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Heat has always been a killing matter for traditional semiconductor machines. The underlining physical
reason is that the intrinsic carrier density of a device made from a traditional semiconductor material
increases very fast with a rising temperature. Once reaching a temperature, the density surpasses the
chemical doping or gating effect, any p-n junction or transistor made from the semiconductor will fail to
function. Here, we measure the intrinsic Fermi level (|Ef = 2.93 kgT) or intrinsic carrier density (n;, = 3.87
X 10° cm~>K~* T*), carrier drift velocity, and G mode phonon energy of graphene devices and their
temperature dependencies up to 2400 K. Our results show intrinsic carrier density of graphene is an order of
magnitude less sensitive to temperature than those of Si or Ge, and reveal the great potentials of graphene as
a material for high temperature devices. We also observe a linear decline of saturation drift velocity with
increasing temperature, and identify the temperature coefficients of the intrinsic G mode phonon energy.
Above knowledge is vital in understanding the physical phenomena of graphene under high power or high
temperature.

ince the discoveries of carbon nanotube and graphene'?, a significant amount of attention has been directed

toward the room temperature and low temperature measurements in pursuing a high carrier mobility®~. As

people seek device applications for graphene, high field and high current measurements start to appear®*°.
The importance of electron-phonon coupling is well recognized''~"*. However, little attention has been made to
the role of intrinsic carriers in graphene, because the great ability of graphene to tolerate the impact of temper-
ature masks the existence of its intrinsic carriers. Thus, the importance of graphene as a material for high
temperature devices is not noticed. Here we use a Raman method to measure the level of intrinsic carriers in a
voltage biased graphene device up to 2400 K. We find the level of intrinsic carriers in graphene is an order of
magnitude less sensitive to the temperature than that of traditional semiconductors, silicon and Germanium. The
result tells us that a properly fabricated graphene p-n junction or transistor can operate well above 1500 K and
will not fail until other parts melt. Working together with silicon carbide (SiC), graphene might be one of the
building materials for coming high temperature devices. We also observe a linear decline of saturation drift
velocity in graphene with increasing temperature in contrast to a constant saturation drift velocity in traditional
semiconductors, as the result of the degeneracy of carriers and the Pauli exclusion principle. At the same time, we
identify the temperature coefficients of the intrinsic G mode lattice vibration energy up to 2400 K. Above
information highlights the great application potentials for graphene in high temperature devices, suggests a
new exploring direction for graphene research, and is critical in the physics of graphene under high field, high
current or high temperature conditions.

The graphene devices were fabricated by mechanical exfoliation from graphite. Figure 1a shows a sketch of the
layout of graphene devices and electrical measurement. Contacts were formed on top of the graphene after steps
of E-beam lithography, metal evaporation and liftoff. The contacts are 100 nm Au with 5 nm Cr between Au and
graphene. The substrate is doped Si with 300 nm SiO; isolation layer on top. When an electrical bias is applied to a
device, the drain electrode and Si substrate are grounded. A Kethley 2400 is used both as a voltage source and a
current meter. During the measurements, the devices were kept in a flowing nitrogen gas environment in order to
prevent the oxidization of the sample. A Horiba Raman microscope was used to measure the Raman spectra of the
sample from the top. The excitation laser is a He-Ne 633 nm (1.96 eV) laser. The focusing objective is a long
working distance 50X objective lens. Two graphene devices are measured; the optical pictures of these graphene
devices are showing in Fig. 1b and 1c. Device A is 5 pm in length and 2.7 pm in width, and device B is 4.85 pm in
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Figure 1| Graphene device information. (a), The sketch of the stacking structure of the devices and the electrical measurement layout. (b), Optical
picture of the graphene device A. (c), Optical picture of the graphene device B. The widths and lengths of the devices are marked in the pictures. The blue
dots are the optical focus positions during the measurements of the devices. The letters D and S indicate the drain electrodes and source electrodes.

length and 17.1 pm in width. For example, we measured the device A
from Vy; = 0 Vto V; = 21 V with an increasing step of 1 V, then a
downward scan (with a step size of —1 V) back to V; = 0. For each
different V,;, a Raman spectrum from the center of the device was
recorded; the currents of the device before and after each Raman
measurement were recorded as well.

