to  ���= 0.33% (compatible with tPMMA ~150 nm). At higher volume fraction 



linearity is lost, therefore additional mechanisms contribute to electrical conduction. As 

stated in the reply to Comment 2, we have observed the presence of defects in the non-

uniform thickness of the polymer layer that conformally reproduces the morphology of the 

rough copper foil. High volume fractions correspond to tPMMA < 100 nm, which are values 

comparable or lower than the roughness of the Cu foil. Therefore it is likely that the 

inhomogeneity of the thickness of the PMMA layer can be responsible for the formation of 

further conductive paths through bridging and interconnection between contiguous graphene 

layers. As shown in the literature for other composites with highly aligned graphene 

layers17,18, it is possible that hopping electrons enhance the micro-current in the layered 

package of graphene when the local thickness of the PMMA spacer is small enough (<5 nm) 

thus triggering through-plane conduction19,20,21. 

In order to take into account this comment, we have added the following text in the amended 

version of the manuscript: 

“However, we observe that the linearity of in-plane conductivity with volume fraction is lost 

for higher graphene content (i.e. for tPMMA< 100 nm), which may suggest the occurrence of 

further mechanisms contributing to charge transport. Actually, the aforementioned 

inhomogeneity of the polymeric layer thickness due to the use of a rough sacrificial substrate 

probably causes interconnection or bridging between adjacent layers. At this stage, 

therefore, it is possible that hopping electrons enhance the micro-current in the layered 

package of graphene when the local thickness of the PMMA spacer is small enough (<5 nm) 

thus triggering through-plane conduction. The conduction mechanism in this stage could be 

therefore ascribed to the combination of migrating and hopping electrons38,40,41,46,47” 

Comment 11. According to the equation S1 and S2, the SE increase with frequency. What 

physical mechanism inside the graphene/PMMA nano-laminates causes this change? 

Authors’ reply 

In the transmission line model of shielding, the SE equation can be described using the so-

called Schelkunoff decomposition22 as the sum of three terms, namely SA (absorption), SR 

(surface reflection), and SM (multiple reflections). Actually, the third term is always negative 

in layered systems but can be neglected as far as material losses are consistent, which is 

always the case but at the smallest layer numbers. Therefore, the SE behaviour as a function 

of frequency depends on the interplay between the first two terms only. Indeed, the SA term 

obviously increases with frequency since it inversely depends on the penetration depth, 

whereas the SR term shows a decreasing frequency behaviour as a consequence of being a 

“mismatch” loss: the higher the impedance difference at the interface between vacuum and 

graphene-polymer nanolaminates the lower the surface reflection. For the majority of 

samples, this implies that the two contributions balance out and the overall shielding is 

almost constant with frequency. However, in the limit of a good conductor approximation the 



electric field is actually “shorted out” at the first interface, and the SR term relative weight in 

the SE formula diminishes23. This is clearly seen in Fig. 4c for specimens having the same 

graphene volume (0.33%) but different total thickness: when absorption becomes the 

dominant shielding mechanism, SE as a consequence increases with frequency. We tried to 

better clarify the role played by the different terms in the SE decomposition formula 

expanding the discussion in the SI part and adding the following text: 

 “The second term, SEM, expressing attenuation due to multiple internal reflections, in 

layered systems is actually a negative term that reduces the total shielding effectiveness. 

When SEA is larger than 10 dB, usually this contribution can be neglected, which is always 

the case in our specimens but at the smallest layer numbers. Therefore, the SE behaviour as a 

function of frequency depends on the interplay between the contributions to the shielding 

given by material absorption and interface reflection only. Indeed, the SEA term obviously 

increases with frequency since it inversely depends on the penetration depth, whereas the SER

term shows a decreasing frequency behaviour according to the transmission line model of 

shielding. For the majority of samples, this implies that the two contributions balance out 

and the overall shielding is almost constant with frequency. However, in the limit of a good 

conductor approximation the electric field is actually “shorted out” at the first interface, and 

the SER term relative weight in eq. S1 diminishes. This is clearly seen in Fig. 4c for 

specimens having the same graphene volume (0.33%) but different total thickness: when 

absorption becomes the dominant shielding mechanism, SE as a consequence increases with 

frequency. Moreover, as expected from eq. S2, the higher the conductivity the larger is the 

contribution given by SEA. Nevertheless, a further increase in overall conductivity produced 

by reducing thickness of the single graphene/PMMA layer will produce a minor effect on the 

total shielding effectiveness since this term linearly depends on t.” 



Reviewer #3  

Recommendation: Reject 

This paper by Pavlou et al reports the synthesis/assembly of graphene/PMA nanolaminates 

via a ‘lift-off/ float-on’ process for THz EMI shielding. The nanolaminated structure reached 

EMI SE of 60 dB for a small thickness of 33-µm. Although the EMI SE results are 

impressive, the methodology of nanolaminated structure is not new and there is no significant 

attraction in the results which can merit publication in Nature Communications. I will suggest 

this article for publication in Scientific Reports, after addressing following comments.  

Authors’ Reply 

We respectfully disagree with the Reviewer on this point. Actually, the current paper 

provides a substantial contribution of results, methodology and theoretical analysis to the 

field of EMI shielding.  Moreover, our process route for fabricating all-fluidic, automated and 

iterative lift-off /float-on nanolaminates with maximum size of 7×7 cm2 , is quite unique and 

differs a great deal from past attempts.  In particular, with the recent development of roll-to-

roll CVD graphene our fabrication process allows the manufacturing of laminates of any 

required size (NB currently a 1m-long nanolaminate is under preparation in our lab).  In 

contrast the folding process reported by Ruoff et al recently24 involves successive folding of a 

single graphene/ polymer unit which leads to nanolaminates of a few mm in length.  

