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Near-room-temperature Processed Metal Oxide Field Effect Transistors for

Large-area Electronics

A. Wang, K. Ryu, J.M. Perkins, |. Nausieda, B. Yaglioglu, C.G. Sodini, V. Bulovi¢, A.l. Akinwande

Sponsorship: Hewlett-Packard

Recently, sputtered metal-oxide-based field effect transistors
(FETs) have been demonstrated with higher charge carrier mo-
bilities, higher current densities, and faster response performance
than amorphous silicon FETs, which are the dominant technol-
ogy used in display backplanes [1-2]. Furthermore, the optically
transparent semiconducting oxide films can be deposited in a
near-room-temperature process, making the materials compatible
with future generations of large-area electronics technologies that
require use of flexible substrates. [3]. It is possible to process FETs
by shadow-mask patterning, but this method limits the range of
feature sizes, accuracy of pattern alignment, and scalability of
the process to large substrates. Consequently, our project aims to
develop a low-temperature, lithographic process for metal oxide-
based FET5, similar to one developed for organic FETs [4], that
can be integrated into large-area electronic circuits.

Using an organic polymer, parylene, as the gate dielectric and
indium-tin-oxide (ITO) for source/drain contacts, top-gate, litho-
graphically processed FETs have been fabricated on glass sub-

Source

A Figure 1: Top-view photomicrograph of lithographically
patterned field effect transistor (W/L = 100pm/100um). A
schematic cross-section is also shown (inset).

REFERENCES

strates using ZnO:In,O, channel layers. Figure 1 shows a micro-
graph of a completed FET, with current-voltage characteristics
shown in Figure 2.

A reproducible FET process requires consistent control of mate-
rial properties of the metal oxide semiconductor film. We exam-
ine the effect of varying deposition conditions (e.g., target com-
position, O, partial pressure, film thickness) and post-deposition
treatment on DC- and RF-sputtered amorphous oxide thin films
in the In,0,-Zn0O system. The electrical properties of thin films
are determined through resistivity and Hall measurements. These
measurements are used as a guide to determine processing condi-
tions for the fabrication of oxide-based field effect transistors and
circuits.
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A Figure 2: Currentvoltage output characteristics (top) and
transfer characteristics (bottom) for lithographically patterned
zinciindium-oxide field effect transistor. The transfer curve
shown is a double sweep taken in the triode region (W/L =
100pm/100pm).

[11 R.L.Hoffman, B.J. Norris, and J.F. Wager, “ZnO-based transparent thinfilm transistors,” Applied Physics Letters, vol. 82, no. 5, pp. 733-735, Feb.

2003.

[2]1 P.F. Carcia, R.S. McLean, M.H. Reilly, and G. Nunes, “Transparent ZnO thin film transistors fabricated by rf magnetron sputtering,” Applied Physics

Letters, vol. 82, no. 7, pp. 1117-1119, Feb. 2003.

[31 K. Nomura, H. Ohta, A. Takagi, T. Kamiya, M. Hirano, and H. Hosono, “Room-temperature fabrication of transparent flexible thin-film transistors
using amorphous oxide semiconductors,” Nature, vol. 432, pp. 488-492, Nov. 2004.
[41 I. Kymissis, A.l. Akinwande, and V. Bulovi¢, “A lithographic process for integrated organic field-effect transistors,” Journal of Display Technology,

vol 1, no. 2, pp. 289-294, Dec. 2005.
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The Micro Gas Analyzer project aims to develop the technology
for portable, real-time sensors intended for chemical warfare and
civilian air-purity control. For the analyzer, we are developing a
field-ionizer array based on gated CN'Is. We plan to use arrays
of CNTs because their small tip radii and high aspect ratio yield
high fields at low voltage. One possible configuration for the de-
vice 1s to bias the CNTs to the highest potential and the collecting
anode to the lowest potential. The electrons in the outer shell of
the molecules tunnel out due to the ambient high electric fields,
which serve to lower the unperturbed potential barrier seen by
the electrons (Figure 1). The tunneling effect is a purely quantum-
mechanical process whose probability of occurrence is strongly
dependent on the applied electric fields [1]. We optimize the elec-
tron current by varying structural parameters in our device. The
most relevant parameters include the radius of curvature, height,

base radius, and base angle of the grown tip; height and thick-
ness of the tip; and the gate aperture. Varying the gate (or oxide)
height without updating the height of the CNT yields the deriv-
able result that the electric field is maximized with the tip peaks at
about the same height as the gate. When the tip height is varied
in sync with the height of the gate (or oxide), it is seen that an
independent optimum height exists (Figure 2). The value of this
height will depend, among other variables, on the electrostatic
properties of the insulating material and the actual dimensions
of the rest of the structure. These simulation results are being
verified by experiment. Because it is not possible at this time to
precisely control any of the CNT structural parameters, we focus
on controlling the electrical properties of our device using the
structural parameters of the gate.
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Figure 1: Representative picture of potential barrier faced by
electron in a single molecule when the molecule is close to a tip
biased at a high potential.

