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ABSTRACT Monolayer to few-layer graphene thin films have several attractive
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demanding applications such as thin film photovoltaics requires a detailed o0k %
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understanding of the factors controlling long-range charge transport. In this
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study, we use spectroscopic and electrical transport measurements to provide a

self-consistent understanding of the macroscopic (centimeter, many-grain scale) transport properties of chemically doped p-type and n-type graphene TCs.
We demonstrate the first large-area n-type graphene TCs through the use of hydrazine or polyethyleneimine as dopants. The n-type graphene TCs utilizing
PEI, either as the sole dopant or as an overcoat, have good stability in air compared to TCs only doped with hydrazine. We demonstrate a shift in Fermi
energy of well over 1V between the n- and p-type graphene TCs and a sheet resistance of ~50 €2/sq at 89% visible transmittance. The carrier density is
increased by 2 orders of magnitude in heavily doped graphene TCs, while the mobility is reduced by a factor of ~7 due to charged impurity scattering.
Temperature-dependent measurements demonstrate that the molecular dopants also help to suppress processes associated with carrier localization that
may limit the potential of intrinsic graphene TCs. These results suggest that properly doped graphene TCs may be well-suited as anodes or cathodes for a

variety of opto-electronic applications.
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temperature-dependent

ransparent conducting electrodes (TCs)
Tare integral parts of numerous impor-

tant applications, such as photovoltaics
(PV), portable electronics, and touch screens.
The two most important performance metrics
for TCs are the transmittance (7) of incident
photons and the sheet resistance, R, which
defines the resistance to two-dimensional
charge carrier transport. Most solar cells utilize
transparent conducting oxides (TCOs) that
typically transmit at least 87% of the visible
solar flux to the PV active layer and possess R,
values in the 10—100 Q/sq range.' The ma-
jority of these TCOs, such as tin-doped indium
oxide (ITO), fluorine-doped tin oxide (FTO),
and cadmium-doped tin oxide (cadmium
stannate), are n-type conductors with high
carrier concentrations (>10%° cm™3) arising
from the introduction of atomic impurity
dopants.>® These high carrier concentrations
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limit the mobility via ionized impurity
scattering® and also lead to a large free carrier
absorbance onset in the near-infrared, dramat-
ically reducing the transmittance of photons
with wavelengths greater than ~1000 nm.

A variety of nanostructured transparent
conducting thin films has emerged in recent
years in an effort to find cost-effective alter-
natives to TCOs,” including single-walled
carbon nanotube thin films,5~8 conducting
polymer films,® metallic nanowire networks,'®"’
and graphene thin films.>~"'> Graphene thin
films are both highly transparent and conduc-
tive, can be produced over large areas, and
can be transferred to a variety of substrates via
roll-to-roll techniques, making them attractive
candidates for opto-electronic applications
that require TCs."® Graphene TCs can also
potentially fill niches that traditional TCOs
are not well-suited for. For example, graphene
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TCs maintain high conductivity on flexible substrates
after repeated bending,'” the semimetallic band
structure of graphene affords widely variable work
functions based on a continuously tunable Fermi
energy,'® and the relatively flat absorbance of gra-
phene TCs makes them highly transparent over the
entire range of the solar spectrum. These attributes
open up numerous opportunities for graphene TCs as
both cathodes and anodes in applications such as PV,
especially for flexible thin film solar cells and devices
that require efficient capture of near-infrared photons
(e.g., tandem cells)."®

Despite the recognized potential for graphene TCs
in opto-electronic applications, the majority of detailed
transport studies have focused on the microscopic (i.e.,
single- to few-grain) transport properties of graphene.
To realize the full potential of large-area graphene thin
films in areas such as PV, there is a clear need for more
studies exploring the macroscopic transport properties
over length scales of centimeters and beyond and
how these macroscopic properties may affect the
performance of graphene TCs in devices. For example,
what roles do molecular charge transfer dopants (an
analogue to atomic impurity dopants in TCOs) play in
determining charge carrier density (n;), mobility (u),
and work function (®) at the macroscopic level? What
roles do static potential fluctuations, grain boundaries,
and defects play in carrier localization and scattering?
Can systematic studies help to explain the large vari-
ability in values reported for T and R in the literature
for large-area graphene thin films? Finally, how tunable
and how stable with respect to various ambient con-
ditions are n;, 1, and ® for molecular charge transfer
dopants?

Here we describe a detailed study of long-range
electron and hole transport in undoped and chemically
doped graphene TCs. We first demonstrate large-area
n-type graphene TCs, achieved by doping with hydra-
zine or polyethyleneimine,” that compliment the much
more heavily studied p-type graphene TCs. A variety of
macroscopic, spectroscopic, and electrical characteri-
zation tools are used to attain a self-consistent quanti-
tative understanding of the changes in sheet resis-
tance, carrier density, mobility, and Fermi energy
induced by representative n- and p-type dopants.
Temperature-dependent transport measurements are
then used to understand the mechanisms underlying
long-range charge transport both close to and far away
from the Dirac point.