Comment 1. The authors have published the EMI shielding results of same work earlier in 

IEEE paper https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=8874200 in 2019. Since 

the shielding values are the main object of these works, the current submission provides no 

new insight on shielding values. 

Authors’ reply  

We would like to point out to the Reviewer that the one page IEEE Abstract mentioned above 

does not constitute a scientific manuscript and on the basis of this, the statement above that 

the "current submission provides no new insight" is inappropriate. Furthermore, we strongly 

believe that a conference presentation prior to submission of a full manuscript does not 

constitute a violation of the rules of submission to Nature journals. In particular, the IEEE 

Abstract reports only preliminary results on the THz shielding of the nanolaminates, without 

providing any information on the production of the nanolaminates, their mechanical & 

electrical characterization, full EMI shielding behaviour as a function of density and 

thickness and, finally, theoretical analysis. In fact, the Nature Communications submission 

provides clearly a new insight/ paradigm over the whole concept of EMI shielding, as pointed 



out also by one of the reviewers. In conclusion, the current paper proposes a novel way 

of nanolaminate production that yields 3D large composites, unrestricted by dimensional 

concerns, and introduces a novel approach for assessing EMI behaviour of material systems. 

It is thus of extreme interest to a wide readership and thus it warrants publication to Nature 

Communications. 

Comment 2. Although the nanolaminated structure provides good shielding, the process is 

quite complex and slow as compared to other composite synthesis process, for example, 

development of foam structures with very low graphene filler content in polymer matrices. 

Authors’ reply 

We thank the Reviewer for this comment that allows us to clarify and define the status of the 

cm-scale CVD-graphene nanolaminates both in the state of the art as novel multi-functional 

material and in the market as potential shielding sheets for applications where small 

thicknesses and low weights are required. As stated in the manuscript “with the development 

of compact electronic devices, the requirements for EMI shielding materials are moving 

toward light-weight, flexible systems capable to exhibit strong absorption per unit volume 

and/or weight. It is clear that the current challenge in EMI shielding for aerospace and 

electronics is to achieve high EMI SE with low added weight and at small thicknesses”. In 

fact, in the last years, scientific community has paid particular attention to the development of 

membranes with small thickness, mechanical integrity and high shielding performance15,16, 

instead of the easy-to-fabricate but thick and fragile foams. 

In our case, we synthesize CVD graphene in our labs by using the AIXTRON Black Magic 

reactor, which is a semi-industrial furnace that can accommodate multiple substrates or a 

single 4" wafer. Therefore, it is obvious that typical batch CVD process does limit per se the 

production of nanolaminates to squares of side ~7 cm which are obtained through a quite 

laborious process. Current developments for roll-to-roll CVD production25 could allow us to 

use larger sheets of graphene that can be coated with ultra-thin polymer in order to produce 

nanolaminates with larger lateral dimension and in a continuous process. In fact, the ideal 

combination of roll-to-roll CVD furnaces with lamination machines could be used in future to 

design a viable, continuous industrial process to manufacture hundreds of meters of 

nanolaminates in rolls. However, we are not looking yet at mass production. At this stage, our 

primary intention is to disseminate to the scientific and industrial community the concept of 

CVD graphene nanolaminate that outperforms SOTA flake-based graphene polymer 

composites and is produced with a novel process which is indeed scalable. However, even in 

the current dimensions, the 7 cm × 7 cm nanolaminate can be applicable in several real 

applications thanks to the excellent shielding properties, for example as shielding sheets 

against undesirable electromagnetic signals in electronic enclosures, or as patches on larger 

composite panels for aeronautics/automotive applications. Finally, we would like to highlight 

that the technology of CVD graphene growth and transfer, is rapidly developing and 

significant advances have been made. In fact, in less than one decade, it has moved from the 

very first growth and transfer of CVD graphene26,27 to the production of a 100-m-long high-



quality graphene on transparent conductive film by roll-to-roll process. Therefore, based on 

the increasing annual production capacities and the resulting cheapest prices28, a larger-scale 

and lower-cost growth and transfer of CVD graphene is expected in the nearest future, which 

will have a major impact  on the development of new composite materials, such as our 

nanolaminates.  

Comment 3. The results largely depend on the control of polymer thickness layer via spin 

coating. How this process can be scalable to meet commercial requirements? 

 Authors’ reply 

A suitable way to scale-up the production of CVD graphene/polymer nanolaminates, as 

mentioned in the Reply to Comment 3, is represented by the combination of roll-to-roll CVD 

furnaces with lamination machines. In such an automatic process, the deposition of the 

polymer layer could be performed via ultrasonic spray coating, which has been demonstrated 

to ensure thickness smaller than 500 nm29,30. A preliminary design of the system is shown in 

the figure below. However, we want to underline here that, as stated above, at the moment 

our primary intention is to disseminate the concept of CVD graphene nanolaminate that 

outperforms SOTA flake-based graphene polymer composites and is produced with a novel 

process which is indeed scalable.  



Figure R1. Schematic of the automatic spray coating phase for the deposition of thin polymer 

films on continuous graphene on Cu roll. 

Comment 4. For higher graphene content linearity in electrical conductivity is lost. The 

authors shall state the proper reason, why in-plane electrical conductivity, in the presence of a 

polymer spacer tends to increase significantly at higher graphene layers? The electrical 

conductivity mechanisms may be explained. 

