
Reviewers' comments:  

Reviewer #1 (Remarks to the Author):  

The manuscript “Graphene-controlled Brewster Angle Device for Ultra-Broadband Terahertz 
Modulation” by Z. Chen et al. is focused on the development of highly tunable graphene THz 
modulators exploiting a quartz/graphene interface. The topic is certainly interesting, widely 
reported in the literature by many research groups in the past 5 years and intriguing from an 
application point of view.  
Although the experiment is well conceived and the manuscript well written, the data require a 
deeper investigation / further analysis and some claims needs to be justified and corroborated. I 
therefore think that the manuscript cannot be accepted in the present form, and a further 
evaluation is needed after addressing my comments below:  
1) The core material is graphene. However, the manuscript does not provide any detail on the 
graphene employed. Authors should carefully detail: growth technique, dimension of the graphene 
surface, AFM tomography with measurement of the thickness, Raman spectra to evaluate the 
quality of graphene before and after Al2O3 deposition;  
2) At line 62 the authors claim “the reported bandwidth in this work is mainly limited by the 
effective bandwidth of the THz system”. This sound a little bit strange since the bandwidth of the 
Menlo TeraK15 claimed in the manuscript is too large. I therefore want to see the measured 
reflection and transmission bandwidth of the employed spectrometer.  
3) Line 79: why the authors employ in the model a mobility value significantly larger than that 
effectively measured in their graphene? It would be more correct to use the exact value extracted 
in their sample.  
4) Modulation speed: the authors estimate the modulation speed from calculations. To claim that 
they are developing a solid-state device providing a high modulation speed, they should report 
here a measurement of the effective modulation speed of the devices component.  

Reviewer #2 (Remarks to the Author):  

This work demonstrates the effect of tunable Brewster angle controlled by graphene. This is a well 
written paper describing an interesting approach towards realization of broadband THz modulation. 
Following are several minor comments:  
1- Modulation Speed: besides theoretically estimating, it should be simple enough to 
experimentally measure it.  
2- TiOx, this film provides a sheet resistance of 2k Ohm, that is 0.5mS sheet conductivity. It is not 
clear to me that such a film will be transparent to THz light.  
3- From an operations perspective please elaborate on the key differences of this work with your 
previous work: "Graphene Based Terahertz Light Modulator in Total Internal Reflection Geometry" 
Adv. Optical Mat. 2016. Also explain why this work should not be considered as incremental.  

Reviewer #3 (Remarks to the Author):  

Chen et al. reported that graphene can be used to control Brewster angle at THz frequency and 
subsequently use this as an THz modulator. Overall it is an interesting demonstration to the 
community but needs to address the following concerns. From the point view of applications, I 
think this idea is hard to be adopted in a practical device because it uses reflection geometry (in 
comparison with transmission geometry).  

1) I can imagine that some other methods (metamaterials etc) have been used do the 
active/passive tuning of Brewster angle. In comparison with these preciously proposed methods, 



what are the advantages of using graphene as the active medium as shown in this work? I would 
like to suggest the authors to make this clear to the readers.  
2) If using such a system as an intensity modulator, the ‘loss’ (insertion loss + transmitted 
intensity) is huge because of the poor reflectivity of graphene (after all it is only one monolayer of 
carbon atoms). To enhance reflectivity, the more conductive medium is needed at the interface, 
but this will then lead to more insertion loss of energy. There should be existing a maximum 
reflection percentage of such structures (1-minimum(insertion loss+tranmission)), so what is this 
value both experimentally and theoretically? Would it be more beneficial to use more layers of 
graphene?  
3) What’s the current device size demonstrated in this work?  
4) Authors suggest that a graphene layer can be used to replace the bottom TiOx to increase the 
device speed. However, this double graphene layer structure may cause extra reflection from the 
bottom graphene layer? Will the distance between two graphene layers eventually affect the 
reflection efficiency? Please briefly comment on this in order to evaluate this double graphene 
layer structure.  
5) The manuscript is well written but the figures in the manuscript are poorly displayed. For 
example, the figure 1 is hard to read, specially the figure legends etc (fonts are too small). Also, 
please keep consistent with the color scheme throughout the manuscript. For example, the color 
used for one certain gate voltage reflection curves vary from figure to figure, which makes it hard 
to read. Please keep consistent. 
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Reviewers' comments:  

