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This work describes the broadba&@ response of graphene grown by Chemical Vapor

Deposition (CVD) by com 'Mahertz Time-Domain Spectroscopy (THz-TDS) at

"‘)W%‘Fourler Transform Infrared Spectroscopy (FTIR) at 11-210
S

0.25-1.7 THz (8-60 ¢
THz (370-7000 own that the measured response is well described by a
combination({f the rudé model, expressing free-carrier absorption/reflection, and an
expressi ﬁ)%qnd absorption. The THz-TDS and FTIR transmittance curves are

fitte cmyist ly using this model. This indicates that these techniques are complementary
0each e( Both can thus be employed together or individually to characterize the
.\e&qgk properties of graphene (e.g. carrier density and mobility). To exemplify this we
den}mstrate that this equivalency can be used to study the effect of substrate-dependent

S “doping on the optical response of graphene. Furthermore, the amount of reflection and

absorption corresponding to the measured transmittance curve is calculated. The toolbox

for the non-invasive broadband characterization of graphene is thus extended by this work.
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Publishing 1. Introduction

Graphene, a free-standing single atomic layer of graphite, was first isolated in 2004'. Since its
discovery, research on graphene has grown exponentially? as it possesses a number of unique
properties. For instance, graphene combines a very high electrical ah%rmal conductivity,

mechanical strength and transmittance for visible light (97.7%).>* zhene’s exceptional charge
thereb

carrier mobility’ makes it conductive at low carrier den 'ties, avoiding free-carrier

absorption of visible and even infrared (IR) light.® This is@ssential for optoelectronic devices such

as light-emitting diodes, displays and touch scrcns ere3 both a high conductivity and

transparency are required.” For example, grapk%nl‘ t as a conductive electrode that is

transparent for visible as well as IR light, tle\}eh)® ncing the efficiency of (IR converting®)

solar cells.”? Furthermore, graphene has re Meived attention as a microwave-blocking and

IR/visible/UV-transmitting coating<hi ﬁe'required at the diagnostic windows in nuclear fusion

Q

The optoelectronic capa 'lidw%f graphene have been explored through experimental research

reactors. '”

regarding its trans 1tta?ce in/ the microwave''"13, terahertz (THz)%'>!'*16, infrared®!”!$,
t/(UV)7’18 range of the spectrum. However, experimental data fully

visible®7:18-20 anq/a]tra\w;
describing tr @sion, reflection and absorption for this entire range (i.e. microwave up to UV

radiation)4 se’arc? available.

-
Thi§_\ \Ss@b)onstrates that the broadband optical response of graphene is well characterized by
a mbinétion of THz Time-Domain Spectroscopy (THz-TDS)?!*2 and Fourier Transform Infrared

}ctsoscopy (FTIR)*. These diagnostics are applied to measure the transmittance of large-area
CVD-grown graphene in the THz (0.25-1.7 THz or 8-60 cm™) and IR regime (11-210 THz or 370-

7000 cm™). It is shown that the measured optical response is accurately described by the Drude

2
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Publishimgdel combined with an expression for interband absorption. This model is used to fit and
extrapolate the transmittance data and to determine the electronic properties (i.e. carrier density
and mobility) of graphene. It is also demonstrated how this method can be employed to determine
the effect of (substrate-dependent) doping on the optical response 6f graphene. Finally, the
reflected and absorbed fraction of power corresponding to the Ryasur transmittance is

calculated. \

T~
2. Experimental methods -~

Figure 1 provides a schematic description of the ger@ experimental procedure carried out in this

work. As mentioned in the introduction and described in.Figure 1, the optical measurements are

Mn by Chemical Vapor Deposition (CVD).

Following the standard process reported l)y\ﬁquurt et al.?* methane gas is used as the precursor

~
ing spin-coated PMMA the graphene is afterwards

performed on large-area graphene (i.e. ~1 ¢

5

/

for graphene growth on copper

transferred to the desired substrate. ough samples with different substrates will be discussed

in Figure 4, silicon is us a?ﬁhi‘default substrate (>20 kQcm, 510-540 um thick, double sided
polished) which has N;)Oo sparency for THz and IR radiation. This transparency is high
enough to reliabl m&g {substrate-normalized transmittance Tsf /T, of the graphene by THz-

TDS?!22 a aﬂ. Here Ts; is the transmittance of the substrate and film (i.e. silicon and

graphene) T 1/9 the transmittance of the substrate only. Afterwards, the substrate-normalized
—

transni tanceﬁs fitted using an optical model in which the optical conductivity of the graphene is
—

d cribecsby the Drude model combined with an expression for interband absorption.

