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carrier mobility'™* exhibited by gra-

phene make it a potential candidate for
the future channel material in RF devices.>®
However, to interest the analog/RF commu-
nity in graphene FETs, current saturation, as
well as high frequency gain, must be
obtained from submicrometer channel
devices, especially with devices using large-
scale graphene, which are more relevant
for a real technology. The challenge of
obtaining current saturation in graphene
arises from its gapless band structure. A
weak saturation-like output characteristic
(or “"kink”) has been observed frequently
in graphene transistors.>~” This is mainly
due to the ambipolar nature of graphene. At
certain drain bias, the charge neutrality
point moves into the channel, and the drain
current shows a saturation-like behavior.
Further increase of the drain bias makes
the conduction type near the drain-end
change from n-type (p-type) to p-type
(n-type), and the drain current shows a
second linear region. It is typically undesir-
able to introduce this “kink” since only very
weak saturation was obtained by this means
in most graphene FETs. The few reports of
graphene FETs that show saturated output
characteristics based on phonon scattering
(velocity saturation) consist of devices
fabricated from mechanically exfoliated
graphene with either micrometer scale
channel lengths”~® or an underlying high
quality h-BN flake as the gate dielectric.’® A
recent report shows that current saturation
from exfoliated graphene can also be ob-
served by using a specialized pulsed -V
measurement technique;'’ however, stan-
dard DC measurements of the devices
yielded nonsaturating behavior along with
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Recently, graphene field-effect transistors (FET) with cutoff frequencies (f;) between 100 and

300 GHz have been reported; however, the devices showed very weak drain current saturation,

leading to an undesirably high output conductance (g4= dlgs/dV). A crucial figure-of-merit

for analog/RF transistors is the intrinsic voltage gain (g.,/g4s) which requires both high g,,

(primary component of f) and low g,. Obtaining current saturation has become one of the key

challenges in graphene device design. In this work, we study theoretically the influence of the

dielectric thickness on the output characteristics of graphene FETs by using a surface-potential-

based device model. We also experimentally demonstrate that by employing a very thin gate

dielectric (equivalent oxide thickness less than 2 nm), full drain current saturation can be

obtained for large-scale chemical vapor deposition graphene FETs with short channels. In

addition to showing intrinsic voltage gain (as high as 34) that is comparable to commercial

semiconductor FETs with bandgaps, we also demonstrate high frequency AC voltage gain and

S21 power gain from s-parameter measurements.
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degrading device performance at submic-
rometer channel lengths. The reports show
current saturation in devices fabricated with
large-scale CVD or SiC graphene films only
for devices with several micrometer channel
length.'>"3

In this letter, we show that thinning the
gate dielectric leads to strong current
saturation in graphene FETs. Owing to this
saturation and very high g,, from a thin gate
dielectric, these devices feature both high
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Figure 1. (a) SEM image of fabricated devices. (b) Total capacitance as a function of gate voltage. Quantum capacitance shows
clear impact on the device G, due to the thin EOT. The inset shows extracted Cj as a function of the graphene channel
potential (V). (c) Output /y—Vy, for PFET operation at different V. (d) 4s— Vs for NFET operation. Both PFET and NFET show

clear drain current saturation.

DC voltage gain (as high as 34) that is comparable to
semiconductor FETs with bandgaps'*'> and AC vol-
tage gain (up to 11 dB) when driving an infinite load
impedance. More importantly, they also have power
gain when driving a 50 ohm load impedance. We
investigate the mechanisms of the observed current
saturation with the derived model. It is shown that
graphene's low density state (DOS) plays an important
role in obtaining the saturated characteristics in thin
dielectric devices. In addition, the improved electro-
static control in these devices reduces the effect of the
interface trap capacitance and helps maintain the
saturation behavior when a high density of traps exists.
This work presents a new path to achieving current
saturation in graphene FETs with gapless channels.