The results obtained here indicate that molecular
dopants are needed to obtain graphene TCs with low
enough R, to be useful for demanding applications
such as PV, with T and R, values of ~89% and 50 Q/sq
achieved for four-layer n- or p-type graphene TCs.
These molecular dopants are needed to provide ap-
preciable carrier density for high conductivity but also
serve to raise the Fermi energy above the magnitude of
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potential fluctuations induced by static disorder that
lead to localized (thermally activated) carriers. We
demonstrate that although the mobility of doped
graphene TCs is limited by charged impurity scattering,
the high carrier density injected by the dopants offsets
this reduction in mobility, affording a reduction in
sheet resistance of over an order of magnitude relative
to nearly intrinsic TCs. Finally, we show that our n- and
p-type films enable a continuously tunable Fermi en-
ergy over a range of >1V.

RESULTS

Transmittance and Sheet Resistance. Figure 1a displays
the transmittance of single-layer to four-layer (1L to 4L)
graphene films produced by subsequent transfers of
monolayer graphene to glass substrates. The inset to
Figure 1 compares the measured transmittance to the
expected transmittance for each film (100 — (2.3 x L)),%°
where L = the number of layers. The measured 1L
film transmittance coincides with that expected from
the graphene fine structure constant, whereas the mea-
sured values deviate as successive layers are trans-
ferred, and the 4L film is ~2% less transparent than
expected. This deviation has been observed in previous
studies on PMMA-transferred graphene thin films?'~2
and was attributed to residues incurred in the transfer
process. In our case, the reduced transparency likely
results from a combination of transfer residues and an
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Figure 1. (a) Transmittance of graphene sheets with 1—4
layers. Inset shows the expected and observed transmit-
tance at 550 nm for each layer number. (b) Sheet resistance
as a function of layer number for graphene sheets, as
measured by four-point probe. Film 1 was doped with 4 M
nitric acid after four transfers, and film 2 was doped with 4 M
hydrazine after four transfers. Film 3 was doped with
hydrazine for each successive transfer.
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Figure 2. Spectroscopic confirmation of n-type doping by hydrazine (all panels show 1L graphene). (a) Full Raman spectrum
for as-prepared graphene (undoped). (b) G band Raman shifts for hydrazine-doped and annealed graphene TCs. (c) 2D Raman
shifts for hydrazine-doped and annealed graphene TCs. (d) C 1s XPS spectra for annealed and hydrazine-doped graphene TCs.
(e) N 1s XPS spectra for annealed and hydrazine-doped graphene TCs.

appreciable density of multilayer nucleation centers
that are visible in Raman mapping measurements
(Supporting Information, Figure S1).

Figure 1b displays the measured sheet resistance
(Rs) values of 1L—4L graphene films, either as-prepared
or intentionally doped (nitric acid or hydrazine), as
measured by four-point probe. The as-prepared films
vary from ~400 Q/sq (1L) to ~96 Q/sq (4L), values that
are slightly higher (~1.4—1.9x) than the best R, values
reported recently for graphene TCs transferred by heat
transfer tape'? but significantly lower (~3—5x) than
several recent reports for graphene TCs transferred by
a PMMA process.'?' Doping with either nitric acid or
hydrazine significantly lowers R of the graphene films.
For both nitric acid and hydrazine, doping a 4L film
reduces R, from ~96 to ~56 Q/sq, suggesting they are
equally effective at doping graphene, as was recently
observed for SWCNT transparent conductors.’

Spectroscopic Confirmation of n-Type Doping By Hydrazine.
Nitric acid is well-known to produce p-type graphene
TCs, but n-type TCs are significantly less studied.”?*
Since the sheet resistance of the graphene films gives
no indication of carrier type, we performed a series of
experiments to validate the carrier type and Fermi level
shift induced by hydrazine doping. The vibrational
modes of graphene are sensitive to the charge density
in the extended i electron network and are frequently
used as a probe of the magnitude and direction of
charge transfer.? Figure 2 shows Raman spectra, taken
at 532 nm with a spot size of ~250 um, for the annealed
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and hydrazine-doped films. Due to the large area of
the beam, these Raman measurements capture the
scattering from multiple grains (average grain size is
~20 um; see Supporting Information, Figure S2) and
also contain contributions from Raman scattering at
grain boundaries. Figure 2a shows the full spectrum of
the as-prepared sample and is dominated by the
tangential mode (G band) at 1588 cm™' and the
second-order 2D mode at 2693 cm ™. The width and
intensity ratios for the G and 2D modes are represen-
tative of high-quality monolayer graphene when mea-
sured over large areas (i.e., with a large spot size). The
disorder peak, or D band, is also visible at ~1340 cm ™.
These graphene samples have a consistently low Ip/Ig
intensity ratio of ~0.02, indicating a relatively low
defect density.?%2’

Figure 2b,c displays the spectral shifts induced in
the G and 2D modes, respectively, upon doping a
graphene film with hydrazine. A ~5 cm™ blue shift
of the G band accompanies a ~14 cm ™" red shift of the
2D band for the hydrazine-doped film relative to an
annealed (undoped) sample. These shifts can be un-
derstood within the framework of the adiabatic and
nonadiabatic contributions of doping on the Raman
spectrum.”® In the adiabatic case, electron injection
into or removal from the 7 network induces a slight
expansion or contraction of the lattice, respectively.
The lattice expansion (contraction) in turn leads to a
red shift (blue shift) for the n-type (p-type) graphene.
The adiabatic term is the only contribution to the
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higher energy 2D mode,? so the ~14 cm ™" red shift of
the 2D mode for the hydrazine-treated sample sug-
gests that hydrazine injects a significant density of
electrons into the graphene film, producing an n-type
transparent conductor. Electron—phonon coupling to
the lower energy G mode induces an additional non-
adiabatic contribution. In this case, phonon renorma-
lization occurs as a result of the coupling of LO
phonons to low-energy electronic excitations, and a
blue shift of the G band is expected for both p-type and
n-type doping. Thus, the ~5 cm™' blue shift for the
hydrazine-doped sample (relative to the annealed film)
indicates that the Fermi energy has been shifted
significantly away from the Dirac point, while the red
shift of the 2D band confirms that the direction of the
Fermi energy shift is toward vacuum (n-type doping).