>Ih Schematic description of the adopted experimental procedure. First, graphene is grown by CVD on copper foil, after

which the graphene is transferred to the desired substrate using spin-coated PMMA.** Next, the transmittance of THz and IR
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Publish i‘Wg‘ tion is measured through a reference substrate and through the sample using THz-TDS*"->? and FTIR?, respectively. Finally,

the transmittance of the sample is normalized by the transmittance of the substrate and analyzed using an optical model.

3. Results and discussion

A typical substrate-normalized THz-TDS and FTIR transmittance n{urz\emfnt is presented in
Figure 2 for CVD-grown graphene on silicon. A high transmittan is}easur d for IR radiation,
while the transmittance is strongly reduced in the THz regi _%Je free-carrier absorption and

reflection. In the near infrared (i.e. at wavelengths below,~3 pm) the transmittance is reduced by

interband absorption: electron excitation from the valence band into the conduction band. This

-

-

response is comparable to results found in literatare Afar similar large-area graphene.®'*+!”
Moreover, measurements of different sampl%\{ha e presented in Figure 4, indicate that this

response is well reproducible.  —

Figure 2: Typical substrate-normalized trans itrane)/bneasured by THz-TDS and FTIR for CVD-grown graphene on a

silicon substrate. The THz-TDS and FTIRddata are fi consistently using a single parametrization for the optical conductivity,

consisting of a Drude response and interban%}given by equations (2) and (4).

The two mechanisms \é@xe measured and modelled optical response, namely free-carrier
Q

conduction and i?er 9i¢ation, are described by the complex frequency-dependent optical

conductivity o g:sphe . A higher (two-dimensional) optical conductivity increases the amount

absorptio anc}/o eflection. This can be seen from the commonly used thin film approximation
strate-

for the'sub ormalized transmittance:!’
— TSf 2
3 ol TNSZOER(O-ZD)a (1)

}:r?lvs is the refractive index of the substrate, Z, = 1/(€yc) = 377 Q is the vacuum impedance

and o, is the two-dimensional conductivity of the film (i.e. bulk conductivity X film thickness).
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PublishiBg using an expression for graphene’s optical conductivity the measured substrate-normalized

transmittance is fitted. This expression consists of two terms: gi3"% and o7". The first term

describes the free-carrier conduction, or specifically intraband conduction (i.e. conduction through
electron transitions within the same energy band). Intraband conduct?/ can be parametrized by
1}5

adopting the Drude model in which a phenomenological scatteri g@ d/s) describes the

amount of resistive scattering of the electrons or holes:*>%° \

ie22kpT &;‘\
intra _ B

&)

(
[ -
ajpra = Tf\\\ 3)

‘ix
for u. > kgyT. Here w is the angular cyef the electromagnetic wave, e is the elementary
N

charge, h = h/2m is the reduced&i&c{ constant, kg is the Boltzmann’s constant, T is the

2)

which approaches

temperature and p. is the chemicm&al. The chemical potential is set by the carrier density
Nop = (Ue/hvp)? /> l%)'velocity vp = 10° m/s.27%

£
A second term, deg€ribing intefband conductivity, is added to describe the optical conductivity for
the whole spe trﬁ'l)r%easured. Interband conduction takes place when the energy Aw of the
incident otc;n is*high enough to overcome Pauli blocking and excite electrons from the lower

)

into ti@i i a/c cone. This typically applies for near infrared and shorter wavelength radiation,
. In this work the interband conductivity is approximated by?

en‘hw

inter _ €~ (1 1 [hw—ZuC] i (hw+2puc)? D
w\ 92p = 5 (g T parctan 2kgT ann (hw-2uc)2+(2kgT)2))? 4)

which approaches the universal value of g, = e?/4h for hw > 2u,.
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Publishimge fit through the data plotted in Figure 2 is thus obtained by inserting equations (2) and (4) in
an optical model. Instead of using equation (1) for this purpose, more accurate equations reported
by Maley>? are used. This optical model assumes a thin film with coherent multiple reflections on
a finite substrate with incoherent multiple reflections. Moreover, a cox?‘(ant refractive index Ng =