Reviewer #1 (Remarks to the Author):  

The authors addressed properly my comments and remarks.  
The manuscript can now be accepted on Nature Communications  

Reviewer #2 (Remarks to the Author):  

The authors have addressed my previous comments in their revised manuscript. However, there 
are a few minor points that are still not clear thus benefit from additional discussion / 
modifications:  

1- When computing for Modulation depth, the authors base their definition on power, however 
when defining transmission in Fig. R6 in accordance to the formula t = 2 / (2 + Z0*sigma) they 
use electric field. Unless there is any particular reason for doing this, it seems to me, for the sake 
of consistency, better to always define and compute reflection and transmission in terms of 
power.  

2- From the perspective of 1, the TiOx layer will introduce 100*(1 - 0.9^2) ~ 20% of power to be 
reflected / absorbed. This non-transparency and related effects should be accounted for when 
computing and discussing the loss in the device.  

Reviewer #3 (Remarks to the Author):  

The authors revised the manuscript based on reviewers' suggestions. I recommend its its 
publication as it is.  



   
Reviewers' comments: 
Reviewer #2 (Remarks to the Author): 
The authors have addressed my previous comments in their revised manuscript. However, there are a few minor 
points that are still not clear thus benefit from additional discussion / modifications: 
 
1- When computing for Modulation depth, the authors base their definition on power, however when defining 
transmission in Fig. R6 in accordance to the formula t = 2 / (2 + Z0*sigma) they use electric field. Unless there is 
any particular reason for doing this, it seems to me, for the sake of consistency, better to always define and 
compute reflection and transmission in terms of power. 
 
Response: Thank you for the comments. We agree that it is more reasonable to define and compute reflection 
and transmission in terms of power. The transmission of TiOx has been revised accordance to the formula  

and the corresponding results are shown in supporting information S3.  

 
2- From the perspective of 1, the TiOx layer will introduce 100*(1 - 0.9^2) ~ 20% of power to be reflected / 
absorbed. This non-transparency and related effects should be accounted for when computing and discussing the 
loss in the device. 

 
Figure R .  (a) Calculation results of reflection for Brewster device with and without TiOx (b) reflection in team 
term of power (c) reflection in dB scale 
 
Response: Thank you for the comments. We agree that the TiOx layer will introduce 20% of power (about -1dB) 
to be absorbed/reflected at the 0° normal incident angle. However, our device is working at Brewster angle, so 
the loss is different. To clear the influence of TiOx on our device, we calculate the reflectance of Brewster device 
with and without TiOx. In the calculation, the conductivity of TiOx is set to be 0.5mS; the conductivity of 
graphene is set to be from 0mS to (3.7+7.5i) mS, which corresponds to the Fermi energy from 0eV to 0.4eV. 
Figure R(a) is the reflection amplitude for the device with and without TiOx when the graphene conductivity is at 
0 mS and (3.7 +7.5i) mS. When the conductivity of graphene is zero, the Brewster angle (where the reflection 
amplitude is minimum) for the device with TiOx is shifted from 63° to 65° due to the conductivity of TiOx. This 
indicates that when using this device with TiOx for an intensity modulator, the incident angle should be 65°.  
   When the conductivity of graphene increases to (3.7 +7.5i) mS, the Brewster angle for the devices are almost 
the same and the minimum reflection amplitude for the device with TiOx is little smaller than that without TiOx. 
More importantly, at the incident angle of 65°, the reflection amplitude for the device with and without TiOx is 
almost the same. In the term of power  , they are also almost the same (Figure R(b)). This means that the 
TiOx of 0.5mS do not influence the modulation depth. Figure R(c) are the reflection in dB scale, where the 
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reflection at  is corresponding to the insertion loss of the device. We can see that the 
device with TiOx does not suffer significantly increased loss (or very little loss) compared to the decive without 
TiOx. The loss due to a conducting layer (TiOx and graphene, here) can be expressed by , where 

