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ABSTRACT

A simple optical method is presented for identifying and measuring the effective optical properties of nanometer-thick, graphene-based materials ,
based on the use of substrates consisting of a thin dielectric layer on silicon. High contrast between the graphene-based materials and the

substrate is obtained by choosing appropriate optical properties and thickness of the dielectric layer. The effective refractive index and optical

absorption coefficient of graphene oxide, thermally reduced graphene oxide, and graphene are obtained by comparing the predicted and
measured contrasts.

Identifying and characterizing a single nanometer-scale layer, For the past two years, we have focused on simpler methods
or a small number of layers, of materials such as graphite, that allow the use of standard confocal microscopy for rapid
any of a number of clays, or metal dichalcogenides such asidentification and characterization of the optical response of
WS, is challenging yet critical for the study of such thin sheetg:8

materialst? Scanning probe microscopy methods, such as
atomic force microscopy (AFM), can both identify the
presence of such thin sheets and determine their lateral an .
vertical dimensiond. Because these methods are time sheets. Interference techniques have been used for over half

consuming at the resolution required to discriminate between@ Ce€Ntury to allow f(())r the imaging of low-contrast and
single and bilayers of a material, the scan area must betransparent samplés? Over the past decade, microscopy

restricted. Scanning electron microscopy can also, in prin- Of fluorescent monolayers has been enhanced by incorporat-
ciple, be used for identification of individual layers versus ing a thin dielectric layer between the material and a
multilayer sheets, but this imaging typically induces the reflective substrat&. Fabry-Perot interference in the dielec-
formation of a layer of contaminant in the exposed redion. tric layer modulates the fluorescence intensity, allowing the
Optical methods, on the other hand, offer the potential for determination of the thicknesses of surface layers with
rapid, nondestructive characterization of large-area samplesnanometer precisiotf.Recently, a similar method has been
Ellipsometry, for example, is widely used to determine the used for the identification of single graphene shééts.
optical constants and thicknesses of thin films. Standard Graphene monolayers and multilayers were deposited on
ellipsometers, though, require samples with lateral dimen- sypstrates consisting of a silicon wafer with an intermediate,
sions well over a millimeter. By contrast, imaging ellipsom- 300 nm thick silicon dioxide layer, and the monolayers were
etry can have submicrometer resolution and may be usefulygjitatively identified by their weak contrast under white
for probing optical constants and thicknesselsvestigations ;¢ jjjumination. The contrast between the graphene layers
into this method are ongoing and will be reported elsewhere. and the substrate has been modeled using a multilayer

interference methotf:* It was thereby shown that contrast

In particular, we have investigated the use of substrates
adesigned to interferometrically enhance the visibility of thin

* Corresponding author. Tel: (847) 467-6596. Fax: (847) 491-3915.

E-mail: r-ruoff@northwestern.edu. could be improved by using narrow band illumination,
T i i . . . .
. E%émwngsﬁggoggivféﬁgémry thereby allowing for the straightforward determination of the
§ Ryerson University. number of graphene layets® Spectral resolution of the
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droplets of such a colloidal suspension on a surface yields
almost exclusively individual layers, hereafter referred to as
graphene oxide. According to our own measurement, graphene
oxide is not electrically conductive and its optical properties
are thus expected to differ markedly from those of graphite.
We have found that the electrical conductivity of individual
layers of graphene oxide can be increased by heating them
in vacuum or through appropriate chemical reduction, making
it a material of interest for electrical devic&sAs we show
here, the thermal treatment of the graphene oxide layers also
alters their effective optical properties.