Our measurement result reveals the dominating impact of
intrinsic carrier due to increasing temperature in the devices under
high bias conditions. In Figure 2, we plot the measurement results of
Raman spectra as a function of V,; for device A. We can see two main
Raman peaks, G mode around 1600 cm™' and 2D mode' around
2600 cm ™. In both subfigures, G mode intensity increases with a
larger V. At the same time, a dramatic increasing of the background
signal appears with a high V; voltage and this background will drop
back down with the decreasing V,; during the downward scan. In an
earlier report'®, C.-F. Chen et al. presented that the G mode intensity
has resonant behavior when the twice of the Femi level in graphene
matches the excitation photon energy or the photon energy minus a
G mode phonon energy. They also reported an increasing back-
ground in the spectra near the resonant condition, and they attrib-
uted this high background signal to hot luminescence in graphene.
Our data’s resonant behaviors in the G mode intensity and back-
ground are very similar to those reported behaviors, therefore we
believe that the G mode intensity change is due to a changing Femi
level in the graphene device. The Femi level (Ep) in graphene is

B\ 2
directly linked to the carrier density (n) with n= (—F) /m, where

vpis the graphene Fermi velocity, /i is the reduced Planck constant. A
higher Fermi level will have a higher carrier density, and vice versa.
There are four possible reasons may change the device carrier den-
sity. They are intrinsic carrier density increasing due to rising tem-
perature, permanent defects in graphene, back gating effect due to
increasing Vi, and the desorbing of the surface molecules. In com-
parison with Fig. 3a in C.-F. Chen et al.’s paper" after shifting the
resonant peak due to different excitation photon energies (785 nm to
633 nm, 1.58 eV to 1.96 V), we use the relative intensity of the G
mode at V; = 21 V over base intensity at V; = 0-5 V, and deter-
mine that |[Ep| = 0.8 eV orn=4 X 10" cm > when V,; = 21 V. First
of all, this high carrier density clearly is not the result of permanent
defects in the device, because the V,; downward scan shows this
carrier density will go down with a lower voltage. For unintentional
residual and surface adsorbate doping, the carrier density is normally
at the scale of 10''-10"> cm™?, and this doping should only decrease
with an increasing temperature. The back gating effect of the V,; can
be estimated after calculating the back gating capacitance. For a
300 nm SiO; layer (permittivity ¢ = 4), the typical back gating capa-
citance Cpg = 1.2 X 107* F-cm ™ for Vg = 20 V, back gating carrier
density at the middle of the device 1, = CpVia/2 = 7.5 X 10" cm 2.
This value is two orders of magnitude smaller than what we have (n
~ 4 X 10" cm™?). The only reasonable explanation for this high
rising carrier density is the increasing intrinsic carrier density due
to rising temperature within the device. Also, the scales of other
effects, back gating and desorption of surface adsorbate, are a couple
orders of magnitude smaller than the intrinsic carrier density under
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Figure 2 | Raman spectra of device A plotted in color maps for different source drain voltages (V). (a), The spectra during the V,; upward scan.

(b), The spectra during the V,; downward scan.
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Figure 3 | Measurement and fitting results for G mode intensities as a function of the V. (a), Device A during V,; upward scan. (b), Device A
during V,; downward scan. (c), Device B during V,; upward scan. The data points are fitted with the curve from Fig. 3a in C.-F. Chen et al.’s

paper" after shifting 0.38 eV (the difference between excitation photon energies, 785 nm to 633 nm or 1.58 eV to 1.96 eV). We only use the V,; =9 V
data points for the fitting in order to give a better fitting weight for the high bias data points.

the high bias condition in our sample. We determine that the ther-
mally generated intrinsic carrier is the dominating factor for those
short samples under high bias voltage conditions.