Authors’ reply 

We thank the Reviewer for his/her comment. Actually, as reported in Refs. 19-21, the 

electrons can ‘migrate’ in one graphene layer or ‘jump’ across the defects or interface 

between layers; these are identified as the migrating and hopping electron, respectively. We 

can safely assume that at small volume fractions (tPMMA>100 nm), the polymer layer is 

continuous and the nanolaminate behaves as an ideal alternant-layered structure, in which 

only graphene sheets contribute to electrical conduction and the polymer layers act as 

spacers. In this ideal composite architecture of perfectly oriented graphene layers, the 

electrical conduction is due to fast electron migrating in the continuous π bonds of the 

graphene sheets that are separated by the continuous insulating polymer spacers. In light of 

that, each graphene layer should conserve its intrinsic properties, and the nanolaminate can be 

modelled as a parallel system of conducting sheets with an equivalent conductance ���������
equal to n times one  of  an  isolated  graphene  layer ���

12,13

��������� = ���� Eq. 2 

Considering the relation of conductance � and conductivity �, Eq. 2 leads to  

��������� = ������ Eq. 3 

As shown in Figure 4a of the manuscript, the in-plane conductivity of the nanolaminate 

increase linearly with graphene volume fraction up to ���= 0.33%, and by using Eq.3, the 

contribution of graphene to the electrical conductivity has been evaluated from linear fitting 

to be 8.1·103 S/cm. The fact that this value is not far from reported values for CVD 

monolayer graphene transferred14 on Si wafer confirms that each graphene layer retains its 

intrinsic properties. 

At higher volume fractions, linearity of electrical conductivity is lost and this can be 

attributed to further mechanism of conduction. Actually, the polymer layer conformally 

reproduces the morphology of the copper foil. Recent AFM experiments have revealed that 

the surface of the Cu foil is not smooth, with roughness around 70 nm (Figure R2a and b). 

This finding is in agreement with other literature studies10,11. Therefore, as the PMMA layer 

becomes thinner, defects may be progressively introduced in its non-uniform thickness, as 

shown in Figure c. These defects in the polymer spacer can be responsible for the formation 

of further conductive paths through bridging and interconnection between contiguous 

graphene layers. As shown in the literature for other composites with highly aligned graphene 



layers17-18, it is possible that hopping electrons enhance the micro-current in the layered 

package of graphene when the local thickness of the PMMA spacer is small enough (<5 nm) 

thus triggering through-plane conduction19-21. 

Figure R2. (a) Optical micrography and (b), AFM images of copper foil after CVD process. 

(c) Optical micrography of Gr/PMMA single layer deposited on Si wafer. 

In order to include our reply to this comment, the following text has been added: 

“In fact, unlike particular-filled composites in which electrical conductivity is limited by 

electron hopping38,40-42, the electrical conduction in the proposed nanolaminates is due to fast 

electron transport in the continuous π bonds of the graphene sheets that are separated by the 

homogeneously-thick and continuous polymer layers. Hence, in this alternant-layered 

architecture of perfectly oriented graphene layers, each of them should retain its intrinsic 

properties, and the material can be modelled as a 2D parallel system of conducting sheets 

with an equivalent sheet conductance N times that of an isolated graphene layer43.” 

“However, we observe that the linearity of in-plane conductivity with volume fraction is lost 

for higher graphene content (i.e. for tPMMA< 100 nm), which may suggest the occurrence of 

further mechanisms contributing to charge transport. Actually, the aforementioned 

inhomogeneity of the polymeric layer thickness produced by a rough sacrificial substrate 

probably causes interconnection or bridging between adjacent layers. At this stage, 

therefore, it is possible that hopping electrons enhance the micro-current in the layered 



package of graphene when the local thickness of the PMMA spacer is small enough (<5 nm) 

thus triggering through-plane conduction. The conduction mechanism in this stage could be 

therefore ascribed to the combination of migrating and hopping electron38,40,41,46,47.”

Comment 5. The process of increasing the overall thickness (Figure 4c) is not explained in 

experimental section. 

Authors’ reply 

We thank the Reviewer for his/her comment. The overall thickness of the nanolaminate, at a 

fixed VG, can be modulated by varying the number of depositions. Therefore, increasing the 

thickness means increasing the number of deposited layers. In particular, in the case at hand, 

the nanolaminate had a fixed VG = 0.28%, and the three specimens consisted of 50, 100 and 

250 120 nm-thin layers. As already mentioned in the manuscript, in order to increase the 

thickness of the nanolaminate, “the cycle was repeated until the desired number of PMMA/Gr 

layers was reached.”

Comment 6. The SEM image in Figure 1c does not reveal any information related to 

graphene. The layers shown are probably due to polymer spacers; how many graphene layers 

are expected in, for example 0.3 vol % nanolaminated structure? 

Authors’ reply 

As stated above, the number of layers can be modulated, according with the desired final 

thickness of the membrane and with the thickness of a single layer (defining the volume 

fraction of graphene in the nanolaminate). For instance, in order to fabricate a nanolaminate 

with Vg = 0.13% (i.e. the specimen depicted in the SEM image in Figure 1c), a thickness 

����� of 250 nm is required for the single PMMA layer, as the graphene volume fraction is 

defined as: 

��� =
���

��� + �����

The specific specimens shown in the SEM has a thickness of 5 μm and consists of 20 

PMMA/Gr layers. 

