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Abstract—We examine the interplay between the degradations
associated with the bias-temperature instability (BTI) and hot
carrier degradation (HCD) in single-layer double-gated graphene
ﬁeld-effect transistors (GFETs). Depending on the polarity of the
applied BTI stress, the HCD component acting in conjuction
can either accelerate or compensate the degradation. The related
phenomena are studied in detail at different temperatures. Our
results show that the variations of the charged trap density and
carrier mobility induced by both contributions are correlated.
Moreover, the electron/hole mobility behaviour agrees with the
previously reported attractive/repulsive scattering asymmetry.

I. I NTRODUCTION
Graphene is a superior carbon material which is considered a
promising candidate for various applications in modern microand nanoelectronics. The main advantages of graphene compared to most traditional materials are extremely high roomtemperature carrier mobility [1, 2] and saturation velocity [3].
In addition, good compatibility of graphene with complimentary metal oxide semiconductor (CMOS) technology allows to
integrate this material into the standard device manufacturing
processes. In particular, during the last few years, several
successful attempts at fabricating graphene FETs (GFETs) [4–
9] have been undertaken by different groups worldwide. These
advances have created a demand for the characterization of
the reliability of these devices. Despite this, only a few papers
devoted to BTI in GFETs have been published recently [10–
13]. At the same time, the problem of hot-carrier degradation
(HCD) in GFETs has not been given any attention, although
this reliability issue is known to be crucial in Si FETs [14].
In this work we study the interplay between the BTI
degradation resulting from a voltage applied to the high-k
top gate of double-gated GFET and the HCD associated with
the application of a drain-source voltage. We show that the
positive BTI (PBTI) and HCD components typically create
defects of opposite signs, which leads to a non-trivial impact
on the device performance if they are applied in conjuction.
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Fig. 1. The bias and HCD components applied in conjuction result in a
shift of the voltage (ΔVD ) and current (ΔID ) at the Dirac point. If the
HCD component is signiﬁcant, ΔID can be considerable. For this reason, the
previously used deﬁnition of GFET threshold voltage introduced by the authors
of [11, 13] is problematic. Therefore, we consider the degradation/recovery
dynamics of BTI-HCD stress in terms of ΔVD , which allows us to correctly
estimate the charged trap density shift related to the applied stress.

Investigation of the temperature dependence of the related
interaction between different defects allowed us to illustrate
that the resulting changes in the charged trap density and
carrier mobility are correlated.
II. D EVICES
We perform our study on single-layer double-gated GFETs
fabricated using a standard lithography process [15]. In these
devices 25 nm thick Al2 O3 is used as a top gate insulator
and 1800 nm thick SiO2 is employed as a back gate insulator,
while the channel lengths are 1 – 4 μm and widths 4 – 80 μm.
In order to reduce device-to-device variability, the devices have
been baked at T = 300◦C in a H2 /He mixture [16]. Also, the
performance of our GFETs is in agreement with the results
published by other groups [10].
III. E XPERIMENT
The measurements of the top gate transfer characteristics
were performed in vacuum (∼ 10−5 torr). This was necessary
to enhance the reliability of our analysis by avoiding the
detrimental impact of the ambient [13]. The impact of HC
and bias stress on the device performance was examined as
follows: after measuring the reference transfer characteristic,
a stress with constant VTG and drain voltage Vd was applied.

Fig. 2. Time evolution of the top gate transfer characteristics after the stresses with the same pHCD and different bias components: a) NBTI-pHCD (VTG VD < 0), b) pure pHCD (VTG - VD = 0), c) PBTI-pHCD (VTG - VD > 0). The pHC degradation has NBTI-like nature and therefore makes the NBTI degradation
more severe, while compensating the PBTI degradation. d) The simulated distributions of the carrier concentration along the channel show that the pHCD
component leads to an increase of hole concentration closely to the drain. Trapping of these holes introduces additional positively charged defects, which either
play together with the ones created by the NBTI component or compensate the negative charges originating from PBTI. In the case of PBTI-pHCD the negatively
charged defects are concentrated at the source side of the channel, while the positively charged defects are situated near the drain.