First, we will use the G mode intensity to determine the Fermi level
in the devices. The Fermi level in the graphene device is changed with
V4, but not directly tuned by V4. The V4 drives the graphene device
to generate heat; the heat generated carrier density rises in the device
with an increasing temperature; with the help of external field from
V.a> heat generated carriers break balance between electron carriers
and hole carriers, and the major carrier winning out raises the Fermi
level in the graphene device. For graphene with Fermi level at the
Dirac point and no external field, Tian Fang et al. calculated ther-

6 hVF

Boltzmann constant, T is the temperature. Their result gives out a n,
for both the electrons and the holes, the electrons and holes cancel
each other so the Fermi level is still zero. Clearly, our graphene
devices under high field don’t fit into their calculation’s pre-con-
dition, and their calculation result probably is numerically invalid
for our case as well. In a connected real device with a certain electric
voltage level, the Fermi level can go well above zero. For our devices,
we assume the Fermi level due to rising intrinsic carrier density at the
measurement point of a device,

ks T\
mally generated carrier density's, ng, = T (B—) , where kg is the

o
[Bel =5 Vi + Bo (1
where o is a device and location dependent constant, E, is a constant
Fermi level when V,; = 0. The reasons behind this assumption are: it
is reasonable to guess |Eg| o kT, and we notice that device temper-
ature T has a linear relationship with V; (This will be discussed later
when we discuss transport data, and in supplementary information.)
Equation (1) works much better for V; downward scan than Vi
upward scan. During V; upward scan, the graphene device goes
through desorption of surface adsorbate and increasing of perman-
ent defects due to rising temperature'’, so the E, is not a constant.
During V,; downward scan, the surface adsorbate was fully released
at the upward scan step, and the permanent defects should be the
same because the device is cooling, so the E, is about a constant
during downward scan. This argument is supported by Figure 4a,
which shows that the downward scan data for G mode positions
shows a much better smoothness and data continuity than the
upward scan data. In addition, Figure 4a shows that the G mode peak
position, Q5 = 1590.44 cm™', for V; = 0 after the downward scan. I.
Calizo et al. reported that the graphene G mode energy linear coef-
ficient with temperature is —0.016 cm™'/K for a temperature range
83 K-373 K, and Qg = 1584 cm™! for T = 0 K", so Q5 =

1579.2 cm™! for T = 298.15 K (room temperature) if the Fermi level
in graphene is zero. The blue shifted 11.24 cm™, in G mode energy at
V,a = 0 after downward scan, is due to the Fermi level E, in graphene.
Because AQg = |Ep| X 42 cm™'eV ™!, we will have E, = 0.2676 eV
for device A during downward scan. Figure 3 shows our measured G
mode intensities as a function of the V. The fitting curves are the
curve retrieved from C.-F. Chen et al.’s paper'® Fig. 3a for I vs. 2| Egl,
after blue shifted 0.38 eV. (They use a 785 nm-1.58 eV excitation
laser and we use a 633 nm-1.96 eV excitation laser.) Our experi-
mental data are fitted to the curve with two fitting parameters, o in
equation (1) with constant E, = 0.2676 eV and a linear scaling factor
between our G mode intensity and I in C.-F. Chen et al.’s paper. The
fitting is most accurate for device A during downward scan, because
the E, value is measured for it. We do the same fitting for device A
upward scan anyway, just to show a comparison. We only use the V,
=9 V data points for the fitting in order to give a better fitting weight
for the high bias data points, which matter the most in this fitting.
The G mode intensities at the high bias voltages already rise signifi-
cantly above the random error range, especially for the data from
device A. Therefore, our data have enough signal-to-noise ratios to
make this fitting method valid, although our data doesn’t cover the
full resonant peak. For device A, the upward scan data fitting gives o
= 0.0520 eV/V; the downward scan data fitting gives o = 0.0513 eV/
V; these two values are close and we take the downward scan & =
0.0513 eV/V as the value for device A. Data from device B has lower
quality than the data from device A, however we use device B for the
verification purpose only. Because device B broke down after the
measurement at V; = 17 V during the upward scan, no data is
available for device B V; downward scan and we can’t accurately
determine the E,. In Fig. 4a, the high bias (V; = 6 V) data points’
behaviors are similar between the upward scan and downward scan
for device A, this might suggest that the average E, value for high bias
conditions in upward scan is close to the E, value in downward scan.
We also consider device B has a similar length and goes through
similar processes as device A, it is likely that device B has a similar
defect level as device A. So, we use E, = 0.2676 €V from device A, as
an approximation value, for the fitting of device B high bias data in
Fig. 3c. The fitting gives o = 0.0566 eV/V for device B.