In order to clarify this point, in the amended version of the manuscript, we have added further 

details about the fabrication of the nanolaminates, including information on number of 

deposited layers and final thickness. 
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REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

We thank the authors for the detailed rebuttal. 

We think that in the present form, the manuscript is still not suitable for publication on Nature 

Communication, since the understanding of the EM mechanism is not fully understood. 

Actually, from a very simple calculation it results that a graphite layer having thickness of 33 

microns and an ideal conductivity of 100 kS/m (which is equivalent to a "poor quality" graphite in 

the d.c. limit), provides a minimum shielding effectiveness of about 56 dB in the low frequency 

limit. This value takes into account only the contribution of the reflection loss. In the THz regime it 

has been demonstrated that absoption losses contributes to the SE, but it is also demonstrated 

that the a.c. conductivity of graphene decreases with the frequency, in line with Drude's model. 

The value of SE of about 56 dB is in line with the value of SE measured in this work for a laminate 

having the total thickness of 33 microns at 2 THz, following a linear increasing trend with the 

frequency (see fig. 4c). 

However, data from literature show that the a.c. conductivity of graphene is characterized by a 

steep decreasing trend with frequency higher than 1 THz. 

Therefore, the experimental data reported in the manuscript need sdome further investigations 

before final acceptance for publication. 

It would be necessary to clarify, for each laminate: 

1) the total thickness of PMMA in each laminate 

2) the thickness of the quartz substrate used in the measurements 

3) the total thickness of graphenein the laminate 

Then, it is suggested to measure the SE provided in the same frequency range by a reference 

material made of the quartz substrate coated with only the total amount of PMMA. 

As regards the measurement configuration, it is required that the reference E-field measurement is 

performed considering the circular Al holder with unloaded hole. This is not specified. 

The EM modelling is still not adeguate. 

The low-frequency approximation for SE calculation as reported in eq. 4 of the rebuttal is not 

adeguate for prediction of the shiending effectiveness in th TH range from 0.2 to 2 THz, since it is 

widely demonstrated from the literature even reported yet in the reference list that the a.c. 

electrical conductivity of graphene decreases in the THz regime, according to Drude's low. 

Data reported in "Table R1 Comparison between minimum (theoretically calculated) and measured 

EMI 

Shielding Effectiveness" are missing on information about the thickness. 

It is said that the sheet resistance is measured in d.c. using the four probe method. Since PMMA is 

a soft material we assume that the tip of the test fixture penetrating through the laminate create a 

short circuit among all layers of the lamintate. 

Therefore, is order to overcome this lack, we suggest that the authors compare their 

measurements and results with data available in the literature for very similar configurations, as 

reported for instance in some of the cited papers in the reference list. 



Reviewer #2 (Remarks to the Author):

This revised manuscript has been carefully revised and reached the publishing standard. I 

recommend it to be published in Nature Communications without further revison. 

Reviewer #3 (Remarks to the Author):

Nature Communications 

Recommendation: Accepted 

The following paper entitled “Record EMI shielding behavior of thin graphene/PMMA nanolaminates 

in the THz range” highlights graphene/PMMA composites synthesized by lift-off/float-on deposition 

process to produce multilayered laminates. In revision, authors have made substantial changes in 

the revised manuscript, addressing all the comments raised to a satisfactory level. The 

presentation of the results can interesting for a broad scientific community of the field. Thereby, 

we suggest the article for its publication in prestigious journal of Nature Communications.



Reply to Reviewers’ Comments 

We would like to thank Reviewers #2 and #3 for their final positive assessment of the revised 

manuscript and Reviewer #1 that gives us the opportunity to clarify further the mechanism of 

EMI shielding provided by the PMMA/graphene nanolaminates.  

In the following the additional points raised by Reviewer #1 are fully addressed.  

Reviewer #1 

We thank the authors for the detailed rebuttal. We think that in the present form, the 

manuscript is still not suitable for publication on Nature Communication, since the 

understanding of the EM mechanism is not fully understood. Actually, from a very simple 

calculation it results that a graphite layer having thickness of 33 microns and an ideal 

conductivity of 100 kS/m (which is equivalent to a "poor quality" graphite in the d.c. limit), 

provides a minimum shielding effectiveness of about 56 dB in thelow frequency limit. This 

value takes into account only the contribution of the reflection loss. In the THz regime it has 

been demonstrated that absoption losses contributes to the SE, but it is also demonstrated that 

the a.c. conductivity of graphene decreases with the frequency, in line with Drude's model.  

The value of SE of about 56 dB is in line with the value of SE measured in this work for a 

laminate having the total thickness of 33 microns at 2 THz, following a linear increasing 

trend with the frequency (see fig. 4c). However, data from literature show that the a.c. 

conductivity of graphene is characterized by a steep decreasing trend with frequency higher 

than 1 THz. 

Therefore, the experimental data reported in the manuscript need some further investigations 

before final acceptance for publication. 

Authors’ reply 

In the following we are providing a point-to-point reply to the reviewer concerns, trying to 

better clarify the mechanism of the EMI shielding that governs our measurements. All 

changes in the main text (MT) and in the supplementary material (SM) are highlighted in 

blue. 