Then the recovery of the stressed device was monitored for
several hours/days. For a more detailed analysis of the degradation/recovery dynamics, the measurements have been repeated
with either increasing stress times (ts = 1, 10, 100 and 1000 s)
or drain voltages (Vd = 0...±12 V). After each measurement,
the top gate voltage was adjusted as VTG - VD ≈ const,
accounting for the shift of the Dirac point VD after the previous
stress round. This was necessary to approximately maintain a
constant oxide ﬁeld during all stress rounds [16].
IV. R ESULTS AND DISCUSSIONS
In Fig. 1 we show the typical impact of PBTI stress
(VTG - VD > 0) applied in conjuction with the positive (Vd > 0)
HCD component (i.e. PBTI-pHCD). Clearly, the degradation
is associated with both a vertical (ΔID ) and horizontal (ΔVD )
shift of the Dirac point and also with a transformation of
the shape of the transfer characteristics. The latter typically
becomes more pronounced after stress with a stronger HCD
component. The observed behaviour originates from a change
in the concentration of charged border traps induced by the
applied stress. Obviously, this may have a considerable impact
on both channel electrostatics and carrier mobility. However,
the most crucial issue is that a vertical drift ΔID makes
the deﬁnition of the GFET threshold voltage from [11, 13]
questionable, especially if a considerable HCD component is
present. Therefore, we will express the degradation/recovery
dynamics of BTI-HCD in terms of a horizontal shift of the
Dirac point ΔVD , which has been suggested in our previous
paper on pure BTI [16]. The feasibility of this approach is also
justiﬁed by the simple relation ΔNT = ΔVD Cox /q, which links
ΔVD with the charged trap density shift ΔNT .
In order to get some initial understanding on how the BTIHCD dynamics depend on the polarity of the bias component,
we have performed measurements using a ﬁxed pHCD component Vd = 5 V and three different VTG - VD corresponding to
NBTI (VTG - VD < 0), no bias component (VTG - VD = 0) and
PBTI (VTG - VD > 0). The resulting time evolution of the top
gate transfer characteristics is plotted in Fig. 2. Obviously, in
the case of NBTI-pHCD the Dirac voltage shift towards more
negative values is considerable even if the bias component is
small (Fig. 2a). In addition, some vertical drift ΔID is observed. The pure pHCD stress (Fig. 2b) also shifts VD towards
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more negative values, although less signiﬁcantly. Interestingly,
in both cases the HC degradation is recoverable, contrary
to Si FETs. Alternatively, a small PBTI stress accompanied
by a pHC component (PBTI-pHCD) does not impact the
device performance considerably (Fig. 2c). Therefore, in our
GFETs the impact of NBTI stress becomes more severe, if
it is accompained by a pHCD component. Conversely, PBTI
degradation is reduced by an accompanying pHCD component.
In order to understand this behaviour, we have performed some
simulations using the drift model for GFETs reported in [17].
Since in this model the diffusion contribution is not accounted
for, the obtained results are suitable only for a qualitative
analysis. In Fig. 2d the simulated distributions of the carrier
concentration along the channel are sketched. The pure NBTI
stress acts in the hole conduction region of GFET and therefore
leads to hole trapping. Contrary, the pure PBTI stress acting in
the electron conduction region leads to electron trapping. At
the same time, the hole/electron concentration is constant along
the channel. Activation of the pHCD component increases
the hole concentration closely to the drain, independently of
the polarity of the bias stress. Therefore, pHCD introduces
additional positively charged defects and accelerates NBTI
degradation. Conversely, suppression of PBTI degradation by
pHCD originates in the compensation of negatively charged
defects introduced by the former by positively charged defects
associated with the latter. In that case the negative charges
are concentrated at the source side of the channel, while the
positive charges are situated closely to the drain.
The results above show that an interaction between the
defects with opposite signs should take place if the PBTI
and the pHCD stress components act together. Therefore, in
the context of this work, the case of PBTI-pHCD is more
interesting than NBTI-pHCD. Thus, in the next experiments
we ﬁx VTG - VD = 4 V and apply the subsequent long PBTIpHCD stresses (ts = 1000 s) with increasing pHCD component.
The resulting time evolution of the top gate transfer characteristics and corresponding ΔVD recovery traces measured
at T = 25◦ C and T = 120◦ C are given in Fig. 3. We observe
that PBTI degradation is strongly suppressed by the pHCD
component Moreover, after stress with a considerable pHCD
component the recovery beyond the initial Dirac voltage (i.e.
over-recovery) is observed. This effect originates from the

Fig. 3. Time evolution of the top gate transfer characteristics after subsequent
PBTI-pHCD stress with increasing pHCD component and the corresponding
recovery traces: a) T = 25◦ C, b) T = 120◦ C. In both cases PBTI degradation is
compensated by the pHCD component. The latter introduces additional weakly
recoverable positively charged defects which lead to over-recovery beyond the
initial Dirac point and also adds an NBTI-like fast trap response. At higher
temperature these effects become more pronounced, which means that the
pHCD component is accelerated by temperature.

Fig. 4. Time evolution of the top gate transfer characteristics after subsequent
PBTI-nHCD stress with increasing nHCD component and the corresponding
recovery tracces: a) T = 25◦ C, b) T = 120◦ C. At T = 25◦ C, PBTI degradation
is ﬁrst accelerated and then suppressed by the nHCD component, while
at T = 120◦ C the compensation takes place independently of the nHCD
magnitude. Therefore, the nHCD component is able to introduce some negative
charges, contrary to its pHCD counterpart. However, at higher temperature this
asymmetry is signiﬁcantly less pronounced.

