AlP | e ™

Bias-temperature instability in single-layer graphene field-effect transistors
Yu. Yu. lllarionov, A. D. Smith, S. Vaziri, M. Ostling, T. Mueller, M. C. Lemme, and T. Grasser

Citation: Applied Physics Letters 105, 143507 (2014); doi: 10.1063/1.4897344

View online: http://dx.doi.org/10.1063/1.4897344

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/105/14?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Plasmonic and bolometric terahertz detection by graphene field-effect transistor
Appl. Phys. Lett. 103, 181114 (2013); 10.1063/1.4826139

Linearity of graphene field-effect transistors
Appl. Phys. Lett. 103, 173115 (2013); 10.1063/1.4826932

Modeling of a vertical tunneling graphene heterojunction field-effect transistor
Appl. Phys. Lett. 101, 033503 (2012); 10.1063/1.4737394

Probing transconductance spatial variations in graphene nanoribbon field-effect transistors using scanning gate
microscopy
Appl. Phys. Lett. 100, 033115 (2012); 10.1063/1.3678034

Modeling of the steady state characteristics of large-area graphene field-effect transistors
J. Appl. Phys. 110, 034506 (2011); 10.1063/1.3606583

Asylum Research Cypher” AFMs
There's no other AFM like Cypher

www.AsylumResearch.com/NoOtherAFMLikelt

The Business of Science®



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1096385790/x01/AIP-PT/Asylum_APLArticleDL_101514/AIP-JAD-Cypher.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=Yu.+Yu.+Illarionov&option1=author
http://scitation.aip.org/search?value1=A.+D.+Smith&option1=author
http://scitation.aip.org/search?value1=S.+Vaziri&option1=author
http://scitation.aip.org/search?value1=M.+Ostling&option1=author
http://scitation.aip.org/search?value1=T.+Mueller&option1=author
http://scitation.aip.org/search?value1=M.+C.+Lemme&option1=author
http://scitation.aip.org/search?value1=T.+Grasser&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4897344
http://scitation.aip.org/content/aip/journal/apl/105/14?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/103/18/10.1063/1.4826139?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/103/17/10.1063/1.4826932?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/101/3/10.1063/1.4737394?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/100/3/10.1063/1.3678034?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/100/3/10.1063/1.3678034?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/110/3/10.1063/1.3606583?ver=pdfcov

APPLIED PHYSICS LETTERS 105, 143507 (2014)

@CrossMark

Bias-temperature instability in single-layer graphene field-effect transistors
Yu. Yu. lllarionov,” A. D. Smith,? S. Vaziri,? M. Ostling,? T. Mueller,® M. C. Lemme,*

and T. Grasser®

Unstitute for Microelectronics (TU Wien), 1040 Vienna, Austria and loffe Physical-Technical Institute,

194021 St.-Petersburg, Russia

2KTH Royal Institute of Technology, 16440 Kista, Sweden
3Institute for Photonics (TU Wien), 1040 Vienna, Austria
“University of Siegen, 57076 Siegen, Germany

SInstitute for Microelectronics (TU Wien), 1040 Vienna, Austria

(Received 11 August 2014; accepted 25 September 2014; published online 8 October 2014)

We present a detailed analysis of the bias-temperature instability (BTI) of single-layer graphene
field-effect transistors. Both negative BTI and positive BTI can be benchmarked using models
developed for Si technologies. In particular, recovery follows the universal relaxation trend and
can be described using the established capture/emission time map approach. We thereby propose a
general methodology for assessing the reliability of graphene/dielectric interfaces, which are essen-
tial building blocks of graphene devices. © 20/4 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4897344]