As for the comparison between our 33 μm-thick Gr/PMMA nanolaminate and an equivalent 

graphite sample, we feel that the reviewer is somehow missing the main thesis of the paper, 



that is to demonstrate that a polymer with a very tiny content of graphene (in the case of the 

above mentioned sample, a mere 0.33% vol.) and a multilayered architecture exhibits record 

EMI shielding values while keeping superior properties in terms of mechanical integrity and 

light weightiness (not to mention also of environmental impact). In other words the 

comparison of a solid piece of graphite with an alternating polymer/ graphene layered 

structure that contains multiple heterogeneous interfaces is somehow misleading.  As for the 

a.c. conductivity of graphene, we are not aware of literature data showing a steep decrease 

at frequencies higher than 1 THz, and our experimental data show that conductivity remains 

flat in our experimental range (0.2 – 2 THz). A thorough discussion on this point is presented 

also below. 

Comment a.  

It would be necessary to clarify, for each laminate: 

1) the total thickness of PMMA in each laminate

2) the thickness of the quartz substrate used in the measurements  

3) the total thickness of graphenein the laminate 

Authors’ reply 

First of all we would like to recall here that our paper deals mainly with freestanding 

nanolaminates with graphene volume fractions of 0.04 to 0.5%; in addition, specimens 

supported on quartz have been produced to assess the impressive potential of this class of 

material at higher content of graphene (1 vol%). This was explicitly specified in the 

manuscript on pages 3-4, and in the Experimental Section (page 12, line 24; page 13 lines 1-

3). Furthermore, details on the calculation of the graphene volume fraction and on the 

thickness of the PMMA layer for each nanolaminate were already reported in the 

Supplementary Table S1.  In particular, as stated in the Experimental Section the  “��� is 

defined as 
���

���������
, being ��� the thickness of monolayer graphene (0.334 nm66 ) and 

����� the thickness of the PMMA layer.” Since tGr is always much smaller than tPMMA, then 

the graphene volume fraction expresses also the thickness ratio between graphene and 

PMMA for each specimen. Therefore  the total PMMA thickness practically coincides with 

the final thickness of each nanolaminate (since the total Gr thickness contributes 1% max to 

the overall volume and therefore to the sample thickness). This can be also inferred simply 

multiplying in table S1 the PMMA layer thickness (column 3) by the number of layers 



(column 5) for each nanolaminate. In fact, each graphene layer nominal thickness is 0.334 

nm only, as explicitly stated on page 12-MT. To avoid causing confusion, we have added on 

page 12 the following sentence: 

“However, since tGr is always much smaller than tPMMA, then the graphene volume fraction 

expresses also the thickness ratio between graphene and PMMA for each specimen.” 

As for the thickness of the quartz substrate (1 mm), this value was missing in the paper and 

now it has been added in the Experimental Section, where we describe the procedure for the 

transmittance measurements (on page 14-MT, see below). 

Comment b.  

Then, it is suggested to measure the SE provided in the same frequency range by a reference 

material made of the quartz substrate coated with only the total amount of PMMA. 

Authors’ reply 

We thank the reviewer for pointing out this missing albeit relevant information. Indeed, this 

is exactly what we have done in the case of the 1 vol% nanolaminate, the only sample 

supported on a quartz substrate. The transmission is normalised to the bare quartz and not to 

the substrate coated with PMMA, since actually the polymer formally contributes to the 

nanolaminate overall shielding (even if for an almost unnoticeable quantity, see fig. S6-SM 

where we show the SE frequency dependence for a neat 5 μm PMMA film).   

We have therefore modified the sentence on page 14-MT in the following way: 

“The electric field versus time was acquired separately upon transmitting through the sample 

(������) and through the reference material (�����, air in case of freestanding samples, a 1 

mm-thick quartz substrate in case of the 1 vol% nanolaminate)”

Comment c.  

As regards the measurement configuration, it is required that thereference E-field 

measurement is performed considering the circular Al holder with unloaded hole. This is not 

specified. 



Authors’ reply 

In order to better specify the reference E-field measurements, we have added the following 

sentence in the Experimental Section, page 14-MT:

“In all cases, the reference measurements were performed under the same experimental 

conditions applied to the samples, namely with the pulsed signal passing through the holed Al 

holder”. 

Comment d. 

The EM modelling is still not adeguate. The low-frequency approximation for SE calculation 

as reported in eq. 4 of the rebuttal is not adequate for prediction of the shiending 

effectiveness in the TH range from 0.2 to 2 THz, since it is widely demonstrated from the 

literature even reported yet in the reference list that the a.c. electrical conductivity of 

graphene decreases in the THz regime, according to Drude's law. 

Authors’ reply 

We respectfully disagree with this comment, since many available results in literature show 

for graphene an a.c. electrical conductivity that is still almost flat in the THz region (see, for 

example, Tomaino et al., Opt. Express 19, 141 (2011). 10.1364/OE.19.000141; Maeng et al., 

Nano Lett. 12, 551 (2012). 10.1021/nl202442b; Jnawali et al., Nano Lett. 13, 524 (2013). 

10.1021/nl303988q; Zou et al., Phys. Rev. Lett. 110, 067401 (2013). 

10.1103/PhysRevLett.110.067401; Whelan et al., Opt. Express 26, 17749 (2018). 

10.1364/OE.26.017748). 

This is in line with the experimental measurements performed on the 33 μm nanolaminate 

and shown in Fig. 4c. As we thoroughly discuss in the SM, in the shielding mechanism of this 

sample eq. (6) mostly rules, causing a sublinear increase of the SE as a function of frequency. 

