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Sub-Terahertz Frequency-Domain Spectroscopy Reveals
Single-Grain Mobility and Scatter Influence of Large-Area

Graphene

Christian Cervetti, Eric Heintze, Boris Gorshunov, Elena Zhukova, Svyatoslav Lobanov,
Alexander Hoyer, Marko Burghard, Klaus Kern, Martin Dressel, and Lapo Bogani*

Graphene,!l a 2D hexagonal crystal of carbon atoms, attracts
immense interest owing to its extraordinary properties and
potential applications, ranging from stretchable” and trans-
parent electronicst! to biosensorsi* and spintronics.”! While
most fundamental studies have been performed on microm-
eter-size single flakes!!! cleaved from graphite, many appli-
cations require wafer-sized graphene layers>®! on various
substrates.”® Increasing effort is thus being devoted to the
fabrication and characterization of large-area graphene, whose
properties however differ significantly from those of its “clean”
small-flake counterparts.’) In particular, grain boundaries,!!%
defects,'l ripples,l'Zl and growth leftovers influence its elec-
tronic behavior. As a consequence, broadly varying electronic
quality has been reported, as reflected for example in a carrier
mobility rangel”-13- from 100 to 45 000 cm? s~ V-1, Identi-
fying the major factors that govern the structural and electronic
quality of large area graphene is hence of great importance for
its technological implementation.

Chemical vapor deposition (CVD) on transition metal sub-
strates (e.g., Cu or Ni) has become one of the most promising
production methods for wafer-sized graphene, providing sheets
up to 30 inches long!'®! transferable onto different substrates.'”]
A major factor that limits the quality of CVD graphene is the
presence of metallic residues from the underlying substrate,
mostly in the form of micro- and nanosized particles.'81%
As such leftovers can influence the performance of the final
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devices,?% protocols have been developed to yield reasonably

clean CVD graphene. In this regard, low-energy optical tech-
niques have recently emerged as powerful tool to study fun-
damental phenomena in graphene,?!l such as, excited carrier
dynamics by pump-probe experiments?>?4 and time-domain
spectroscopy,?>2% Dirac fermion behavior using Fourier trans-
form IR spectroscopyl!®?/~2% and the effect of substrate,?% and
doping!:32l on the graphene optical response.

Despite this progress, the correlation between residual
metal contaminants and the electronic quality of graphene is
still unclear. Here we address this issue by performing quasi-
optical sub-terahertz (sub-THz) spectroscopy to detect the pres-
ence of sub-micrometer conducting contaminants in CVD
graphene. We show that this technique provides direct access
to the optical conductivity of graphene, with the high accuracy
necessary for probing the subtle influence of a low density of
metal residues. Moreover, it can be easily expanded to gated
structures to extract the intrinsic electronic properties of indi-
vidual graphene domains such as carrier mobility, enabling us
to identify the limiting scattering mechanisms in a contactless
fashion.

Commercially available CVD graphene on copper was trans-
ferred onto ultrapure Si and crystalline Al,O; substrates, both
with a lateral size of 1 cm? and a thickness of 500 pm. These
substrates are suitable for graphene-based solar cells and detec-
tors, and highly transparent to THz and far-IR radiation. The
employed transfer process, Figure 1a, starts with the deposition
of a poly(methyl methacrylate) (PMMA) layer onto the Cu/gra-
phene by spin coating. The copper foil is removed by placing
the Cu/Graphene/PMMA stack on the etching solution surface
for a time ., at room temperature (see Methods). To remove
residual etchant, the stack is immersed for 1 h in dilute HCI,
and then transferred into a deionized water bath. The gra-
phene/PMMA bilayer is then picked up from the bottom by
the desired substrate. Slow drying on a hotplate at 50 °C mini-
mized ruptures in the graphene membrane, while subsequent
annealing at 160 °C for 2 h ensured a smoother film surface.
Finally, the PMMA layer was removed by consecutive soaking
in organic solvents (Methods). After PMMA removal, the gra-
phene layer still covers the whole sample area (Figure 1b). It
exhibits some fractures and folds typical of CVD graphene. The
presence of copper contaminants, whose size and abundance
depend on t, is clearly visible.

