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Control and understanding of the flow of fluids at nanoscales is of great significance to biology,

separation science, energy technology, and medical diagnostics. Nanocarbons have emerged as one

of the most promising materials for this quest, both as nanochannels and nanoporous membranes.

However, the fluid flow in these graphitic nanostructures is not well understood, and there is a lack

of straightforward route for process integration of the nanochannels. The graphene-lined nanochan-

nels (GNCs), reported here, are aimed at solving these problems, while displaying a useful anomaly

for fluidic flow. Specifically, GNCs show a large increase in the rate of removal of sacrificial mate-

rials enclosed in them. The increase is caused by 100–1000 times enhancement in the diffusivity of

etchant media in the GNCs as compared to channels without graphene lining. The enhancement

increases monotonically with a decrease in the height of the GNCs, which is not seen for the non-

lined channels. These properties, coupled with easy and scalable fabrication, make GNCs highly

suited for innovative and efficient nanofluidic devices and also for experimental investigations. We

also provide a phenomenological model which assumes enhanced diffusivity of medium only near

graphene surface to explain the observed dependence of diffusivity on the dimensions of the nano-

channels. This rationalization of the phenomenon using only the surface effects is a significant step

towards understanding anomalous fluidics of nanocarbons.VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4943085]

The fluid flow at nanoscale results from interplay of a

variety of physical effects.1–3 Better understanding of nano-

fluidics, thus, requires nanostructured devices which can be

well controlled and offer considerable flexibility of experi-

mental conditions. At the same time, such devices can help

in designing efficient and perhaps novel solutions to critical

problems in domains like separation, biochemical analysis,

and energy harvesting. Carbon can be nanostructured and

modified in myriad ways, which make it highly suited for

implementing such devices. Carbon forms also display extra-

ordinary fluidic properties,4–10 which can be tuned,11 but

many applications are marred by the lack of straightforward

process for their large scale integration and mechanistic

understanding of the said properties.

In this light, graphene offers considerable advantages for

nanofluidic implements. It can be produced on a large scale

and is compatible with the standard thin film processing.

Also, as a graphitic nanocarbon, it inherits chemical versatility

of carbon and possibly the anomalous fluid flow properties

displayed by nanocarbons. Despite these promises, graphene

has not been explored for making nanochannels.

Graphene-lined nanochannels (GNCs) fill this void and

importantly, display a useful fluid flow anomaly of graphene.

By observing the etching of straight lines of sacrificial mate-

rials (SMs) contained in GNCs, we show that the diffusivity

of etchant media is enhanced by 100–1000 times over those

in channels without graphene. GNCs containing different

SMs—a metal, a polymer, and a ceramic—display similar

enhancements, indicating that the phenomenon is related to

fluidic effects rather than the chemical identities involved in

the process. Curiously, GNCs show increase in diffusivities

when the height of channel is reduced, which is not seen for

the reference samples.

This dependence can be explained by a phenomenologi-

cal model, which assumes higher diffusivity of etchant media

in a layer near the graphene surface. The model also con-

strains the thickness of the layer to be independent of the

channel height, emphasizing the role of interactions between

the fluid molecules and graphene surface. These results are

in agreement with the recent predictions of ultrafast diffusion

of water nanodroplets on graphene.12 GNCs provide a well

controlled platform for investigating the theory further.

Additionally, the scope of these experiments extends to

studying anomalous fluidic behavior seen with other gra-

phitic nanocarbons. Similar to enhancement of fluid flow in

carbon nanotubes (CNTs), recent reports have suggested

very high flow rates of fluids between stacked flakes of gra-

phene or graphene-oxide.13,14 As the dynamic friction can be

related to diffusivity by a Stokes-Einstein type of relation, a

link is implied between the anomalous flow in these nanocar-

bons to anomalous diffusivity in GNCs. Understanding the

latter will improve the understanding of the former.

