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Abstract— A number of recent reports have noted excess
leakage current (IOFF ) in scaled InGaAs quantum-well
nMOSFETs. There is growing evidence that a combination of
band-to-band tunneling (BTBT) and a floating-body bipolar gain
effect is responsible for this. Unless this issue is effectively
addressed, the scaling potential of this transistor structure will
be compromised. This paper presents a detailed study of the
physics of IOFF and explores IOFF reduction strategies through
2-D device simulations that have been calibrated with experiments. In essence, under OFF conditions at even moderate values
of Vds , a BTBT process at the drain-end generates holes in
the channel and thereby reduces the source–channel potential
barrier. This results in injection of electrons into the channel
that contribute to enhanced IOFF while the holes are injected
into the source where they recombine. In a nanoscale device,
the bipolar effect that is at play here can have a very large
current gain and amplify many fold even a small BTBT current.
A study of approaches to mitigating this effect is analyzed here.
It is concluded that the most effective strategy is to minimize the
bipolar current gain rather than BTBT in scaled transistors.
OFF -state

Index Terms— III–V, band-to-band tunneling (BTBT),
bipolar effect, floating body, MOSFETs, quantum-well (QW),
self-aligned.

I. I NTRODUCTION

I

nAs-RICH InGaAs is a promising channel material for
future CMOS applications due to its superior electron
transport properties [1], [2]. In recently demonstrated scaled
InGaAs quantum-well (QW) MOSFETs with tight source and
drain (SD) spacing around the gate, excess drain-to-source
leakage current has been observed that prevents the effective turn-OFF of the transistor [3]–[6]. This is a serious
problem that must be addressed before the logic potential
of this material system can be realized. As a reference,
the International Technology Roadmap for Semiconductors
(ITRS) requires IOFF of 10 pA/μm for low-standby-power
applications [7].
Recently, there has been mounting evidence that excess
OFF -state
current has its origin in band-to-band
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tunneling (BTBT) at the drain-end of the channel [3]–[6].
In [3], IOFF was found to feature the characteristic voltage
and temperature signatures of gate-induced drain leakage.
It was postulated that IOFF arises from BTBT at the drain-end
of the channel [3]. A more detailed study has recently
shown that while BTBT indeed is the likely triggering
mechanism, a parasitic bipolar transistor action in the floating
QW-channel is responsible for significant amplification of
the BTBT current [6]. The simulations in [6] indicate that
the bipolar current gain in nanoscale devices can be rather
large, easily above 100, and it rises rapidly with channel
length reduction. This greatly magnifies the BTBT current
and makes the excess IOFF problem much worse.
It has been well known for some time that in floatingbody silicon-on-insulator (SOI) MOSFETs, the presence of a
lateral bipolar junction transistor (BJT) with substantial current
gain yields a dramatic enhancement of BTBT and impactionization current [8], [9]. A number of anomalies have been
traced to this combination of mechanisms, such as the kink
effect for analog device applications [10], jitter [11], and
premature breakdown [12], among others [10]. In InGaAs
high-electron-mobility transistors, floating body effects associated with hole generation through impact ionization have
also been widely reported [13]–[15]. These have been found
to result in the kink effect, excess gate leakage, excess
and frequency-dependent output conductance, and premature
breakdown and burnout [16].
Multiple factors can influence the magnitude of BTBT and
bipolar gain in InGaAs QW-MOSFETs, and a systematic study
of this is yet to be performed. The purpose of this paper is to
fill this gap through a simulation study that has been calibrated
with experiments. As compared with [6] whose focus was
the experimental verification of the coupling of BTBT and
the bipolar gain effect, this paper targets detailed physical
understanding and exploration of mitigation strategies.
This paper is organized as follows. Section II summarizes
the physics of BTBT and bipolar amplification in
QW-MOSFETs. In Sections III and IV, we present the
simulations of the OFF-state current that illuminate BTBTinduced source–channel barrier lowering and the bipolar gain
amplification and its L g dependence. Section V describes a
study of device design approaches to mitigate the OFF-state
current problem. In particular, we study the role of: 1) doping
of the channel region; 2) InAs composition of channel and
cap; 3) carrier lifetime; and 4) geometrical design of the
access regions. Finally, Section VI provides the conclusions
of this paper.
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Fig. 2.

