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Abstract— We demonstrate InGaAs quantum-well (QW)
MOSFET arrays with Mo contact lengths between 40 and 800 nm
fabricated by a self-aligned process. A gate pitch of 150 nm is
realized, which is the smallest at present for any type of InGaAs
FET structure. Fabricated gated MOSFET arrays and gate-less
arrays are used to study the properties of nanoscale ohmic
contacts in InGaAs MOSFETs with different contact lengths.
A three-layer resistive-network model is developed to analyze
the contact electrical characteristics. From this paper, we extract
a contact resistivity from Mo to n+ InGaAs of 8 × 10−9 � · cm2,
and from n+ InGaAs to the QW channel of 2 × 10−8 � · cm2.
When benchmarked with other ohmic contact technologies for
n-type InGaAs MOSFETs, our refractory metal contact approach
represents the lowest film resistivity and is among the lowest
contact resistivity that has been demonstrated. The contact model
developed here infers a contact resistance from the Mo contact
to the channel of 260 � · μm for a contact length of Lc = 10 nm.
This suggests that further research on low-resistance ohmic
contacts is required before InGaAs MOSFETs can deliver the
required performance.

Index Terms— III–V, contact resistivity, film resistivity,
MOSFETs, nanocontacts, self-aligned, tight pitch.

I. INTRODUCTION

InGaAs is a promising candidate as an n-type channel
material for future CMOS applications due to its superior

electron transport properties [1], [2]. Contacts in CMOS
devices must fulfill several stringent requirements. The first
one is high-level self-alignment, in which the critical dimen-
sions of the transistor must be defined by single mask level.
This is needed in order to achieve a tight device footprint,
which includes a gate, a contact, and two spacers. Second, the
selection of contact materials and fabrication process should
be CMOS-compatible. In addition to the process requirement,
the contact technology must also be able to deliver low
film resistivity and low contact resistivity. ITRS has set a
very challenging goal for high-performance (HP) devices.
For 2018, the maximum allowable access resistance
is 60 � · μm (one side) at a contact size of ∼10 nm [3].
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In light of this demanding goal, contacts to III–V MOSFETs
remain a great challenge today.

Contact technology in early n-type InGaAs MOSFETs was
inherited from high-electron mobility transistors (HEMTs) [4].
These were based on Au-alloys and fabricated by
liftoff [5]–[7]. Some MOSFET prototypes claiming self-
aligned architectures actually do not include self-aligned
ohmic contacts. The level of self-alignment in those devices
is merely up to the heavily doped source and drain (SD),
which are made by either implantation [5], [6] or selective
epitaxial regrowth [8].

Recently, refractory-metal nonalloyed ohmic contacts on
n-type InGaAs HEMTs and MOSFETs have attracted
increasing attention due to their low contact resistivity,
Si compatibility, and process simplicity [9]–[14]. Nano-
Transfer Length Measurement (TLM) [15] and Fin con-
tact structures [16] have been fabricated to study Mo con-
tacts. This refractory metal can be etched by F-based reac-
tive ion etching (RIE) with high selectivity over InGaAs.
This allows for a true self-aligned contact with the
gate [11]–[13]. RIE damage to the III–V layers can be repaired
by thermal annealing at a moderate temperature [17]. Under
proper deposition and processing conditions, Mo and other
refractory metals, such as W, exhibit very low film resistivity
and low contact resistivity, as shown in this paper. InGaAs
quantum-well (QW) MOSFETs with self-aligned Mo and W
contacts have exhibited record transconductance and high
ON-current [11]–[13].

In spite of these great advances, direct measurements of
contact resistance of nanometer-scale refractory contacts to
actual nanoscale InGaAs MOSFETs have yet been performed.
One reason is that this requires a back-end technology that
allows formation of small contacts, something yet to be
demonstrated. In this paper, we fabricate and characterize new
types of gated and gate-less InGaAs MOSFET arrays with
self-aligned W/Mo contacts down to 40 nm in contact length.
From these structures, we introduce a characterization method
and device model to directly extract the contact resistance
of nanometer-scale contacts and dissect all their components.
This paper confirms the great promise of this contact scheme,
but it also suggests that more research is needed to meet
the contact resistance requirements of a future sub-10-nm
transistor technology.