To validate the Raman analysis for hydrazine-doped
graphene TCs, we performed X-ray photoelectron
spectroscopy (XPS) to probe the composition and
doping-induced valence band shifts in the annealed
and hydrazine-doped samples. Figure 2c shows the
C 15 XPS spectra for these two samples and illustrates a
large shift of 670 meV to higher binding energy for the
hydrazine-doped sample relative to the annealed sam-
ple. Since the binding energy in the XPS measurement
is referenced to the Fermi energy, and assuming a rigid
shift of the valence band edge with the core levels,
the higher binding energy for the hydrazine-doped
sample indicates that the Fermi energy has been
moved 670 meV closer to vacuum by hydrazine
adsorption.” The linear band structure of graphene
allows for a relatively straightforward correlation of
the Fermi energy (Ef) with the carrier density, through
the relationship

Er(n)) = Ave/an; (1)

where vg = 1.1 x 10 ms ™" is the Fermi velocity and A =
1.05457 x 1073* J-s.Using eq 1, the 670 meV change in
Fermi energy (AEr) measured by XPS demonstrates
that the adsorbed hydrazine molecules inject an elec-
tron density of ~2 x 10'* cm™.

The N 1s XPS spectra, shown in Figure 2d, provide
information on the nitrogen-containing species phys-
isorbed on the surface of the hydrazine-doped and
annealed samples. The annealed sample contains a
small N signal at 400 eV, which is in the region expected
for amines (399—401 eV).® This signal most likely
originates from residual ammonium persulfate that
persists even after annealing (see also Supporting In-
formation, Figure S4). The hydrazine-doped sample
shows a much stronger N 1s signal at 400.7 eV, which
arises from the adsorbed N,H,; molecules. The inte-
grated area underneath the nitrogen and carbon re-
gions suggests that the graphene surface is covered
with approximately 56 N atoms (or 28 N,H, molecules)
for every 1000 C atoms, or a coverage of ~1 x 10" cm ™2,
Using the injected carrier density of ~2 x 10" cm™
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TABLE 1. Transport Properties of 1L Graphene Films As
Measured by the Hall Technique

R, HC u
(Q/s9) MY  (m?*V7's™)  m(m)  E (meV)
as-prepared 674 +129 1910 +484 x 107 4282
annealed 46 +1240 2920 +5.02 x 10" 491
nitric-doped 46 4268 643 4233 x 0% 4580
hydrazine-doped 517  —9456 1830 —6.60 x 10?  —330
hydrazine + PEI 380  —322 848 —194 x 10®  —565
PEI-doped 397 —38 957 —164 x 10°  —520

estimated by the shift in C 1s binding energy, this
translates to an injection of ~0.002 electrons per
hydrazine molecule. If we assume that there may still
be some contribution of the ammonium peak ob-
served for the annealed sample in the hydrazine-
doped N 1s spectrum, this value increases slightly to
~0.0024 e /molecule.

Room Temperature Transport Measurements. Room Tem-
perature Hall Measurements. To provide a more quan-
titative analysis of the transport properties for these
films, we turn to Hall measurements on large-area
(1 x 1 cm) graphene TCs. Table 1 displays the sheet
resistance (R,), Hall coefficient (HC), mobility («), and
carrier density (n;), as extracted by Hall measurements
for 1L graphene TCs subjected to different treatments.
We note that the samples need to be exposed to air for
at least 1 min before pulling vacuum in the Hall setup.
Our previous measurements on SWCNT TCs suggested
that the n-type conductivity of hydrazine-doped films
can degrade in air, but that this degradation could be
hindered by a thin overcoat of polyethyleneimine
(PEI).” Therefore, we studied three samples doped
with amine-containing moieties: a hydrazine-doped
sample, a PEl-doped sample, and a hydrazine-doped
sample with a thin overcoat of PEI.

The signs of the Hall coefficients and carrier den-
sities are all positive for the as-prepared, annealed, and
nitric-doped samples, indicating that holes are the
majority carriers for all of these films. In contrast, the
signs of HC and n; are negative for the samples doped
with hydrazine and/or PEIl, confirming they are n-type
TCs. The sample doped only with hydrazine suffered a
significant increase in sheet resistance and decrease in
electron density over the short duration of air exposure
(~1 min) necessary for transfer from the glovebox to
the vacuum environment of the Hall system. The high-
est electron density and lowest sheet resistance was
found for the hydrazine-doped sample that was over-
coated with PEl, although the sample doped only with
PEI performed nearly as well. The mechanisms under-
lying the degradation of n-type transport will be dis-
cussed in the following section. The as-prepared TC has
a reasonably high hole density of ~4.84 x 10'2 cm ™2,
which is lowered by an order of magnitude to
502 x 10" ecm™2 upon annealing at 150 °C.
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Figure 3. Hall mobility for a 1L nitric-doped p-type gra-
phene TCin which the carrier concentration is modulated by
thermal desorption of nitric acid from an initially heavily
doped film. Points are experimental data, and blue dashed
line is fit (see text).