Next, we will find out the temperatures at the measurement point
for difference V, situations using G mode peak position informa-
tion. The key information we used to determine temperature is: the
value of room temperature, the intrinsic G mode peak position shift
(after correcting the doping effect) as a result of temperature change,
the reported G mode energy temperature coefficient for temperature
range 83 K to 373 K from Ref. 18, and a 2™ order polynomial fitting
of our G mode peak position. The 2" order fitting gives the relation-
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Figure 4 | The G mode peak positions as a function of the V4. (a), Device A. The blue square, red cross, and blue circle data points are the
experimental data points for V,; downward scan, V; upward scan, and the G mode position for downward scan after taking out the effect of carrier
density, respectively. The blue curve is the fitting result for the corrected G mode position with a 2" order polynomial function. (b), Device B. The blue
square and blue circle data points are the experimental data points for V,; upward scan and the G mode position after taking out the effect of carrier
density. The blue solid curve and dash curve are the fitting results for the corrected G mode position and the original data points, respectively, with a
2" order polynomial function. Only the data points of V,; = 6 V are used for the fittings of device B.

ship between the first and second temperature coefficients; our
device temperature range overlaps with Ref. 18, so the reported the
linear temperature coefficient from Ref. 18 sets another condition for
the first and second temperature coefficients. Combining both con-
ditions, we can have the values of the first and second temperature
coefficients for G mode energy. With the value of room temperature
and G mode Raman shift of each data point, we can have the device
temperature of each data point. Figure 4 shows the G mode peak
positions as a function of the V, for device A and device B. In
comparison between upward scan and downward scan G mode posi-
tions for device A, the downward scan data shows a much better
smoothness and data continuity. The surface adsorbate was fully
released during upward scan, so no chemical doping changes during
downward scan. The device goes through cooling during downward
scan, the permanent defects have a constant amount, and only shift
the downward scan data a constant amount in G mode energy.
Therefore, we use the downward scan data for further data analyzing.
During V,; downward scan, the G mode peak position, g, satisfies
Q= Q¢ 1+ AQq_in + AQG_gefectr Where Q¢ 1 is the intrinsic G
mode energy as a function of the temperature, AQ ;, is the G mode
energy shift due to rising Fermi level (intrinsic carrier density) as a
function of V4, AQ¢_gefect is a constant from the permanent defects
level in the graphene. We know that AQg ;, + AQG _gefect = |Ep| X

V V.
42 cm'eV™!' and |Ep| :0.0513%- ZSd +0.2676 eV for device A,

then we can have a corrected G mode energy, Qg r = Qg —
(AQ¢ in + AQG_defect)> and we plot the new values in Fig. 4a as blue
circle points. The new, after correction, G mode energies are fitted
very well with a 2™ order polynomial function,

.Q(;_T=a1 Vfd+a2V5d+a3, (2)
where a;, a, and aj are fitting parameters. For device A, we get a;
—0.0474 cm 'V7% a, = —1.6901 cm 'V, and a3 = 1580 cm™".
We have not found any report about the coefficients of the graphene
G mode energy as a function of the temperature for a temperature
range up to 2500 K. H. Herchen and M. Cappelli reported that a first
order Raman mode energy of diamond has a 2" order polynomial
dependence on temperature up to 2000 K*. So, it is reasonable to
assume, for G mode in graphene, that

QG7T=b1T2+b2T+b3, (3)
where b;, b, and b; are graphene dependent only constants. The
temperature of the device appears a linear relationship with Vi,
and we define

T =V + Trr, (4)

where f is a device and location dependent constant and Tgy is the
room temperature, 298.15 K. Combining equations (2), (3) and (4),
we will have

a1 =b1 B, ay=2BTrrb; + by f. (5)