This paper is organized as follows. In Section II,
we briefly describe the fabrication process and key features
of the MOSFET array and gate-less array. In Section III,
we show the modeling and analysis of the fabricated array,
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Fig. 1. Schematic of process flow for array fabrication after (a) e-beam
lithography, (b) SiO2 and ohmic metal etching, (c) III–V recess, and (d) gate-
stack formation. The finished devices with pads are shown for (e) MOSFET
gate array and (f) gate-less array.

particularly the extraction of the contact resistivity of
Mo contacts. Section IV discusses the scaling behavior
for MOSFET contact resistance. It also includes the
benchmarking of the Mo contact in this paper against other
contact technologies and the ITRS requirement. Section V
states the Conclusion of this paper. This paper is an extension
of [13] with further fabrication details and model analysis.

II. ARRAY DESIGN AND FABRICATION

Two types of array test structures have been used to analyze
the electrical characteristics of nanoscale self-aligned ohmic
contacts to InGaAs QW MOSFETs. These two arrays and
their fabrication procedure are shown in Fig. 1. In essence,
a MOSFET array consists of a collection of small footprint
MOSFET cells connected in series. A gate-less array is a
similar test structure, in which the heavily doped cap has not
been recessed and no gate-stacks are deposited.

The device structure and the fabrication procedure for our
arrays are similar to that of self-aligned InGaAs MOSFETs
described elsewhere [12], [13], [18], [19]. Only a broad outline
of the process with previously unpublished relevant details is
given here.

The epitaxial structure has been described in [19].
Relevant details are as follows. The cap layer is com-
posed of, from top to bottom, In0.7Ga0.3As, In0.53Ga0.47As,
InP, and InAlAs doped with Si to 3 × 1019 cm−3.
The channel consists from top to bottom of an undoped
In0.7Ga0.3As/InAs/In0.7Ga0.3As with the layer thicknesses of
3/2/5 nm, respectively. A 3-nm-thick undoped InP spacer is
inserted between the channel and the doped cap.

The fabrication process follows a contact-first flow. First, the
ohmic contact metal structure is composed of 15 nm of Mo,
followed by 15 nm of W, both deposited by high-vacuum
sputtering. Under proper deposition conditions [19], the film
resistivity, ρ, of Mo is as low as 1.4–1.5 × 10−5 � · cm,

with a similar value for W. Hence, our 30-nm-thick W/Mo
metal stack exhibits a sheet resistance of Rsh,m = 4.6 �/�.

Second, SiO2 is deposited, and gate e-beam lithography is
performed next using a 120-nm-thick ZEP-520A resist layer.
We must ensure that the resist is thick enough to withstand all
the subsequent RIE steps, but not too thick to compromise the
minimum attainable line spacing [Fig. 1(a)]. This is because a
high-aspect-ratio resist pattern can be easily deformed in the
subsequent process.

After e-beam lithography, SiO2, W, and Mo are etched
by RIE sequentially. The etching selectively stops at the
n+-InGaAs surface. After eliminating the e-beam resist, the
sample is cleaved into two. One piece is reserved to form a
gate-less array [Fig. 1(b)], while the rest goes on to become
a MOSFET array by fabricating a gate-stack self-aligned
to the RIE opening in the ohmic contact structure. This is
accomplished by a two-step III–V recess that is carried out
through a combination of dry etch and digital etch [Fig. 1(c)].
This approach affords precise channel thickness control as
described in detail in [13] and [18]. After this, 2.5-nm Atomic
Layer Deposition HfO2 is deposited as gate insulator, followed
by the Mo gate electrode patterning [Fig. 1(d)].

At this point, the two samples are reunited and the process
concludes with via opening and pad deposition. Vias and pads
are defined only on the long contacts (>10 μm) at the two ends
of each array with the inner contacts left floating. Schematics
of the finished MOSFET array and gate-less array are shown
in Fig. 1(e) and (f), respectively.

Arrays with different gate and contact dimensions and
number of cells have been fabricated. The elemental cells of
MOSFET array and gate-less arrays are shown in Fig. 2(a).
As shown, one cell contains one contact (of length Lc),
two half gates (total length Lg), and two access regions (each
of length Laccess). The space occupied by one full cell is its
pitch size (L p = Lc + Lg + 2Laccess). A zero-cell device
becomes a normal MOSFET with long contacts. In this paper,
we have fabricated array structures with one to four cells,
Lc from 40 to 800 nm and Lg from 40 to 130 nm.
Laccess is fixed at 15 nm. The contact length is estimated from
Transmission Electron Microscopy (TEM) images and the
respective lithography patterns.

Scanning Electron Microscopy top views of a MOSFET
array with three cells are shown in Fig. 2(b) and (c). This is
a typical MOSFET layout except that in the gate region there
are four gates separated by three inner contacts. All gates are
connected to the same gate pad. The inner contacts are left
floating. Two outer contacts are connected to SD pads.