Interestingly, the sheet resistance of the annealed
sample is nearly an order of magnitude higher (4262
Q/sq) than the as-prepared sample (674 Q/sq). R, for
the annealed TC is also significantly higher than R
values typically reported for 1L graphene TCs,'>'%?!
suggesting that the majority of studies probe as-pre-
pared graphene TCs that are significantly doped from
the acidic etchants used to remove the copper sub-
strate. The hydrazine-doped and nitric-doped TCs have
nearly identical electron and hole densities, respectively,
of ~2 x 10" cm™2, consistent with their similar R,
values.

For all samples in Table 1, the mobility appears to
vary inversely with the magnitude of the carrier den-
sity, indicating scattering processes correlated with
physisorbed dopants. To investigate this correlation
more systematically, we doped a 1L graphene TC
p-type with nitric acid and performed Hall measure-
ments on this sample at various doping levels. The
doping levels, and thus Eg and ny,, were controlled by
partial thermal desorption of the adsorbed nitric acid.
Figure 3 illustrates that the room temperature hole
mobility decreases with carrier concentration over 2
orders of magnitude, in this case following a depen-
dence of u «< 1/n*, where x ~ 0.62 (dashed fit line).
This anticorrelation between mobility and carrier den-
sity is an unambiguous signature of charged impurity
scattering,” in which a charge carrier is scattered by the
Coulomb potential created by the adsorbed dopant.
Interestingly, some studies on micromechanically ex-
foliated graphene have suggested a negligible reduc-
tion in mobility via charged impurity scattering associ-
ated with either the substrate®® or even with intention-
ally adsorbed dopants,®' up to carrier densities well
above N = 10'? cm ™2 However, Figure 3 demonstrates
that for large-area CVD-grown graphene, the presence
of adsorbed molecular dopants leads to a significant
reduction in mobility over a wide range of carrier
densities.
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Equation 1 was used to estimate the Fermi energy
(relative to the Dirac point, where E¢ = 0), based on the
free carrier concentrations (n;) extracted from the Hall
measurements, and this calculated Fermi energy is
displayed in the last column of Table 1. Because of
adventitious doping from the copper etching process,
the Fermi energy is nearly 300 meV positive of the Dirac
point for the as-prepared sample. The carrier density
and sheet resistance values for these as-prepared films
vary significantly, both from batch to batch and with
time, due to lack of control over the doping imparted
by the transfer process and ambient conditions, as well
as time-dependent dedoping of the films. Annealing at
150 °C moves the Fermi energy to within ~90 meV of
the Dirac point but still does not return the graphene to
fully intrinsic. It is likely that this nonzero Fermi energy
results from unavoidable interactions with the sub-
strate, as surface oxides on glass, quartz, and silicon
(e.g., thermal oxides) are known to dope graphene
p-type and also break up the graphene potential
landscape into “electron—hole puddles”3>*3 When
intentionally doped with either hydrazine or nitric acid,
the Fermi energy is pushed over 550 meV in either
direction due to the large density (~2 x 10" cm™?) of
injected carriers. It is important to point out that carrier
density and Fermi energy shift obtained by Hall mea-
surements is nearly identical to the values obtained by
XPS. The XPS measurements indicate a shift in Fermi
energy of 670 meV toward vacuum for the hydrazine-
doped TC relative to the annealed TC. Similarly,
the total Fermi energy shift estimated by the Hall
measurements for the same samples is 656 meV. This
agreement provides a useful confirmation of the quan-
titative metrics obtained by the Hall measurements.
This Fermi energy shift can also be related to the work
function of the graphene TCs, an important metric for
using the TCs in PV applications. If we assume a work
function of 4.6 eV for 1L graphene?® these Fermi
energy shifts correspond to a fully tunable range of
~4.,0 to 5.1 eV for the work function of our doped
graphene TCs. However, we note that this estimated
range does not take into account any work function
shifts resulting from surface dipoles, meaning the
actual range could be slightly different. Importantly,
this wide range matches well with the values needed
for a variety of PV applications, meaning they can be
used as highly conductive anodes or cathodes in thin
film PV applications.>*~3”

Compensation of n-Type Graphene TCs. The Hall
measurement of the hydrazine-doped TC demonstrate
that n-type conductivity degrades upon exposure to
air, but that high electron densities can be maintained
in graphene TCs doped (or coated) with PEI. Possible
degradation mechanisms include the irreversible reac-
tion of hydrazine with oxygen to produce nitrogen and
water and the potentially reversible compensation of
electrons by physisorption of oxygen and/or water
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Figure 4. (a) Bottom-gated FET transfer curves of an an-
nealed 1L graphene TC (1) and a hydrazine-doped n-type
graphene TC subjected to 0—150 s of air exposure (2—4).
The channel length was 25 um. (b) FET transfer curves for a
1L hydrazine-doped n-type graphene TC that was exposed
to air for 70 min and then returned to the glovebox for
measurement. The FET was subjected to a series of scans,
resulting in a systematic shift of V,,, to more negative gate
voltages. The scan number is listed at the bottom under-
neath each corresponding transfer curve. The channel
length was 50 um. (c) Electron density, as measured by Hall,
for a hydrazine-doped, PEl-overcoated n-type 1L graphene
TC exposed to air att = 0.