Our experiments also resolve a curiosity noted by

Bolotin et al.15 These authors found that the etching action

of HF on SiO2 was faster under graphene, compared to the

areas where SiO2 was covered with other materials. This

occurrence is similar to what we observe here.

The enhanced diffusivity of fluids in GNCs can be use-

ful in many ways. It will allow easier movement of large

molecules, e.g., polymers in confined nanochannels, which

can make bioanalysis in nanochannels more efficient.16 Such

channels can also lead to novel devices,17,18 and efficient

chromatographic and fluid separation.2
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The test samples contained straight lines of a SM encap-

sulated in graphene and protected by a transparent, imperme-

able, and robust layer on both sides (Figures 1(a) and 1(b)

with Cr as SM). The reference samples were exactly the

same, but without graphene. Cr was evaporated and litho-

graphically patterned as straight lines on graphene lying on

the SiO2 (300 nm) coated Si wafer. Another layer of gra-

phene was transferred, followed by evaporation of 100 nm

SiO2. To guard against pinholes in the final SiO2 layer, it

was capped by annealed photoresist film (APF).19 In the ref-

erence samples, no graphene was used and so, Cr lines were

in direct contact with SiO2 layers on both sides. We also

tested samples having SiO2 and LOR (a polymer, Lift-Off

Resist) as sacrificial lines. These samples have different

encapsulation materials compatible to the etchants used.19

The monolayer chemical vapor deposited graphene was used

in the experiments. It was grown on copper and transferred

using polymer support by the standard techniques.19 The

width w and height d of SM lines were in tens of lm and

�<100 nm, respectively. The height of the lines was deter-

mined by atomic force microscopy, which also confirmed

the surface smoothness after deposition of the graphene layer

(Figure 1(d)).

The as made samples were broken into pieces to expose

the SM core in the cross-section. When these pieces were

dipped in an etchant for the SM, a tunnel was formed in the

encapsulation layer, which elongated with time (Figure

1(c)). The etched length of SM, x(t), was monitored as a

function of time by periodically taking the sample out of the

etchant and optically imaging it.19 The mechanical strength

of SiO2 and APF makes the channels robust against collapse,

and we observed a repeatable increase in x(t) with time. The

time taken by the etchant medium to fill an already formed

channel is small. It is driven by capillary filling and aided by

the removal of entrapped gas by dissolution in the advancing

liquid.20 Studies on Si nanochannels21,22 indicate that the

time for capillary filling of 1mm long, one-side closed

nanochannels should be smaller than 10 s, which is only a

small fraction of time intervals used below. We also con-

firmed that the frequent removal of samples from the etchant

did not affect the results significantly.19 There was no infil-

tration of etchant between the other interfaces for any sam-

ples, as the etch action advanced only along the lines and not

radially in all directions.

Figures 1(e) and 1(f) show the optical micrographs of Cr

lines encapsulated in evaporated SiO2 and etched with cerium

ammonium nitrate (CAN, Technic No. 1 etchant). In the test

sample (Figure 1(e)), the nanochannels formed at a rate that

was �100 times faster than that in the reference sample

(Figure 1(f)). The dependence of x(t) on time is plotted in

Figure 1(g) for the two samples, contrasting the large differ-

ence. To test whether the graphene present in test sample is re-

sponsible for the faster removal of SM, we observed a sample

with 20 nm thick Cr lines, broken into two pieces. One piece

was observed as above. The other piece was subjected to O2

plasma treatment for 2 min, after etching in Cr etchant for �5

min. The plasma treatment removes or degrades the exposed

graphene lining from the already formed nanochannels. Figure

1(h) shows that both pieces were experiencing the same re-

moval rates, till plasma treatment was applied. After that point,

the removal rate of the treated piece slowed down to that of

the reference sample level. Similar behaviour was seen with

the test samples having 150 nm thick Cr lines (Figure 1(h)),

indicating that plasma has access to nanochannel interior.

We repeated the experiments LOR and SiO2 as SMs.