Fig. 3(a) shows a cross-sectional TEM of a one-cell
MOSFET array with L p = 200 nm, Lc = 40 nm, and
Lg = 130 nm. Fig. 3(b) shows a two-cell MOSFET array
with L p = 150 nm, Lc = 80 nm, and Lg = 40 nm. These
are the smallest contact length and pitch sizes in a working
InGaAs FET structure demonstrated to date.

III. CELL RESISTANCE MEASUREMENTS AND ANALYSIS

MOSFET array characterization is performed by biasing
the gate pad that connects all the gates to Vg . The two
outer contacts are connected to the SD pads and biased
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Fig. 2. (a) Schematic of a one-cell MOSFET array (left) and a one-cell gate-
less array (right). (b) Top view of a three-cell MOSFET array. (c) Enlarged
view showing the gate and contact structure.

Fig. 3. Cross-sectional TEM of tight-pitch MOSFET arrays with a different
contact length, gate length, and pitch size. (a) Lc = 40 nm, Lg = 130 nm,
and L p = 200 nm. (b) Lc = 80 nm, Lg = 40 nm, and L p = 150 nm. In all
cases, Laccess = 15 nm.

at Vs and Vd , respectively. The inner contacts are floating.
Fig. 4(a) shows the transfer characteristics of a MOSFET array
with Lg = 100 nm, Lc = 500 nm, and three cells biased
in the linear regime with Vds = 50 mV. Fig. 4(a), in which
Vgt = Vgs − Vt , also shows the linear characteristics of a zero-
cell device which is a normal MOSFET with long contacts.
A three-cell long-contact array is equivalent to connecting four
identical MOSFETs in series. In the linear regime, the total
resistance seen between the two end-contacts is four times that
of the zero-cell case. This is consistent with the characteristics
of Fig. 4(a).

For high gate overdrive, the Id –Vgt characteristics plateau
and the transconductance gm approach zero. The total

Fig. 4. (a) Linear transfer characteristics of a MOSFET array with three cells,
Lg = 100 nm and Lc = 500 nm as well as a normal transistor with the
same Lg . (b) Example of Rcell extraction from the slope of total resistance
versus number of cells in a gate-less array and a MOSFET array.

Fig. 5. (a) R′
cell versus Lc in gate-less arrays. (b) Rcell versus Lc in MOSFET

arrays (Lg = 100 nm). Solid symbols are for experiment results and line is
for a model. The model allows the extraction of ρ12 and ρ23, respectively.

resistance of the structure can be extracted as Rtotal = Vds/Id .
For Vgt > 0.8 V, measured Rtotal is rather independent of Vgt
and is more reliable. In this paper, we have used a value of
Vgt = 1 V for Rtotal extraction.

Fig. 4(b) shows the measured Rtotal for MOSFET arrays
and gate-less arrays with Lc = 500 nm as a function of the
number of cells, Ncell. The MOSFET array has Lg = 100 nm.
The end-to-end resistance of the MOSFET array cell, Rcell,
and gate-less array cell, R′

cell, can be extracted from the slope
of the respective Rtotal versus Ncell plots (in blue and red,
respectively).

The extracted cell resistance from gate-less arrays and
MOSFET arrays with varying contact lengths is shown
in Fig. 5(a) and (b), respectively. In gate-less array, R′

cell is
∼50 � · μm in the long-contact range and is reduced
to ∼30 �·μm when Lc = 40 nm. There is a weak dependence
of R′

cell on Lc for long contacts, but a rapid reduction occurs
for Lc < 200 nm. A similar trend is observed in the MOSFET
array, but the magnitude change of Rcell with Lc is larger. The
gate length in all these devices is Lg = 100 nm.
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Fig. 6. Schematic cross section of one cell for (a) MOSFET array and the
circuit model for Rcell and (b) gate-less array and the circuit model R′

cell
(see text).

The characteristic shape of the evolution of Rcell and R′
cell

with Lc has a common origin. Referring to the MOSFET array,
this shape arises from the shunting effect of the contact on the
current flow along the channel in an elemental cell. For short
contacts, the current path remains mainly in the channel and
Rcell increases with Lc with a slope that reflects the sheet
resistance of the channel under the contact. For long contacts,
the current path flows through the contact interface into the
metal and back down again at the other end. As a result, the
slope of Rcell with Lc now reflects the sheet resistance of
the contact metal bilayer. The corner value of Lc at which
the character of Rcell changes is, therefore, twice the transfer
length of the contact. Similar arguments apply for the gate-less
array.

