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Effect of Uniaxial Strain on the Drain Current of a
Heterojunction Tunneling Field-Effect Transistor

Paul M. Solomon, I. Lauer, A. Majumdar, J. T. Teherani, M. Luisier, J. Cai, and S. J. Koester

Abstract—The electrical characteristics of a heterojunction tun-
neling field-effect transistor (HETT), with a p-type Sig.75Geo.25
source, have been measured as a function of strain. HETTs with
channel transport and applied strain both in the [110] direc-
tion show a smooth monotonic change in drain current over a
range of 0.09% compressive to 0.13% tensile strain. A measure
v =(d/dInJp)(dInJp/ds)|s=o of the effect of strain s on
tunneling current Jp is proposed, which captures the dependence
of the tunneling exponential argument on strain. An experimental
value of v = —11.7 is extracted for the tensile case and compared
to simulation results. We found theoretically that the value and
sign of ~ depend sensitively on the built-in strain at the Si-SiGe
interface.

Index Terms—Band-to-band tunneling, strain, stress, tunneling
FET (TFET).

I. INTRODUCTION

HE TUNNELING field-effect transistor (TFET) or

heterojunction tunneling field-effect transistor (HETT)
has been intensively investigated as a possible replacement
for conventional CMOS transistors in low-power applications
because of predictions [1] that the nonthermal band-to-band-
tunneling injection mechanism will lead to a steeper sub-
threshold slopes. It would be desirable to fabricate TFETS
using group-I'V-based materials due to their compatibility with
standard CMOS technology. The SiGe source/Si channel het-
erojunction enhances tunneling both due to the lower bandgap
of the SiGe source and because of the staggered band align-
ment between SiGe and Si [2]. To date, there have been very
few studies of the effect of externally applied strain on the
performance of TFETs. Applied strain has the potential to
improve the drive current in TFETS, and careful studies of the
strain effect could also lead to improved understanding of the

Manuscript received December 13, 2010; accepted January 15, 2011. Date
of publication March 3, 2011; date of current version March 23, 2011. This
work was supported by Defense Advanced Research Projects Agency under
Air Force Research Laboratory Contract FA8650-08-C-7806. The review of
this letter was arranged by Editor B.-G. Park.

P. M. Solomon, I. Lauer, A. Majumdar, and J. Cai are with the IBM T. J.
Research Center, Yorktown Heights, NY 10598 USA (e-mail: solomonp@us.
ibm.com; ilauer @us.ibm.com; amajumd @us.ibm.com; jincai @us.ibm.com).

J. T. Teherani is with the Massachusetts Institute of Technology, Cambridge,
MA 02139-4307 USA (e-mail: teherani @mit.edu).

M. Luisier is with Purdue University, West Lafayette, IN 47907 USA (e-mail:
mluisier@ecn.purdue.edu).

S. J. Koester is with the University of Minnesota, Minneapolis, MN 55455
USA (e-mail: skoester@umn.edu).

Color versions of one or more of the figures in this letter are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LED.2011.2108993

Y (nm)

- 2.0E+27

1.5E+24
1.4Es21
8.7€417

. 6.6E+14
0.0E+00

Fig. 1. Schematic cross section near the tunneling source region of HETT
device, with carrier generation regions superimposed. (1) p+ (shaded) doped
and (2) undoped Sip.75Gep.25 sources, (3) undoped Si channel, (4) polysilicon
gate, (5) HfO2 and (6) SiO2 gate insulator layers, and (6a) SiO2 layer in gate-
overhung region, in place for SiGe growth. The band-to-band generation rate
(in cm—3 /s) is superimposed on the device cross section. The arrows show the
crystal direction.

band-to-band-tunneling mechanism. Guo et al. [3] reported all-
silicon TFETSs with strain applied along the [110] direction (the
transport direction was also [110]) using a bending apparatus.
The authors observed a nonmonotonic dip in the drain current
response at zero strain, which was attributed to the density of
states spike simulated in [4] and could also be due to band
crossings due to strain of plane conduction-band minima [5].
In this letter, we study the effect of uniaxial strain on the
drain current of the Si/SiGe HETT and elucidate the tunneling
mechanism (which is very complex in these materials due to the
many bands participating). Our observations differ from those
in [3], and we propose a new parameter «y that quantifies the
effect of strain on tunneling current and is utilized to provide
physical interpretation for the observed behavior.