molecules. We performed two experiments to probe
the mechanism of n-type degradation of our graphene
TCs. In one experiment, we fabricated bottom-gated
(and bottom-contacted) hydrazine-doped field effect
transistors (FETs) that we characterized in an inert
glovebox. In a gate voltage sweep (constant sour-
ce—drain current), the minimum gate voltage (V) is
a good qualitative indicator of Fermi energy and carrier
type. Vi, > 0 indicates p-type graphene, V,,, < 0 indicat-
ing n-type graphene, while V,,, = 0 indicates intrinsic
graphene. Figure 4a demonstrates that V,, for the
annealed graphene TC is ~20 V, indicative of residual
p-type doping, consistent with the Hall measurements.
Doping the film with hydrazine induces a shift in V,,, to
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a very large negative gate voltage that is well outside
our measurement range. This large shift implies that
hydrazine has doped the film strongly n-type, further
confirming the conclusions reached by Raman, XPS,
and Hall measurements.

Exposing the n-type FET to air for 30 and 150 s
induces a shift of V,,, toward zero, indicating that air
exposure lowers the Fermi energy, with longer expo-
sures resulting in Fermi energies closer to the Dirac
point. However, upon cycling our air-exposed FETs,
we observed an interesting dynamic process, shown in
Figure 4b, for a hydrazine-doped film that was exposed
to air for 70 min. Upon cycling this film, V,,, shifted from
—12to —29V, indicating that successive sweeps of the
gate voltage raised the Fermi energy back away from
the Dirac point toward more negative potentials. This
behavior is consistent with at least some portion of
the degradation of n-type behavior upon air exposure
being reversible upon applying a large bias to the
n-type TC. The reversibility of this degradation sug-
gests that physisorbed ambient molecules compen-
sate the hydrazine-injected electrons, but at least some
portion of these molecules can be subsequently de-
sorbed by the current-induced increase in the sample
temperature.

To probe this phenomenon in more detail, and also
to attempt to slow the compensation process, we
performed a time-dependent Hall transport study on
a hydrazine-doped, PEIl-coated graphene TC (Figure 4c).
There are three important regions to point out. The
first is region |, which represents the first ~2.5 days
of air exposure. During this time period, the free
carrier density slowly (and nonlinearly) decreases from
1.8 x 10"310 1.16 x 10"%e~/cm?. At this point, we pulled
vacuum on the sample (region Il) and observed a rapid
increase of the free carrier density back to 1.31 x 10'*
e~ /cm?. After this vacuum exposure, the sample was
returned to air, at which point the carrier density further
decreased. The sample was then returned to vacuum
and subjected to a 350 K heat treatment for 5 min
(region lll). This heat treatment increased the free carrier
density to 1.61 x 10" e"/cm? nearly back to the
original value before any air exposure. These results
clearly demonstrate a compensation of free electrons
in the n-type graphene TC by either water, oxygen
molecules, or both, and that this compensation can be
reversed by a mild heat treatment in vacuum. Addition-
ally, the PEI overcoating provides a reasonable amount
of air stability to the n-type graphene TC, as R, only
increased by ~20% over the course of 5 days and the TC
remained strongly n-type. In comparison, the electron
density in a similar hydrazine-doped 1L film that did not
receive an overcoat of PEl was already reduced to ~6 x
10'? cm™2 after ~1 min and decreased to <10'? cm™2
within 24 h (Supporting Information Figure S6).

Temperature-Dependent Transport. The temperature
dependence of electrical transport can provide
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Figure 5. Temperature-dependent Hall transport measure-
ments for 1L graphene TCs. (a) Sheet resistance, (b) carrier
mobility, and (c) carrier density of as-prepared (p-type),
hydrazine-doped (n-type), and annealed samples. The solid
lines connecting points are a guide for the eye. The dashed
line in (c) is a quadratic fit to the carrier density dependence,
as suggested by eq 2.

detailed insight into the scattering mechanisms
controlling long-range transport in graphene383°
Although a number of temperature-dependent trans-
port measurements have been reported for isolated
grains of graphene, either in contact with a substrate or
suspended above trenches, the literature is sparse for
graphene films with areas large enough to be relevant
to transparent conducting electrodes. Figure 5a shows
the temperature-dependent Rs of three representative
graphene TCs: as-prepared, annealed, and hydrazine-
doped. There is an obvious positive temperature coeffi-
cient for the resistance of the as-prepared and intention-
ally doped (nitric and hydrazine) films, an indication of
metallic-like conductivity. In contrast, the annealed film
has a very weak temperature coefficient, with resistance
values that oscillate around the room temperature
value. The temperature dependences of the mobility
and carrier density, plotted in Figures 4b,c, help to
explain these trends. For both the as-prepared and
the intentionally doped films, the mobility is weakly
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temperature-dependent, with a negative temperature
coefficient, and the carrier density is temperature-
independent. For both of these films, the temperature-
dependent carrier mobility produces the positive
temperature coefficient for the resistance observed in
Figure 5a.

