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 Programmed Synthesis of Freestanding Graphene 
Nanomembrane Arrays  

   Pradeep    Waduge     ,        Joseph    Larkin     ,        Moneesh    Upmanyu     ,        Swastik    Kar     ,   *       
and        Meni    Wanunu   *   

    1.     Introduction 

 Freestanding ultrathin membranes have attracted a lot of 

interest in recent years as fi ltration materials, [ 1–8 ]  synthetic 

analogues of biological membranes, [ 9 ]  and as MEMS-based 

sensor devices. [ 10–13 ]  Ultrathin membranes have also found 

use as substrates for high-resolution nanopores, where the 

nanopores are tools for single-molecule detection and next-

generation DNA sequencing. [ 14–17 ]  While dielectrics such 

as silicon nitride (SiN), [ 18 ]  aluminum oxide, [ 19,20 ]  and silicon 

oxide, [ 21 ]  were thoroughly explored as membrane mate-

rials, there is a practical lower limit on membrane thick-

ness for silicon-based membranes (∼5–10 nm) [ 22–24 ]  because 

silicon oxide and SiN are structurally and chemically more 

susceptible to damage during [ 25,26 ]  and after [ 27 ]  pore fabrica-

tion. Since high-resolution readout of DNA requires robust 

ultrathin (<2 nm) membranes, other membrane materials 

have been explored such as graphene, [ 28–30 ]  boron nitride, [ 31 ]  

DNA origami, [ 32–34 ]  hafnium oxide, [ 35,36 ]  and molybdenum DOI: 10.1002/smll.201402230

 Freestanding graphene membranes are unique materials. The combination of 
atomically thin dimensions, remarkable mechanical robustness, and chemical stability 
make porous and non-porous graphene membranes attractive for water purifi cation 
and various sensing applications. Nanopores in graphene and other 2D materials 
have been identifi ed as promising devices for next-generation DNA sequencing 
based on readout of either transverse DNA base-gated current or through-pore ion 
current. While several ground breaking studies of graphene-based nanopores for 
DNA analysis have been reported, all methods to date require a physical transfer of 
the graphene from its source of production onto an aperture support. The transfer 
process is slow and often leads to tears in the graphene that render many devices 
useless for nanopore measurements. In this work, we report a novel scalable approach 
for site-directed fabrication of pinhole-free graphene nanomembranes. Our approach 
yields high quality few-layer graphene nanomembranes produced in less than a day 
using a few steps that do not involve transfer. We highlight the functionality of these 
graphene devices by measuring DNA translocation through electron-beam fabricated 
nanopores in such membranes. 
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disulphide (MoS 2 ). [ 37 ]  Due to its atomic thickness, mechanical 

properties, and unique electrical properties, [ 38–43 ]  graphene 

in particular allows an additional sensing modality that may 

allow faster readout speeds and improved resolution. Finally, 

graphene membranes and their derivatives are impermeable 

to small molecules and ions, which allows pores in such mem-

branes to be tailored for water desalination/purifi cation [ 44 ]  

and selective molecular sieving. [ 3,45,46 ]  

 Graphene can be obtained by mechanical exfolia-

tion from graphite fl akes, [ 47,48 ]  chemical oxidation/reduc-

tion, [ 49 ]  chemical vapor deposition (CVD), [ 50 ]  and epitaxial 

growth. [ 51 ]  In this context, CVD-assisted graphene growth on 

appropriate catalytic metal surfaces has garnered consider-

able interest due to its relative ease of synthesis, low cost of 

production of large-area high-quality graphene, and lack of 

intense mechanical and chemical treatments. While various 

approaches for graphene membranes have been reported 

for nanopore-based DNA analysis, [ 28–30,52 ]  these approaches 

require graphene transfer to an appropriately perforated 

substrate. Although considerable progress has been made 

in graphene transfer techniques, [ 30,53–55 ]  no process offers a 

scalable approach to produce a large number of membranes 

for use in nanopore and other membrane-

related experiments. In addition,  synthe-
size-then-transfer-graphene  protocols [ 30 ]  

for producing graphene can degrade the 

quality of the membranes by introducing 

wrinkles, cracks, and contamination during 

the transfer process. Recently, freestanding 

graphene membranes have been produced 

on TEM grids by a transfer-free approach 

on larger (∼30µm) apertures, [ 56 ]  although 

the ionic permeability of these membranes 

were not studied. 