Fig. 1.
(a) Schematic of BTBT and bipolar gain action in an InGaAs
QW-MOSFET biased in the OFF-state. (b) Corresponding energy band
diagram along the channel from source to drain. The source–channel barrier
height (qφb ) determines the OFF-state drain current.

This paper should be instrumental in identifying effective
current reduction strategies for future nanoscale
InGaAs QW MOSFETs.
OFF -state

II. P HYSICS OF E XCESS IOFF IN S CALED
InGaAs QW-MOSFET S
Experimental evidence of bipolar amplification of BTBT in
floating-body QW-MOSFETs was recently presented in [6].
The basic concept is summarized in Fig. 1, which shows a
schematic cross section of a simplified InGaAs QW-MOSFET
biased in the OFF-state with high Vds and a corresponding
energy band diagram; in the rest of this paper, we will refer
to this bias condition simply as the OFF-state. Overlaid are
arrows that indicate electron and hole flow.
In the OFF-state, BTBT takes place in the high-field region
around the drain-end of the channel. As sketched in Fig. 1
by the thin arrows, valence electrons from the channel tunnel
across this region and are collected by the drain. The holes
that are left behind accumulate in the channel leading to the
reduction of the source–channel energy barrier, which under
steady-state conditions allows the BTBT-generated holes to be
injected into the source and recombine in the heavily doped
cap or at the source–contact interface.
An important consequence of the reduction of the
source–channel energy barrier is electron injection from
the source into the channel. These electrons diffuse through the
channel and contribute an additional drain current component.
This is indicated in Fig. 1 by the thick blue arrow. In essence,
this is a bipolar gain effect similar to what has been observed
in floating-body SOI MOSFETs [8], [9]. In a nanoscale device,
the gain of the parasitic bipolar transistor can be quite large
and, as a result, the total drain current can be many times
higher than the BTBT electron–hole generation current.
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Cross-sectional device structure used in simulations.

III. S IMULATION S ETUP
A cross-sectional schematic of the simplified InGaAs
QW-MOSFET modeled in this paper is shown in Fig. 2.
This is a self-aligned device with a raised SD architecture
similar to devices in which excess drain current has been
observed in the OFF-state [3]–[6]. In our model device, the gate
dielectric is characterized by equivalent oxide thickness (EOT)
= 1 nm. The channel is an 8-nm thick Inx Ga1−x As with InAs
composition of x ch on an InAlAs buffer layer lattice matched
to InP. The cap that forms the raised SD is also In x Ga1−x As
but with an InAs composition of x cap . The doping level is
2×1019 cm−3 , and no doping or δ-doping is present elsewhere.
The thickness of the cap and channel is denoted as tcap and tch ,
respectively. The space between the gate edge and the ohmic
contacts is known as the access region and has a length L access .
Our baseline structure uses x ch = 0.7, x cap = 0.53, tcap = 30
nm, tch = 8 nm, L access = 0, and L g = 40 nm.
The 2-D device simulator Sentaurus Device by
Synopsys [17] was used in these simulations. The coupled
Poisson, electron and hole continuity equations are solved
self-consistently with a nonlocal-path BTBT model. Quantum
effects are not included in these simulations due to
convergence difficulties. We expect some minor corrections
when quantum effects are accounted for as a result of the
presence of a quantum dark region that pushes the charge
centroid away from the front and back interfaces of the
channel. In the baseline simulation setup, only recombination
at the SD metal contacts, which are characterized by an
infinite surface recombination velocity, is allowed. The
contacts are long enough for their length not to be relevant.
Recombination in the body of the channel and the cap is
neglected because the carrier diffusion lengths in these two
regions are estimated to be much longer than the gate length
and the cap thickness, respectively. This estimation is based
on the experimental carrier lifetimes of In0.53 Ga0.47 As/InP
structures [18] and reasonable mobilities [19], [20], and yields
a diffusion length that is over 10 μm in the channel and
∼0.2 μm in the n+ cap. Nevertheless, we explore the effect
of carrier recombination in the body of the semiconductor in
Section V.
For this paper, we apply the TCAD models and parameters
in [6] as they match the experimental results reasonably well.
IV. OFF -S TATE C URRENT M ODELING
This section gives the results of simulations of devices
with different L g values, where BTBT is turned ON and OFF.
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Fig. 3.
(a) Simulated subthreshold Id –Vgs characteristics with
without BTBT for MOSFETs with gate lengths of 40, 100, and 800
(b) Corresponding source–channel energy barrier (qφb ) as a function of
In all cases, Vds = 0.6 V.
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and
nm.
Vgs .