For a rigorous analysis of Rcell and R′
cell, we have developed

equivalent circuit models, as shown in Fig. 6. In the MOSFET
array under the low current condition selected here, the
intrinsic channel region behaves as a resistor. In addition, the
resistance associated with the access region is also constant.
The sum of these resistances is denoted by Ro in Fig. 6(a).
The difference between Rcell and Ro, that is, the resistance
seen between A and B in Fig. 6(a), RAB, depends on the
contact length, Lc, of the cell. A and B are the projections of
the contact edges to the channel. A similar picture applies for
the gate-less array [Fig. 6(b)]. In this case, the access resis-
tance component associated with current flow through the cap
constitutes a constant offset R′

o. The resistance in the contact
region is now between C and D, RCD, where C and D are the
projections of the contact edges to the cap. We can then see
that in Fig. 5, the Lc = 0 extrapolation of the data corresponds
to Ro and R′

o, which is 90 and 25 � · μm, respectively. This
includes the sum of the two access resistances to the intrinsic
device which does not change as Lc changes. When these
values are, respectively, subtracted from Rcell and R′

cell, the
remaining portions are the resistances RAB and RCD.

For further analysis of RAB and RCD, we now focus
on the contact region with a cross-sectional schematic
shown in Fig. 7(a). It consists of a stack of three layers:
1) ohmic metal characterized by a sheet resistance Rsh,m ;
2) n+ cap characterized by Rsh,n; and 3) channel characterized
by Rsh,c. The interface between these three layers is character-
ized by two contact resistivities: 1) ρ12 between metal and cap
and 2) ρ23 between cap and 2DEG channel. This multilayer
system can then be modeled as a distributed resistor network,

Fig. 7. (a) Schematic of contact structure containing three parallel conducting
layers. (b) Distributed equivalent circuit model for contact layer structure.

as shown in Fig. 7(b). If we define an elemental length dx,
the lateral resistors in each layer have a value Rsh · dx and
the vertical resistors connecting them are ρxy /dx, all in units
of � · μm.

A netlist for this resistive network was generated in the
MATLAB and solved using the HSPICE. We have used
dx = 10 nm, a value small enough to model the smallest
contacts (Lc = 40 nm).

This model allows the contact resistivities, ρxy , to be
extracted once the sheet resistances of the individual
conducting layers Rsh are provided as inputs. These are
obtained from independent measurements on devices and
test structures located elsewhere on the same chip. The
sheet resistance of the channel, Rsh,c, is obtained from the
measurements of ON-resistance on transistors with different
values of Lg . As in the MOSFET array, RON is measured at
a gate overdrive that results in the transistor gm approaching
zero. The sheet resistance of the n+ cap, Rsh,n, and the
metal, Rsh,m , is obtained from TLM measurements. Rsh,n is
confirmed with Hall measurements. The values of all these
parameters are given in Fig. 7(a).

With these values as inputs, ρ12 is extracted by optimizing
the model fitting against the experimental results in Fig. 5(a).
Given ρ12, ρ23 can be extracted from the optimization of
the model against the data in Fig. 5(b). The resulting model
(continuous lines) reproduces the experimental measurements
rather well. The value of the contact resistivity between
Mo and n+ cap that emerges is ρ12 = (8 ± 2) × 10−9 � · cm2.
This is consistent with the value obtained from nano-TLM
structures with nanoscale Mo contacts [15]. The contact resis-
tivity between the n+ cap and the 2DEG channel that is
obtained is ρ23 = (2 ± 0.8) × 10−8 � · cm2. This is a
significant component of the overall contact resistance that
has never been isolated before.

The distributed electrical model that we have developed for
our contacts provides insightful information on their electrical
behavior. The current through each resistance element can be
read out of the HSPICE simulations. We use i// to denote
the normalized current in the lateral direction, and i⊥ for
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Fig. 8. Model of (a) and (c) lateral current and (b) and (d) vertical
current flow in a long contact with Lc = 800 nm and a short contact with
Lc = 80 nm, respectively. Currents in the different layers are normalized
to the total terminal current. Positive sign of i⊥ represents upward current
flow and vice versa. Top: dominant current path in long and short contacts,
respectively.

the vertical direction. The currents are normalized to the
magnitude of the total terminal current flowing into the device
at the two ends. Hence there are three components of i// for
each of the layers in the stack that at a particular location x
add up to 1.

Fig. 8 shows i// and i⊥ in a MOSFET contact as a function
of lateral location (x) for two contact lengths, 800 and 80 nm.
In both cases, i//,c is 1 at the edge, since this is how the current
is fed into the structure. In the long contact, Lc = 800 nm
[Fig. 8(a)], i//,c gradually reduces from the edge toward the
center of the contact. In the limit of very long contact,
i// should follow the current divider relationship:

i//,m : i//,n : i//,c = R−1
sh,m : R−1

sh,n : R−1
sh,c.