RESULTS AND DISCUSSION

One of the performance bottlenecks in graphene
devices arises from the difficulty of depositing a thin
gate dielectric on the sp? bonded, inert carbon surface.
To overcome this drawback, we utilize the unique
capability of CVD-grown graphene to be trans-
ferred onto almost any substrate and developed an
embedded gate device structure.'® With the embedded
gate completed, large area CVD-grown graphene film
is transferred to cover the substrate. Because the gate
structure is formed first on the wafer, the step of
depositing a gate dielectric on graphene is eliminated
and any state-of-art dielectrics can be easily employed
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(e.g., ~4 nm HfO, in our devices). The method we used
to prepare monolayers of graphene is similar to ref 17.
Figure 1a shows the SEM image of a fabricated device.
To extract the equivalent oxide thickness (EOT) of
the devices, the total capacitance (Cior) Was measured
versus Vg4 at low frequency (100 kHz), as shown in
Figure 1b. Gt shows a strong dependence on Vg
because the quantum capacitance (C,) of graphene
starts to dominate Cio for thin EOT'®'°—the geo-
metric gate capacitance and quantum capacitance
are series components of Ci. Following a previously
reported method,'® with Cyy ~ 1.98 uF/cm? and G, ~
3.7 uF/cm? (interface trap capacitance), Cq is obtained
as an expected linear function of the potential of
graphene (Figure 1b inset, Vo, = {/e = VyCoy/(Cox +
Cq + G, Vc = 0). Nonzero C, at the gate voltage
corresponding to the charge neutrality point (Vgiac)
is consistent with previous reports and is explained
by electron—hole puddles that result from charged
impurities. Extracted EOT from this fitted Coy is ~1.75 nm,
which is close to the thinnest reported for a graphene
FET.*

Output characteristics from a PFET and an NFET with
500 nm channel lengths at various Vg are shown in
Figure 1c and Figure 1d, respectively. Note that both
PFET and NFET operations shown here were performed
with one single device by applying different bias
conditions. From these output characteristics, g4s was
calculated and is also plotted in Figure 1c and Figure 1d.
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The drain current saturation can be clearly seen at
relatively low Vg, (<1.5 V) from both polarity devices.
Under certain bias conditions (e.g., Vgs = —2.5 V and
V4s & —1.3 V) the devices can reach full saturation
(i.e., ggs = 0). Another key observation is that the gqys
curves show local minimum points, which occur at
high source-drain fields when the device is biased at
high Vg. This is consistent with the above-mentioned
“kink” effect where the conduction of the channel
switches from n (p) type to p (n) type. Additionally,
while higher Vy, gives rise to a larger initial g4s at Vg5 =0,
it yields a lower minimum gy (better saturation) which
can be better seen in the PFET.

A surface potential based model for graphene FETs
in the diffusive transport limit is derived and is used to
investigate the much improved output characteristics
from these devices. Using the equivalent capacitance
circuit shown in Figure 1b, we can write the charge
voltage relation for a metal—insulator—graphene
structure as

e

Cox <Vg — Ve — Vlirac *g) = it§ 7Qg(§) (1)

where C,, is the dielectric capacitance, Q4(C) = en;(F;-
(&/(kgT)) — F1(—C/(kgT))) is the charge in the graphene
where F, is the Fermi integral of order 1, and n; is the
intrinsic carrier density at temperature T (n; = 9.81 x
10" cm 2 at room temperature). Assuming a constant
interface trap densityD;,, the interface trap capacitance
is given by C; = eD;.. The term on the left-hand side of
eq 1 is the charge on the metal gate. The first term on
the right-hand side of eq 1 is the net trapped charge
and the second term is the net charge available for
conduction. By scaling the variables in eq 1, we can
write it in dimensionless form as

x = z(14+G) = Go(F(2) —F( —2) (2)

where x = (Vg — Ve — Vgirad), 2= &/(kgT), Cy = Git/Coxs Co =
eni/(CoxVin), and Vi, = kgT/e. To verify the C—V model,
we have fit the model to the measured data, as shown
in Figure 1b. The extracted dielectric capacitance
agrees well with the dielectric capacitance expected
from the physical thickness and from Cq—V,, fitting.
Also, the estimated C; is about 4 ﬂF/sz which is
consistent with our hardware data.

Current in graphene in the diffusive transport regime
can be modeled using the drift-diffusion equation.
Because graphene is degenerate, the ratio of the mobi-
lity to the diffusion constant is carrier density depen-
dent. The total current density taking into account both
the drift and diffusion terms can be written as?'