3.42 of the silicon substrate is assumed®' and the temperature in e at@s (2)'and (4) is set to 300

K. Aside from the chemical potential and scattering rate, a s 1W1 ity 02011; fset (<20 uS) is

fitted as well. This parameter accounts for IR absorption by the MA tesidue left on the graphene
as a result of the transfer process to the final substcie. fte§ fitting the substrate-normalized
te

transmittance, the same optical model is used to ealc t‘I) transmittance Ty, reflectance Ry and
| -
absorption As of the graphene only, wher@te is excluded by setting Ny = 1 in the

calculation. -

\ S

According to the fit, the graphene \Qur in Figure 2 has a scattering rate of ' = 17 rad/s = 2.7

THz and a chemical potential‘%o. 1 eV. This corresponds to a carrier density n,p =

6.9 X 10'? cm, mobilitylr =2.0 X 103 cm?Vs and sheet resistance Ry = 4.6 X 102 Q/0 (read:

Ohm per square). THese  ya compare well to those reported in literature for CVD-grown

17,33-38

graphene. n illugtrative example of graphene’s optical conductivity, the real and

imaginary p ale fitted o,;, = o417 + giBteT are plotted against frequency in Figure 3.

> 34 ]i(.:{l] ¢ imqgfnary part of the 2D optical conductivity oi¥7® + ol¥e of graphene for I' = 17 rad/s = 2.7 THz and

eV as \&l‘ed in Figure 2. Interband excitation takes place for near IR, visible and UV radiation when hw = 2, as

described bsequation (4), while intraband conduction (equation (2)) is dominant at sub-THz frequencies where w < T.

m curve fitted in Figure 2 shows a good correspondence with the THz-TDS data and with the
FTIR data as well. This suggests that the optical response of graphene can be described for the

entire plotted spectral range by a simple Drude response and interband excitation term. Regarding
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Publishithg interband term, the calculated 2.3% interband absorption indeed agrees with measurements

done by Nair et al. using white light.'

However, equation (4) does not accurately describe
interband excitation for wavelengths below ~500 nm. Here a higher absorption is measured in
literature, reaching roughly 9% at 270 nm.”'82° This is because a cons&élt interband absorption is
only found in the linear dispersion regime of graphene where t @mductivity has the
universal value of o, = e?/4h. For energies above ~2 eV, the‘bk< e approximation is no

longer valid and an absorption peak around 4.5 eV (or 270 n 26’0'}4 be included.!3340
—

The good correspondence between the THz-TDS and ETI atasalso demonstrates that THz-TDS
and FTIR transmittance measurements of CVD-g%r@?&:ne are complementary to each other.
Both can be fitted independently following N ed approach, typically yielding the same
electronic properties (e.g. carrier density%t:\m\obﬂ-ity) within a deviation of a few percent. Here
care should be taken when ﬁttingq‘ D[a‘ef CVD-grown graphene, since IR absorption by

(PMMA) residue can signiﬁ&@\@e he fit if not properly accounted for. The indicated

equivalency of THz-TDS .and FTIR "measurements of graphene is particularly useful for cases

where the used substr e&@itable for one of the techniques. For example, the substrate can
Y.
large va

be opaque or hav gition in its refractive index in one of the spectral ranges.

N\

An example n& presented on how the shown THz-TDS/FTIR equivalency can be exploited.
Here, the Hé-T9 FTIR measurement and fitting procedure is carried out for CVD-grown
graph ;ransfe ed to three different substrates: quartz (1 sample), silicon (3 samples) and silicon
treated vw}th an Oz plasma (3 samples). Since quartz is not transparent for IR radiation, only the

‘T‘F}z-\T\ S spectrum is measured and fitted for this sample, which predicts the IR response of the

graphene as well. From the measured and fitted substrate-normalized transmittance Tsf /T, given
in panel (A) of Figure 4, the transmittance Ty of the graphene is calculated to exclude the