Indeed, we see that for Lc = 800 nm, the ohmic metal
conducts over 90% of the total current in the middle of the
contact [Fig. 8(a)]. In this regime of Lc, Rcell versus Lc

should have a slope that approaches Rsh,m . This is in
good agreement with the data in Fig. 5(b), where we see
d Rcell/d Lc = 5 �/� in the long-contact regime.

Fig. 8(b) shows the vertical currents through the long
contact. It flows across the vertical resistors to reach the
ohmic/cap layers in the leading edge and leaves the ohmic/cap
layers in a symmetric manner at the other end. In the middle,
i⊥ is zero.

Fig. 9. Modeled contact resistance versus contact length for the contact
scheme investigated in this paper. This is the estimated resistance between
nodes A and E in Fig. 7.

Fig. 8(c) and (d), respectively, shows i// and i⊥ for a
short contact (Lc = 80 nm). The current mostly stays in
the channel, because it presents the smallest resistive path
(top right schematic in Fig. 8). Hence, in this region, the slope
of Rcell versus Lc in Fig. 5(b) follows Rsh,c. This is similar
to Fig. 5(a). In the fitting curves of Fig. 5(a) and (b), the
slope at small Lc is 190 and 560 � · μm, respectively, and is
in reasonable agreement with Rsh,n and Rsh,c, respectively.

It should be noted that the MOSFET model used in this
analysis assumes standard diffusive transport through the
channel, which leads to Rch = 0 for Lg = 0. However, it
has been shown that for very short Si MOSFETs operating
in the quasi-ballistic regime, Rch approaches the ballistic
resistance which is also referred to as the ballistic contact
resistance [20]. In III–V devices with lower effective mass
than in Si quasi-ballistic operation can extend to higher Lg

values comparable with those used in this paper. If so, then
the contact resistance between channel and n+ cap may be
somewhat overestimated. A more advanced device model,
including ballistic effects, is required to account for this,
which is outside the scope of this paper.

IV. PROJECTIONS FOR MOSFET CONTACT

RESISTANCE AND BENCHMARKING

The characterization and the analysis of the contact scheme
that is presented in this paper enable us to model the contact
resistance expected in actual scaled MOSFETs. We can do this
by extracting the equivalent resistance between nodes A and E
in Fig. 7. Note that this is the resistance from the metal layer
to the edge of the channel and not just to the edge of the cap,
as extracted in a TLM measurement. The result is shown in
Fig. 9 as a function of contact length. The star sign in Fig. 9
indicates the ITRS required dimension and Rc for the 5-nm
node HP device [3].

The estimation in Fig. 9 reveals that the long contacts should
have a contact resistance of 40 � · μm (one side). For shorter
contacts, Rc shoots up as Lc becomes smaller than the transfer
length which we estimate at ∼110 nm. At Lc of 10 nm,
the contact resistance is estimated to be 260 � · μm. As the
ITRS goal is 60 � · μm at Lc = 10 nm [3], we conclude that
the significant improvements are still required.
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Fig. 10. Benchmarking of (a) film resistivity ρo of contact metals [9],
[14], [17], [18], [21]–[28] and (b) contact resistivity ρc [13]–[16], [22]–[25],
[27]–[33], for different contact technologies for n-type InGaAs MOSFETs.

The contact technology studied in this paper has been
benchmarked in Fig. 10 against other contact technologies
recently published for n-type InGaAs MOSFETs or
n+ InGaAs. The comparison includes refractory metals,
non-Au-based InGaAs metal alloys, and Au-based contacts.
Two properties of the contact metal are graphed: (a) the metal
film resistivity, ρo and (b) the contact resistivity, ρc.

The film resistivity is defined as the product of sheet resis-
tance of the metal or metal alloy and its thickness, ρo = Rsh ·t .
ITRS specifies the requirement for the sheet resistance and
thickness of future silicides [3]. In essence, this is equivalent
to the resistivity of the ohmic metal film. The film resistivity ρ
is shown in Fig. 10(a). For comparison, the 2018 ITRS require-
ment is also specified as ρo = 1.6 × 10−5 � · cm, equal to that
of nickel silicide [3]. The graph reveals that most of the ohmic
metals or metal alloys used in InGaAs MOSFETs to date
have resistivities much higher than the required value. Typical
film resistivity of the popular Ni–InGaAs, Co–InGaAs, and
Pd–InGaAs alloys is between 7×10−5 and 1.5×10−4 � ·cm,
about 5 to 10 times the ITRS requirement. In contrast, the
refractory metals used in this paper exhibit film resistivity
that satisfies the ITRS requirement. In accomplishing this,
the deposition method plays an important role [18], [34].
The high-resistivity Mo films in Fig. 8(a) are deposited by
evaporation [17]. Sputtering yields low-resistivity Mo and W
films.