The graphene films were investigated by micro-Raman spec-
troscopy (Figure 1c). The Raman 2D peak at 2700 cm ™, associated
with the second order zone boundary phonons, is sensitive to the
number of graphene layers.¥! For the present samples, the 2D
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Figure 1. Crystalline quality of transferred CVD graphene. a) Transfer procedure. b) Optical picture of CVD graphene on SiO; after 15 min of Cu etching.
¢) Raman spectrum of graphene on SiO,. The blue lines are fits with a single Lorentz function. The asterisk and star symbols indicate SiO, TO phonon
mode and ambient N,, respectively. Inset: Spectra at different sample positions revealing a variable luminescence background due to Cu leftovers.
d) Raman map of the G/2D intensity ratio of a two-layers graphene stack. €) Raman spectra, as acquired at the positions of the white crosses in (d).
f) Statistical analysis of the apparent grain lateral size extracted from (d). The red solid line is a fit with Gaussian function.

peak can be fitted with a single Lorentzian function, confirming
the presence of single-layer graphene. A G peak, due to the doubly
degenerate zone-center E,, phonon, is detected at 1596 cm™, and
its upshift of 16 cm™ indicates moderate doping,* corresponding
to a residual carrier density of =10'2 cm™. The very weak D peak
at 1350 cm™, related to the activation of to the A;, breathing mode
at the Brillouin zone boundary by lattice defects, indicates very
little disorder and gives rise to additional combined modes in the
upper part of the spectrum. A small peak at =1730 cm™ is typical
of C=0 stretching in PMMA residues.*! Raman spectra acquired
at different positions exhibit a variable background photolumines-
cence testifying the presence of Cu residues,®® (inset Figure 1c)
as also confirmed by scanning electron microscopy (Supporting
Information).

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

CVD graphene, grown on polycrystalline Cu foil, is com-
posed of high quality crystalline grains with random crystal-
lographic orientation.'®! One way to reveal the CVD grain
structure is to exploit the Raman intensity dependence on the
twist angle in a stacked two layers graphene system.’”] The
different crystallographic orientations between the top and
bottom layers modulate the interlayer interaction between the
domains. On this basis, monitoring the spatial distribution of
the G/2D intensity ratio, enables probing the grain structure
(Figure 1d,e). Statistical analysis (Figure le) yields an apparent
grain size distribution peaked at 2.40 + 0.13 pm corresponding
to a mean grain size of =5 pm for the single layer.

For the optical investigations, we used a Mach-Zehnder
interferometer-based spectrometer®®! (Figure 2a) comprising
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Figure 2. a) Scheme of sub-THz spectrometer. b) Scheme of the multiple internal reflections

within the dielectric that lead to Fabry—Perot interferences.

backward-wave oscillators®® as coherent sources of contin-
uous sub-THz radiation. Their frequency can be continuously
tuned between 0.03 and 1.5 THz (corresponding to 1-50 cm™!
or 6-0.1 meV). The radiation is detected by either Golay cells
or “He-cooled Si bolometers. The frequency resolution Av/v
is better than 107>, and the dynamic range is between 40 and
50 dB. The Mach—Zehnder interferometric configuration ena-
bled detecting both amplitude and phase shift of the trans-
mitted radiation, thus opening the possibility to determine
the complex electromagnetic response of graphene without
involving Kramers—Kronig relations.? A round aperture sets
the beam diameter to 5 mm, so that several graphene domains
are homogeneously irradiated.