7
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Publishieg ribution of the substrate. The resulting T¢-curves are plotted in panel (B) of Figure 4. Most

notably, Figure 4 shows that the cutoff frequency, below which radiation is blocked by intraband

conduction, is dependent on the used substrate. Here the cutoff frequency is defined as w =T,
where R(a37) is at half its maximum value as shown in Figure 3. Tk/ ame shift is seen for the
frequency w = 2u./h above which interband absorption takes pla .ﬂhewaﬁons indicate
that the mobility and carrier density, so the doping of the g plsen is stbstrate-dependent.*'~#3
Even though the carrier density and mobility of these samp are different due to substrate-
dependent doping, their product npu is similar such tlyg;avll plés have a sheet resistance of ~500

/0 and correspondingly a ~52% transmittance fQr E@gths above 1 mm (i.e. for microwave

radiation). The observed substrate-dependel&\@ oping of graphene is in agreement with
electronic measurements and Raman spectrescopy-carried out in literature.*'** This example thus
demonstrates how THz-TDS and FTIR hwombined or performed individually to investigate

electronic behavior of graphenefin a Xqv sive way.

(ed red), silicon (three samples, solid black) and silicon treated with an O: plasma (three

Figure 4: Panel (4): Fitted substrageSmegnalized transmittance Tsg /Ty measured by THz-TDS and FTIR for CVD-grown graphene
transferred to quartz (one sa hﬂx

samples, dashed blue)?tc gz is 17 transparent for infrared radiation (Ty = 0) only the THz-TDS spectrum is measured and
fitted for this sample. Note'thgt the vedue of Tz [T is lower when measuring on a substrate with a lower refractive index, as seen

in equation 1. Pa (B)Calculated transmittance Ty of graphene corresponding to the THz-TDS/FTIR data fitted in panel (4).

The measur that the mobility and carrier density are substrate-dependent, which is reflected in a shifted cutoff

frequendy (o= T désh[fted minimum energy needed for interband excitation (hw = 2u.).

For some applications not only the transmission of graphene but also its absorption and reflection

Q%y f interest, for example to assess the amount of heat dissipated in the graphene. With the
o

same equations as those used for fitting the THz-TDS/FTIR data of Figure 2, the power

transmission, absorption and reflection corresponding to this fit are calculated and plotted in Figure
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Publishifig/ gain, these curves are computed for Ny = 1 to show the contribution of the graphene only.
According to this calculation, the graphene (having a sheet resistance of 460 €/0) absorbs 41.3%
and reflects 8.5% microwave power, giving circa 50% microwave transmittance as seen before in

Figure 4. The transmission, reflection and absorption of microwave poz/rglciated for graphene
with Ry = 635 Q/0O agree with measurements performed at 2.2-@5}/ ng et al. on such
si

CVD-grown graphene.'! This validates Figure 5 at the low freq_li\nts&'

high frequency side Figure 5 shows that reflection of (Ilﬁa R, “visible and UV radiation is

of the spectrum. At the

negligible compared to the calculated 2.3% interband ab timb

Figure 5: Power transmission Ty (black, solid), absorption Ag (re’% a;}ieﬂection R¢ (blue, dotted) of typical CVD-grown

7 -
graphene, calculated using equations reported by Maley, e’\% =1 (i.e. excluding the substrate). This calculation

corresponds to the fitted THz-TDS and FTIR data shou@k\i
4. Conclusion \

=

To conclude, in this work TH Q&S-l] THz (8-60 cm™) and FTIR at 11-210 THz (370-

7000 cm™') were combined.to measure.the broadband optical response of large-area CVD-grown
tance (390%) was found for (near) infrared radiation while the graphene

graphene. A high transmit

£
blocks up to ~5‘O)€ power infthe microwave/THz regime, which is calculated to be mostly by
absorption. elﬁhaving this high IR transparency the graphene has a reasonable sheet

resistancefof roug 500 Q/n0. This affirms graphene’s potential for optoelectronic applications

- £

such ds touch screens or solar cells, where a high transparency for IR, visible and/or UV needs to

)

bé combi ith a high conductivity. Furthermore, it was demonstrated that THz-TDS and FTIR

™

{%IS ittance data of graphene can be fitted consistently using a simple Drude response added to
~

anexpression describing interband excitation. This makes these methods complementary to each
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Publishisticr, which further extends the toolbox for the non-invasive broadband characterization of

graphene.
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