I. Calizo et al. reported that the graphene G mode energy linear
coefficient with temperature is —0.016 cm™'/K for a temperature
range 83 K-373 K, and Qg 7 = 1584 cm™' for T = 0 K. Because
b;, b, and b; are graphene dependent only constants, we have
AQG_T
AT

=2b,T|;_yex +b2=—0.016 cm ™' /K,
T=228K (6)

by=1584 cm ™1,

in which 228 K is the average of 83 K and 373 K. Combining equa-
tions (5) and (6) with knowing values for a; and a, from fitting of
device A, we can solve b; = —4.596 X 10°°cm 'K % b, =
—0.0139 cm™'K™', b3 = 1584 cm™ ', and § = 101.5 K/V for the mea-
surement point in device A. Finally, we combine equation (1) and (4),
and have |Ep| = yT to describe a graphene device intrinsic Fermi level
as a function of the temperature, where y = /2. From device A, our
measurement gives out a graphene device intrinsic Fermi level, |Ep|
= 2.53 X 107* eVK T or |Eg| = 2.93 kgT. Using graphene hvp =
1.16 X 107** J-m, we have a graphene device intrinsic carrier density,
Ni, = 3.87 X 10° cm 2K 2-T°

In Fig. 4b, the square points are the measured G mode positions of
device B as a function of V. The circle points are the corrected G
mode energies using the same correction method for device A, but

vV V.
with |Ep| =0.0565 %-Ts'j +0.2676 eV. For the f3 value, it is invalid
to process the limited data from device B with the same method for
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Figure 5| Device I-V curves, temperatures, and carrier drift velocities. (a), Device A, the defect level is 4 X 10" cm ™2 (b), Device B. Red solid
square points and black solid round points are the I-V data during V,; downward and upward scan, respectively, using left y axis. The current values are
the averages of the currents before and after the Raman measurements, the differences of the two are plotted as error bars. Red hollow diamond
points and black hollow star points are calculated carrier drift velocities during V,; downward and upward scan, respectively, using right y axis. Only the
data points with carrier density n = 1.4 X 10" m™* during the upward scan are plotted in order to control the error in drift velocities due to the
uncertainty in E,. The top axis plots the device temperature, which is calculated from V,,; using equation (4).

device A. Luckily, a, is a fitting parameter independent from the
values of o and E,. In order to prove this point, we did the 2nd order
polynomial fittings for both measured G mode positions and cor-
rected G mode energies, and plotted the fitting curves as a dash line
and a solid line, respectively, in Fig 4b. Both fittings give a;
—0.0603 cm ™'V 2. Because b; is a graphene dependent only con-
stant and should be same for all graphene, we can use the b; =
—4.596 X 107° cm 'K ? value from device A, for device B. Using
equation (5), a; = b;f*>, we can get § = 114.5 K/V for device B.
Together with o = 0.0566 eV/V for device B, we get y = 2.47 X
10~* eV/K from device B. This y value of device B is consistent with
the y value from device A. Such an agreement between device A and
device B supports the validity of our method.

Graphene shows a great potential as a material for high temper-
ature devices, compared to traditional semiconductors. High tem-
perature devices are demanded for military, astronautic, and heavy
industry applications, where high power density is required or high
temperature environment can’t be avoided. In order to make a non-
linear semiconductor device (p-n junction or transistor) functioning,
the chemically doped carriers or the gating generated carriers have to
be the controlling factor within the semiconductor material.
However, when the device temperature increases, the semi-
conductor’s intrinsic carrier density will increase. Once the temper-
ature reaches a certain point that, the semiconductor’s intrinsic
carrier surpasses the chemical doping or gating effect and dominates
the device’s response, the nonlinear device will simply fail its func-
tion. For instance, a Si device’s intrinsic carrier density will double if
temperature increases 8 K from room temperature, the maximum
operation temperature for a Si device is 250°C; a Ge device’s intrinsic
carrier density will double if temperature increases 12 K from room
temperature, the maximum operation temperature for a Ge device is
100 °C*. Normally for a semiconductor, a larger band gap gives a
higher operation temperature; however, a larger band gap also
increases the difficulty of carrier density tuning. Graphene is semi-
metallic, not a semiconductor. By a doping or field effect, graphene
can be made into a p-n junction or a transistor as well. Running our
numbers for graphene, we find that it will take 125 K for graphene
intrinsic carriers to double from room temperature. At 1500 K, gra-
phene intrinsic carrier density is 8.7 X 10'* cm 2. Multiple research
reports'>*** have demonstrated that a top gating method or a chem-
ical doping can tune the graphene carrier density to a level above *3
X 10" ¢cm™>. Therefore, we foresee that a well-fabricated top gated