Fig. 10(b) shows the reported contact resistivity values on
n+ InGaAs. InGaAs alloys and Au-based contacts on n-type

InGaAs yield results that vary dramatically from 5 × 10−9

to 6 × 10−3 � · cm2. The lowest contact resistivity of
4 × 10−9 � · cm is reported for Pd–InGaAs [30], and
5 × 10−9 � · cm for Au-based contacts [29]. A contact
resistivity of ρc = 8 × 10−9 � · cm2 has been obtained
in this paper using Mo/W (Mo at the interface with the
semiconductor). This value is consistent with earlier reports for
Mo contacts on n+ InGaAs [15], [16], [33]. All those demon-
strations have utilized techniques to preserve the pristine
surface of the n+ InGaAs before Mo deposition, for example,
the metal-first process in this paper and [15], an oxidizer/acid
treatment (digital etch) for Fin smoothing [16], and in situ
Mo deposition [33]. The extremely low contact resistivity is
an attractive property of Mo-based contacts. The Landauer
limit of any metal contact to n+ InGaAs is estimated to
be ∼1 × 10−9 � · cm2 [35]. This suggests that there is
still room for the reduction of contact resistivity between
Mo and n+ cap.

V. CONCLUSION

We have fabricated the InGaAs MOSFET arrays and gate-
less arrays with a very tight pitch. Our self-aligned process
enables the fabrication of MOSFET unit cells with 40-nm
contact size and 150-nm pitch size. We have used these
arrays to characterize the electrical properties of nanometer-
scale Mo/W ohmic contacts. An HSPICE model has allowed
us to extract a contact resistivity of 8 × 10−9 � · cm2

between Mo and n+ InGaAs, and a contact resistivity of
2 × 10−8 � · cm2 between n+ InGaAs and the 2DEG
channel. A benchmarking study with other contact technolo-
gies on n-type InGaAs shows two advantages of a refractory
contact scheme. It has the lowest film resistivity of all reported
contact schemes, and it yields among the lowest contact
resistivities.

ACKNOWLEDGMENT

J. Lin would like to thank A. Guo and W. Lu for their
helpful discussions. The devices were fabricated at MIT’s
Microsystems Technology Laboratories and Electron Beam
Lithography Facility.

REFERENCES

[1] J. A. del Alamo et al., “InGaAs MOSFETs for CMOS: Recent advances
in process technology,” in IEDM Tech. Dig., Dec. 2013, pp. 2.1.1–2.1.4.

[2] M. J. W. Rodwell et al., “Nanometer InP electron devices for VLSI
and THz applications,” in Proc. 72nd Annu. Device Res. Conf. (DRC),
Jun. 2014, pp. 215–216.

[3] International Technology Roadmap for Semiconductors (ITRS). [Online].
Available: http://public.itrs.net/, Accessed Dec. 3, 2015

[4] D.-H. Kim and J. A. del Alamo, “Logic performance of 40 nm InAs
HEMTs,” in IEDM Tech. Dig., Dec. 2007, pp. 629–632.

[5] I. Ok et al., “Self-aligned n- and p-channel GaAs MOSFETs on undoped
and P-type substrates using HfO2 and silicon interface passivation layer,”
in IEDM Tech. Dig., Dec. 2006, pp. 1–4.

[6] J. Q. Lin, S. J. Lee, H. J. Oh, G. Q. Lo, D. L. Kwong, and D. Z. Chi,
“Inversion-mode self-aligned In0.53Ga0.47As N-channel metal-oxide-
semiconductor field-effect transistor with HfAlO gate dielectric and TaN
metal gate,” IEEE Electron Device Lett., vol. 29, no. 9, pp. 977–980,
Sep. 2008.

[7] Y. Xuan, Y. Q. Wu, T. Shen, T. Yang, and P. D. Ye, “High performance
submicron inversion-type enhancement-mode InGaAs MOSFETs with
ALD Al2O3, HfO2 and HfAlO as gate dielectrics,” in IEDM Tech. Dig.,
Dec. 2007, pp. 637–640.