Graphene has attracted a considerable amount of atten-
tion due to its unique physical and electrical properties, such
as an extremely high room-temperature carrier mobility'*
and high saturation velocity.> Moreover, graphene is remark-
ably compatible with standard complimentary metal oxide
semiconductor (CMOS) technology,* and is therefore con-
sidered as a promising material for advanced electronic devi-
ces, which could enhance the performance or functionality
of silicon (Si) integrated circuits. Since the discovery of gra-
phene in 2004, many attempts at fabricating graphene field
effect transistors (GFETs)>'° and related electronic devi-
ces'"'? have been undertaken. Beyond such demonstrations
of device functionality for potential applications, process
integration issues such as low resistance electrical contacts'?
and reliable dielectric interfaces with graphene are urgent
research topics to assess the true potential of graphene tech-
nology. In particular, a rigorous method for the quantifica-
tion of dielectric quality and reliability in terms of the
charged trap density is needed. Few attempts have been
made at trying to describe the dielectric reliability in terms
of bias-temperature instability (BTI),'*™'” one of the key fig-
ures of merit for reliability in conventional Si metal oxide
semiconductor field effect transistors (MOSFETs).!%!°
However, none of these works reports a systematic method
to benchmark BTI dynamics in GFETs based on models
known from Si technologies.

Here, we perform a detailed study of BTI on the alumi-
num oxide (Al,O3) high-k top gate of double-gated GFETs.
We demonstrate that BTI can be understood using standard
methods previously developed for Si technologies if the deg-
radation dynamics are expressed in terms of a Dirac point
voltage shift rather than an ill-defined threshold voltage shift.
While the measured defect densities are still noticeably
larger than those known from Si technologies, the dynamics
of BTI are in general found to be comparable, allowing for
quantitative benchmarking of the graphene/dielectric inter-
face quality.

In our devices, the graphene channel is sandwiched
between Al,O; as a top gate insulator and SiO, as a back
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gate insulator. Typical channel lengths were between 1 and
4 ym, with widths ranging from 4 to 80 um. The devices
were fabricated on a thermally oxidized Si substrate using a
standard contact lithography process;4 the top gates and
source/drain contacts were made of TiAu and the back gates
of Al. In our first measurements, a significant device-to-de-
vice variability could be observed which prevented a system-
atic reliability study. However, in the spirit of the standard
forming-gas anneal of Si technology,'® by baking the devices
at T=300°C in a H,/He mixture, a significant decrease in
variability has been obtained (Fig. 1(a)). As such, this ther-
mal treatment before electrical characterization appears to be
essential for reliability studies, which require the comparison
of degradation data taken on various devices.

The electrical characteristics have been measured in
vacuum (10~ °Torr) in order to avoid the detrimental impact
of the environment.'”* Initially, GFET transfer and output
characteristics were investigated, which look similar to those
published previously14 (Figs. 1(b) and 1(c)). In particular,
we observe a modulation of the Dirac point voltage Vpj;ac by
the back gate bias Vpg, as well as a hysteresis related to
charging/discharging of fast oxide traps.'* The output char-
acteristics measured at different top gate biases Vg show a
rather strong saturation at high V4 in some devices. Also,
some kinks related to ambipolar channel effects are visible at
negative Vrg.2!

The impact of BTI stress on the top gate transfer charac-
teristics was examined as follows: first, the transfer character-
istic of the fresh device was measured. After this a constant
Vg was applied for a certain time, taking care to avoid addi-
tional degradation factors (e.g., hot carrier degradation) by
setting Vg and Vy to zero during the top gate BTI stress.
Also, for the same reason it was necessary to use narrow top
gate voltage sweep intervals in the measurements, in our case
(£1-2V around Vp;,). Then the evolution of the transfer
characteristics during recovery was monitored for several
hours/days. Since the observed drifts were very large, the
experiments were repeated on the same device using increas-
ing stress times (=1, 10, 100, and 1000 s) with re-adjusted

© 2014 AIP Publishing LLC
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FIG. 1. (a) Device-to-device variability is determined by the distribution of the current normalized to the channel width W and voltage values at the Dirac
point. After baking, the variability is reduced (see correlation coefficients p). At the same time the Dirac voltage is shifted towards positive values, which
reflects a change in the charged trap density. (b) The top gate transfer characteristics of the double gated GFETs show a hysteresis due to charging/discharging
of fast traps as well as a modulation of the Dirac point position by Vgg. (c) The output characteristics show signs of saturation and ambipolar channel effects.