In the graph below, the different contributions to the EMI SE given in eqs. S5 and S6 using a 

constant conductivity value are plotted. Their sum (eq. 5, dashed line) nicely matches with 

the experimental data, showing that (i) absorption prevails as shielding mechanism and (ii) 

Drude free electron model works but with a broadened spectral width of the scattering. This 

is likely due to the prevalence of intraband versus interband conductivity, however an in-

depth discussion on this point is far beyond the scope of the present paper. 



To take into account the reviewer’s remark, we have added the following sentence in the SM:    

“It is worth to highlight that in all measurements presented here the frequency behaviour of 

the shielding effectiveness is consistent with a simple Drude scenario where the graphene 

electrical conductivity still shows a flat response in the low THz region, consistently with 

many literature reports [16-18]. Of course, it is possible that a frequency drop in the 

electrical conductivity and therefore in the SE dependence occurs at higher frequencies, in 

agreement with the predictions given in [6].”
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Figure 1. Comparison of experimental data of shielding effectiveness (□) and the theoretical 

values (dotted line) for the 33 μm-thick laminate. SER, SEA and SEM (blue, red, and green 

continuous lines respectively) were calculated according to eqs. S5 and S6.  

Comment e.  

Data reported in "Table R1 Comparison between minimum (theoretically 

calculated) and measured EMI Shielding Effectiveness" are missing on information about the 

thickness. 



Authors’ reply  

To ease the evaluation of the EMI SE values theoretically calculated using Eq. (4), we have 

added in table S3-SM (Table R1 in the rebuttal letter) the thickness values already listed in 

table S1-SM. 

Comment f.  

It is said that the sheet resistance is measured in d.c. using the four probe method. Since 

PMMA is a soft material we assume that the tip of the test fixture penetrating through the 

laminate create a short circuit among all layers of the lamintate. 

Authors’ reply  

In two recent works dealing with similar systems by Vlassiouk et al. and Liu et al. (Refs. 17-

18 in MT), the electrical resistance was measured in the 2-point scheme by a multimeter with 

conductive silver paste as electrodes at the specimens’ ends. Therefore, we have adopted a 

similar methodology but in the 4-wire Kelvin configuration in order to minimize contact 

resistance. It is interesting to note that, as shown in Figure 4a, the electrical conductivity of 

the PMMA/Gr nanolaminates with 0.13 vol% of graphene replicates the value measured by 

Vlassiouk et al. for the nanolaminate with the same content of graphene. This, along with the 

fact that the contribution of graphene to the electrical conductivity1 is close to reported 

values for CVD monolayer graphene transferred on Si wafer, make us confident on the 

reliability of our measurements.

1 As reported in the previous reply to reviewers and stated in the revised manuscript, at small volume fractions 
(tPMMA>100 nm), the polymer layer is continuous and the nanolaminate behaves as an ideal alternant-layered 
structure, in which only graphene sheets contribute to electrical conduction and the polymer layers act as 
spacers. In this ideal composite architecture of perfectly oriented graphene layers, the electrical conduction is 
due to fast electron migrating in the continuous π bonds of the graphene sheets that are separated by the 
continuous insulating polymer spacers. In light of that, each graphene layer should conserve its intrinsic 
properties, and the nanolaminate can be modelled as a parallel system of conducting sheets with an equivalent 
conductance GLaminate equal to n times one  of  an  isolated  graphene  layer GGr.  The in-plane conductivity of the 
nanolaminate has been found to increase linearly with graphene volume fraction up to VGr= 0.33%, and by 

considering that ��������� = ������, the contribution of graphene to the electrical conductivity has been 
evaluated from linear fitting. At higher volume fractions, linearity of electrical conductivity is lost and this has 
been attributed to further mechanism of conduction involving bridging and interconnection between contiguous 
graphene layers that are caused from the introduction of defects in the non-uniform thickness of PMMA layers 
with tPMMA<100 nm.



Comment g.  

Therefore, in order to overcome this lack, we suggest that the authors compare their 

measurements and results with data available in the literature for very similar configurations, 

as reported for instance in some of the cited papers in the reference list. 

Authors’ reply  

As already discussed in the reply to comment d), the SE measurements are consistent with 

THz conductivity data available in literature, indicating that our experimental range is well 

below the Drude roll-off frequency. We have added to the reference list a selection of the 

abovementioned literature papers: 

[16] Tomaino JL, et al. (2011). Terahertz imaging and spectroscopy of large- area single-

layer graphene. Optics Express 19, 141. 

[17] Maeng I, et al. (2012). Gate-Controlled Nonlinear Conductivity of Dirac Fermion in 

Graphene Field-Effect Transistors Measured by Terahertz Time- Domain Spectroscopy. 

Nano Letters 12, 551.  

[18] Whelan PR, et al. (2018). Conductivity mapping of graphene on polymeric films by 

terahertz time-domain spectroscopy. Optics Express 26, 17749. 

We have also mentioned the predictions presented in [6] for a commercial graphene on PET.  



REVIEWER COMMENTS 

Reviewer #2 (Remarks to the Author): 

1. The graphene/polymer nanolaminates with an excellent shielding effectiveness up to 60 dB at a 

small thickness of 33 μm, which is a very exciting. Hence, the transmission process and loss 

mechanism of electromagnetic waves inside should be clearly revealed to help with the application 

in the high-frequency field. 

2. Why is it possible for jumping electrons to enhance the micro-current in the graphene layered 

package when the thickness of the PMMA spacer layer is less than 5 nm? How do the authors 

determine this thickness? 