The goal is to provide physical understanding of the relevant
physics.
A. BTBT-Induced Source–Channel Barrier Lowering
Fig. 3(a) shows the simulated subthreshold Id –Vgs
characteristics at Vds = 0.6 V for L g = 40, 100, and
800 nm MOSFETs with and without BTBT. For all devices,
Id decreases monotonically as Vgs is reduced when the
BTBT model is not included, as expected in an ideal
MOSFET. The subthreshold swing degradation with decreasing L g is due to short-channel effects (SCEs). In contrast,
when the BTBT model is included, the OFF-state drain current,
Id (Vgs < −0.2 V, Vds = 0.6 V), reaches a minimum value
and then increases as Vgs decreases far below threshold. This
level of Id is set by the coupling between BTBT, bipolar gain,
and gate voltage through the modulation of the height of the
potential barrier, φb , that exists between the source and the
channel under the gate (Fig. 1).
To better understand this, Fig. 4 plots the conduction band
edge (E c ) from source to drain in the longitudinal direction at
a depth of 2 nm into the channel (y = −2 nm in Fig. 2)
for two transistors with L g = 800 and 40 nm. With the
BTBT model turned OFF (Fig. 4, left panels), as Vgs decreases,
qφb increases until normal hole accumulation in the channel
becomes prevalent. In contrast, with the BTBT model present
(right panels), qφb increases only initially with decreasing Vgs
and then becomes independent of Vgs . This is what causes
Id in the OFF-state to essentially saturate. Making Vgs more
negative flattens the top of the inverse-U-shaped band profile
in the channel. This is because a significant concentration of
holes accumulates in the channel leading to a more effective
screening of the longitudinal charge distribution.
The evolution of qφb with Vgs for the simulations of
Fig. 3(a) is more clearly visible in Fig. 3(b). In the absence
of BTBT, qφb increases as Vgs becomes more negative.
Eventually, saturation takes place when the Fermi level at the
surface approaches the valence band edge and the channel goes
into hole accumulation. Including BTBT introduces increased
accumulation of holes that limits the rise of qφb at higher
values of Vgs as follows. Reduction in Vgs gives rise to higher
Vdg and hence higher electric field at the drain edge of the
channel [3]; this enhances the BTBT generated hole current

Fig. 4.
Simulated conduction band edge along the channel from
source to drain (E c ) at various gate voltages for InGaAs MOSFETs
with (a) and (b) L g = 800 nm and (c) and (d) L g = 40 nm. In all cases,
Vds is 0.6 V. (a) and (c) BTBT model is turned OFF. (b) and (d) BTBT model
is turned ON.

Fig. 5. (a) Electron (Ie ) and hole (IBTBT ) channel currents and total drain
current (Id,T ) characteristics versus Vgs for MOSFETs with gate lengths of
40, 100, and 800 nm at Vds = 0.6 V. (b) Enlarged view for the box region
in (a).

injected into the channel (Ih,BTBT ) which in turn brings about
a reduction in qφb counterbalancing the effect of Vgs .
B. Bipolar Gain Amplification and L g Dependence
As shown in Fig. 3(b), the source–channel barrier height in
the OFF-state in the presence of BTBT is essentially the same
for the L g = 100 and 800 nm devices, which is understandable
because the BTBT current (IBTBT = |Ie,BTBT | = |Ih,BTBT |)
only depends on the E-field at the drain edge and is independent of gate length. This is indeed verified in Fig. 5 that plots
IBTBT corresponding to the three gate lengths. Compared with
the difference between total currents Id,T , the IBTBT currents
are very similar—almost the same for the two longer devices
and within a factor of 3, including the shortest one.
The bipolar current gain, β, on the other hand, does depend
on L g . β can be defined as
β=

Ie
.
IBTBT
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Fig. 6.
β −1 versus L g at Vds = 0.6 V for Vgs values between
−0.45 and −0.25 V.

