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Excess Off-State Current in InGaAs FinFETs

Xin Zhao*', Member, IEEE, Alon Vardi

Abstract—We present a detailed study of the off-state
leakage current in scaled self-aligned InGaAs FinFETs.
In long-channel devices, band-to-band tunneling at the
drain-end of the channel is shown to be the root cause of
excessive off-state current. This conclusion emerges from
its characteristic electric field and temperature behavior and
the absence of gate length and fin width dependencies.
In short-channel devices, off-state current is significantly
larger and it increases as the gate length shortens or the
fin widens. We attribute this behavior to current multipli-
cation through the gain of a floating-base parasitic bipolar
transistor that is present inside the MOSFET. We extract the
bipolar current gain which in short-channel devices is found
to increase as the gate length shortens and decrease as the
fin width narrows. In long channel devices, the current gain
drops exponentially due to base recombination. This has
allowed us to extract the diffusion length of electrons in the
body of the transistor.

Index Terms—IlI-V, FinFETSs, self-aligned, tunneling, par-
asitic bipolar effect, GIDL.

I. INTRODUCTION

nGaAs is a promising channel material candidate for

CMOS technologies beyond the 7 nm node [1], [2]. In this
dimensional range, only high aspect-ratio 3D transistors with a
fin or nanowire configuration can deliver the necessary perfor-
mance. Impressive InGaAs FinFET prototypes have recently
been demonstrated [3]-[9]. Nevertheless, there are a number
of serious concerns with this device technology. A pressing
one is excessive off-state current that is believed to be a result
of the narrow bandgap of the channel [10].

Recently, excessive off-state leakage current in self-aligned
planar quantum-well InGaAs MOSFETs has been observed
and studied [10]-[13]. Its origin has been attributed to band-
to-band tunneling (BTBT) at the drain-end of the channel that
is amplified by a parasitic bipolar transistor formed by the
source, drain and floating body of the MOSFET. A similar
effect ought to occur in InGaAs FinFETs and nanowire
MOSFETs. Indeed, observations of poor turn-off in 3D III-V
transistors have been reported [14] but a detailed experimental
study is yet to be performed.
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Fig. 1. (a) Starting heterostructure, (b) cross-sectional schematic along
the fin length, and (c) perpendicular to the fin length in a finished device.
In (b), the blue region indicates the location of the fin.

In this work, we study the turn-off behavior of tight-pitch
self-aligned InGaAs FinFETs [9] with fin width (Wf) of
13 - 25 nm. Classic field and temperature (T) dependences
establish BTBT as the origin of the off-state current in long-
channel devices. The absence of a clear fin-width dependence
suggests that tunneling mainly takes place in the extrinsic
drain. Off-state current amplification through the parasitic
bipolar transistor is evident in its gate-length and fin width
dependence in short-channel devices.

Il. DEVICES UNDER INVESTIGATION

Fig. 1 (a) shows the starting heterostructure that includes a
50 nm thick undoped InGaAs layer as channel and a 30 nm
thick heavily-doped Si:InGaAs as cap. All layers are lattice
matched to the InP substrate. Device fabrication followed a
contact first, gate last process [9] and featured self-aligned
ohmic contacts. Beneath the channel, a buffer layer consisting
of 40 nm undoped InP and 400 nm undoped InAlAs was
grown and no intentional contact was made to the body.
A combination of dry etch and digital etch [15] was used to
define high aspect ratio fins with smooth and vertical sidewalls.
A dry cap recess process based on Cl/BCls reactive ion
etching and digital etch (DE) resulted in 5 nm separation
between the edge of the cap and the fin (Fig. 1 (b)), critical to
obtaining low access resistance and high performance. 3 nm
HfO, as gate dielectric was deposited via ALD, corresponding
to roughly 0.8 nm EOT. The HSQ mask that is used to define
the fins is left in place making these double-gate FinFETs.

FinFETs with fin width Wy = 13-25 nm and gate length
Ly = 60 nm - 16 um were evaluated. The electrical char-
acteristics of a typical fin array device with Nf = 34 fins,
Wf = 13 nm and Lg = 50 nm are shown in Fig. 2. The output
characteristics exhibit excellent current saturation. A peak
transconductance (gm,pk) of 752 uS/um is obtained at Vs
0.5 V (all metrics normalized by the conducting gate periphery
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Fig. 2. Output and subthreshold characteristics of an InGaAs FinFET
with W = 13 nm, Lg = 50 nm, and N¢ = 34.

which is twice the channel thickness or 100 nm). A minimum
subthreshold swing at Vg = 0.05 V (Sjin) of 80 mV/dec
is obtained. In the bias range of interest, the gate current is
at least 1.5 orders of magnitude lower than the drain/source
current. Compared to Vg = 0.05 V, significant degradation of
the subthreshold swing is observed at Vg3 = 0.5 V with an
undesirably high off-state current. Understanding the origin of
this excess current is the goal of this work.