presence of some weakly recoverable positive charges which
are associated with the pHCD component. Obviously, these
defects shift the initial Dirac point in an NBTI-like manner,
while the negatively charged defects introduced by the PBTI
component continue to recover in a PBTI-like manner. At
the same time, a very strong pHCD component introduces an
NBTI-like fast trap response into the recovery traces, similarly
to the case of pure NBTI [16]. Comparison of the results
obtained at different temperatures shows that at T = 120◦C
compensation of PBTI degradation by the pHCD contribution
becomes pronounced starting at smaller Vd , while NBTI-like
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fast traps also appear earlier. Therefore, we conclude that the
pHCD component is accelerated at higher temperature.
In the next step we performed similar measurements with
VTG - VD = 4 V and Vd < 0 (i.e. PBTI-nHCD). The results
obtained at T = 25◦ C and T = 120◦ C are shown in Fig. 4.
Contrary to the previous case, the nHCD component is able to
introduce some negative charges at smaller Vd . This leads to
acceleration of the PBTI component at T = 25◦ C. Conversely,
a strong nHCD component acts in the same manner as pHCD
and leads to a compensation of the PBTI degradation and overrecovery. As for the case of T = 120◦ C, the nHCD component
compensates PBTI independently of Vd . However, NBTI-like
fast traps are not present, which suggests that some asymmetry
between the pHC and nHC contributions is still pronounced at
T = 120◦ C.
In Fig. 5 we depict the resulting defect density shifts
extracted from the recovery traces given in Figs. 3 and 4.
Clearly, the asymmetry between PBTI-pHCD and PBTI-nHCD
observed 10 s after the stresses at T = 25◦ C almost disappear at
T = 120◦ C (Fig. 5a). The only conserved trend is that a strong
pHCD component introduces more positive charges than the
nHCD component of the same magnitude, while the difference
is mainly due to NBTI-like fast traps. The related results
obtained after 6000 s recovery (Fig. 5b) show that both pHCD
and nHCD components of large magnitude introduce weakly
recoverable positive charges. Obviously, the concentration of
these defects is larger at higher temperature, leading to a
stronger over-recovery (cf. Figs. 3 and 4). Also, the range of
stress Vd within which the charge compensation takes place is
wider at T = 120◦ C. The reason for this is that not only the
HC, but also the bias component becomes more pronounced
at higher temperature [16]. Therefore, at T = 120◦C a strong
interplay between the defects with opposite signs introduced by
the PBTI and HCD components starts at smaller Vd . Analysis
of the Id - VTG characteristics given in Figs. 3 and 4 allow us to
extract electron and hole mobility at all stress/recovery phases
using the method suggeste in [18]. The obtained values related
to the mobilities measured before the stress are plotted versus
stress Vd in Fig. 6 for PBTI-pHCD and PBTI-nHCD. One
can see that in both cases the electron mobility increases with
respect to its initial value, which becomes more pronounced
at T = 120◦ C. At both temperatures the electron mobility
maximum is located within the Vd range corresponding to
the charge compensation region (cf. Fig. 5). This behaviour is
more likely related to screening effects [19] which accompany
the interplay between the defects with opposite signs. Obviously, at higher temperature the charge compensation starts
at smaller Vd but proceeds more slowly, making the interplay between different defects and, consequently, the electron
mobility maximum more pronounced. Moreover, the relative
decrease in electron mobility after the maximum is stronger
than for holes. This is due to the presence of extra positively
charged defects due to which electrons experience a strong
attractive and holes weak repulsive scattering. Conversely, at
small Vd , when the negatively charged defects dominate, the
relative degradation of the hole mobility is stronger. Therefore,
we can conclude that the mobility change associated with BTIHCD stress not only correlates with a variation of the defect

Fig. 5.
Defect density shifts vs. Vd for PBTI-pHCD and PBTI-nHCD
at two different relaxation time points: a) tr = 10 s, b) tr = 6000 s. The
results corresponding to T = 25◦ C and T = 120◦ C are plotted. At T = 120◦ C
the charge compensation region is wider and the concentration of weakly
recoverable positive charges is larger. Also, the signiﬁcant difference between
PBTI-pHCD and PBTI-nHCD visible at T = 25◦ C, especially 10 s after the
stress, becomes less pronounced at higher temperature.

Fig. 6. Relative mobility vs. Vd for PBTI-pHCD (a) and PBTI-nHCD (b) at
two different temperatures. In both cases the electron mobility increases with
respect to its initial value, which is likely associated with screening effects
and becomes more crucial at T = 120◦ C. The position of the electron mobility
maximum corresponds to the charge compensation region, which is also more
pronounced at higher temperature (Fig. 5). Therefore, the mobility and charged
trap density variations are correlated.

density, but also agrees with the attractive/repulsive scattering
asymmetry reported in [20].
V. C ONCLUSIONS
We have performed a detailed study of the interplay between
the HCD and bias stress components in single-layer doublegated GFETs. Our results show that this interplay is stronger if
the HC stress acts in conjuction with PBTI. The experiments
performed for this case demonstrate that at higher temperature
the number of defects created by both bias and HC stress
is larger and the interaction between them in terms of their
charges and potentials is stronger. This impacts both charged
trap density shift and mobility which are correlated. Moreover,
the mobility variation agrees with the previously reported
attractive/repulsive scattering asymmetry [20].
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