In contrast, for the annealed film, both the carrier
mobility and density are very strongly temperature-
dependent and have opposite temperature coeffi-
cients. Over the measured temperature range, the
mobility decreases by a factor of ~2.2, while the carrier
density increases by a factor of ~2.2. These opposing,
and nearly equivalent, temperature coefficients roughly
cancel each other out and explain the weak tempera-
ture dependence of the resistance for the annealed
film. The fact that the mobility and carrier density have
slightly different derivatives for their temperature de-
pendence explains the interesting oscillations about
R/Rgr=1.This “hump” in the temperature-dependent R,
was found to be reproducible over many samples,
although its physical origin remains unclear.

To understand the trends observed in Figure 5, we
turn to some recent theoretical work. The strongly
activated carrier density (Figure 5¢) of the annealed
film is certainly the most striking trend and one that
has been predicted for graphene films at low carrier
density (e.g., <1 x 10" cm™?) by Li et al.*® Near the
charge-neutral point, that is, at low carrier densities,
charged impurities in the substrate break up the
potential landscape of monolayer graphene into a
series of electron—hole puddles. These electron—hole
puddles can be viewed as local potential fluctuations
with magnitude V and standard deviation s that modify
the density of states near the charge-neutrality point.
The band tails created in the density of states lead to a
nonzero carrier density at T = 0, ny, and an activated
carrier density at finite temperatures, n.(7), that is
described by the equation

72 (ks T\ ?
1+—(i) 2
3\ s
where s is the standard deviation (or strength) of the
potential fluctuation, and kg is the Boltzmann constant.*

The carrier concentration in the band tails, ng, is related to

the magnitude of the disorder by

§2
no = Dy 7 (3)

ne(T) = No

where D, describes the density of states for graphene's
linear bands, and D; = 1.5 x 108 cm™2/meV2.%°
Equations 2 and 3 are valid for graphene samples
that are not intentionally doped, that is, are near the
charge-neutrality point, where the main source of
carriers is the potential fluctuations arising from static
disorder. As such, our annealed film could be expected
to show a quadratic dependence of carrier density
on temperature if the main source of this activated
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behavior arises from the influence of electron—hole
puddles. Fitting eq 2 to the data (dashed black line,
Figure 4c) demonstrates that the annealed film does
exhibit a quadratic dependence of carrier density
on T and yields values of ny = 2.2 x 10" cm™2 and
s =77 meV.

An obvious result from Figure 5c¢ is that the tem-
perature dependence of the carrier density is dramati-
cally suppressed by molecular charge transfer dopants
that are adsorbed either intentionally or unintentionally.
Thus, Figure 5 demonstrates another important role that
molecular dopants play in the long-range transport for
graphene transparent conductors beyond simply increas-
ing the carrier density. The molecular dopants increase the
magnitude of the Fermi energy such that Er exceeds the
magnitude of the static potential fluctuations that cause
localization of carriers near the Dirac point. This suppres-
sion of the activated behavior from adsorbed dopants
occurs because the activated portion of the carrier
density at finite doping depends on the relative energies
of the Fermi energy, thermal energy, and magnitude of
the potential fluctuations (s) through a temperature-
dependent term (T%/TZ, where Tr = E¢/kg) and a term that
scales with (s/E¢).*® Both terms are strongly suppressed
when E; is raised well above s, which in turn suppresses
the activated behavior for carrier density.

Figure 5b illustrates a strong temperature depen-
dence for the mobility of the annealed sample. All
three samples show a negative temperature coefficient
for mobility, but the dependence is significantly stron-
ger for the annealed sample. A negative temperature
coefficient for mobility is in line with scattering due
to phonons, point defects, and screened Coulomb
impurities.?®*™*° A number of studies have demon-
strated the importance of phonon scattering to the
temperature-dependent mobility in graphene near
the charge-neutrality point, with contributions from
both acoustic phonons in graphene and polar optical
phonons of Si0,.3%*9 Interestingly, this negative tem-
perature coefficient is again strongly suppressed in the
doped samples, but it is important to remember that
the observed mobility, uqps, must take into account all
scattering processes, through Matthiessin's rule:

A @

Uobs Ui
where u; represents the mobility contribution of a
particular individual process. As shown in Figure 3,
chemical doping of the graphene TCs reduces the
mobility via charged impurity scattering, which is
expected to give rise to a positive temperature coeffi-
cient for mobility.* Thus, chemical doping suppresses
the negative temperature coefficient of mobility ob-
served for the annealed sample®*3° through a counter-
acting positive coefficient related to charged impurity
scattering. The fact that the overall temperature coeffi-
cient remains weakly negative implies that the positive
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temperature coefficient induced by charged impurity
scattering is slightly outweighed by the negative coef-
ficients induced by phonon scattering.3”>8 Indeed, in
most doped semiconductors, the positive temperature
coefficient of ionized impurity scattering can only be
observed at temperatures well below 100 K where
phonon effects are less prominent.*

DISCUSSION AND CONCLUSIONS

It is useful to briefly discuss the relevance of these
results with regard to the use of graphene TCs in
demanding electronic applications such as photovol-
taics, as well as some important aspects for future
studies. We have previously studied the performance
of single-walled carbon nanotube TCs in detail >34’
and there are some useful comparisons to be made.
First, the 4L graphene TCs demonstrated in this study
are ~15% more transparent in the visible and infrared
than SWCNT TCs with comparable R, (~50 Q/sq).”?
Additionally, temperature-dependent resistance mea-
surements on SWCNT TCs demonstrate an overall
insulating behavior (negative temperature coefficient
for Ry), even for films prepared from ~100% metallic
SWCNTs.5*! This activated conductivity points to a
dominant influence of the resistance of tube—tube
junctions, a potentially limiting factor for the imple-
mentation of SWCNT TCs. In contrast, the positive
temperature coefficients observed for graphene TCs
(overall metallic behavior) imply a weaker influence of
grain boundary scattering on the ultimate perfor-
mance of graphene TCs. Nevertheless, grain boundary
scattering should certainly be important and warrants
future studies.