graphene transistor or a chemical doped graphene p-n junction will
be still well functioning at a temperature above 1500 K. A lot of
things melt at 1500 K, for example gold melting temperature is about
1340 K. So, such a graphene transistor or graphene p-n junction will
never fail due to rising intrinsic carrier density before other parts start
to melt. Above analyses reveal the great potential of graphene as the
material for high temperature devices and point out a new research
direction for graphene applications.

Finally, we will show and discuss carrier drift velocity in graphene
up to 2400 K. Fig. 5 shows the device I-V curves, temperatures and
carrier drift velocities of device A and device B. Carrier drift velocity,
v, equates to I/(qWn), where I is the current, q is the electron charge,
W is the device width, n is the carrier density. The device B broke
down after V,; > 17 V and the device A was also on the brink of
breakdown at V; = 21 V and showed clear runaway effect, in which
the current keeps increasing and feeds itself with a constant driving
V4. The maximum temperature is about 2400 K for device A and
2200 K for device B, those temperatures are consistent with the
theoretically calculated graphene breakdown temperature, 2230 *
700 K, in vaccum?®. The drift velocities from device A, V,; downward
have the best accuracy compared to the values from upward scans,
and map out a very nice three stage behavior under high field. In the
first stage, the drift velocity increases linearly with the field, Ohm’s
law holds perfectly. Then with a further increased field, lattice scat-
tering dominates, the drift velocity still increases but with a reducing
rate, Ohm’s law still works but with a reducing conductivity. In the
last stage, after the field reaches a certain level, intrinsic carrier dom-
inates, the drift velocity stops to increase. Traditionally, the drift
velocity at this point is called the saturation drift velocity, and this
saturation drift velocity stays the same for traditional semi-
conductors if the field increases further. For example, for Si, it is
about 1 X 10° m/s. Our graphene sample shows a linear drop of
“saturation” drift velocity with the increasing temperature. This
reducing saturation drift velocity of graphene has been predicted
by theoretical calculation considering the degeneracy of carriers
and the Pauli exclusion principle®®. The same calculation gives a
saturation drift velocity value, 2 X 10° m/s, for an ideal graphene
with a doping level 10"* cm™* at 300 K. The maximum drift velocity
of our graphene with a defect level of 4 X 10" cm™ is about 4 X
10* m/s at 1000 K. Our value is not far from the calculation value
after considering the temperature difference and the scattering from
the defects. The declining saturation drift velocity in graphene helps
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delay the current runaway point, where the current keeps increasing
on its own with a constant driving voltage, to an even higher tem-
perature; but it also limits the ability of graphene in delivering large
current. Another thing we want to point out is that Ohm’s law fails
totally in the intrinsic carrier dominated third stage. The electrons
and the lattice are in a non-equilibrium state, in which the energy
electrons taking from the field is not fully dumped to the lattice. This
is why the device temperature has a linear relationship with V, not
the IV. The difference in drift velocity for a same V; between down-
ward and upward scan is due to different effective electron tempera-
tures, despite a similar lattice temperature. During downward scan a
graphene device appears a smaller contact resistant (or barrier) than
the upward scan™, therefore, downward scan data has a larger cur-
rent, electrons carrying more energy and moving faster, or a higher
effective electron temperature than the upward scan data.