 In this paper, we present a novel 

approach to fabricate in-situ, large arrays 

of few-layer freestanding pinhole-free gra-

phene membranes. Few-layer graphene 

membranes are grown directly onto an 

array of sub-micrometer apertures in a 

scalable method. The graphene mem-

branes grow precisely above the apertures 

to yield pinhole-free membranes, as deter-

mined by ionic current measurements. 

Since our method does not involve gra-

phene transfer following its synthesis, this 

approach is more practical for obtaining 

freestanding graphene membranes with 

high yield.  

  2.     Results and Discussion 

  2.1.     Graphene Nanomembrane Fabrication 

 The concept of our membrane fabrica-

tion, as well as a scheme of our fi ve-step 

approach is shown in  Figure   1 . A typical 

process is outlined here: First, an array of 

5 × 5 mm 2  silicon chips, each containing a freestanding low-

stress SiN window (∼40–80 µm), was cleaned in hot piranha 

and then rinsed copiously in warm de-ionized (DI) water, and 

then dried with a gentle fl ow of nitrogen (N 2 ) gas. Next, posi-

tive electron-beam resist was spun on the chips, and a 2 × 2 µm 2  

portion of the SiN window was irradiated using e-beam 

lithography such that a pattern of fi ve sub-micron holes was 

written and subsequently developed. Sub-micrometer holes 

through the nitride membrane were then generated by con-

trolled etching using an SF 6  reactive ion etch (RIE) plasma. 

Resist was then stripped using acetone and a hot piranha 

treatment (Step 1). The chips were then placed in an atomic-

layer deposition (ALD) instrument (Arradiance Gemstar) 

and a 10 nm thick HfO 2  fi lm was deposited on both sides of 

the chip to passivate the SiN membrane (Step 2). This step 

was necessary as we found that subsequent graphene growth 

on unpassivated substrates resulted in contamination with sil-

icon-based crystallites during the CVD process. After passi-

vation, a ∼200-nm-thick Cu fi lm was deposited on the bottom 

of the membrane using thermal evaporation (Step 3). Gra-

phene was then directly grown onto the Cu fi lm over nano-

apertures on SiN window using CVD at 1000 °C using CH 4  
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 Figure 1.    Freestanding graphene nano-membrane fabrication. Top: Illustration of Cu-assisted 
graphene nano-membrane fabrication over a predefi ned nano-hole in a silicon nitride support 
membrane. Bottom: Side-view of a silicon nitride membrane during our fi ve-step process 
that includes: 1) Hole array formation using e-beam lithography and reactive-ion etching, 
2) Atomic-layer deposition of a 10-nm-thick HfO 2  passivation layer on both sides of the 
membrane, 3) Cu deposition (thickness ∼200 nm) onto the bottom side of the membrane 
by thermal evaporation. 4) Graphene growth using chemical vapor deposition (CVD), 
5) Cu etching using 10% ammonium persulfate to release the suspended graphene nano-
membrane. Optical images of the chips following steps 4 and 5 are shown to the left of the 
corresponding steps. Note that in steps 2–5 only one of the fi ve nano-holes is shown.
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and H 2  gases (Step 4). Following CVD the Cu catalyst was 

dissolved using 10% ammonium persulfate, and the device 

was rinsed with DI water and isopropanol (Step 5). Finally, 

nanopores were drilled through the graphene membranes 

using TEM.   