II. DEVICE FABRICATION AND
ELECTRICAL MEASUREMENTS

The schematic cross section near the source of the HETT
considered in this letter is shown in Fig. 1. The fabrication
sequence closely follows a standard CMOS flow with a high-
k gate dielectric except that the source and drain regions of
the device are masked separately, allowing n-type implantation
of the drain region and an in sifu doped p-type Sip.75Geg.25
epitaxial source layer to be grown in a recess which undercuts
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Fig. 2. Drain and gate characteristics of a 1 x 0.25 ym? HETT under the
specified stress conditions of bending strain. The strain T6-C3 is in units of
2.2 x 10~* (1/12 turn) tensile—compressive.

the gate. This places a lateral tunnel junction directly under
the gate. As in [3], devices were aligned along the [110]
direction on a (100) silicon surface. While a range of devices
were measured, the results reported utilized two devices having
W/L values of 2/0.3 and 1/0.25 (um/pm), respectively. The
band-to-band generation rates shown in Fig. 1 were simulated
using Synopsis S-Device [6] with parameters adjusted to match
the experimental I4-versus-V, characteristic. These simulation
results are used here to gauge the direction and location of the
tunneling path with respect to the SiGe/Si interface.

Electrical measurements were made using an HP 4145B
parameter analyzer under bending stress applied along the
channel direction using a bending apparatus designed by Scott
Thompson, University of Florida, that was calibrated with
a strain gauge. Since the configuration of this apparatus is
changed between compressive and tensile stress measurements,
extra care was taken to perform measurements near the zero-
stress condition in both cases. Drain and gate current character-
istics are shown in Fig. 2. For these devices, the gate current I,
was larger than the drain current I;. The large I, was due to
the leakage across the oxide in the recess region (6a in Fig. 1)
which, as confirmed by transmission-electron microscopy, was
thinned during the gate recess process. While undesirable, this
leakage does not affect /.

The sensitivity of the drain current to the applied strain is
shown in Fig. 3. In spite of stringent efforts, some drift in the
measurements is evidenced by the differences between the data
points at zero strain compressive versus zero strain tensile.

III. DISCUSSION

The dependence of the drain current on strain is quite smooth
and regular, apart from obvious drift and noise, and unlike
in [3], no anomalies are seen about the zero strain point. We
suspect that the zero strain point in [3] is subject to the same
difficulties that we experienced and is likely an artifact. It is true
that our FET has a SiGe rather than Si source compared to that
[3], and our gate lengths were shorter, but these differences are
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Fig. 3. Normalized drain current versus applied strain for the 1 x 0.25 ym?

HETT. Strain is along the [110] (channel) direction and is positive for tensile
and negative for compressive strains, respectively. Drain current is normalized
to unity at zero strain (tensile) and smoothed using a 16-point binomial
smoothing.

unlikely to account for the qualitatively different results implied
by that single zero-strain point. Indeed, apart from this point,
our results are quite similar to those in [3].