Fig. 7. Subthreshold Id –Vgs and IBTBT –Vgs characteristics for L g = 40 nm
for different (a) backside δ-doping type and doping level and (b) channel
uniform p-type doping level. For both simulations, Vds is 0.6 V.

In the subthreshold regime, electron transport through the
channel takes place by diffusion and a shorter L g leads to a
steeper electron gradient and higher electron current. Fig. 5(a)
also plots the electron channel current (Ie ) and the terminal
drain current (Id,T ). Id,T denotes the total current by source
electron injection and BTBT, Id,T = Ie + IBTBT . It is clear
that in spite of a similar IBTBT , the shorter devices have
significantly higher Ie and, therefore, Id,T . For short devices,
Since β is much larger than unity (Ie  IBTBT ), it is expected
that Id,T  Ie . The gain reduces for longer devices. This is
indeed the case for the longer device, L g = 800 nm, as shown
in Fig. 5(b).
Our simple physical arguments lead us to postulate an
inverse linear relationship between β and L g . Indeed, this
is what we observe in the simulations at all values of Vgs
in Fig. 6, which also shows that, for a given L g , β is reduced
as the gate voltage becomes more negative. The physical origin
is discussed as follows.
SCEs complicate this idealized picture in a number of ways.
In a BJT, the quasi-neutral base is the portion of the base
with nearly zero longitudinal E-field, through which injected
carriers flow by diffusion. Due to the presence of the depletion
regions associated with the p-n junctions, the effective electrical thickness of the quasi-neutral base is smaller than that of
the metallurgical base. In analogy with this, in a QW-MOSFET
in the subthreshold regime, the portion of the channel that is
under negligible lateral field is shorter than the gate length.
This does not appreciably affect long-channel devices, but
it becomes significant in short-channel transistors. As Fig. 4
shows, for L g = 800 nm, the conduction band under the gate
is rather flat, while for L g = 40 nm, it exhibits an inverse-U
shape. The effective channel length in this case is substantially
shorter than L g leading to an increase in current gain.
We find in our simulations that for a given layer design, the
difference between physical gate length and effective channel
length is weakly dependent of Vgs . To the first order, we
neglect this dependency. Then this difference can be seen
in Fig. 6 where the extrapolation of β −1 to β −1 = 0 yields
L g  70 nm. L g is related to the penetration of the
electric field lines that emanate from the SD into the channel.

This effectively shortens the effective channel length that
electrons diffuse through on their way from source to drain.
Fig. 6 reveals that β decreases as Vgs is made more negative.
As in an n-p-n bipolar transistor, β is related to the barrier that
holes must overcome to get injected into the emitter (source,
in this case). The lower the barrier, the easier the injection
and the lower β is. In this regime, the reduction of β as Vgs
becomes more negative, is associated with the reduction of φb
for negative Vgs , as shown in Fig. 3(b).
V. T RANSISTOR D ESIGN FOR OFF -S TATE
L EAKAGE R EDUCTION
In this section, we discuss the device design approaches
to reduce BTBT and bipolar gain. The degree to which such
approaches might be employed to mitigate excess OFF-state
Id in InGaAs QW-MOSFETs would depend on the considerations of the overall device performance and specifications.
A detailed study of this is outside the scope of this paper.
A. Delta Doping and Channel Doping
Different doping profiles have been implemented in experimental InGaAs QW-MOSFETs. N-type δ-doping is typically
added beneath the channel (indicated by dashed line in Fig. 1)
to reduce ON-state access resistance and to maintain high
channel mobility [3], [21]. Uniform p-type doping of the
channel region has also been used [22]. We have found that
the doping type and profile strongly influence the BTBT rate
and the bipolar gain characteristics, as well as many other
important transistor parameters, and should be an important
consideration in transistor design.
Fig. 7 shows the simulated subthreshold Id –Vgs and
IBTBT –Vgs characteristics at Vds = 0.6 V as a function of
backside δ-doping type and level (left), and channel uniform
p-type doping level (right) for L g = 40 nm transistors.
The backside δ-doping is located in the InAlAs buffer 5-nm
beneath the channel. In Fig. 7(a), the black line shows the case
for zero δ-doping (the baseline design) and the arrows indicate increasing magnitude of δ-doping in 0.25 × 1012 cm−2
increments. Red color with a left-pointing arrow refers to
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Fig. 9. Energy band diagram below the gate around the source in the direction
perpendicular to the surface.