I11. BAND-TO-BAND TUNNELING

The subthreshold characteristics of a device with Ly =
620 nm, Wy = 17 nm and Ny = 34 are shown in Fig. 3 (a) for
different values of V4s. The source current (in absolute value)
is plotted to minimize contamination of the channel current
by gate leakage. As Vgs swings negative, |Is| first decreases
and then increases. The excess off-state current increases with
drain bias. This is the characteristic shape of a tunneling
current [14], [16].

To confirm this and gain further insight, we turn to the
standard model of BTBT current [17]-[19]:

|/ prBT] ocexp(—Ai.s) o
Vg Vg

where Vg is the bias between the drain and gate terminals, Eg
is the semiconductor bandgap, and A is a material dependent
constant. It is worth noting that, instead of Vqg, Vag — Eg/q
was used in [17] and [18] where the body of the transistor is
p-type doped. Here, the Ez/q term is dropped because the fin
is undoped and the electric field around Vgg = 0 V is small.
To verify the Vg dependence in (1), the data of Fig. 3 (a) is
replotted in Fig. 3 (b) as |Is|/Vqg in a semilog scale vs. 1/Vgg.
The overlapping curves for different Vg, in the off state reveal
an exponential dependence on 1/V g that is consistent with (1).
To further test the BTBT origin of the excess off-state
current, we performed measurements at different temperatures
from 180 to 420 K for V4s = 0.8 V, as shown in Fig. 3 (c).
According to Eq. (1), the dominant temperature dependence
is expected to come from the bandgap through E ;5 term in
the exponential factor [19]. Fig. 3 (d) shows |I| at different
temperatures for Vgs = 0.8 V and Vg = —0.9 V as a function
of Eé'S where E, of Ing 53Ga 47As is obtained at the respective
temperatures [20]. The exponential relationship that emerges,
also obtained for other combinations of Vg, and Vs, further

confirms the BTBT origin of the excess current.
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Fig. 3. (a) Subthreshold characteristics of a W¢ = 17 nm, Lg = 620 nm

Nf = 34 FinFET; ( |Is|Nd in semilog scale vs. 1ng, revealing an
exponential relatlonshlp §ubthreshold characteristics of same device
at Vd15 =08VforT = 180 ~ 420 K; (d) |ls| shows linear dependence
on E , confirming the tunneling nature of the current.

IV. FIN WIDTH DEPENDENCE

We have studied the fin width dependence of the excess off-
state current. Fig. 4 plots subthreshold characteristics for long-
and short-channel devices with different W¢. In devices with
Ly = 5 pm the off-state currents overlap for Vgs < —0.6 V
regardless of W¢. This suggests that tunneling takes place in
the extrinsic drain region (outside the fin). In contrast, devices
with Ly = 170 nm show a much higher off-state current that
scales with Wr. A pure BTBT mechanism that takes place in
the high-field region on the drain side of the device should not
have an L, dependence [10]. This, plus the appearance of a
W; dependence in short-channel devices points at the role of
a parasitic bipolar effect [10], [11], [21], [22]. This is treated
in the next section.

V. PARASITIC BIPOLAR EFFECT

The BTBT process generates electrons which flow out of
the drain but it also generates holes that are collected in the fin
body. In the absence of a body contact, the holes pile up and
eventually reduce the source-channel barrier so that they can
be injected into the source where they recombine. The source-
channel barrier reduction also leads to electron injection from
the source into the channel. This, in effect, amplifies the pure
BTBT current through the current gain, f, of the parasitic
bipolar transistor. As L is shortened, f increases, resulting in
a larger off-state current.