In summary, we use Raman method to quantitatively measure the
graphene intrinsic carrier density, drift velocity and G mode phonon
energy as functions of temperature up to 2500 K. We find that the
intrinsic carrier density of graphene is an order of magnitude less
sensitive to temperature than that of traditional semiconductor
materials. We foresee graphene becomes the material for high tem-
perature devices and a properly fabricated graphene transistor or p-n
junction will not fail at all before other parts melt. We map out the
three stage behavior of carrier drift velocity as a function of the field
or temperature, and graphene shows a linear decline in “saturation”
drift velocity in contrast to a constant saturation drift velocity in
traditional semiconductor materials. We also find the G mode pho-
non intrinsic energy coefficients with temperature, Qg = —4.596 X
107® em™'K*T* + —0.0139 cm™'K™'T + 1584 cm™'. All of above
reveal the great potential of graphene as a foundational material for
high temperature devices, identify a new research direction for gra-
phene applications, and are vital in understanding the physics of
graphene under high field or high temperature.

1. Novoselov, K. S. et al. Two-dimensional gas of massless Dirac fermions in
graphene. Nature 438, 197-200; DOI:10.1038/Nature04233 (2005).

2. Zhang,Y.B., Tan, Y. W, Stormer, H. L. & Kim, P. Experimental observation of the
quantum Hall effect and Berry’s phase in graphene. Nature 438, 201-204;
DOI:10.1038/Nature04235 (2005).

3. Hwang, E. H,, Adam, S. & Das Sarma, S. Carrier transport in two-dimensional
graphene layers. Phys. Rev. Lett. 98, 186806; DOI:10.1103/Physrevlett.98.186806
(2007).

4. Morozov, S. V. et al. Giant intrinsic carrier mobilities in graphene and its bilayer.
Phys. Rev. Lett. 100, 016602; DOI:10.1103/Physrevlett.100.016602 (2008).

5. Bolotin, K. L, Sikes, K. J., Hone, J., Stormer, H. L. & Kim, P. Temperature-
dependent transport in suspended graphene. Phys. Rev. Lett. 101, 096802;
DOI:10.1103/Physrevlett.101.096802 (2008).

6. Moon, J. S. et al. Epitaxial-Graphene RF Field-Effect Transistors on Si-Face 6H-
SiC Substrates. IEEE Electr. Device L. 30, 650-652; DOI:10.1109/
Led.2009.2020699 (2009).

7. Freitag, M. et al. Energy Dissipation in Graphene Field-Effect Transistors. Nano
Lett. 9, 1883-1888; DOI:10.1021/N1803883h (2009).

8. Dorgan, V. E., Behnam, A., Conley, H. J., Bolotin, K. I. & Pop, E. High-Field
Electrical and Thermal Transport in Suspended Graphene. Nano Lett. 13,
4581-4586; DOI:10.1021/n1400197w (2013).

9. Chae, D. H,, Krauss, B., von Klitzing, K. & Smet, J. H. Hot Phonons in an
Electrically Biased Graphene Constriction. Nano Lett. 10, 466-471; DOI1:10.1021/
NI1903167f (2010).

. Bae, M. H.,, Ong, Z. Y., Estrada, D. & Pop, E. Imaging, Simulation, and
Electrostatic Control of Power Dissipation in Graphene Devices. Nano Lett. 10,
4787-4793; DOI:10.1021/N11011596 (2010).

11. Yao, Z., Kane, C. L. & Dekker, C. High-field electrical transport in single-wall

carbon nanotubes. Phys. Rev. Lett. 84, 2941-2944; DOI:10.1103/
PhysRevLett.84.2941 (2000).

1

(=1

12. Yin, Y. et al. Optical determination of electron-phonon coupling in carbon
nanotubes. Phys. Rev. Lett. 98, 037404; DOI:10.1103/Physrevlett.98.037404
(2007).

13. Yin, Y. et al. Electron-phonon coupling of G mode and assignment of a

combination mode in carbon nanotubes. Phys. Rev. B 84, 075428; DOI:10.1103/

Physrevb.84.075428 (2011).

Ferrari, A. C. et al. Raman spectrum of graphene and graphene layers. Phys. Rev.

Lett. 97, 187401; DOI:10.1103/Physrevlett.97.187401 (2006).

15. Chen, C. F. et al. Controlling inelastic light scattering quantum pathways in
graphene. Nature 471, 617-620; DOI:10.1038/Nature09866 (2011).