  2.2.     Graphene Nanomembrane Characterization 

  Figure    2  a shows a back-illuminated optical microscopy image 

of a low-stress freestanding SiN membrane with fi ve nano-

holes fabricated using e-beam lithography. Deposition of Cu 

on the membrane results in a layer of Cu catalyst on one side 

of the hole array. Figure  2 b shows a back-illuminated optical 

image of the same membrane after 3-hour CVD graphene 

growth, following Cu dissolution. While the holes appear to 

be transparent, they are indeed covered with graphene: this 

is illustrated by comparative TEM images before (Figure  2 c) 

and after (Figure  2 d,e) CVD-assisted graphene growth. In 

Figure  2 c, which shows the nano-holes passivated with a 

thin fi lm of HfO 2 , holes are clearly present. The black rings 

observed around the nano-holes are due to a high contrast 

from the HfO 2  layer inside the holes. However, following gra-

phene growth the nano-holes are all covered with freestanding 

graphene membranes. In Figure  2 e, it is clear that some 

unetched nanoscopic Cu domains remain even after thorough 

dissolution treatment using ammonium persulfate, probably 

due to its trapping between different graphene layers (see 

Supporting Information, Section S2). The contrasting patches 

seen in Figure  2 e correspond to thickness variations in the 

CVD-grown graphene as the graphene fl akes themselves are 

comprised of different number of graphene layers localized 

on the membrane. The few-layer graphene fl akes are thin 

enough for rapid (5–10 seconds) nanopore fabrication using 

a highly focused electron beam of a TEM, noticeably faster 

than the typical time for drilling similar nanopores in con-

ventional SiN membranes using similar conditions. [ 57 ]  Sev-

eral nanopores in the diameter range of 3–9 nm fabricated 

in different graphene devices are shown in Figure  2 f. Raman 

spectra, which are typically used to characterize the thickness 

and quality of graphene, [ 58,59 ]  are shown in Figure  2 g. The 

three curves shown represent spectra collected from the area 

of the nano-hole arrays in three different devices (though the 

laser beam could not be restricted to solely within the hole 

area). Pronounced 2D, G, and a weaker D band, are observed 

at ∼2720, ∼1582, and ∼1360 cm −1 , respectively. It is well known 

that the quality and uniformity of CVD graphene is char-

acterized by the I 2D /I G  ratio, the peak positions of the 2D 

and G bands, and the full-width at half-maximum (FWHM) 

of the 2D band based on single-Lorentzian least squares 

fi ts. [ 50,60,61 ]  In particular, the I 2D /I G  ratio decreases as the 

number of graphene layers increases. Peak positions of G and 

2D bands, the I 2D /I G  ratio and FWHMs of 2D bands of the 

Raman spectra of three devices that we tested here confi rm 

the formation of multilayer graphene (see Supporting Infor-

mation, Section S1). [ 62 ]  The presence of a weak D-band with 
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 Figure 2.    Freestanding graphene nano-membrane characterization. a) Back-illuminated optical image of a low-stress freestanding SiN membrane 
with fi ve sub-micron diameter holes (dashed box) before CVD-assisted graphene growth (scale bar = 20 µm). b) Optical image of the same membrane 
after graphene growth and Cu removal (scale bar = 20 µm). c) Bright-fi eld (BF) TEM image of the nano-hole array following ALD deposition of HfO 2 , 
prior to graphene growth (scale bar = 2 µm). d) BF-TEM image of the same membrane after CVD-assisted graphene growth and Cu removal (scale bar = 
2 µm). e) Zoomed-in TEM image of one of the fi ve nano-holes, revealing graphene nano-domains of varying contrast, i.e., thickness (scale bar = 100 nm). 
f) BF-TEM images of representative nanopores fabricated in the freestanding nanomembranes (scale bars = 5 nm). g) Raman spectra of three 
different graphene membrane devices, collected from areas that contain the nano-hole arrays. Inset shows FWHM values of the 2D-peaks from 
single-Lorentzian fi ts (66 ± 12 cm −1 ), which indicate a multi-layer graphene structure.
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CVD-assisted grown graphene is expected because the laser 

spot (∼1 µm) is much larger than the size of a typical gra-

phene domain (20–100 nm).   