Another important difference between the SWCNT
and graphene TCs is the effectiveness of PEl as an
n-type dopant. We found for SWCNTs that PEI doping
produced conducting films that were around three
times as resistive as hydrazine-doped films. In contrast,
PEl-doped graphene films perform nearly identically to
hydrazine-doped films in terms of sheet resistance and
electron density. This difference likely stems from steric
problems associated with intercalating the PEI polymer
into a porous SWCNT network that are not encoun-
tered for flat graphene films with totally accessible
surfaces. The ability to tune the work function of
graphene TCs, especially toward lower work functions
as in our hydrazine- and PEI-doped TCs, is an important
capability. For example, in organic photovoltaics, the
work function of the electrode determines the built-in
electric field needed to optimize charge extraction.*”
Additionally, unique solar cell architectures, such as
inverted® or tandem devices,** can be optimized
with tunable, low work function transparent negative
electrodes such as the n-type graphene TCs demonstrated
here.

Another factor that is likely significant for long-range
transport behavior in graphene TCs that we did not
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touch upon in this study is the transfer process. Nearly
all of the studies exploring the properties of graphene
TCs have utilized a poly(methyl methacrylate) (PMMA)
stamp transfer method to transfer the graphene to a
substrate of choice.?’ Our study is one of only a few to
utilize heat transfer tape for graphene transfer, and the
TC performances demonstrated here are fairly close
in performance to the seminal work of Bae et al.'?
The influence of the transfer method is a large unknown,
but it is likely quite important in terms of maintaining
an intact graphene sheet (e.g., physical tearing) and
minimizing residues that may reduce mobility/conduc-
tivity (see also Supporting Information, Figures S1—S3).
At the very least, the heat transfer tape method is
industrially relevant and should be studied in further
detail. Similarly, the substrate to which the graphene is
transferred influences the resulting long-range trans-
port properties. We have found R, values approximately
20% lower for graphene samples transferred to flexible
substrates such as PET or PEN. Thus, graphene TCs
represent a rare class of TCs that are both more conductive
on flexible substrates relative to rigid substrates and retain
their high conductivities on flexible substrates subjected to
repeated bending cycles. Such TCs are highly desirable
for applications such as flexible touch screens and thin
film flexible PV.

Ultimately, our results emphasize the important
roles that charge transfer dopants play in the perfor-
mance of graphene TCs. Although p- and n-type
chemical dopants significantly reduce the carrier mo-
bility, by as much as a factor of 7 for a heavily doped
film, they are ultimately necessary to reduce the sheet
resistance into a reasonable range for applications (e.g.,
<100 Q/sq) since they increase the carrier density by
~2 orders of magnitude. The high density of carriers
injected by these dopants also serves to raise the Fermi

METHODS

Growth and Transfer of Graphene to Arbitrary Substrates. Graphene
was grown in a hot-wall chemical vapor deposition (CVD)
system at 1000 °C for 30 min on a copper substrate (Alfa Aesar
13382).* The copper substrate was positioned in the center of
the furnace and supported by a quartz plate. The CVD reactor was
brought to temperature over 60 min and then maintained for
30 min of annealing under 25 sccm of hydrogen. At the comple-
tion of the annealing step, the hydrogen flow was reduced to
7 sccm and methane flow initiated at 35 sccm. Following the
30 min graphene growth step, the furnace was cooled at 10 °C/min
to room temperature under the methane/hydrogen flow.

A heat transfer tape (HTT) method was employed to transfer
graphene to the desired substrates.'? The HTT (REVALPHA
3195M) was applied to the copper/graphene material under
50 psi pressure using a stamp-transfer method. The HTT-
supported copper/graphene material was then etched in a
0.1 M ammonium persulfate etchant bath for 24 h to remove
the copper growth substrate. The resulting HTT-supported
graphene was washed three times in a deionized water
bath and dried in a nitrogen flow. The HTT/graphene was
applied to a clean (sonicated/washed in isopropyl alcohol)
substrate using the same 50 psi stamp-transfer process.
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level well above the potential fluctuations induced by
static disorder that lead to strongly activated carrier
density for intrinsic, undoped graphene TCs. The com-
bination of these effects implies that some form of
chemical doping is likely necessary for graphene TCs to
achieve performance metrics that are suitable for
incorporation into highly demanding applications
such as PV.> We note that other approaches have also
been recently developed to circumvent the need for
chemical dopants, such as hybrid graphene TCs incor-
porating metallic nanowires.'® Such approaches are very
promising but may also have some drawbacks, including
cost (e.g., for silver nanowires) and stability (e.g., oxidation
of silver or copper nanowires). It is important to note that
chemical doping suffers its own inherent drawbacks,
primarily related to environmental stability. For example,
our measurements demonstrate that electrons injected
by hydrazine and/or PEIl in n-type graphene TCs are
compensated in ambient conditions. However, this com-
pensation is at least partially reversible by heat/vacuum
treatments and is severely slowed by the use of PEl as
either the sole dopant or as a thin overcoat. These results
suggest that these low work function n-type graphene
TCs may actually be quite stable once incorporated into
full devices, such as organic photovoltaic cells, where the
active layer and/or encapsulant can protect against
compensation. Some p-type dopants such as nitric acid
are quite thermally labile, a property we utilize to study a
full range of doping-modulated carrier concentrations in
Figure 3. However, the ease with which nitric acid desorbs
is detrimental to long-term stability in devices, and more
stable alternatives are needed. Previous studies on
SWCNT TCs suggest that species such as thionyl
chloride*" and triethyloxonium hexachloroantimonate®
could be viable alternatives for more thermally stable
p-type graphene TCs.