J=Jht+Jp = u,nVU+u,pVU (3)

where u, and u,, represent the electron mobility and the
hole mobility, respectively. We can write the electron
density (n) and hole density (p) using 2 and the identity
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F1@) + Fi(=2) = 24/2 + 2F;(0) as

22 x —z(1+Cy)
—ZLF A S et
n/n; 4+ 1(0) + 2,
(4)
72 x —z(1+Cy)
R N () P L e L
p/n; 4+ 1(0) 26,

The electrochemical potential is expressed as U =
Ueq — €V, Where Ugq is an equilibrium chemical poten-
tial in the channel. We can now integrate eq 3 using
dU = —edV/, to obtain the drain to source current as

w
lys = Ten,vth(uong(xs,xd,1)+u0pg(X5,Xd, =1) (5)

for a graphene FET of width W and length L. The function
g is defined as

Xi 72 Xx —z(1+C)
g(xs,xd,s)f/xs Z+F1(O)dx+s/x de

s

(6)

We can see that eq 5 is simply the result of the Pao—Sah
modeling approach?®' applied to graphene. However,
there is no double integral in this case because the
channel is confined to a single atomic plane of the
graphene. The high field mobility model is assumed to
be of the form given below:

e = 7

14+—F—
Vsat

where pqnp is the low field mobility for electrons/holes.
Note that in the current model the low field mobility in
the denominator is assumed to be same for both holes
and electrons to simplify the equations. Saturation velocity
in graphene is modeled as v, = hveQ/Er, where Q is the
frequency of substrate optical modes, v is the Fermi velocity
of carriers in graphene, and Fr = kgT, is the Fermi energy.’

To qualitatively study the impact of gate dielectric
thickness on device output characteristics and simplify
the analysis, we make the saturation velocity a carrier-
density-independent parameter. We first exclude the
effect of velocity saturation in the drain current calcu-
lation by setting a very large saturation velocity.
Furthermore, we assume an ideal gate dielectric with
a zero interface trap density (C;; = 0 ,uF/cmz) and zero
impurity doping (Vgiac = 0 V). Figure 2a shows the
simulated output characteristics from 500 nm long
devices with three different dielectric thicknesses
(EOT =1, 5, 20 nm). The gate voltage is 1 V and source
is connected to ground for all simulations. Note that
the drain current is normalized to its value at V4 =1V
for all curves. As can be seen in Figure 2a, a thinner
EOT delivers an improved saturation behavior, and the
minimum g4s approaches to zero for EOT =1 nm. When
Vys increases to 1V (point a in Figure 2a), the gate to
channel voltage at the drain-end becomes 0 V and the
Fermi level is at the center of the Dirac cone—no gate
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Figure 2. (a) Simulated output characteristics for 500 nm channel device with EOT = 1, 5, 20 nm. C;; = 0 uF/cm? is assumed. (b)
Simulated electron density and hole density at the drain-end for devices with EOT = 1 nm (left) and 20 nm (right). (c) Gate to
channel capacitance normalized to C,, as a function of drain—source voltage at the drain-end.

induced carriers at drain. A further increase of Vg
moves the charge neutrality point into the channel
(point b in Figure 2a), and hole conduction starts to
occur at the drain-end while electron conduction still
dominates at the source-end.

The improvement of current saturation from thin-
ning the dielectric can be understood by looking at the
carrier density as a function of drain bias at the drain-
end, which is shown in Figure 2b. Both the electron
density and the hole density are plotted, and the
dashed line represents the curve with a fixed gate to
channel capacitance (Cc, = ((n 4 p)/(Vg — Vo)) = ((n + p)/
(Vg — Va)) when G = 0); that is, carrier density is
Ceh-VgatO0VVyandisOat 1V Vy. There are two distinct
features in Figure 2b: (1) n;is a significant portion of the
total carrier density for the device with EOT = 20 nm.
Since n; is not modulated by Vg — Vg, it reduces
electron depletion as Vy — V4 diminishes and degrades
the saturation behavior. On the other hand, due to a
stronger gate control in EOT=1 nm, n; becomes im-
portant only at Vg, very close to 1 V. (2) Electrons
deplete much faster than the fixed Cg, line for most
Vg4s in EOT = 1 nm. It is, however, not observed in the
curve with EOT = 20 nm. This faster depletion rate leads
to a stronger drain current saturation. We attribute the