  2.3.     Ionic Conductance Measurements 

 The ionic conductance of transfer-free freestanding graphene 

membranes were studied by mounting graphene nano-mem-

brane devices into a custom-made CTFE holder that allows 

1 M KCl electrolyte solution to be placed on either side of the 

membrane. Ag/AgCl electrodes immersed in each electrolyte 

bath were used to apply voltage in the range of ±300 mV 

across the membrane, and ion currents were measured using 

an Axopatch 200B patch-clamp amplifi er. A current-voltage 

curve for a typical graphene nano-membrane device without 

a nanopore (red curve), as well as for a 7.5 nm (black curve) 

and a 20 nm (blue curve) diameter pores are shown in 

 Figure   3 . First, the mean conductance of bare graphene 

nanomembranes was in the range of 100–500 pS, as measured 

from the slopes of the current-voltage curves for ten sepa-

rate devices (four of them shown in inset to Figure  3 ). Such 

low conductance values, on par with monolayer graphene 

membranes, [ 28 ]  corresponds to an extremely low pinhole frac-

tion in the membrane. Of 50 devices tested over the course 

of the project, only 20% exhibited leakage that would cor-

respond to unintentional holes and tears. In contrast to the 

pristine devices, the ion conductance of the 7.5 nm and 20 nm 

diameter pores is much greater due to ion transport through 

the pore orifi ce. For an infi nitely thin insulating membrane 

with a circular pore of diameter  d , the ionic conductance  G  

through the pore is defi ned as: [ 63 ] 

 G dσ=   (1) 

 where σ = 0.096 S/cm is the measured specifi c conductance of 

buffer at 25°C. The calculated  G  values for transfer-free gra-

phene membranes from known  σ  and  d , indicated in Figure 

 3 , yield  d  values of 2.5 nm and 6.7 nm for the 7.5 and 20 nm 

pores, respectively. This 3-fold discrepancy between TEM-

based and measured diameters becomes clear when we pre-

sent our investigation of DNA translocation through these 

pores in the next section.   

  2.4.     Noise Characteristics 

 The noise characteristics of ion current signals through pores 

have been studied profusely. Uncoated graphene nanopores 

exhibit a high noise as compared with silicon nitride and other 

hydrophilic pores in inorganic dielectrics. In the inset to Figure  3  

we present noise power spectral density (PSD) plots for a 

∼7.5 nm diameter graphene pore at 0 mV and 200 mV. We 

fi nd that despite a similar PSD for our transfer-free graphene 

nano-membrane to that of a transferred graphene membrane 

with a similar diameter pore, [ 29 ]  the  1/f  noise increases drasti-

cally and dominates the noise upon application of a 200 mV 

bias. We attribute this increase in  1/f  noise to the poor sur-

face characteristics of the unmodifi ed graphene surface, i.e., 

hydrophobic patches [ 64 ]  and mechanically unstable pore edges. 

While coating the pores, i.e., with an ALD fi lm of TiO 2  
[ 29 ]  or 

Al 2 O 3,  
[ 65 ]  improves the noise drastically, herein we report the 

properties of the bare untreated graphene surface. Finally, we 

note that in all reported measurements we did not include 

∼20% of devices which showed a complete current overload 

(>1000 nS), possibly due to a crack through the membrane 

during fabrication or handling during device assembly.  

  2.5.     Double-Stranded DNA Transport 

 In  Figure   4 a we show a characteristic continuous 20-second 

raw current trace of a 7.5 nm pore at 300 mV voltage upon 

the addition of linear 2000 bp dsDNA to a fi nal concentration 

of 8 nM into the negatively biased  cis  chamber. The stochastic 

appearance of downward spikes corresponds to interactions 

with individual DNA molecules with the pore. Analysis of the 

pulse characteristics was carried out using OpenNanopore 

open-source software developed by the Radenovic group. [ 66 ]  

The program uses a cumulative sum algorithm to identify and 

measure the dwell time ( t d  ) and current blockade amplitude 

(Δ I ) for each spike. The inset to Figure  4 a shows example 

pulses retrieved from the analysis.  

 Scatter plots of Δ I  vs.  t d   for 225 mV and 300 mV are shown 

in Figure  4 b. The plot shows a distribution of dwell times for 

225 mV that is much broader and longer than observed for 

DNA transport through similar-diameter pores in silicon 

nitride, for example. [ 67 ]  In comparison with other graphene 
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 Figure 3.    Ionic conductance of graphene nanopores. Typical current-
voltage curves of graphene nano-membrane (red), and for  d  = 7.5 nm 
(black), and  d  = 20 nm (blue) pores. Conductance values for these 
curves are indicated in the fi gure. Top inset: current-voltage curves for 
four different graphene nano-membrane devices without pores. Bottom 
inset: noise power spectral densities (PSD) for the ∼7.5 nm diameter 
graphene pore at 0 mV and 200 mV applied voltage (sampling rate = 
250 kHz, low-pass fi ltered at 10 kHz, T = 25 °C, 1 M KCl, pH 8.3).
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pores, the mean  t d   value we have observed for 2 kbp dsDNA 