The substrate/graphene/HTT material was then heated to
120 °C to release the HTT from the graphene, thus transferring
the graphene to the preferred substrate.

Raman Spectroscopy. Micro-Raman (spatially resolved) spectra
and maps (see Supporting Information) were taken with a Witec
Alpha 300R mapping Raman system using a 532 nm laser. All
maps were acquired at 100 x magnification with a 600 groove/mm
grating. The broad spectrum taken using this grating configuration
allows for internal referencing of the 520.1 cm™' peak of the
silicon (100 nm thermal oxide) wafer to which the sample was
transferred. Macro-Raman (nonspatially resolved) spectra were
recorded in backscattering geometry using 532 nm excitation
source (doubled Nd:YAG). The excitation power was 110 mW,
with a spot size of ~250 um (~400 W/cm?). The CCD detector
was calibrated to atomic emission lines from Oriel spectral
calibration lamps.

Doping. Doping was performed by immersion of graphene
TCs into the dopant solution of choice. Hydrazine doping was
performed in a helium glovebox (O, concentration ~0.1 ppm).
Immersion for 2 h in hydrazine solutions with concentrations
between 1and 2 M, in methanol, was sufficient to reach electron
concentrations of >1 x 10'® cm~2 Nitric acid doping was
performed in air. For 1L graphene TCs, immersion directly in
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1—2 M nitric acid sometimes led to delamination of the
graphene monolayer. To avoid this delamination, we first im-
mersed the graphene TC in water and added concentrated
nitric acid with a pipet to reach a final concentration of 1—-2 M.
Immersion in this 1—2 M nitric acid solution for 2 h was sufficient
to reach hole concentrations of >1 x 10"> cm~2. PEl doping was
achieved by immersion in a 25% PEI (600 kDa molecular weight)
solution overnight in methanol in the glovebox. Following PEI
doping, the sample was dipped in methanol for a few seconds
to remove excess PEI before measurements.

X-ray Photoelectron Spectroscopy. X-ray photoelectron spectra
were acquired using a Physical Electronics model 5600 spectrom-
eter and monochromatic Al Ka radiation. The electron takeoff
angle was nominally 45°, and the instrument lens setting was
the angle-integrating “minimum area” mode. The spectrometer
binding energy scale was calibrated according to the method of
Powell.** Wide range survey spectra were taken using a pass
energy of 187.9 eV and a dwell time of 0.34 s/point, and higher
resolution spectra of individual core levels were taken using
a pass energy of 11.75 eV and a dwell time of 2 s/point. The
“annealed” film was first measured after annealing in the UHV
chamber at 450 °C for 1 h. This annealed sample was then doped
with hydrazine in a separate glovebox, sealed into an air-free sample
holder, and transferred without air exposure to the glovebox
attached to the XPS system for measurement. Peak fitting was
accomplished using the sum version of the Voigt approximation
with an 80:20 Gaussian/Lorentzian mixing ratio.*®

Hall Effect Measurements. For Hall effect measurements, gra-
phene samples were transferred to 1 x 1 cm glass substrates.
Small indium pads were pressed onto the corners of samples
to make good electrical contact. Room temperature and
temperature-dependent sheet resistance, mobility, Hall coeffi-
cient, and carrier density were measured on an Accent Optical
Hall system equipped with a liquid nitrogen cryostat and heater.
Temperature-dependent resistance measurements were con-
ducted between 100 and 350 K in vacuum. First, the sample
chamber was evacuated to a base pressure of 0.5 Torr. Then, the
sample was cooled to 100 K, where the first measurement was
taken. Measurements were then taken at temperature intervals
of ~15 K until the sample reached 350 K.

Absorbance Spectroscopy. Transmittance was measured on a
Cary 500 UV—vis—IR spectrometer. A blank glass slide was
measured as the background for all transmittance measure-
ments, so that the displayed transmittance spectra represent
the transmittance through only the graphene layers. For refer-
ence, the transmittance of a blank glass slide is ~93% at 550 nm.

Field Effect Transistors. Bottom-gated and bottom-contacted
field effect transistors were fabricated on degenerately doped
silicon substrates with 100 nm thermal oxide as the gate di-
electric. Source and drain contacts were evaporated gold pads,
and the width of the FET channel was 2 mm. The FET channel
lengths (distance between source and drain electrodes) ranged
from 10 to 50 um. The source—drain voltage for all scans shown
in this study was 0.030 V.
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