1026 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 63, NO. 3, MARCH 2016

[8] M. Egard et al., “High transconductance self-aligned gate-last surface
channel In0.53Ga0.47As MOSFET,” in IEDM Tech. Dig., Dec. 2011,
pp. 13.2.1–13.2.4.

[9] N. Waldron, D.-H. Kim, and J. A. del Alamo, “90 nm self-aligned
enhancement-mode InGaAs HEMT for logic applications,” in IEDM
Tech. Dig., Dec. 2007, pp. 633–636.

[10] T.-W. Kim, D.-H. Kim, and J. A. del Alamo, “60 nm self-aligned-gate
InGaAs HEMTs with record high-frequency characteristics,” in IEDM
Tech. Dig., Dec. 2010, pp. 30.7.1–30.7.4.

[11] J. Lin, D. A. Antoniadis, and J. A. del Alamo, “Sub-30 nm InAs
quantum-well MOSFETs with self-aligned metal contacts and sub-1 nm
EOT HfO2 insulator,” in IEDM Tech. Dig., Dec. 2012, pp. 32.1.1–32.1.4.

[12] J. Lin, X. Zhao, T. Yu, D. A. Antoniadis, and J. A. del Alamo, “A new
self-aligned quantum-well MOSFET architecture fabricated by a scalable
tight-pitch process,” in IEDM Tech. Dig., Dec. 2013, pp. 16.2.1–16.2.4.

[13] J. Lin, D. A. Antoniadis, and J. A. del Alamo, “Novel intrinsic and
extrinsic engineering for high-performance high-density self-aligned
InGaAs MOSFETs: Precise channel thickness control and sub-40-nm
metal contacts,” in IEDM Tech. Dig., Dec. 2014, pp. 25.1.1–25.1.4.

[14] L. Czornomaz et al., “CMOS compatible self-aligned S/D regions
for implant-free InGaAs MOSFETs,” Solid-State Electron., vol. 74,
pp. 71–76, Aug. 2012.

[15] W. Lu, A. Guo, A. Vardi, and J. A. del Alamo, “A test structure
to characterize nano-scale ohmic contacts in III–V MOSFETs,” IEEE
Electron Device Lett., vol. 35, no. 2, pp. 178–180, Feb. 2014.

[16] R. T. P. Lee et al., “Ultra low contact resistivity (< 1×10−8 �-cm2) to
In0.53Ga0.47As fin sidewall (110)/(100) surfaces: Realized with a VLSI
processed III–V fin TLM structure fabricated with III–V on Si sub-
strates,” in IEDM Tech. Dig., Dec. 2014, pp. 32.4.1–32.4.4.

[17] J. Lin, T.-W. Kim, D. A. Antoniadis, and J. A. del Alamo, “A self-aligned
InGaAs quantum-well metal–oxide–semiconductor field-effect transistor
fabricated through a lift-off-free front-end process,” Appl. Phys. Exp.,
vol. 5, no. 6, p. 064002, Jun. 2012.

[18] J. Lin, D. A. Antoniadis, and J. A. del Alamo, “A CMOS-compatible
fabrication process for scaled self-aligned InGaAs MOSFETs,” in Proc.
CS MANTECH Conf., 2015, pp. 239–242.

[19] J. Lin, “InGaAs quantum-well MOSFETs for logic applications,”
Ph.D thesis, Dept. Elect. Eng. Comput. Sci., Massachusetts
Inst. Technol., Cambridge, MA, USA, 2015.

[20] A. Majumdar and D. A. Antoniadis, “Possible observation of ballistic
contact resistance in wide Si MOSFETs,” in Proc. 70th Annu. Device
Res. Conf., Jun. 2012, pp. 197–198.

[21] S. H. Kim et al., “Self-aligned metal source/drain InxGa1−xAs
n-MOSFETs using Ni-InGaAs alloy,” in IEDM Tech. Dig., Dec. 2010,
pp. 26.6.1–26.6.4.

[22] Ivana, E. Y.-J. Kong, S. Subramanian, Q. Zhou, J. Pan, and Y.-C. Yeo,
“CoInGaAs as a novel self-aligned metallic source/drain material
for implant-less In0.53Ga0.47As n-MOSFETs,” Solid-State Electron.,
vol. 78, pp. 62–67, Dec. 2012.

[23] R. Oxland et al., “An ultralow-resistance ultrashallow metallic
source/drain contact scheme for III–V NMOS,” IEEE Electron Device
Lett., vol. 33, no. 4, pp. 501–503, Apr. 2012.