through our 7.5 nm diameter graphene nanopore at 225 mV 

translate to mean velocities that are ∼3 times slower than 

observed for transport of 15 kbp dsDNA through a nanopore 

in transferred-few-layer graphene at 100 mV. [ 29 ]  A closer 

inspection of the dwell time distributions for our experiments 

reveals two distinct populations that are resolvable in terms 

of dwell times, which we attribute to brief DNA collisions and 

full DNA translocations through the pore. The broad nature 

of the translocation population at 225 mV, which ranges 

from 0.5–10 ms, is possibly a result of sticky interactions of 

the DNA with the pore due to the hydrophobic surface char-

acteristics of graphene. Increasing the voltage to 300 mV 

increases the force applied to the DNA molecules, which 

shifts the translocation time distribution to faster dwell times 

in range 80–500 µs while greatly reducing the scatter. 

 Analysis of the most probable dwell time populations 

( t d  ) at four voltages in the range 225–300 mV is shown in 

Figure  4 c (see Supporting Information Figure S1 for details). 

Peak  t d   values decrease exponentially with increasing voltage, 

while collision times are independent of the applied bias 

voltage in the range 225–300 mV. The regular decrease in 

the spread of  t d   values, along with the exponential decrease 

in peak  t d   values with increasing voltage, points to a transi-

tion from diffusion-dominated transport at low bias values to 

drift-dominated transport at higher bias values, and suggests 

that interactions of DNA with bare graphene signifi cantly 

impact its transport behavior. 

 Finally, histograms of Δ I  at each DNA translocation 

experimental voltage are shown in Figure  4 d. We observe that 

current blockades increase linearly with voltage in the range 

225–300 mV, while the fractional blockade values, i.e.,  < Δ I>/ I o  , 
are constant in this range. This suggests that the nanopore size 

does not change during the course of the experiment and/

or at different voltages. Based on the open pore current ( I o  ) 

values and mean Δ I  values, calculation of the effective pore 

diameter  d  and effective thickness  h eff   of our graphene pores 

yields  d  = 6.5 nm and  h eff   = 8 nm. Earlier in the paper we 

have noted that in the limit of infi nitely thin nanopores, our 

calculated  G  values based on TEM measurements deviate 

by three-fold from measured values of  G . Using the infor-

mation from DNA translocation experiments, we have now 
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 Figure 4.    Double-stranded DNA transport through a graphene nanopore. a) Continuous ∼20-second long current vs. time trace of 7.5 nm pore at 
300 mV applied voltage after the addition of 8 nM linear 2000 bp to the  cis  chamber. Downward spikes correspond to DNA interactions with the 
pore. Inset shows a magnifi ed view of representative events, extracted from the trace following analysis using OpenNanopore software (fi t shown as 
red curve). b) Scatter plot of Δ I vs .  t d   at 225 mV and 300 mV (n = 1,056 and n = 788, respectively). c) Mean  t d   values as a function of voltage, which 
correspond to translocation and collision timescales (see Supporting Information  Figure S1  for details). d) Histograms of Δ I  at different voltages in 
the range 225–300 mV. Inset shows the fractional current Δ I/I o  , which remains constant in the tested voltage range.
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established that our graphene pores are indeed thicker than 

the infi nitely thin limit (i.e., single-layer graphene), hence 

resolving this discrepancy between calculated and experi-

mental  d  values. This relatively thick value is most likely due 

to the growth conditions, which can be optimized in future 

experiments by fi ne-tuning the graphene growth parameters.   

  3.     Conclusions 

 We have developed a scalable, few-step, transfer-free method 

for fabricating  in-situ  freestanding graphene membranes over 

nanoscale holes in thin solid-state membranes. The main 

highlight of our approach is that it does not require the low-

throughput physical transfer of graphene material from its 

source of production to a freestanding membrane, a time-

consuming process that often leads to cracks and tears in the 

graphene sheet, in addition to residual contamination from 

polymer supports used in the transfer process (e.g., PMMA). 