HAN ET AL.

second point above to the strong quantum capaci-
tance limit in the device with small EOT. Figure 2c
shows Cc/Cox Vs Vgs Where Cgp, can be calculated by
Ceh = (CoxCy)/(Cox + (Cq + Ciy)) from the capacitance
network in Figure 1b and it represents the relationship
between Vy — V4 and the amount of charge in the
channel. When the Dirac point moves toward the
device drain-end as Vs approaches to 1V, graphene's
low DOS starts to limit the allowed carrier density
induced by Vg4 —Vq, thus it lowers Cc,, particularly in
the device with larger C,.

Next, the role of the interface trap is considered. It is
inevitable that interface traps exist in the graphene
FET. Several recent works indicate that lowering D;
is critical for obtaining saturated output characteris-
tics.'"®"" The effect of interface traps on transistor
operation is investigated by the similar Cc,/Cox — Vs
simulations (Figure 3a). It can be seen that interface
traps effectively suppress the gate-to-channel control
and they show a much greater impact on devices with
large EOT. The quantum capacitance effect also gets
masked by G for large EOT. The simulated output
characteristics for devices with G, = 0.5 uF/cm2 and
G = 5 uF/cm? are shown in Figure 3b and Figure 3c,
respectively. The curve with large EOT exhibits a high
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Figure 3. (a) Calculated C,/C,y as a function of drain-source voltage at the drain-end for devices with nonzero interface traps.
(b) Simulated output characteristics for 500 nm channel device with EOT = 1, 5, 20 nm and C;; = 0.5 ,uF/cmz. (c) Simulated

output characteristics with C; = 5 uF/cm?.

sensitivity to G, and becomes almost linear for G =
5 uF/cm® On the contrary, the curve with 1 nm
EOT remains in excellent saturation throughout differ-
ent G.

Having explained how thin gate dielectric can im-
prove the drain saturation using the model, we now
come back to the data from the embedded gate
device. A figure-of-merit for transistors that is of par-
ticular importance in analog/RF applications is the
intrinsic gain, G, = gm/gas>2 The nonsaturating nature
of previous graphene FETs yielded high g,,, but with
similarly high g4, which resulted in gains rarely greater
than unity. The measured g, gqs, and Gj, from the
500 nm long thin dielectric device at V4 = 1.2 V are
plotted in Figure 4a. It is evident that these thin EOT
graphene FETs can easily achieve G;, > 1 at a wide
range of bias conditions, and yield a high peak gain,
which is about 34 for 1.2V V. As a direct result of drain
current saturation, Figure 4b shows s-parameter mea-
surement results which indicate that these devices
feature AC open-circuit voltage gain (up to 11 dB)
and power gain when driving a 50 ohm load impe-
dance (521 > 1). The successful demonstration of
power gain is a critical step for building graphene RF

HAN ET AL.

circuits. It is also interesting to note that negative
differential resistance (NDR) can be measured in our
devices under certain bias conditions. Figure 4c) shows
four different devices on the same chip showing
NDR. As mentioned earlier, despite the exclusion of
the effect of velocity saturation, the model predicts gqs
approaches to zero from devices with thin EOT. It is
understandable that gy4s can become negative once
the high field mobility model eq 7 is included, as shown
in Figure 4d. NDR becomes more distinct for curves
with lower v,

CONCLUSION

In summary, a surface-potential-based model for
single gate graphene FET in the diffusive transport
regime has been derived. Using this model, we found
that thinning the gate dielectric can improve the
drain current saturation by at least three mechanisms:
it reduces the impact from thermally excited carriers,
it accelerates the carrier depletion in graphene due
to the strong quantum capacitance limit, and it sig-
nificantly reduces the influence from interface traps.
To prove this concept, submicrometer graphene
FETs made from large-scale CVD graphene with an
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Figure 4. (a) Measured gy, gqs, and Gj, = gm/gqs across a range of drain bias at V= 1.2 V. (b) Measured frequency response of
extrinsic voltage gain and power gain (S21) from s-parameter measurements. (c) Measured NDR effect from four devices on

the same chip. (d) Simulated /4—Vys with various v,;.