V16 - Vbirac (ts) = const. This adjustment was done to main-
tain an approximately constant oxide field. The measure-
ments have been repeated at two different temperatures (25
and 75°C) with an intermediate baking step, which allowed
us to reuse the devices to minimize complications due to de-
vice-to-device variations.

Fig. 2(a) shows that negative BTI (NBTI) stress on the
top gate results mainly in a horizontal shift of the Dirac point
voltage, Vpir... However, some vertical drift of the character-
istics Alpi,c is also present. These effects are most likely
related to a change in the concentration of charged border
traps which affect electrostatics and mobility. The presence
of Alpi,. makes the frequently used (but somewhat arbi-
trary) definition'>~'” of the threshold voltage Vy, as the gate
bias at which 4= lgmax +lamin)/2 questionable, also
because /4 depends on other factors (e.g., contact resistance)
and lynax 1S determined by the width of the Vrg interval.
Thus, we suggest to use the Dirac point shift AVp;.,. as the

main quantity for expressing GFET reliability, since AVp;,c
is directly linked to the variation of charged traps Nt and
also independent of other factors. To further simplify the
analysis, we always measured our devices at constant
Va=20mV and Vg =0. Experimental results illustrating
the time evolution of the transfer characteristics during and
after NBTI stress at two temperatures are shown in Fig. 2(b).
As expected, a longer NBTTI stress causes a stronger shift of
Vbirac towards more negative voltages. Significant drifts are
recorded even at very low stress voltages, corresponding to
about 1 MV/cm (compare to the typically used 4-8 MV/cm
stress in Si technologies). During the recovery, Vpj, returns
back to its initial position which happens faster at higher
temperature. We thus extract AVp;,. for each of the meas-
ured characteristics and obtain the recovery traces versus the
relaxation time.

The transfer characteristics given in Fig. 2 were meas-
ured by sweeping Vy; from positive to negative values (V ~
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FIG. 3. (a) The presence of the fast trap component leads to a hysteresis-like impact on the transfer characteristics. (b) Recovery traces measured after NBTI-
like stress in V' mode also contain a fast trap component. (c) The fast trap component strongly depends on the degradation magnitude and recovers quickly.
(d) Baking of the device leads to a nearly complete recovery of NBTI stress. (e) The recovery traces obtained for the same device after baking are well

reproducible.

mode). However, it has been observed that when the meas-
urements are performed from negative to positive Vg (V'
mode), the initial NBTI degradation is more severe which is
due to the presence of a fast trap component (Figs. 3(a) and
3(b)). This fast trap component is responsible for the pro-
nounced hysteresis (cf. Fig. 1(b)) but also becomes stronger
for larger AVp;.ac and recovers within about 100 s (Fig. 3(c)).
However, contrary to NBTI, the sweep direction has almost
no impact on the positive BTT (PBTI) magnitude. Fig. 3(d)
illustrates that high-temperature baking at 300°C for 2 h
leads to a nearly complete recovery of NBTI degradation.
This allows to minimize the impact of device-to-device var-
iations by performing numerous measurements on the same
device which makes the results easier to interpret. In Fig.
3(e), one can see the two sets of recovery traces measured
for the same device at T=25°C, with an intermediate bak-
ing step at T =300 °C for 2 h. The results are well reproduci-
ble, despite the presence of both fast and slower trap
components. This allows us to capture the temperature de-
pendence of BTI dynamics on the same device, which will
thus be independent of variability issues.

However, since we are here primarily interested in the
slow long-term degradation rather than the hysteresis, results
similar to Fig. 2 (i.e., measured in V~ mode) are used for a
detailed analysis. We demonstrate that the normalized
AVpirac T€COVETY traces measured without the fast trap com-
ponent follow the universal relaxation relation 1/(1 1%
with the normalized relaxation time &=t,/t,, with ¢, and ¢,

being the stress and recovery times and B and ff empirical fit-
ting parameters (Figs. 4(a) and 4(b)). This observation was
previously made for Si technologies.”>** Moreover, the pa-
rameters given in Fig. 4(c) are very similar to those obtained
from Si data, confirming the similarity in the underlying
physical degradation processes. However, contrary to Si
technologies, no permanent (‘dangling bond’) component
needed to be taken into account during the extraction.