Moreover, since all steps in our fabrication process are scal-

able, the method enables the production of freestanding gra-

phene membranes over a whole wafer. We have shown that 

our graphene nanomembranes are free of pinholes, robust, 

and nanopores in such membranes exhibit similar ion trans-

port characteristics as reported devices that utilize trans-

ferred graphene. In addition, we fi nd that the ion current 

noise properties increase signifi cantly with applied voltage, 

suggesting that the graphene surface needs to be modifi ed 

to a more hydrophilic state in order to reduce hydrophobic 

pockets that dominate the noise. DNA translocation through 

nanopores in our graphene nanomembranes demonstrates 

the mechanical robustness of our devices, as the nanopores 

show long time stability and similar behavior over time. The 

high yield of devices without pinholes and cracks, which 

stands at 60–70%, makes the devices practical for experi-

ments. However, we have noted that our process has yielded 

relatively thick pores. We hope that growth parameters can 

be tuned in future studies to obtain more 2D-like mem-

branes. Finally, due to the nature of the CVD growth process, 

other 2D materials such as MoS 2  and BN should be compat-

ible with our approach. Therefore, we strongly believe that 

the novel fabrication technique we developed to produce 

transfer-free freestanding graphene membranes will pave 

the way for large-scale fabrication of graphene and other 2D 

material-based membranes.  

  4.     Experimental Section 

 Substrates for nanopore fabrication were 5 × 5 mm 2  Si chips with 
a 100-nm-thick SiN fi lm deposited on a 2.5-µm-thick thermal SiO 2  
layer, which helps to reduce electrical noise. SiN was protected with 
a 950 PMMA etch mask, and a small region (2 × 2 µm 2  square region 
with a pattern of four 450 nm-diameter holes and a central 800 nm 
hole) was exposed using Nabity NPGS e-beam writing software on 
a Hitachi S-4800 scanning electron microscope. Exposed PMMA 
was developed with 3:1 isopropyl alcohol and methyl isobutylk-
etone, and AFM- and ellipsometry-calibrated thicknesses of SiN 
were etched in a Technics Micro-RIE Series 800 etcher using sulfur 

hexafl uoride (SF 6 ) at 300 mTorr and 150 W. PMMA was removed 
using 30 min treatment with acetone and chips were cleaned with 
hot piranha followed by warm water to remove the residual PMMA. 
HfO 2  fi lms were deposited at 150 °C using a benchtop ALD system 
(Arradiance Gemstar), with tetrakis(ethylmethylamino) hafnium 
and H 2 O used as a precursor and oxidizer, respectively. A cali-
brated thickness of Cu was evaporated on the membrane side of 
the chip using a vacuum thermal evaporation system. Graphene 
membranes were synthesized using a low-pressure CVD technique 
in a split tube furnace with a 35 mm O.D. quartz tube as follows: 
Following Cu deposition, the chips were placed in the center of the 
furnace and the vacuum system was turned on. Once the pressure 
inside the furnace became ∼11 mTorr, 35 sccm of H 2  were allowed 
to fl ow and the tube was heated to growth temperature of 1000 °C. 
Upon reaching 1000 °C the H 2  fl ow rate was reduced to 2 sccm, 
and 35 sccm of CH 4  gas were fl owed for 3 h for graphene growth. 
During the growth process, the vacuum of the whole system was 
kept under 1.5 Torr. Following deposition, the furnace was allowed 
to naturally cool down to room temperature under a 35 sccm fl ow 
of H 2 . After removal of the chips from the furnace the Cu was 
etched using 10% ammonium persulfate, and then the chips were 
rinsed with DI water and isopropyl alcohol and dried under a gentle 
fl ow of dry N 2 . Raman spectroscopy was carried out using a Jobin 
Yvon LabRam HR800 spectrometer attached to an Olympus BH2 
microscope. Graphene nanopores were fabricated and imaged at 
Northeastern University using a JEOL 2010FEG transmission elec-
tron microscope operating in bright-fi eld mode at 200 kV.  

  Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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