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1: Graphene window fabrication 

Graphene growth: We loaded copper foils (Nilaco Corporation, #CU-113213, 99.9% 

purity) on a quartz boat and annealed in a 1-inch quartz tube hot wall furnace for 12 

hours under hydrogen flow of 100 sccm at 1040 °C. Then diluted methane (1%, balanced 

with hydrogen) was introduced into the furnace with a flow rate of 500 sccm for one hour 

to grow a continuous graphene film. The pressure was kept at 26 Torr in the entire 

growth process. The furnace was cooled down to room temperature with hydrogen 

flowing after the growth was complete.  

Fabrication of holey SiNx windows: SiNx chips are 3 mm wide on each side and 200 µm 

thick, which can be mounted to the airSEM window holder by wax. In the center is a 

fully suspended SiNx window (100x100 µm, 50 nm thickness) with a hole (5 µm 

diameter). The chips are fabricated on the wafer scale using photolithography and 

cleaved individually at the end. First we grew 50 nm of low stress SiNx on 200 µm thick 

Si <100> wafers. Then, we patterned 5 µm holes on topside and large SiNx windows on 

the backside of the wafers using photolithography followed by reactive ion etching to 

allow for KOH etching of the Si substrate underlying the SiNx window.  

Graphene transfer process: We first spin coated PMMA A4 at 3000 RPM for one minute 

on graphene/copper films followed by ammonium persulfate etching of the copper. After 

transferring to DI water 5 times, and staying 10 min each time, we applied another 

graphene/copper to scoop the PMMA/graphene film that floats on DI water. Afterwards, 

we followed the same copper etching and cleaning process. Finally, we used the holey 

SiNx chip to scoop the PMMA/bi-layer graphene film and left them in air for 30 minutes 

to dry. Then we loaded the window in vacuum (10
-6

 Torr) baking furnace and anneal at 

350
o
C for 5 hours to remove PMMA. Afterwards we mounted the window to airSEM 

window holder. 

  



2: Optimizing the beam energy for airSEM with graphene window 

Figure S1 shows the Monte Carlo simulation of electron paths in the window/50 µm  

air/sample structure for different electron beam energies (2 kV to 30 kV). The graphene 

windows are highly electron-transparent compared to SiNx windows, even at low 

energies, as shown in Figure S2, which traces the electron paths within both windows at 2 

kV. However, the scattering in the 50 µm gas layer dominates at low energies (5 keV and 

below). This result indicates that graphene windows can only enable low voltage imaging 

(even lower than 2 kV) for airSEM if the gas layer is kept thinner than a few mean free 

paths, which at 2 kV would be a gas path length of less than ~10 microns (see main text 

ref 6). For a typical thickness of a 50 µm gas layer, we can demonstrate significant 

advantages in using graphene windows to form a fine probe at energies higher than 5 kV. 

For energies higher than 15 kV, the large interaction volumes limit the resolution for both 

graphene and SiNx windows in BSE mode. In SI and STEM modes, which are relatively 

unaffected by the interaction volume, graphene windows perform better than SiNx 

windows, as we demonstrated in the main text. In summary, for graphene windows on an 

airSEM, an electron beam energy range of 5-10 kV is optimal for BSE and SI mode, and 

voltages higher than 15 kV are optimal for STEM mode.   

 

 



 
Figure S1. Monte Carlo simulation of the electron paths in the window/air/sample 

structure for different beam energies. Here we used silicon as the sample.   

 

 
Figure S2. Monte Carlo simulation of electron paths of 2 kV electrons through the 

graphene and SiNx windows.  

 

 

 

 

 

 

 

 

 

 

 

 

 



3: Dark field (DF) scanning transmission electron microscopy (STEM) detector 

geometry 

The STEM detectors for airSEM are photodiodes that connected to an electrical current 

amplifier to collect all transmitted electrons and produce the bright field (BF) STEM 

images. To generate the DF regions, we patterned the photodiode with Pt disks with 

different sizes, as shown in figure S1 (a). Since the Pt disks block the center beam, only 

electrons scattered to high angles will be collected, producing DF STEM images. Figure 

S1 (b) is the corresponding STEM image of the detector with BF and DF regions.  

 

Figure S3: (a) BSE image of a STEM detector shows a photodiode patterned with Pt 

disks with different sizes. (b) Corresponding STEM image of the same region with (a) 

indicates the BF and DF regions.  

  



4: Evaluation of the resolution and signal/noise ratio (SNR) by measuring the 

information limit 

We used a Fourier-based method (main text ref. 18) to measure the information limit, an 

evaluation for both resolution and SNR. The steps of the measurement are as follows: 

- Crop the region of interest from the real-space image, as shown in Figure S4 (a).  

- Fast Fourier transform the real-space image into Fourier space, as shown in 

Figure S4 (b). 

- Plot the line profiles of the Fourier space image, shown as red and blue lines in 

Figure S4 (b) and (c) respectively.  

- Measure the cut off information limits (Lmax and Lmin), as shown in Figure S4 (c). 

- Calculate the information limit using the equation from main text ref. 18:  
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where the ROI is the region-of-interest in pixels. P is the number of pixels per 

micrometer in the original micrograph. Lav is the average of Lmax and Lmin, which 

corrects stigmatic errors.  

 

Figure S4. The process of measuring information limit. (a) BSE image of gold 

nanoparticles with the graphene window. (b) The fast Fourier transform of (a). (c) The 

line profiles of the Fourier-space image with the information limits marked by blue and 

red lines respectively.    

  



5: Physical limits and failure analysis 

Limitations on the fields of view for graphene windows:  

Ideally, single-crystal graphene windows could be made as large as ~600 µm diameter to 

hold vacuum from one atmosphere without tearing. However, in reality, the main limiting 

factors are defects in the graphene films that may tear the window under stress. We’ve 

tried window dimensions from 2 µm to 10 µm diameters, and found that the 5 µm 

diameter windows present a high yield with relatively large field of view for our 

specimens. Our graphene window design enables the imaging through the SiNx frames at 

lower resolution for larger objects and through the graphene regions for higher contrast 

and resolution. As a result, the fields of view for graphene windows are not limited by the 

window size.  

Clean windows rule: Clean graphene windows, fabricated free of debris would survive 

for many weeks to months – time comparable to the nitride windows.  In early 

experiments, we also mounted dirty graphene windows to airSEM, which had dried 

residues from the processing. These windows started to leak after around one week of 

usage. Looking at the window in an SEM, we found holes around the salt contaminations, 

as shown in Figure S5. These holes developed presumably from radiation damage and 

decomposition of the salt. To avoid the membrane degradation, we moved to the better 

transfer method described in the paper that allowed us fabricate clean graphene windows, 

which normally lasted for months.   

 

Figure S5. Images of the dirty graphene window before and after being mounted on the 

airSEM.  