To optimize the substrate, we have calculated the expected
contrast between light reflected from the sample with and
without the graphene oxide layer. Figure la shows a
schematic of optical reflection and transmission for the
layered thin-film system. For a dielectric film on a substrate
(here, Si), the system has two interfaces; with the addition
of the graphene oxide layer, a third interface is added.
Because a portion of the beam is reflected from each interface
and the rest is transmitted, an infinite number of optical paths
are possible. The amplitude of the reflected beam is a result
of interference between all these paths and is determined by
the wavelength of the incident beat, its incident angle,

0; the refractive indicesn, of the layers; their absorption
coefficientsk; and the layer thicknessea$?1-22In this model,

we treat the graphene oxide sheet as a thin slab of material
with a certain refractive index and absorption coefficient.
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Figure 1. (a) Optical reflection and transmission for layered thin- 2) and the dielectric layedg = ds(ns — iks) cos 2t04/4), as

film system: dielectric film on silicon substrate (left), thin sheet . .
added on dielectric film (right). (b) Index of refraction of silicon Well as the amplitudes of the light reflected at the three
dioxide (solid line) and stoichiometric silicon nitride (dashed line). interfaces, between air and the thin layer of matenig), (
(c,d) Contrast as a function of wavelength and film thickness for between the thin layer of material and the dielectric layer
(c) silicon dioxide layer and (d) silicon nitride Igyer, each on Si. (r2), and between the dielectric layer and the silicon layer
Calculated contrast dependence on the material refractive index,, ;.

n, and optical absorption coefficieri, for (€) a 275 nm thick silicon (rs)
dioxide layer and (f) a 64.5 nm thick silicon nitride layer, assuming
an optical wavelength of 543 nm and a numerical aperture of

; P latelet —
illumination of 0.29. platelet

r, +r,exp2id,) + [rir, + exp(—2id,)]r; exp(—2id,)
L+ rr,exp(=2id,) + ryexp=2idy)[r, + ry exp(=2id,)]

€
contrast was used for approximate determination of the
optical properties of graphene layéfsHowever, limited
contrast was observed for single layers, with the reflectivity In the absence of the thin layer, the total reflected amplitude
from the thin sheet at most 10% less than the reflectivity is expressed in terms of the phase change across the dielectric
from the bare substrate. Here, we show that the substratdayer ), = ds(n; — iks) cos 26,/1) and the amplitudes of
can be optimized to provide for much higher-contrast the light reflected at the two interfaces, between air and the
imaging, allowing reflectivity from single layers to be more dielectric layer ;) and between the dielectric layer and the
than 12 times that from the bare substrate. The high visibility silicon layer ¢):
allows for systematic comparison of observed contrast to the
calculations leading to a quantitative determination of the
effective optical properties of the thin sheets on the substrates.
The thin sheets that we focus on in this study are graphite
oxide layers. Graphite oxide is a layered material that can
readily be exfoliated to form stable colloidal suspensions in The reflected intensity can be obtained by multiplying the
water!®1® At an appropriate concentration, evaporation of reflected beam amplitude by its complex conjugét&he

_ it ryexp(=2id)) )
I dielectric = 1+ rllrlz exp(—2ié'2) ( )
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Figure 2. Confocal-microscope images of a graphene oxide single sheet with a 72 nm thick silicon nitride intermediate layer at three
different excitation wavelengths: 488 nm (a,b), 543 nm (e,f), and 633 nm (i,j), before (a,e,i) and after (b,f,j) thermal treatment. Intensity
plot across the 10@m long section AA-AA’ before (-) and after®) thermal treatment: 488 nm (c), 543 nm (g), 633 nm (k). Calculated
contrast as a function of refractive index, and extinction coefficientk, of the graphene oxide sheets at three different wavelengths:

488 nm (d), 543 nm (h), and 633 nm (I). Contrast values measured from confocal images are included to show the change in optical
properties before (solid line) and after (dashed line) thermal treatment.

%-""' (c) incidence to the maximum incident angle, which is deter-
Gish o il mined by the numerical aperture of the microscope objective
E” QUL’\.. and the diameter of the incident beam. For calculation of
H15 &= the reflection amplitudes and phase changes and details on
Ew-l- - the angular integration, see Supporting Information.