ultrathin gate dielectric have been fabricated. They
show clear current saturation, high intrinsic gain,
and more importantly, both AC voltage gain and

METHODS

In a 200 mm silicon production fab, beginning with intrinsic Si
wafers, 1 um thick SiO, was thermally grown at 1050 °Ciin a wet
oxidation furnace. The wafer was then spin-coated with photo-
resist and patterned using an ASML Deep UV stepper. High
power reactive ion etching with a mixture of CHF3 and Ar for
15°0 s was used to remove ~200 nm SiO,, and the photoresist
was stripped off in oxygen plasma. Gate material of ~500 nm
was deposited. The wafer was then polished in a Westech CMP
system. lon-implantation was performed in an Applied Materi-
als ion implant system using As with an energy of 2 keV and a
dose of 1 x 10'® ions/cm?. HfO, (44 A) was then deposited at
500 °CinaTEL CVD system to cover the whole wafer and an HBr-
based RIE process was used to etch open the contact pad to the
gate. After CVD-grown graphene was transferred, photoresist
was again patterned in a DUV system and the exposed gra-
phene area was etched away in a Unaxis RIE system with a
100 W plasma maintained by 30 sccm O,. Photolithographic
patterning was used to define source/drain electrodes and
electron beam evaporation was used to sequentially deposit
0.5 nm Ti, 30 nm Pd, and 30 nm Au followed by a lift-off process
in ST-22 resist stripper. The graphene FETs were measured in a

HAN ET AL.

AC power gain. This study provides an important
insight into the proper RF device design using
graphene.

semiautomated testing tool with a Keithley 236 source mea-
surement unit connecting to the gate and a Keithley 238 high
current source measurement unit connecting to the drain. The
C—V measurement was done in the same tool with an Agilent
E4980A capacitance meter. All measurements were performed
at room temperature under N, gas flow. S-parameter measure-
ments were carried out up to 30 GHz using a HP8510 vector
network analyzer with groundsignal-ground (GSG) coplanar
probes.

Conflict of Interest: The authors declare no competing
financial interest.

Acknowledgment. Authors acknowledge support by De-
fense Advanced Research Projects Agency under contract
FA8650-08-C-7838 through the Carbon Electronics for RF Ap-
plications program. The views expressed are those of the author
and do not reflect the official policy or position of DARPA.

REFERENCES AND NOTES

1. Chen, J; Chaun, J; Xiao, S, Ishigami, M,; Fuhrer, M. S.
Intrinsic and Extrinsic Performance Limits of Graphene
Devices on SiO,. Nat. Nanotechnol. 2008, 3, 206-209.

VOL.6 = NO.6 = 5220-5226 = 2012

WWww.acsnano.org

5225



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Castro Neto, A. H.; Guinea, F.; Peres, N. M. R,; Novoselov,
K. S.; Geim, A. K. The Electronic Properties of Graphene.
Rev. Mod. Phys. 2009, 81, 109.

Geim, A. K. Graphene: Status and Prospects. Science 2009,
324, 1530-1534.

Yu, J; Liu, G; Sumant, A. V, Goyal, V, Balandin, A. A.
Graphene-on-Diamond Devices with Increased Current-
Carrying Capacity: Carbon sp®-on-sp> Technology. Nano
Lett. 2012, 12, 1603.

Wu, Y,; Lin, Y. M;; Bol, A. A, Jenkins, K. A,; Xia, F.; Farmer,
D.B.; Zhu, Y.; Avouris, P. High-Frequency, Scaled Graphene
Transistors on Diamond-like Carbon. Nature 2011, 472,
74-78

Lin, Y. M,; Dimitrakopoulos, C.; Jenkins, K. A,; Farmer, D. B.;
Chiu, H. Y, Grill, A,; Avouris, P. 100-GHz Transistors from
Wafer-Scale Epitaxial Graphene. Science 2010, 327, 662.
Meric, I; Han, M. Y, Young, A. F.; Ozyilmaz, B, Kim, P.;
Shepard, K. L. Current Saturation in Zero-Bandgap, Top-
Gated Graphene Field Effect Transistors. Nat. Nanotechnol.
2008, 3, 654-659.