SiO2 was etched with dilute HF (buffered oxide etch). LOR

can either be etched with a basic developer (we used tetra-

methyl ammonium hydroxide, TMAH) or can be physically

dissolved in an organic solvent (ethyl lactate, EL) after it has

been exposed to deep UV radiation. Again, we see that the

graphene lined channels display faster removal of SM (Figure

2). It is also notable that the level of enhancement is similar in

all cases, despite differences in the liquids involved. The

enhancement of the removal rate of LOR in EL is particularly

FIG. 1. (a) Different layers used in the samples for Cr etching experiments. (b) Schematic showing graphene lining (thin grey layers) wrapping Cr lines and

encapsulated on both sides. The height d and width w of channel are indicated. (c) Cr etchant creates a nanochannel of length x(t) in time t. (d) AFM scan of a

sample showing smooth surface of graphene covered Cr line (scale bar is 5 lm). (e) and (f) Optical images of a test (t¼ 210 s, d¼ 20 nm) and a reference

(t¼ 23 580 s, d¼ 30 nm) sample, respectively, with partially etched Cr sacrificial lines (scale bars are 200lm). Such images were used to extract x(t). (g) The

increase in x(t) with time t for the two samples. (h) x(t)-t plots showing O2 plasma exposure slows down the SM removal rate compared to the untreated parts

of same samples. The arrows denote time at which plasma was applied.
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striking since no chemical reaction takes place. It hints that

the transport effects are causing the enhancement.

The removal of SM proceeds by the diffusion of etchant

molecules from the mouth of nanochannels to the liquid-

solid interface. The etchant molecules dissolve SM, and the

products back-diffuse to the bulk etchant from the interface.

The higher rate of increase in x(t) in GNCs can be either due

to accelerated reaction at the interface or due to faster trans-

port of the reactants and products from the interface. On

long time scales, as we are dealing with, the removal rate is

expected to be controlled by the diffusion process. This was

already indicated in the tapering of the removal rate with

time (Figures 1(e) and 1(f)).

The etch profiles generated from a diffusionally con-

trolled process have been analytically treated by Kuiken

et al.22 Their analysis, based on Fick’s second law, showed

that under the assumption that the rate constant for the reac-

tion is large, the etch length x(t) is given by

xðtÞ � 0:543B�2=3ðDtÞ1=2: (1)

Here, D is the diffusivity of the etchant molecules and B is a

constant that is much greater than unity. According to

Equation (1), when the diffusion process governs the form of

x(t), the plot of x(t) against t1/2 should be a straight line. The

slope of the straight line yields the value of diffusivity D, if

B is known. For Cr, B is �1770.19 For LOR, we use BLOR in

the following.

Figure 3(a) plots x(t) vs �t for several thicknesses of Cr

lines in GNCs, producing almost straight lines, thus confirm-

ing diffusion controlled process. The slopes of lines increase

with decreasing thickness, implying that the diffusivities

increase with decreasing height of the channels. The refer-

ence samples show similar straight lines in x(t) vs �t plots

(Figure 3(b)), but the slopes of these straight lines show no

trend with change in height of the Cr lines. The diffusivities

calculated from these plots are shown in Figure 3(c) as a

function of height and width of Cr lines. The enhancement in

diffusivities in GNCs is 2–3 orders of magnitudes over the

reference channels (Figure 3(c), inset) and is clearly depend-

ent on the height of the channels. The height of the reference

channels shows no correlation with the diffusivities in those

channels. The width of the channels in either case does not

have any effect on the diffusivities. For Cr reference sam-

ples, the diffusivities are somewhat higher than the self-

diffusivities of water near room temperature (�3 � 10�5

cm2/s).23 This match provides a check that the diffusion in

nanochannels of reference samples is not significantly differ-

ent from what one can expect in bulk.

Similar observations are valid for sacrificial lines made

of LOR etched with TMAH (Figures 3(d)–3(f)). Again,

GNCs display higher diffusivities compared to reference

samples, and the diffusivities tend to decrease with channel

height only for GNCs.