2 05 The visibility of the graphene oxide films is characterized
=15() in terms of the Michelson contr&ét

[}

=

E o . . e contrast= Riateriai — Ruielectric 3)

E 0.5] < X e Rmaterial+ I:zdielectric
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Sool UVVTLT whereRmaweriaiis the reflected intensity with the material and
="13) Ryielectric IS the intensity without the material. If the value of

2 the contrast is zero, the material is not detectable; if the value
= is between 0 and-1, the material appears darker than the
3™ - substrate; and if it is between 0 anell, the material is

'Té ﬁﬂ.r‘-%,.f brighter than the substrate.

S s Silicon dioxide and silicon nitride are commonly deposited

on silicon and are thus good candidate dielectrics for

Figure 3. Confocal microscope images of a folded graphene oxide €nhancing the contrast of thin layers. Their suitability can
sheet with a 64 nm thick silicon nitride intermediate layer at three be determined by calculating the expected contrast as a
different wavelengths: (a,b) 488 nm, (d,e) 543 nm, and (g,h) function of the incident wavelength and of the dielectric film
6?0? ggbggfgg %dr'r?)l é":d ::gt:o(r?’m;%r[)neilotrr:?t?:r?é';?tt:rnSitythiCkness' We consider silicon dioxide deposited by a wet
E)O) thermal treatmﬁent forgwavelengths of (c) 488 nm, (f) 543 nm, the_rm‘f’" OX|d_at|0n method and silicon mtr.lde dgposned by a
and (i) 633 nm. stoichiometric growth method, as described in Supporting
Information. Figure 1b shows the measured indices of
reflected intensity is averaged over the angle of incidence, refraction for these two films. Both dielectrics have negligible
6, assuming that the incident laser beam has a Gaussiarextinction coefficients. On the basis of these optical proper-

intensity profile. The integration was taken from normal ties, the contrast was calculated, assuming as a starting point
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Table 1. Layer Thicknesses Measured by AFM

thickness after
thermal treatment

thickness before

number of layers ~ thermal treatment

1 1.25 + 0.08 nm 1.31 + 0.10 nm
2 2.23+0.11 nm 1.97 + 0.08 nm
3 3.21 +£0.21 nm 2.79 +£ 0.14 nm
4 4.26 £+ 0.25 nm 3.28 + 0.06 nm

that the graphene oxide layer has= 2, k = 0, andd = 1

nm. Results for the silicon dioxide layer are shown in Figure
1c-1,c-2. The contrast oscillates slightly around zero with a
period that increases with the wavelength of the incident
light. Calculated contrast for the silicon nitride intermediate
layer is shown in Figure 1d-1,d-2. Compared to the silicon

dioxide case, the contrast oscillates at a higher frequency ad

thickness increases with significantly higher maxima and

significantly lower minima as the thickness increases.
With a silicon nitride substrate, high contrast can be

obtained for a wide range of optical properties of the thin

optical properties, provided that a narrow band light source,
such as a laser, is used for illumination.

To verify this prediction, we prepared silicon wafers coated
with 61.2, 63.0, 65.5, 67.7, and 71.9 nm of silicon nitride.
The thicknesses were measured by spectroscopic ellipsometry
and were found to have a variation of approximately 9%
across a 4-inch wafer. Figure 2 shows confocal microscope
images of a single layer of graphene oxide deposited on the
72 nm thick silicon nitride substrate. As expected, the
contrast changes depending on the wavelength of the incident
light. The normalized intensity profiles of a graphene oxide
sheet, measured at the same cross section before and after
thermal treatment, clearly differ, as shown in Figure 2c¢,g,k.
When the sheet thickness was checked by scanning the same
egion by AFM, no significant change of the thickness of
the material was detected, implying that the effective optical
properties of the material have been changed.