Fig. 8.
β versus channel uniform p-doping (N A at the bottom x-axis)
and backside δ-doping level (Nδ at the top x-axis) at Vgs = −0.4 V and
Vds = 0.6 V. L g for this device is 40 nm. Negative δ-doping values indicate
n-type doping.

n-type and blue with a right-pointing arrow for p-type.
In Fig. 7(b), the arrows indicate channel p-doping level
changes from 0 to 3.5 × 1018 cm−3 .
Changing doping level and type affects the threshold voltage, which shifts positively with increasing p-type doping
and negatively with increasing n-type doping. In addition, the
saturated Id (in the OFF-state) increases as the n-type doping
increases and it decreases as p-type doping increases though
eventually this reduction saturates. Interestingly, the behavior
of IBTBT is counter to this, it decreases as n-type doping
increases, and it increases as p-type doping increases.
Fig. 7 reveals the important role that β plays in OFF-state Id
and its dependence on doping. This can be seen more clearly
in Fig. 8 that plots β at Vgs = −0.4 V and Vds = 0.6 V against
the doping level in the δ-doped layer (top x-axis) and channel
p-type doping N A (bottom x-axis).
The large impact of channel doping on the bipolar gain can
be understood by considering the role of the vertical electric
field across the channel. In the channel of a QW-MOSFET
biased in the subthreshold regime, an electric field exists in the
transverse direction (perpendicular to the surface). Its presence
can significantly influence the bipolar action that is partially
responsible for the excess OFF-state current. To illustrate this,
Fig. 9 shows the energy band diagram in the transverse
direction under the gate in a device biased in the OFF-state
with some degree of hole accumulation in the channel. The
presence of a transverse field splits the electron and hole
distributions spatially with holes being located closer to the
surface and the electrons placed against the channel–buffer
interface. Effectively this also implies an energy separation
between the electron and the hole populations that, neglecting
quantization, is narrower than the bandgap by an amount
roughly equal to the band bending in the channel or qφc in
Fig. 9. In analogy to the impact on β of bandgap narrowing
in the base of a BJT, this should increase the current gain by
an amount roughly given by exp(qφc /kT ). Similar behavior in
the bipolar action of a Si MOSFET has been reported [23].

Fig. 10. (a) Simulated energy band diagrams in the perpendicular direction
in the channel under the gate for three different types of backside δ-doping
(at the same Vgs − Vt ). For clarity, the band diagrams are matched at the
oxide–semiconductor interface. (b) β versus qφc at fixed Vgs − Vt = −0.35 V
and Vds = 0.6 V in semilog scale indicates the exponential dependence
of β on qφc . qφc is extracted in the center of the channel (z = 0).

In addition, in Si SOI MOSFETs, an increase in OFF-state Id
is observed after irradiation [24], [25] that generates positive
fixed charge in the buried oxide beneath the channel and leads
to electron accumulation at the back interface.
The impact of channel doping on the bipolar gain
shown in Fig. 8 can be easily understood in these terms.
Fig. 10(a) shows energy band diagrams in the vertical direction in the channel under the gate at the same Vgs − Vt
(Vgs − Vt < 0) for three different cases: 1) p-type δ-doping;
2) no δ-doping; and 3) n-type δ-doping. For clarity, the band
diagrams are matched at the oxide–semiconductor interface.
With an n-type δ-doping in the buffer, there is steeper band
bending in the channel that results in increased current gain.
Conversely, with increased p-type delta doping, φc is reduced
and β also shrinks. Similar reasoning applies for the uniform
p-type channel doping design.
To confirm this understanding, Fig. 10(b) shows β versus φc as extracted from the simulator for different
δ-doping designs. Those values are extracted at fixed
Vgs − Vt = −0.35 V (Vt is defined at Id = 1 μA/μm)
and Vds = 0.6 V from Fig. 7(a). The expected exponential
dependence of β on φc is indeed obtained.
This discussion reveals that the optimum design is the one
that minimizes band bending in the channel in the transverse
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Fig. 11. Energy band diagram under the contact along the perpendicular
direction for xcap < xch , (E g,cap > E g,ch ).
Fig. 13. (a) Id and IBTBT and (b) β versus xch at Vgs = −0.35 V and
Vds = 0.6 V. L g for this device is 40 nm and xcap = 0.53.