As can be seen in Fig. 3, the sensitivity to strain is greater
at lower gate voltages. This is due to the dependence of the
tunneling current on the argument of an exponential (the WKB
action integral), which is larger at lower currents due to lower
fields, hence larger tunneling distances, that contains strain-
dependent parameters such as effective mass and bandgap.
Expressing the tunneling current as

Jp = Je 7 (1)

where we assume that J,, is a constant, s is the strain, and
H(s) is a strain-dependent argument that is equal to double
the action integral in tunneling parlance. In standard tunneling
theory [7], H m}«/ 2E§’/ 2, where m,. is the reduced effective
mass and I, is the bandgap. Tunneling in materials such as
silicon is more complicated, involving the full complex band
structure [8]. In an attempt to capture this generality, we assume
an action integral in the form of a product of various band-
related parameters p raised to a power «, i.e., H =b[], pi",
where b is a constant. We derive

danD Oéidpi
—2 =-H(0)) ——* =—yH, 2
ds (0) ) vHo 2)

where Hy = H(0) and ~ is the total sensitivity to strain of
the exponential argument expressed as a sum of the individual
parameter sensitivities. Eliminating Hy from (2) using (1),
we get

dlnJp

P y(In Jpo — In Jo). 3)

Therefore, by plotting d(In Jp)/ds versus In Jpg, one should
get a straight line intersecting the ordinate at In J, and with
a slope of . This approach assumes that a single set of bands
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Fig. 4. Sensitivity of Jp to strain is plotted against log Jp for tensile and
compressive cases (T6 and C2) for the 1 x 0.25 um? HETT. The sensitivity
parameter 7y is the slope, as indicated by the dashed line. The inset shows a
schematic diagram of the conduction-band lobes in the silicon with the effect
of strain indicated by the dashed lines, showing an energy lowering (expansion)
for the out-of-plane and an increase (contraction) for the in-plane lobes. The
drawn plane indicates the wafer surface.

dominates the tunneling process over the range of interest, and
that currents are low enough that the tunneling current strain
dependence is dominated by the exponential term and not the
prefactor.

Strain tensor analysis and imaginary band calculations were
performed for the system, as shown in Fig. 1, and values of ~
were derived from the action integrals assuming, for simplicity,
a uniform field. The imaginary band calculations were made
using a nearest neighbor sp>d°®s* tight-binding model with spin-
orbit coupling [9] that incorporates any arbitrary strain tensor
into the band-structure calculation. Strain was incorporated by
displacing the atoms from their equilibrium positions according
to any arbitrary stress tensors. The strain parameters are taken
from [10]. It was found that the value of gamma was very
sensitive not only to the tunnel direction but also to the built-in
(mismatch) strain in the SiGe. For instance, assuming a biaxial
strain in the plane of the wafer gives the opposite movement
of the valence band edge of the SiGe with uniaxial strain
compared to biaxial strain in plane of the SiGe recess sidewall.
Thus, our experimental results are consistent with the biaxial
strain in the plane of the sidewall, with the vertical face of the
recess being the template for the growth of the epitaxial SiGe.
Similarly, the Si conduction-band contributions to the action
integral are very sensitive to the tunnel direction reversing
for the 111 compared to 011 directions. This is because (see
Fig. 4 inset), in the 011 transport direction, the two out-of-plane
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conduction-band lobes, which have a negative strain sensitivity,
dominate the tunneling, whereas in the 111 direction, the four
in-plane lobes, having a positive sensitivity, give the major con-
tribution. The best (most negative) theoretical v was —7.0 for
a direction ~20° above the 011 plane, which agrees very well
with the tunneling direction in Fig. 1 simulations. While this is
still less than the experimental value (—11.7), we consider this
to be very satisfactory given the experimental and theoretical
uncertainties.

IV. CONCLUSION

The strain dependence of the drain current in a
Sig.75Gep.25 —Si HETT was measured, and its dependence
was consistent with band-to-band tunneling in the
[110] direction. We have derived a new figure of merit
v =(d/dInJp)(dlnJp/ds) and demonstrated the predicted
linear dependence of dln.Jp/ds on In.Jp. The values of ~y
of ~ —12 were obtained, which agreed relatively well with
theoretical predictions based upon tight-binding band-structure
calculations [9]. Ways of using strain to enhance HETT
performance were suggested.
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