Figure 2d,h,l shows the calculated contrast, as defined in
eq 1, as a function of the effective optical properties of the

sheets. Figure 1e,f shows the change in the contrast as thénaterial layer. Two lines of contrast, before and after thermal

refractive index and absorption coefficient of the thin layer

treatment, are drawn on the surface and are projected on the

are changed at optimized dielectric-layer thicknesses andplane of optical properties of the material layer. (Details of

optical wavelengths. These results imply that the use of
silicon nitride intermediate layers will be effective not only
for detecting thin sheets, but also for fitting their effective

how experimental contrast is determined are given in
Supporting Information.) Although the lines clearly show
that the effective optical properties have changed due to the
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Figure 4. Measured contrast vs thickness of graphene oxide, befojeaqd after @) thermal treatment, and calculated contrast before

(solid line) and after (dashed line) thermal treatment for wavelengths of 488 nm (a), 543 nm (d), and 633 nm (g). Contour map of the mean
square error between the measured and the calculated contrast for wavelengths of (b,c) 488 nm, (e,f) 543 nm, and (h,i) 633 nm, before

(b,e,h) and after (c,f,i) thermal treatment.

3572

Nano Lett, Vol. 7, No. 12, 2007



1.0 (a) X s
05
0 A
ety 0.1
‘Eﬂ.u /1 eesesxt
05 : 0.05
-1.0
58 60 62 64 66 68 70 72 74 1.5
film thickness (nm)
1.0 ‘
. 0.4
05
E . 0.3
=001
§ - 1 : 0.2
08 . 0.1
1.0
58 60 62 64 66 68 70 72 74
film thickness (nm)
1.0
(2 .05
0.5 04
i )
guo .03
g Mg M’G‘.‘ﬁ—— !
o 02
0.5
: 01

'1"'58 60 62 64 66 68 70 72 74
film thickness (nm)

Figure 5. Measured contrast vs thickness of intermediate silicon nitride film befoYeand after @) thermal treatment and calculated

contrast before (solid line) and after (dashed line) thermal treatment at wavelengths of 488 nm (a), 543 nm (d), and 633 nm (g). Contour
map of the mean square error between the measured and the calculated contrast for wavelengths of (b,c) 488 nm, (e,f) 543 nm, and (h,i)
633 nm, before (b,e,h) and after (c,f,i) thermal treatment.

thermal treatment, they do not provide sufficient informa- thickness. The best fit was found by minimizing the mean
tion to give values ofn and k. We therefore systematic- square error between the measured and calculated contrast:
ally investigated the dependence of the contrast on graphene

oxide layer thickness, dielectric layer thickness, and optical mean square errer

wavelength and fit the results to theoretical calcula-
tions. Z (measured contragst calculated contragt/N (4)
=

Figure 3 shows images of graphene oxide sheets with
folded structures on the 64 nm thick silicon nitride layer.
The number of graphene oxide layers can be determined bywhere N is the number of data points. The adjustable
evaluating the folds in the sheets. Up to four layers of a parameters are the optical constamtarfdk) of the material
folded graphene oxide sheet can be identified in the sectionlayer; the thickness of the material was assumed to be 1 nm
AA—AA'. For an incident wavelength of 543 nm, very large (corresponding to thicknesses measured by AFM). In Figure
contrast changes result from thermal treatment of the 4b.c.e.f,h,i, the mean square error is shown on the plane of
material. Because the contrast change is related to theoptical properties of the material layer. The mean square
effective optical properties and the thickness of the material €rrors for incident wavelengths of 488 and 633 nm do not
layer, the thickness was measured by AFM before and afterhave a single minimum in the plane of optical properties,
the thermal treatment. The results, given in Table 1, show but the 543 nm result has a localized minimum, clearly
that the thicknesses of multiple layers of graphene oxide areshowing that both the effective extinction coefficient and
reduced after the thermal treatment with the decrementthe index of refraction increased with the thermal treatment.
becoming larger as the number of layers increases. ThisWe thus suggest that the thermal treatment has partially
suggests a decrease in the thickness of intercalated watereduced the graphene oxide sheet, increasing bathd k
layers?® an important issue for studying multilayer stacks toward the values for pristine graphene.
of graphene oxidé>*’ In Figure 5a,d,g, contrasts measured from substrates with