Freitag, M.; Steiner, M.; Martin, Y.; Perebeinos, V.; Chen, Z.;
Tsang, J. C; Avouris, P. Energy Dissipation in Graphene
Field-Effect Transistors. Nano Lett. 2009, 9, 1883-1888.
Barreiro, A,; Lazzeri, M.; Moser, J.; Mauri, F,; Bachtold, A.
Transport Properties of Graphene in the High-Current
Limit. Phys. Rev. Lett. 2009, 103, 076601.

Meric, I; Dean, C; Han, S.-J,; Wang, L.; Jenking, K. A.; Hone, J.;
Shepard, K. L. fmax Performance of Graphene Field Effect
Transistors with Saturating IV-characteristics. IEDM Tech.
Dig. 2011,2.1.1-2.1.4.

Meric, I; Dean, C.; Han Young, A. F.; Baklitskaya, N.; Term-
blay, N. J.; Nuckolls, C; Kim, P.; Shepard, K. L. Channel
Length Scaling in Graphene Field-Effect Transistors Stu-
died with Pulsed Current-Voltage Measurements. Nano
Lett. 2011, 11, 1093-1097

Moon, J. S.; Curtis, D.; Bui, S.; Hu, M.; Gaskill, D. K.; Tedesco,
J. L; Asbeck, P.; Jernigan, G. G.; VanMil, B. L,; Myers-Ward,
R. L. et al. Top-gated Epitaxial Graphene FETs on Si-Face
SiC Wafers with a Peak Transconductance of 600 mS/mm.
IEEE Electron Device Lett. 2010, 31, 260-262.

Bai, J. W,; Liao, L,; Zhou, H; Cheng, R, Liu, L; Huang, Y.;
Duan, X. F. Top-Gated Chemical Vapor Deposition Grown
Graphene Transistors with Current Saturation. Nano Lett.
2011, 71, 2555-2559

Yuan, J,; Woo, J. C.S. Nanoscale MOSFET with Split-Gate
Design for RF/Analog Application. Jpn. J. Appl. Phys. 2004,
43,1742-1745.

Ma, W, Kaya, S. Study of RF Performance for Graded-
channel SOI MOSFETs. SISPAD Tech. Dig. 2005, 259.

Han, S.—J,; Valdes-Garcia, A.; Bol, A. A,; Franklin, A. D.; Farmer,
D.; Kratschmer, E.; Jenkins, K. A,; Haensch, W. Graphene
Technology with Inverted-T Gate and RF Passives on
200 mm Platform. [EDM Tech. Dig. 2011, 2.2.1-2.2 4.

Han, S-J; Chen, Z; Bol, A. A; Sun, Y. Channel-Length-
Dependent Transport Behaviors of Graphene Field-Effect
Transistors. IEEE Electron Device Lett. 2011, 32, 812-814.
Fang, T.; Konar, A.; Xing, H.; Jena, D. Carrier Statistics and
Quantum Capacitance of Graphene Sheets and Nanorib-
bons. Appl. Phys. Lett. 2007, 91, 092109.

Chen, Z; Appenzeller, J. Mobility Extraction and Quantum
Capacitance Impact in High Performance Graphene Field-
Effect Transistor Devices. [EDM Tech. Dig. 2008, paper 21.1
Xu, H.; Zhang, Z; Wang, Z; Wang, S.; Liang, X.; Peng, L-M.
Quantum Capacitance Limited Vertical Scaling of Gra-
phene Field-Effect Transistor. ACS Nano 2011, 5, p2340.
Pao, H.; Sah, C. Effects of Diffusion Current on Character-
istics of Metal-Oxide (Insulator)-Semiconductor Transis-
tors. Solid-State Electron. 1966, 9, 927-937.

Schwierz, F. Graphene Transistors. Nat. Nanotechnol.
2010, 5, 487-96.

HAN ET AL.

VOL.6 = NO.6 = 5220-5226 = 2012 ACNJANIC)

N
Www.acsnano.org

5226