Fig. 12. (a) Extracted Id and IBTBT and (b) β versus xcap at Vgs = −0.35 V
and Vds = 0.6 V. L g for this device is 40 nm and xch = 0.7.

direction in the subthreshold regime. Consequently, the device
architectures that improve the gate control over the channel
potential in the subthreshold regime, such as ultrathin-body
QW-MOSFET, double-gate FinFET, trigate MOSFET and
gate-all-around nanowire design will be an advantage.
B. InAs Composition in Channel and Cap
So far, we have studied a device design in which the InAs
composition in the channel is x ch = 0.7 and that of the
n+ -cap is x cap = 0.53. The use of a different InAs composition
in the cap and channel results in a heterojunction at the
cap/channel interface. This introduces an additional barrier
to hole injection from the channel into the cap that greatly
increases the bipolar current gain. In essence, this behaves as
a heterojunction bipolar transistor [26]. Fig. 11 shows this case
by sketching an energy band diagram under the contacts in the
vertical direction.
We have studied the effect of varying x cap while keeping
x ch constant. Fig. 12 graphs Id , IBTBT , and β versus x cap at
a fixed Vgs = −0.35 V and L g = 40 nm for x ch = 0.7. It is
clear that OFF-state Id decreases when x cap increases from
0.3 to 1. This is because β decreases in a very significant way
as the hole barrier at the channel–cap interface is reduced and
eventually eliminated. In contrast, the BTBT current increases
as x cap increases.
BTBT is inherently a nonlocal process. At the drain edge
of the channel, electron generation mostly happens in the
cap, and hole generation in the channel [6]. Hence, the InAs
composition of both the cap and the channel, through their
respective bandgaps, affects the tunneling barrier. As the
bandgap in the cap is reduced, the tunneling barrier for BTBT

Fig. 14. (a) Extracted Id and IBTBT and (b) β versus τ at Vgs = −0.45 V
and Vds = 0.6 V. L g for this device is 40 nm.

also shrinks and BTBT at the drain edge of the channel is
enhanced. This is consistent with experimental observations
in [5]. The increase in IBTBT , however, is significantly weaker
than the bipolar gain reduction and OFF-state leakage follows
the trend of the latter. When x cap approaches 1, β vanishes,
and OFF-state leakage approaches IBTBT .
Fig. 13 shows the impact of x ch for a fixed x cap = 0.53.
OFF -state Id increases as x ch increases. In this case, β and
IBTBT are both enhanced. β enhancement can be understood by
the heterojunction effect and the BTBT current enhancement
as a result of bandgap reduction in the channel.
This paper reveals that the InAs composition in channel
and cap both play a very important role in determining
OFF -state Id . All other things being equal, it is clear that reducing the valence band discontinuity (E v = E v,ch − E v,cap )
at the channel–cap interface constitutes an effective way to
suppress OFF-state current.
C. Carrier Lifetime
In SOI MOSFET, an effective approach to mitigate the
parasitic bipolar effect is to introduce recombination centers that reduce the carrier lifetime [27]. Recombination
of the BTBT-generated holes in the channel brings down
their concentration and the need to inject them across the
source–channel barrier.
This effect is studied by introducing a Shockley–Read–Halltype recombination process in the cap and channel that is characterized by a carrier lifetime, τ [18]. Fig. 14 shows the impact
of τ on OFF-state Id , IBTBT , and β at Vgs = −0.45 V and
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We have studied four different ways of accomplishing
this: 1) reduction of the vertical electric field in the channel by
doping engineering; 2) reduction of the heterojunction effect
by engineering the InAs compositions in the cap and channel;
3) reduction of lifetime of excess carriers generated by BTBT;
and 4) dimensional control of the extrinsic device.
R EFERENCES

Fig. 15. Id extracted at Vgs = −0.35 V and Vds = 0.6 V for (a) varying
L access and (b) varying tcap in, otherwise, a baseline device design.
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