 is the total conductivity. On the other hand, when the conductivity increases, the conducting layer surface 
reflects more THz light and less E-field penetrates into the conducting layer, which decreases the E term in the 
above equation. As a result, introducing the TiOx layer does not cause palpable loss in the device.   
   In a short, the TiOx layer dose introduce 20% of power (about -1dB) to be absorbed when THz wave passes 
through the TiOx layer. However, in our Brewster device, the TiOx layer does not introduce palpable influence on 
both modulation depth and loss.  
   The discussions of the loss in TiOx (shown in the following) are modified/added in supporting information S2.  
 

 
Figure S3 Transmission of TiOx on Quartz (a) time domain spectrum (b) transmission spectrum in frequency 
domain.  (c) Calculation results of reflection for Brewster device with and without TiOx (d) reflection in team 
term of power (e) reflection in dB scale  
 
The THz signals for quartz and quartz/TiOx are shown in figure S3 (a), which show the same pulse shape. The 
corresponding transmission is about 0.8 over the frequency of 0.2THz to 1.6THz, figure S3 (b). According to 

Fresnel equation, the transmission of a free standing ultra-thin conducting film in air is , 

where σ=0.5mS is the conductivity of TiOx and is the impedance of air. So we can estimate the 
transmission of TiOx is about 0.8, which corroborates well with the experimental result. 
   To clear the influence of TiOx on our device, we calculate the reflectance of Brewster device with and without 
TiOx. In the calculation, the conductivity of TiOx is set to be 0.5mS; the conductivity of graphene is set to be from 
0 mS to (3.7+7.5i) mS, which corresponds to the Fermi energy from 0eV to 0.4eV. Figure R(a) is the reflection 
amplitude for the device with and without TiOx when the graphene conductivity is at 0 mS and (3.7 +7.5i) mS. 
When the conductivity of graphene is zero, the Brewster angle (where the reflection amplitude is minimum) for 
the device with TiOx is shifted from 63° to 65° due to the conductivity of TiOx. This indicates that when using this 
device with TiOx for an intensity modulator, the incident angle should be 65°.  
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   When the conductivity of graphene increases to (3.7 +7.5i) mS, the Brewster angle for the two devices are 
almost the same and the minimum reflection amplitude for the device with TiOx is little smaller than that without 
TiOx. More importantly, at the incident angle of 65°, the reflection amplitude for the device with and without 
TiOx is almost the same. In the term of power  , they are also almost the same (Figure R(b)). This means that 
the TiOx of 0.5mS do not influence the modulation depth. Figure R(c) are the reflection in dB scale, where the 
reflection for  is corresponding to the insertion loss of the device. We can see that the 
device with TiOx does not suffer significantly increased loss (or very little loss) compared to the device without 
TiOx. The loss due to a conducting layer (TiOx and graphene, here) is proportional to the conductivity. 

, where  is the total conductivity. On the other hand, when the conductivity increases, the 
conducting layer surface reflects more THz light and less E-field penetrates into the conducting layer, which 
decreases the E term in the above equation. As a result, introducing the TiOx layer does not cause palpable loss in 
the device.    
   In short, the TiOx layer does introduce 20% of power (about -1dB) to be absorbed/reflected when THz wave 
passes through the TiOx layer. However, in our Brewster device, the TiOx layer does not introduce palpable 
influence on both modulation depth and loss. 
 
 
 
 
 
 
  



REVIEWERS' COMMENTS:  

Reviewer #2 (Remarks to the Author):  

The authors have addressed all my previous comments in their revised manuscript. I recommend 
the manuscript for publication. 