16. Fang, T., Konar, A., Xing, H. L. & Jena, D. Carrier statistics and quantum
capacitance of graphene sheets and ribbons. Appl. Phys. Lett. 91, 092109;
DOI:10.1063/1.2776887 (2007).

17. Cheng, Z. et al. Toward Intrinsic Graphene Surfaces: A Systematic Study on
Thermal Annealing and Wet-Chemical Treatment of SiO2-Supported Graphene
Devices. Nano Lett. 11, 767-771; DOI1:10.1021/n1103977d (2011).

18. Calizo, L, Miao, F., Bao, W., Lau, C. N. & Balandin, A. A. Variable temperature
Raman microscopy as a nanometrology tool for graphene layers and graphene-
based devices. Appl. Phys. Lett. 91, 071913; DOI:10.1063/1.2771379 (2007).

19. Herchen, H. & Cappelli, M. A. 1st-Order Raman-Spectrum of Diamond at High-
Temperatures. Phys. Rev. B 43, 11740-11744; DOI:10.1103/PhysRevB.43.11740
(1991).

20. Liu, E., Zhu, D. & Luo, J. Semiconductor Physics (Publishing House of Electronics

Industry, Beijing, 2008).

. Das, A. et al. Monitoring dopants by Raman scattering in an electrochemically
top-gated graphene transistor. Nature Nano. 3, 210-215; DOI:10.1038/
nnano.2008.67 (2008).

22.Zhao, W.J.,, Tan, P. H,, Liu, J. & Ferrari, A. C. Intercalation of Few-Layer Graphite
Flakes with FeCl(3): Raman Determination of Fermi Level, Layer by Layer
Decoupling, and Stability. J. Am. Chem. Soc. 133, 5941-5946; DOI:10.1021/
Ja110939 (2011).

23.Fang, T., Konar, A., Xing, H. L. & Jena, D. High-field transport in two-dimensional
graphene. Phys. Rev. B 84, 125450; DOI:10.1103/Physrevb.84.125450 (2011).

24. Chiu, H. Y., Perebeinos, V., Lin, Y. M. & Avouris, P. Controllable p-n Junction
Formation in Mono layer Graphene Using Electrostatic Substrate Engineering.
Nano Lett. 10, 4634-4639; DOI:10.1021/N1102756r (2010).

1

L

2

—

Acknowledgments

This work was supported by the National Basic Research Program of China (No.
2014CB921001 and No. 2014CB339800), by the Young Scientists Fund of the National
Natural Science Foundation of China (Grant No. 11004231), by the National Natural
Science Foundation of China (Grant No. 21161120321), and by the Scientific Research
Start-up Fund for the Returned Overseas Chinese Scholars from Ministry of Education of
China. Y.Y. also acknowledges Ying Fang’s good suggestions for the experiments, Yuping
Yang’s help in arranging the Raman instrument, and helpful discussions with Wenxin
Wang.

Author Contributions

Y.Y. designed the experiments, carried out the measurements, performed the data analyses
and drafted the initial manuscript; Z.C. contributed to sample fabrication; L.W. and K.J.
provided the instruments for transport measurements and funding support, W.W.
provided the Raman instrument. All authors discussed the results and wrote the paper
together.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Yin, Y., Cheng, Z., Wang, L., Jin, K. & Wang, W. Graphene, a
material for high temperature devices - intrinsic carrier density, carrier drift velocity, and
lattice energy. Sci. Rep. 4, 5758; DOI:10.1038/srep05758 (2014).

@@@@ This work is licensed under a Creative Commons Attribution-NonCommercial-
Y NG Sh

ShareAlike 4.0 International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative
Commons license, users will need to obtain permission from the license holder
in order to reproduce the material. To view a copy of this license, visit http://
creativecommons.org/licenses/by-nc-sa/4.0/

| 4:5758 | DOI: 10.1038/srep05758


http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by-nc-sa/4.0/
http://creativecommons.org/licenses/by-nc-sa/4.0/

	Graphene, a material for high temperature devices – intrinsic carrier density, carrier drift velocity, and lattice energy
	Acknowledgements
	References