In Figure 4a,d,g, the measured and calculated contrastdifferent silicon nitride thicknesses are shown, along with
are shown as a function of the measured graphene oxidecalculated values. The fitting results again show that the

Nano Lett., Vol. 7, No. 12, 2007 3573
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B, and By are assumed to be 3000 and 1500, respectively.

&
tn

-1.04
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faffectlve index of refraction and extinction coefficient bqth Figure 7. Measured contrast vs thickness of graphene (points) and
increased as a result of the thermal treatment (see Figurezalculated contrast (lines) at three different excitation wave-
5e,f). lengths: 488 nm (a), 543 nm (c), and 633 nm (e). Confocal
We also investigated the effect on the contrast of changingmicroscope images at GSC:NWiiV?Leﬂgth (insetds)- %0?;0ur Talf ;de
H ] H : H mean I rror n m I n
the optical wavelength for a fixed dielectric-layer thickness coitraes? fos;q\ljvz\(/eeﬁa ngthseofe(?o) 4§8 ni?,s% d? 5‘23 nm? Z";‘]g“(% e
of 67 nm by performing confocal microscope measurements g2\, 1\
with a continuously tunable light source. In Figure 6a, the
measured and calculated contrast values are shown abf deposited graphene was thus obtained and are shown in
different wavelengths. In this case, we have observed Figure 7a,c,e. In this case, measurement errors are primarily
contrasts higher than 0.8, which correspond to reflection from associated with the uncertainty of the thicknesses determined
the graphene oxide layer 12 times higher than from the bareby AFM. In Figure 7b,d,f, the mean square error is shown;
substrate. To fit the measured data, the effective optical it is minimum forn ~ 2.5 andk ~ 1.3. These values are
properties are assumed to obey Cauchy functians: A, significantly higher than those for the thermally treated
+ By/A2 andk = A, + BW/A?, with constantd3, and By taken graphene oxide sheet, but lower than the values reported in
to be 3000 and 1500, respectivéiyThe results indicate that  the literature for bulk graphité.
that A, increases from 2.& 0.2 to 2.1+ 0.2 andAy from In conclusion, it has been shown that a single layer of
0.3+ 0.1 to 0.6+ 0.1. With the aforementioned values for graphene oxide can readily be identified with optical
B, andBj, the values of before and after thermal treatment microscopy by use of a properly designed substrate. The
are 2.0 and 2.1, and the values lofare 0.30 and 0.55, contrast between the sheet and the bare substrate depends
respectively, all at a wavelength of 633 nm. To show that on the thickness and optical properties of an intermediate
these optical changes are related to physical changes in thelielectric layer, as was confirmed by confocal microscope
material, we have performed transport measurements on theneasurements. We compared the measured contrast with
single graphene oxide sheets before and after thermaldetailed calculations for graphene oxide layers before and
treatment. As shown in Figure 6b, it was found that the after heating in vacuum. The results suggest that as a
untreated material was electrically insulating and became consequence of the thermal treatment, both the effective
conductive after thermal treatment. index of refraction and the effective extinction coefficient
We also performed preliminary investigations of the increase. Further optimization of the contrast should be
effective optical properties of graphene sheets on the samepossible, for example, by using narrower bandwidth light
substrates. The thickness of graphene layers were measuresdources, leading to more precise determination of effective
in several locations by AFM, and confocal microscope optical properties. The method we have demonstrated should
images were acquired for excitation wavelengths of 488, 543, be applicable to thin layers of a wide variety of materials,
and 633 nm. The relation between the contrast and thicknessallowing for their rapid imaging and optical characterization.
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