To quantitatively investigate this bipolar effect in our FETs,
the subthreshold characteristics of Wy = 13 nm devices with
different Ly from 60 nm to 16 um at Vgs = 0.8 Vand T =
420 K are plotted in Fig. 5 (a). Here, an elevated temperature
is used to mitigate contamination from gate current which
becomes prominent at RT for long-channel devices. Vg =
Vgs — Vi is used as the x-axis to correct V¢ roll-off with Lg.
Vi is extracted at constant |Is| xLg (10~ A/um x 1 ym) for
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constant channel charge density. Fig. 5 (a) reveals a strong Ly
dependence for Ly <5 pm.

f of the parasitic bipolar transistor can be quantitatively
estimated by noting that in Fig. 5 (a), the off-state current
is insensitive to Ly for Ly > 8 um. This suggests negligible
bipolar amplification in this L, regime. Following classical
bipolar transistor physics, the ratio of the source current at
a given Ly and that of Ly = 16 um at the same Vg and
Vg4s should be equal to f + 1. This relies on the assumption
that BTBT is independent of L, all the way to the smallest
dimensions. This assumption is justified from the observation
in long-channel devices that BTBT takes place in the extrinsic
drain region. The same observation allows us to neglect the
impact of the bipolar effect on BTBT that was discussed
in [14]. This is because the change in the channel potential
induced by the bipolar effect is unlikely to affect the field
distribution in the extrinsic drain region.

The extracted S is shown in Fig 5 (b). We indeed see
a very prominent increase in f as L, shrinks. Also, two
different regimes are clearly noticeable. For Ly < 1 um,
the data approach a linear dependence with a slope of —1.
This is consistent with classic bipolar transistor physics. For
Lg > 1 um, f drops rapidly as L, increases. In fact, a plot
of B vs. Ly in a semilog scale (Fig. 5 (c)) reveals that
this dependence is exponential. This is to be expected since
as the base width (Lg) becomes comparable or larger than
the minority carrier diffusion length in the base (Lg4), base
recombination becomes dominant. From the slope of the f
decay, we can extract the value of Lg, which, as given in the
table below Fig. 5 (c), is of the order of 2-3 um.

Figs. 5 (a) and (b) also reveal a Vg dependence of f at
all Ly: a higher (more positive) Vg results in higher f up
to Vg of —0.5 V. As shown in [14], f might decrease for
even higher (more positive) Vg values. We cannot verify this
because the background subthreshold current starts to increase
for Vgt > —0.5 V masking the underlying BTBT current.
The observed Vg dependence is understandable since a more
negative Vg implies a higher energy barrier for electron
injection into the channel [11]. For long Ly, we also see a
reduction of Lq at lower Vg (Fig. 5c). This is likely due to
an increasing hole concentration in the base which enhances
electron recombination.

Fig. 5 (d) shows g as a function of L, for different Ws.
For all Ly, B is reduced as Wy scales down. The physics
are different in the two L regimes. For long L, a reduced
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Fig. 5. (a) Subthreshold characteristics of W¢ = 13 nm, Ny = 34
FinFETs with various Lg, showing saturating excess off-state current for
Lg > 5 um, (b) Bipolar gain as a function of Lg for the device in Fig. 5 (a)
at different Vgt in log-log scale; (c) Same data in semilog scale, and
extracted electron diffusion length (Ly4) in the base; (d) B (semilog scale)
and B/Wg (inset, log-log scale) vs. Lg for devices with different W¢ under
identical conditions, and extracted Ly values.

Ly is observed in thinner fins. This suggests fin sidewall
recombination as the dominant recombination mechanism. In
our devices, defects on the fin sidewall, including semicon-
ductor/oxide interface states [23], most likely become efficient
recombination centers. For short Ly (<1 um), the inset demon-
strates that /Wy is independent of W¢. This indicates that f
scales linearly with W¢. This is expected when recombination
at the extrinsic source outside the fin is dominant and therefore
W; independent, while the channel current scales with Wr.
As a result of this geometrical scaling factor, £ in our FinFETs
is much smaller than in planar QW-FET (at RT) [10], [11].
In this regard, the FinFET is intrinsically superior to the planar
design as it comes to low-leakage operation.

To compete with Si technology where leakage can be lower
than 1071 A/um for FinFETs with Ly < 20 nm at Vg5 =
0.8 V [24], both BTBT and the bipolar effect need to be
suppressed. Heterostructure engineering, including insertion of
wide bandgap material at the drain [12] has been shown to
reduce tunneling effectively. To alleviate bipolar amplification,
providing a conductive path through the substrate to extract
the holes [14], e.g. using bulk InGaAs FinFETs, is worth
exploring.

VI. CONCLUSIONS

Extensive characterization of the off-state leakage current in
state-of-the-art InGaAs FinFETs reveals a BTBT process that
takes place in the extrinsic drain at its origin. In short-channel
transistors, the BTBT current is amplified by a parasitic
bipolar effect associated with the floating fin body. The bipolar
current gain prominently increases as Ly shrinks. However,
it decreases as Wy narrows. In this regard, scaled FinFETs
have an inherent advantage over planar MOSFETs.
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