The plane-parallel undoped Si or Al,0; substrates imple-
mented a Fabry—Perot resonator formed by the graphene—sub-
strate and substrate—air interfaces (Figure 2b). The resulting
multiple reflections allow maximizing the interaction of sub-
THz radiation with graphene, and thus to significantly enhance
the sensitivity, as in all cavity-based techniques. The electrody-
namic response of the resulting multilayer system was analyzed
using the Fresnel formulas,% according to which the complex
transmission tAij and reflection 7#; coefficients at each interface
are given by:

= —~ ,f--:A ‘A 1
ni+nj y n+n ( )

where i and j are the material indices, and #; =n; +ik; the
complex refractive indexes (n; and k; are the refraction and
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extinction indexes, respectively). Phase shift
and attenuation are described by € terms
where &, =n;dic/o, w=2mcv is the radia-
tion frequency, d; is the i-layer thickness, and
c the light velocity. For air, ny = ny = 1 and
ki =k, = 0, while for the dielectric substrate,
n3, k3, and the thickness d; are determined

beforehand. The total £ can thus be written
25:13839]

To the

detector i(64+82) ( P

-1
2i6;
+ 1, 35 € >
1+ rsme

(2)
with the measured transmission coefficient
Tr = |t]2.

Figure 3a compares the frequency depend-
ence of the transmission coefficient for the
bare Si substrate and four graphene sam-
ples transferred under the same conditions.
Thickness and refractive index of the dielec-

> tric substratel®! determine the period of the
Transmitted  jerferometric fringes, while the amplitude
light of the maxima gives the optical conductance
of the sample. Phase shifts observable in the
interference pattern of different graphene
samples result from small differences in
the substrate thickness of about 25 pm. The
latter does not affect the amplitude of the pat-
terns, that are all equal and 30% smaller than
those for the empty substrate. By fitting the spectra with Equa-
tion 2, the graphene optical conductance G was obtained. The
G values were corrected for the negligible but finite substrate
absorption (Supporting Information).

To explore the effect of contaminants and Cu leftovers on
the electronic quality of graphene, we measured the optical
conductance G for different ty, (Figure 3b) while keeping
the PMMA layer on top (step 4 in Figure la). G is seen to
increase monotonously with t., reaching a saturation value
of (2.3 £0.1) x 1073 Q7! after 14 h. Moreover assuming a con-
stant graphene Fermi velocity vp = 10° m s7!, illumination in
the wavenumber range 26-35 cm™ is expected to induce a
lateral carrier displacement I=vg /v between 1.3 and 1 pm.
Correspondingly, in order for an object to be nontransparent,
its size must exceed =1 pm, which is well above the average
size of molecular contaminants and Cu impurities already at
teren > 15 min. This is further confirmed by the flat frequency
behavior at lower wavenumbers (9-20 cm™?) (Supporting Infor-
mation). These observations show that Cu leftovers may con-
tribute to the sample optical conductance only for very short
teren, While for long t.q, Cu residues behave as charged scat-
terers, possibly together with other contaminants, degrading
the electronic quality of graphene.*’) Increasing fe, the
amount of Cu impurities decreases and the electronic quality
of pristine graphene is gradually approached. Upon removal
of the PMMA layer (step 5 in Figure 1a), the optical conduct-
ance decreases sharply to (1.0 £ 0.1) x 107> Q! (Figure 3c).
As PMMA is fully transparent at these frequencies and thick-
nesses, this difference reveals the doping effect of a higher-k

. tlZ tzs t34 €

1+ r231’34e
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Figure 3. Effect of Cu and PMMA left-overs. a) Transmission spectra of a Si substrate without (black) and with (color) graphene/PMMA stack on
top (eweh = 14 h). Different colors indicate different samples. b) Conductivity of graphene for different Cu etching time. The line is a guide to the eye.
c) Comparison of transmission amplitudes for graphene on Si, before (red) and after (blue) PMMA removal.

dielectric environment. Air has a relative permittivity almost
half that of PMMA (ki = 1, Kppmma = 2.6); removal of the latter
shifts the Fermi level closer to charge neutrality point, driving
G toward the well-known conductance minimum.