A way to accelerate the diffusion controlled etching pro-

cess in micro-nanochannels have been demonstrated using

galvanic coupled metals.24,25 In this scheme, the SM line is

kept in contact with another metal having lower electro-

chemical activity and which is exposed to the bulk etchant.

During the etching of the nanochannel, the SM is oxidized at

the etch front and transported to the channel mouth by diffu-

sion. However, due to the galvanic coupling, the reduction in

the etchant can occur on the surface of the low activity

metal, far away from the etch front and outside of the chan-

nel. Thus, the removal rate only depends on the local con-

centration, i.e., local solubility, of dissolved SM at the etch

front, which can be quite high. The process requires a redox

reaction between the SM and etchant and a conductive path

to the lower activity metal. The channel dimensions should

not affect the removal rates.25

The experiments with polymer (LOR) and ceramic

(SiO2) SMs depicted in Figure 2 indicate that galvanic cou-

pling is not the cause of the fast etching in GNCs. Both these

materials are electrically insulating, debarring the formation

of galvanic pair with graphene. Further, these etch processes

do not involve any redox pairs, and the dissolution of LOR

with an organic solvent is not even a chemical reaction. The

display of fast etching with these materials with same order

of magnitude enhancement as Cr implies that changes in

physical processes rather than the chemical ones are the rea-

sons for the anomaly.

We suggest that the increase in diffusivities of etchants

in GNCs is due to the higher diffusivity of the etchant

medium in the vicinity of the graphene surface. A recent the-

oretical study12 suggests that clusters of water molecules co-

move with the intrinsic ripples in the free-standing graphene.

The increase in surface diffusivity comes due to this faster

transport of the clusters, yielding 2–3 orders enhancement

over self diffusivity in bulk water. The enhancement is simi-

lar to the data presented here. It was also suggested that the

diffusivity is enhanced as long as there is a coupling between

the adsorbates and graphene, implying enhancement for vari-

ous fluids. Again, our experimental observations of SiO2

etched in the dilute HF and LOR etched in aqueous TMAH

and an organic solvent (EL) is aligned to these predictions.

Further experimentation is needed to confirm the realisation

of ripple assisted enhancement in fluid diffusivity in GNCs.

One can also view the increase in diffusivity as another as-

pect of the orders of magnitude lower friction26,27 observed

FIG. 2. Comparison of etching of different sacrificial materials in graphene

lined (greys) and reference (reds) channels. Chemical reaction with tetra-

methyl-ammonium hydroxide (TMAH) and physical dissolution in ethyl lac-

tate (EL) after deep UV exposure was used to remove the polymer LOR

(lift-off resist). Dilute HF was used to etch SiO2 lines. In all cases, GNCs

offer higher removal rate compared to the reference channels.
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on the graphene surfaces, since diffusivity and dynamic fric-

tion are inversely related. This connection can be confirmed

by tuning friction, say, by changing strain28 and observing

change in diffusion.

A phenomenological model that encodes the suggestion

of high diffusivity of fluids near graphene surface is pre-

sented now. Consider the transport of the etchant and the

reaction products to and from the liquid-solid interface and

the bulk liquid (Figure 4(a)). The diffusive transport is com-

posed of two streams, one in contact with the graphene sur-

face and the other occupying the core of the nanochannel.

We assume that the diffusivity of etchant media in the for-

mer is D1 and D0 in the latter, which is equal to bulk diffu-

sivity of media. We neglect the transport in the direction

parallel to the height of the channel.18 The extent of stream

in contact with graphene surface is assumed to be e (�d/2),

which is independent of the height of the channel. Then, total

diffusional flux J, per unit time, across a thin slice of thick-

ness dx, is the sum of liquid diffusing in stream J1 and that

diffusing in the rest of the volume (J0). Using the standard

diffusion equation, we get

J ¼ wdD
dc

dx
¼ J1 þ J0

¼ 2w�þ 2� d � 2�ð Þð ÞD1

dc

dx
þ w� 2�ð Þ d � 2�ð ÞD0

dc

dx
:

(2)

Here, dc/dx is the concentration gradient for the etchant

across the slice. The terms in brackets are respective cross-

sectional areas of the two streams. Then, the overall diffusiv-

ity D is

D ¼
2�

d
þ 2

�

w
1�

2�

d

� �� �

D1 þ 1�
2�

d

� �

1�
2�

w

� �

D0:

(3)

As w�d> e in our experiments, we can approximate D

D ¼
2�

d

� �

D1 þ 1�
2�

d

� �

D0: (4)

In other words, D is of the same order of magnitude as D1 or

D0. The large experimental value of D, which is much large

than D0, implies that D1 � D0, so that the flow is character-

ized largely by the first term. If so, D is inversely propor-

tional to d, with constant of proportionality of 2eD1, and the

plot of ln(D) vs ln(d) should be a straight line with slope �1.

According to these equations, the width of the lines has neg-

ligible impact on the removal rates.

The plots in Figures 4(b) and 4(c) demonstrate this to be

the case. The logarithm of the observed diffusivities is plot-

ted against thickness of the sacrificial lines in Figures 4(b)

and 4(c) for Cr and LOR, respectively. The slopes of these

FIG. 3. (a) x(t) plotted against �t for Cr

lines in graphene lined nanochannels

(GNCs). (b) x(t) plotted against �t for

Cr lines in the reference nanochannels.

(c) The diffusivities from slopes of x(t)

vs �t plots as a function of height d of

the nanochannels. The diameter of

bubbles indicates the width of Cr lines.

The inset shows same data for the ref-

erence samples. The dashed curve is

trend line plotting 1/d. (d)–(f) Same

data for LOR lines etched with

TMAH.
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curves are close to �1 and confirm the inverse linear rela-

tionship between the two quantities.

We argue in the supplementary material19 that our

observations require e to be independent of channel height,

which in turn implies that only surface effects are responsi-

ble for the anomaly. This also implies that when channel

height (d) is less than 2e, the diffusivity should not change

with further decrease in channel height. The lowest channel

height in our experiments was 15 nm, which restricts e to

<7.5 nm, as we do not observe flattening of diffusivity with

the decreasing channel height. The constancy of e is also

born out of the ripple driven transport discussed above. In

such a scenario, the coupling between the surface move-

ments and the water molecules is effective up to a decay

length,29 given by (2n/x)1/2, where n is the kinematic viscos-

ity and x is the angular frequency of surface oscillations.

Using x of the order of a THz,29 the decay length comes out

to be �1 nm, which agrees with our observation.

The rationalization of the flow properties using surface

effects only is of particular significance. It implies that the

anomalous fluid movement near graphitic surfaces is not

contingent on confinement. According to our experiments,

the increase in confinement (decrease in the nanochannel

height) only adds more weight to the surface processes,

accentuating their effects.

In conclusion, we have demonstrated a large enhance-

ment in etch rates of SM lines in GNCs. Our data shows that

the diffusivities of etchant medium increases by 2–3 orders

of magnitude compared to reference channels. A model was

proposed for the observed decrease in the enhancement of

diffusivities with the increasing channel height. Our experi-

ments can be suitably modified, e.g., by use of electronically

controlled doping, modified graphene, or by use of other

SM-etchants combinations to investigate this relationship in

more detail. Although we have not shown it here, circuits

involving GNCs can be made on wafers scale by the standard

lithography. This is not easily possible with carbon nano-

tubes or carbon nanopipes, which despite showing promise

for high performance nanofluidic devices have not been used

appreciably. We expect GNCs to achieve that promise and

germinate new ideas in many areas.
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phene lining and the latter around the core. Only outgoing diffusive currents

are shown. (b) Log-log plot of diffusivity (D) vs. height (d) of the nanochan-

nels for etching of Cr in CAN. The slope of best fit line is shown and the di-

ameter of bubbles corresponds to the width w of the lines. (c) Same plot for

LOR etched in TMAH, with the slope of best fit line.
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