3. Author think that, for the nanolaminates with a fixed graphene volume fraction (0.33 vol.%), 

losses dominate the shielding mechanism. However, it is generally believed that as the thickness 

increases, the conductivity will increase significantly. The high-efficiency EMI shielding should 

depend on reflection of electromagnetic wave. Therefore, I am curious about the authors' 

viewpoint. Is there any evidence for this? 

4. The authors give a detailed response to Reviewer #1's comments and corresponding 

modifications, and put forward to different viewpoint on the issue of AC conductivity (Comment 

d.). I think that the reviewer and the authors have a deviation in the understanding of the material 

object, which leads to a difference of opinion on the AC conductivity. 

5. Drude's model is originated from the theory of free electron gas and is applicable to conductors 

such as graphene or graphene nanosheets. However, the Gr/PMMA reported in this article is 

composite material, and its conduction mechanism follows the jumping electron model. Therefore, 

the change rule of the AC conductivity of these two is not necessarily same. 

6. I'm curious about the shielding performance of this graphene/polymer nanolaminate in the GHz 

region. Authors may choose to answer this question. 

Reviewer #3 (Remarks to the Author): 

Nature Communications 

Recommendation: Accepted 

The following paper entitled “Record EMI shielding behavior of thin graphene/PMMA nanolaminates 

in the THz range” highlights graphene/PMMA composites synthesized by lift-off/float-on deposition 

process to produce multilayered laminates. In revision, authors have made substantial changes in 

the revised manuscript, and all the questions asked by the reviewer 1 have been explained 

comprehensively with good results. Therefore, we suggest the article for its publication in 

prestigious journal of Nature Communications.



Reply to Reviewers’ Comments 

We would like to thank Reviewer #3 for his/her final positive assessment of the revised 

manuscript and Reviewer #2 that gives us the opportunity to clarify further the mechanism of 

EMI shielding provided by the PMMA/graphene nanolaminates.  

In the following the additional points raised by Reviewer #2 are fully addressed.  

Comment 1

The graphene/polymer nanolaminates with an excellent shielding effectiveness up to 60 dB at 

a small thickness of 33 μm, which is a very exciting. Hence, the transmission process and 

loss mechanism of electromagnetic waves inside should be clearly revealed to help with the 

application in the high-frequency field. 

Authors’ reply

Indeed, the mechanisms governing the transmission and absorption in the graphene/polymer 

nanolaminates are very well described by the standard transmission line model of shielding 

[1]. Using this approach, the shielding effectiveness can be nicely predicted using the 

decomposition terms presented in eqs. S5 and S6. This is clearly seen by the very good 

agreement between the experimental data and the theoretical expectation shown in Fig. 1 of 

our previous reply to Reviewer #1 (reported below). During the different stages of the 

reviewing process, we had also the opportunity to perform reflection measurements, which 

confirm the Schelkunoff decomposition scenario and will be the subject of a forthcoming 

paper.  
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Figure 1. Comparison of experimental data of shielding effectiveness (□) and the theoretical 

values (dotted line) for the 33 μm-thick laminate. SER, SEA and SEM (blue, red, and green 

continuous lines respectively) were calculated according to eqs. S5 and S6.  

Comment 2

Why is it possible for jumping electrons to enhance the micro-current in the graphene layered 

package when the thickness of the PMMA spacer layer is less than 5 nm? How do the authors 

determine this thickness?

Authors’ reply 

We thank the reviewer for his/her comment. In this regard, we would like to emphasize that 

our attempt to shed light on the conduction mechanism was indeed enlightened by the 

comments/suggestions of Reviewer #2 and was, eventually, positively assessed by the same 

Reviewer after the first revision. First of all, for the sake of clarity, it is important to recall 

here that we fabricated PMMA layers with thickness tPMMA ranging from 750 nm to 33 nm, 



compatible with graphene content Vg in the nanolaminates from 0.04 to 1 vol% (Table S1). 

As shown in Figure S3 (optical and AFM images), the polymer layers conformally reproduce 

the morphology of the rough Cu foil and this induces inhomogeneities in the thickness of the 

layer itself, which are likely more pronounced when tPMMA is comparable with the roughness 

of the Cu foil (70 nm ca.). As already stated in the previous reply to reviewers and in the 

revised manuscript, at small volume fractions (tPMMA>100 nm), the nanolaminate reasonably 

behaves as an ideal alternant-layered structure, and the electrical conduction can be ascribed 

to migrating electrons in the continuous π bonds of the graphene layers that are separated by 

the continuous insulating PMMA spacers. At higher graphene content (i.e. for tPMMA<100 

nm), the presence of local thinning of the polymer spacer could be responsible of further 

conductive paths. In fact, according to several works in the literature [2,3,4,5], the cut-off 

distance for electron jumping between two parallel graphene sheets insulated by polymers is 

typically < 5 nm. Therefore, at high Vg, it is likely that the thickness of the PMMA spacer in 

some locations is close to the cut-off distance and electron jumping may be triggered. At this 

stage, conduction mechanism can be thus ascribed to the combination of migrating and 

hopping electrons [6,7,8,9,10]. 