The optical conductance of graphene is predicted to assume
the universal value G, =¢€’/471=6.1x10"Q" (with e the elec-
tron charge and % Plank’s constant) independent of frequency
as an intrinsic property of massless Dirac fermions.*!*2l For
the present bare graphene (without PMMA) samples, a much
higher conductance of approximately G = 30G, is detected at the
lowest frequency (Figure 4a). Similarly, large values have been
observed at higher frequencies!'*?#243 and in time-resolved
measurements*>?’] on large-area graphene. It is noteworthy
that in contrast to previous works that use higher frequen-
cies,* in our experiments the conductance is independent of
the type of substrate (Supporting Information). The high value
of G = 30G, suggests that the optical response of graphene at
such low frequencies is notably affected by inhomogeneities
and the finite temperature. In this context, it is relevant that the
dc conductance minimum of graphene at the Dirac point*? is

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

governed by extrinsic factors, most prominently the presence of
charged impurities on the substratel*% and residual Cu. In the
present case, the carrier scattering that arises from such impu-
rities can be accounted for by the Drude model*®3! and com-
plementing the sub-THz measurements with higher-frequency
absorption data gained by Fourier-transform spectroscopy. The
combined frequency dependence, displayed in Figure 4a, is
fitted with the Drude expression o(v) = oyY?/(V? + V), where o,
is the DC conductivity and y is the carrier scattering rate.’83%
The value of ywas found to be 270 cm™! at high temperature T,
in agreement with previous reports.?®?’l The T dependence of
¥, (Figure 4b) shows a T-independent contribution below 100 K
and a marked increase at higher temperatures, indicating two
different scattering contributions. The T-independent contri-
bution is associated with defects and charged impurities and
is the dominant factor limiting the conductance of graphene
at low temperatures.***’] Fitting by a power dependence
TP yielded B > 2, which cannot be attributed to scattering by
longitudinal graphene phonons as this mechanism would
afford 8 = 1. Instead, such strong temperature dependence

Adv. Mater. 2015, 27, 2635-2641
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Figure 4. a) Frequency dependence of the graphene conductance at two different temperatures on Al,O;3 substrate. The lines are fits using the Drude
model. b) Temperature dependence of the carriers scattering rate, as extracted from the Drude fits. The solid line is a simulation of the T# dependence
for different 8. > 1 indicates electron—extrinsic phonons scattering. c) Structure of the THz-transparent multilayer structure for the optical charac-
terization of the n-dependence of the conductance. d) Gate dependence of the optical behavior at 300 K recorded at 9 cm™' (red and blue are different
sweeps), showing: conductance versus n (left) and resistance versus V, (right). The lines are fits to the data. The dashed black line indicates 4¢/h.

indicates scattering by substrate phonons to be the dominant
mechanism limiting G at high temperatures.**->% The residual
7=86 = 1 cm™ corresponds®” to a concentration of scatterers
of (3.4 £ 0.5) x 10!! cm™, in agreement with previous reports
for CVD graphenel!*?8l and comparable to typical exfoliated
graphene flakes at room temperature.>>!l The latter observa-
tion is a hint that grain boundaries do not represent the domi-
nant source of scattering in these samples, as also suggested by
transport measurements.'8l

With the aim of determining the carrier mobility and com-
pensating for the residual doping we introduced a gate that
allows tuning the graphene charge density n. To maintain the
transparency necessary for investigation at sub-THz energies,
we fabricated the multilayer structure depicted in Figure 4c. It is
composed of a Al,05 substrate, a 20 nm-thick Ni:Cr alloy layer,
with a d = 300 nm-thick e-gun-evaporated SiO, layer serving
as gate dielectric on top of which the CVD graphene is trans-
ferred. The Ni:Cr alloy was chosen because it forms closed,
electrically conducting thin films of sufficient high transpar-
ency in the sub-THz frequency range. The resulting device has
an overall transmission coefficient of 0.15 in the 9-20 cm™!
range (Supporting Information). The gate voltage V, is applied