[24] X. Zhang, H. X. Guo, X. Gong, C. Guo, and Y.-C. Yeo, “Multiple-
gate In0.53Ga0.47As channel n-MOSFETs with self-aligned Ni-InGaAs
contacts,” ECS Trans., vol. 45, no. 4, pp. 209–216, Apr. 2012.

[25] X. Zhang, Ivana, H. X. Guo, X. Gong, Q. Zhou, and Y.-C. Yeo,
“A self-aligned Ni-InGaAs contact technology for InGaAs channel
n-MOSFETs,” J. Electrochem. Soc., vol. 159, no. 5, pp. H511–H515,
Jan. 2012.

[26] S. H. Kim et al., “High performance extremely-thin body InAs-on-
insulator MOSFETs on Si with Ni-InGaAs metal S/D by contact resis-
tance reduction technology,” in Proc. Symp. VLSI Technol., Jun. 2013,
pp. T52–T53.

[27] E. Y.-J. Kong et al., “Investigation of Pd–InGaAs for the forma-
tion of self-aligned source/drain contacts in InGaAs metal–oxide–
semiconductor field-effect transistors,” Solid-State Electron., vol. 85,
pp. 36–42, Jul. 2013.

[28] X. Zhang, H. X. Guo, Z. Zhu, X. Gong, and Y.-C. Yeo, “In0.53Ga0.47As
FinFETs with self-aligned molybdenum contacts and HfO2/Al2O3 gate
dielectric,” Solid-State Electron., vol. 84, pp. 83–89, Jun. 2013.

[29] A. M. Crook et al., “Low resistance, nonalloyed ohmic contacts to
InGaAs,” Appl. Phys. Lett., vol. 91, no. 19, p. 192114, Nov. 2007.

[30] R. Dormaier and S. E. Mohney, “Factors controlling the resistance of
ohmic contacts to n-InGaAs,” J. Vac. Sci. Technol. B, vol. 30, no. 3,
p. 031209, May 2012.

[31] J. D. Yearsley, J. C. Lin, E. Hwang, S. Datta, and S. E. Mohney,
“Ultra low-resistance palladium silicide ohmic contacts to lightly doped
n-InGaAs,” J. Appl. Phys., vol. 112, no. 5, p. 054510, Sep. 2012.

[32] J. Oh, S. Yoon, B. Ki, Y. Song, and H.-D. Lee, “Au-free Si MOS com-
patible Ni/Ge/Al ohmic contacts to n+-InGaAs,” Phys. Status Solidi A,
vol. 212, no. 4, pp. 804–808, Apr. 2015.

[33] U. Singisetti et al., “Ultralow resistance in situ ohmic contacts to
InGaAs/InP,” Appl. Phys. Lett., vol. 93, no. 18, p. 183502, Nov. 2008.

[34] A. E.-H. B. Kashyout, H. M. A. Soliman, H. A. Gabal, P. A. Ibrahim, and
M. Fathy, “Preparation and characterization of DC sputtered molybde-
num thin films,” Alexandria Eng. J., vol. 50, no. 1, pp. 57–63, Mar. 2011.

[35] A. Baraskar, A. C. Gossard, and M. J. W. Rodwell, “Lower lim-
its to specific contact resistivity,” in IPRM Tech. Dig., Aug. 2012,
pp. 196–199.

Jianqiang Lin (S’08) received the B.Eng. (Hons.)
and M.Eng. degrees in electrical engineering from
the National University of Singapore, Singapore, in
2007 and 2009, respectively, and the Ph.D. degree
from the Massachusetts Institute of Technology,
Cambridge, MA, USA, in 2015.

He is currently a Post-Doctoral Associate with the
Massachusetts Institute of Technology.

Dimitri A. Antoniadis (M’79–SM’83–F’90–LF’14)
received the B.S. degree in physics from the National
University of Athens, Athens, Greece, in 1970, and
the M.S. and Ph.D. degrees in electrical engineering
from Stanford University, Stanford, CA, USA, in
1972 and 1976, respectively.

He joined the Massachusetts Institute of Tech-
nology, Cambridge, MA, USA, in 1978, where he
is currently the Ray and Maria Stata Professor of
Electrical Engineering.

Jesús A. del Alamo (S’79–M’85–SM’92–F’06)
received the Telecommunications Engineer degree
from the Polytechnic University of Madrid, Madrid,
Spain, in 1980, and the M.S. and Ph.D. degrees
in electrical engineering from Stanford University,
Stanford, CA, USA, in 1983 and 1985, respectively.

He has been with the Massachusetts Institute of
Technology, Cambridge, MA, USA, since 1988,
where he is currently a Donner Professor and a
MacVicar Faculty Fellow.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