In order to clarify this aspect, in the revised manuscript we have amended the discussion on 

the conduction in the Gr/PMMA nanolaminates and included references related to the cut-off 

distance, and the text now reads (changes are reported in red):  

 “However, we observe that the linearity of in-plane conductivity with volume fraction is lost 

for higher graphene content (i.e. for tPMMA< 100 nm), which may suggest the occurrence of 

further mechanisms contributing to charge transport. Actually, the aforementioned 

inhomogeneity of the polymeric layer thickness due to the use of a rough sacrificial substrate 

probably causes interconnection or bridging between adjacent layers. At this stage, 

therefore, it is possible that the local thickness of the PMMA spacer is comparable with the 

cut-off distance for electron jumping between two parallel graphene sheets insulated by 

polymers (< 5nm46-48) and therefore hopping electrons are triggered thus enhancing the 

micro-current in the layered package of graphene. Under these conditions therefore the 

conduction mechanism could be ascribed to the combination of migrating and hopping 

electrons38,40,41,49” 



Comment 3

Author think that, for the nanolaminates with a fixed graphene volume fraction (0.33 vol.%), 

losses dominate the shielding mechanism. However, it is generally believed that as the 

thickness increases, the conductivity will increase significantly. The high-efficiency EMI 

shielding should depend on reflection of electromagnetic wave. Therefore, I am curious about 

the authors' viewpoint. Is there any evidence for this? 

Authors’ reply 

We thank the reviewer for his/her comment on this subtle point that actually needs to be 

better clarified. According to eqs. S5 and S6, both the absorption and reflection terms (SEA

and SER respectively) in the shielding mechanism have the same dependence on conductivity 

(square root), therefore by increasing  they contribute the same way to the high-efficiency 

EMI shielding. Moreover, under the good conductor approximation, they contribute similarly 

- albeit with a different frequency dependence – to the overall shielding, as it can be gathered 

for example from Fig. S7 in supporting material. However, since the reflection term SER in 

the shielding is a surface phenomenon, the absorption term SEA only (linearly) depends on 

thickness (eq. S6). Therefore, keeping the graphene volume fraction constant at 0.33 vol.%, 

from the Schelkunoff decomposition it is clear that, increasing the nanolaminate thickness 

from 5 to 33 m, the relative contribution of losses undergoes a (more than) fivefold increase 

with respect to the reflection term. Experimentally, this is confirmed from the SE values 

being linearly dependent on thickness already at 1 THz (inset of Fig. 4c, main text). Once 

again, this can be also observed in Fig. 1 of our previous reply to Reviewer #1 (reported 

above), where the absorption term SEA in the 0.33 vol.%, 33 m thickness, sample dominates 

the shielding mechanism and governs its frequency dependence. 

Comment 4-5

The authors give a detailed response to Reviewer #1's comments and corresponding 

modifications, and put forward to different viewpoint on the issue of AC conductivity 

(Comment d.). I think that the reviewer and the authors have a deviation in the understanding 

of the material object, which leads to a difference of opinion on the AC conductivity. 

Drude's model is originated from the theory of free electron gas and is applicable to 

conductors such as graphene or graphene nanosheets. However, the Gr/PMMA reported in 



this article is composite material, and its conduction mechanism follows the jumping electron 

model. Therefore, the change rule of the AC conductivity of these two is not necessarily 

same. 

Authors’ reply 

We thank the Reviewer for his/her consideration. This has been dealt in our previous 

reply(ies) to Reviewer #1which we are happy to reiterate here for the sake of completeness. 

Drude’s model was invoked by Reviewer #1 (in his/her comment d) to point out to the fact 

that the a.c. electrical conductivity of graphene should theoretically decrease in the THz 

regime. We would like to stress that our disagreement was not based on a mere “academic” 

dispute but based on our experimental observations. Moreover, many results are available in 

literature (some of them [11-13] have been also included in the reference list of supporting 

material) confirming that graphene - in the THz region of interest - shows an a.c. electrical 

conductivity that is still Drude-like and almost flat in frequency. 

We agree with the Reviewer (comment 5) that a free electron model cannot be rigidly applied 

to our Gr/PMMA composite material. Nevertheless, the linearity of in-plane conductivity 

with volume fraction still holds but at the highest graphene content. Therefore, in principle, a 

Drude scenario can work for our nanolaminates at small/intermediate graphene contents, in 

the stage where conduction mechanism is due to free electrons only. At higher volume 

fractions, conduction mechanism is due to combination of migrating and hopping electrons, 

therefore we agree with the Reviewer that the Drude’s model might not be the best way to 

describe fully our system.  

In order to take into account the Reviewer comments, the following text in the SI has been 

modified (changes are reported in red): 

“It is worth to highlight that in all measurements presented here the frequency behaviour of 

the shielding effectiveness is consistent with a simple Drude scenario where the graphene 

electrical conductivity still shows a flat response in the low THz region, consistently with 

many literature reports [16-18]. Of course, it is possible that a frequency drop in the in-plane

electrical conductivity and therefore in the SE dependence occurs at higher frequencies, in 

agreement with the predictions given in [6]. Moreover, as discussed in the main text, at the 

highest volume fraction there might be an additional contribution to the shielding given by 

the presence of hopping electrons (through-plane conduction) when tPMMA is less than 100 

nm.” 



Comment 6

I'm curious about the shielding performance of this graphene/polymer nanolaminate in the 

GHz region. Authors may choose to answer this question. 

Authors’ reply 

We agree with the reviewer on the importance of the shielding performance our 

nanolaminates may present in the GHz region, because of the variety of possible applications. 

Indeed, for the best performing samples we are confident that the Schelkunoff decomposition 

keeps its validity. Then, by assuming a constant graphene electrical conductivity, at 10 GHz 

we expect a tenfold decrease in SEA and a tenfold increase in SER with respect to the results 

at 1 THz, according to their respective frequency dependence, to give an overall SE value of 

more than 30 dB. In such a case, the shielding mechanism is totally dominated by the 

reflection losses.
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