Adv. Mater. 2015, 27, 2635-2641
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between graphene, contacted with Au/Cr contacts, and the
Ni:Cr layer. The optical conductance at 9 cm™ recorded as a
function of gate voltage is shown in Figure 4d. The character-
istic minimum at V, # 0 indicates the Dirac point. Similar to
dc electrical transport measurements, the V, dependence exhib-
ited hysteretic behavior under ambient conditions, owing to
polar impurities and adsorbed water.?” The R versus V, curve
reveals a pronounced electron-hole asymmetry at high carrier
densities. As the present contactless technique is not affected
by work-function mismatch at the electrical contacts like in dc
transport studies,P¥ it follows that in graphene charge impu-
rities have different scattering cross-sections for electrons

-1
and holes.?l Fitting with® R(V,)=Rs + (.e/,tc ne + n(Vg )Z )

(Rs is the short-range scattering contribution to resistance, ng
the residual carrier density at the charge-neutrality point due to
electron-hole puddles®® and n = (g,x50,/ed ) V, Where & is the
vacuum permittivity and Ksio, = 3.9) yields a mobility of y, =
(4.5 £ 0.5) x 10* cm? V! s7! for electrons and p, = (4.7 £ 0.7) x
10* cm? V7! 57! for holes. The extracted mobilities are one to
two orders of magnitude higher than those typically derived
from dc measurements of CVD graphene on SiO,,['%! while

o
o
3
=
G
2
a
-
o
=

wileyonlinelibrary.com 2639



2
o
<
S
=
5
=
=
o
1%/

2640  wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

they closely match those of clean exfoliated flakes!™! or single-
grain CVD crystals.l' This finding supports our conclusion that
sub-THz optical detection probes the intrinsic conductance of
the domains that constitute the CVD layer, consistent with the
fact that at 9 cm™ it induces electronic oscillations over lengths
I = 5 pm, below the average domain size in CVD graphene. It
follows that the observed mobilities are limited by surface-
scatterers, analogous to other, solid-supported graphene sheets.
Contact effects, which play a significant role in dc transport
measurements,>¥ certainly do not affect the conductance deter-
mined by optical means. Hence, the density of charged long-
range scatterers can be estimated®! close to the Dirac point.
From the two branches of the curve, values of (7 £ 2) x 10'° and
(9.5 + 1) x 10'° cm™2 are extracted, which are only slightly lower
than estimated above from the T-dependence of y. Comparison
with electrical transport experiments on large CVD surfaces
indicates that crystal defects contribute a density of =102 cm™
to short range scattering. Importantly, the applied gate voltage
allows compensating for the extrinsic doping by charged impu-
rities, yielding a conductance of G = 4G, much lower than
previously reported.'>?>?7] This provides further support that
larger conductance values arise from extrinsic doping (i.e., Cu
and molecular contaminants or surface charges).

In conclusion, by using contactless sub-THz interferometry,
we could measure the electronic response of individual domains
in wafer-sized CVD graphene. Using multilayer transparent
structures we could observe the intrinsic optical conductance
of graphene, as predicted by theoretical models. The mobility
values observed are orders of magnitude higher than those
obtained by transport measurements on equivalent CVD gra-
phene, 1] reaching the same values of exfoliated graphenel!>!]
or single CVD grains obtained with advanced techniques.!'>!#
The mobility is found to be mainly limited by charged scatterers
on the substrate, and our observations provide a validation of
previous theoretical predictions.*] The observed sensitivity of
sub-THz interferometry to contaminants can be used to easily
quantify their presence and assess the quality of large graphene
structures, which is essential for applications in touchscreens,
wearable, and optoelectronic devices.

Experimental Section

Etching Solution: A quantity of 8.4 g of FeCl; in 10 mL of 1:10 HCI
water solution and further diluted in 50 mL of deionized water.

PMMA Removal Procedure: Four hours in hot (40 °C) acetone,
30 min in fresh 2-propanol, 15 min in 1,2-dichloroethane, and 15 min in
2-propanol.

Low-T Measurements: The sample was positioned in a cryostat
equipped with Mylar windows.

Bilayer Graphene Stack for Grain Size Evaluation: Both graphene layers
were etched for 14 h following the procedure of Figure 1a. In order to
maximize the interlayer interaction, the sample was annealed in forming
gas overnight at 400 °C after each graphene transfer.

Supporting Information

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