For a final comparison with Si technologies, we show
that the obtained recovery traces can be fitted with the cap-
ture/emission time (CET) map model®* for both NBTI and
PBTI. The CET map model assumes that BTI is the collec-
tive response of independent defects which exchange charges
with the channel, each following a first-order non-radiative
multiphonon process. Confirmed by extensive Si datasets,
the essential ingredients of the model are the widely distrib-
uted, correlated, and temperature dependent capture and
emission times, which can be well described using bivariate
Gaussian distributions of the respective activation energies.
The sets of experimental AVpy;,. recovery traces fitted with
the simulation results and the corresponding CET map distri-
butions are given in Fig. 5 for both NBTI and PBTI; the
same absolute value of Vg - Vpime and two different tem-
peratures have been used. The charged trap density can be
roughly estimated as ANT= AVp;r.c Cox/q, Where the oxide
capacitance C,, is considered to be a superposition of the ge-
ometrical and quantum capacitances, i.e., Cox = CgeomCy/
(Cgeom +Cq) with the quantum capacitance estimated as
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FIG. 4. In Si technologies, it has been observed that BTI recovery follows a universal relaxation relation which is also the case for NBTI (a) and PBTI (b) re-
covery in GFETs. Quite remarkably, the parameters (c) are very similar to those required to fit Si data.
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FIG. 5. (a) The AVp;,. recovery traces for NBTI and PBTI at two different temperatures fitted with the CET map model. (b) The underlying Gaussian distribu-
tions for activation energies and time constants (25°C). The extracted CET distributions closely resemble those for Si technologies.>* (c) Back-extrapolation
to zero measurement delay using the CET map model allows to obtain AVp;,. values at £, ~ 0.

Cq=1 F/cm?. The typical initial ANt values for GFETs are
around 10'*cm ™2 which is considerably larger than for Si
technologies (10"cm ™).

In our first studies,25 when the measurements were done
without an intermediate high-temperature baking/recovery
step, we had to investigate the BTI dynamics for various
stress conditions on different devices. In that case simultane-
ous fits of data for different stress conditions were often diffi-
cult to obtain, because the detrimental effects of variability
(cf. Fig. 1) are not considered in the CET map model.
However, the experimental results measured on the same
devices (Fig. 5) are fully consistent with the theory. For
example, at higher T the degradation is stronger and recovery
is faster, similarly to Si technologies (Fig. 5(a)). As a conse-
quence of the relatively large measurement delay caused by
the full /4 - Vpg sweeps, in some cases the degradation
appears to be lower at higher 7, in agreement with the previ-
ous results.">'” By correction of the measurement delay
using the CET map extrapolation to £, =0 we suggest this to
be an artefact (Figs. 5(a) and 5(c)). Note that the obtained
CET distributions (Fig. 5(b)) are very similar to the ones
extracted for Si technologies.”*

In Si technologies, two Gaussian distributions have to
be used to describe the NBTI recovery data.”®?” The first
one dominates the experimentally observed recovery and has
mean activation energies for capture and emission slightly
below 1 eV, just like our GFETs. The second distribution has
mean activation energies at about 1.5eV/2eV for capture
and emission, respectively. This second distribution has been
tentatively assigned to dangling bonds (P, centers).
Interestingly, this distribution is absent in our graphene tran-
sistors, consistent with the Van der Waals bonding between
graphene and Al,Oj3. Overall, we conclude that the CET map
model established for Si MOSFETsS can be applied to GFETs
as well.

In summary, we have performed a detailed study of BTI
degradation and recovery in GFETs. High-temperature bak-
ing of the devices allowed to decrease device-to-device vari-
ability and to perform numerous measurements on the same
device. Together with an optimized experimental technique,
in which a constant oxide field is sustained during all meas-
urements, experimental results fully consistent with Si tech-
nologies could be obtained. This BTI assessment
methodology is thus suitable for quantifying the quality and
reliability of graphene FETs and graphene/dielectric interfa-
ces in general.
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