©0000000000000000000000000000000000000000000000000000000000

Figure 2: The Fl Field factor B for various heights of gate.
Tip height was varied in sync with gate height so that the tip
remained within the range of the gate width.
CNT : roc = 5.01nm | Base:- angle=85 , radius=101nm
GATE : Aperture=1.01ym Thickness=0.301pm
VCNT =10V, VGATE =0V, VANODE =-150V

[11 R. Gomer, Field Emission & Field lonization. Cambridge, MA: Harvard University Press, 1961.
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Field Emission from Double-gated, Isolated, Vertically Alighed Carbon

Nanofiber Arrays

L.Y. Chen, L.F.V. Garcia, K. Cheung, X.Z Wang, K. Teo, A.l. Akinwande

Sponsorship: DARPA

A collimated electron beam is often desired to achieve high per-
formance for practical applications such as field emission display
and ebeam lithography. We designed and fabricated a double-
gated, isolated, vertically aligned carbon nanofiber field emission
array (VACNF FEA) to produce a collimated electron beam. The
first gate 1s used to extract electrons out of the tip and the second
gate (focus gate) is biased at a lower voltage than the first gate to
focus the emitted electrons.

In this work, we designed a device that maximizes the electric
field generated at the tip and minimizes the shield effect from
the neighbor while it is capable of handling a large breakdown
voltage during the field emission operation. To accomplish this,
an isolated VACNF with 4-pm-tall per emission site is needed
with each site 10um apart. The e-beam lithography and lift-
off were used to define a 250-nm-diameter and 4-nm-thick Ni
catalyst on an n-type Si substrate to guarantee nucleation of Ni
dots and subsequent growth of CNFs. The 4-um-tall VACNF
was grown using plasma-enhanced chemical vapor deposition at
725°C. Once the CNT was synthesized, the extraction gate and
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A Figure 1: An SEM picture of a complete double-gated, isolated

VACNF FEA device.

REFERENCES

the out-of-plane focus gate were fabricated with a novel photo-
resist planarization technique. This technique offers a very fast,
fairly uniform, and well-controlled planarization method of mak-
ing the self-aligned gate, which can replace the CMP technique
that has been reported and used by L. Dvorson ¢t al., M.A. Guil-
lorn et al., and L.-Y. Chen et al. [1-3]. This abstract is perhaps the
first report of double-gated, self-aligned, field emitter arrays with
isolated VACNTE.

With this fabrication process, two types of devices were fabricat-
ed: (1) with tip in-plane with the extraction gate and (2) CNF with
tip 900nm below the extraction gate. They were characterized
as three-terminal devices (focus and extraction gate at same bias)
and as four-terminal devices (focus and extraction gates at differ-
ent biases). Figure 1 shows a scanning electron microscope (SEM)
picture of a complete device. Using this device, a four-terminal
current-voltage (I-V) measurement was performed. As the focus
voltage increases, the anode current increases, which is shown in
Figure 2.
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A Figure 2: The fourterminal |V characteristic of the
double-gated, isolated VACNF array.

[11 L. Dvorson, I. Kymissis, and A.l. Akinwande, “Double-gated silicon field emitters,” Journal of Vacuum Science and Technology B, vol. 21, no. 1, pp.

486-494, 2003.

[21 M.A. Guillorn, X. Yang, A.V. Melechko, D.K. Hensley, M.D. Hale, V.I. Merkulov, M.L. Simpson, L.R. Baylor, W.L. Gardner, and D.H. Lowndes, J Journal

of Vacuum Science and Technology B, vol. 22, no. 1, pp. 35-39, 2004.

[31 L.-Y. Chen and A.l. Akinwande, “Aperture-focused double-gated silicon field emission arrays,” IEEE Transactions on Electron Devices, vol. 54, no.

3, pp. 601-608, 2007.
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Electron Impact lonization and Field lonization of Gas through Double-
gated, Isolated, Vertically Aligned Carbon Nanofiber Arrays

L.Y. Chen, L.F.V. Garcia, K. Cheung, X.Z. Wang, K. Teo, A.l. Akinwande

Sponsorship: DARPA

The goal of this project is to fabricate double-gated carbon
nanofiber field emission and field ionization arrays, which can
be utilized as an ionizer in a micro gas sensor. This device can
help reduce the power consumption and the size of the conven-
tional gas sensor. To achieve this goal, the double-gated isolated
VACNT device is designed so that the electric field is maximized
at the tip and the shielding effect from the neighbor is minimized
while it is capable of handling a large breakdown voltage dur-
ing the field emission and field ionization operations. Using a
photoresist-based fabrication process, two types of devices were
fabricated: (1) CNF with tip in-plane with the gate and (2) CNF
with tip 0.9um below the gate. Both devices have the following
physical characteristics: (a) The tip height is about 4um, (b) the
gate diameter is 1.7pum, and (c) the focus diameter is 4.2pum. Fig-
ure | shows a scanning electron microscope (SEM) picture of a
complete double-gated isolated vertically aligned carbon nanofi-
ber (VACNF) array with tip 0.9um below the gate.
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A Figure 1: An SEM picture of a complete isolated VACNF array
with tip 0.9um below the gate.

Electronic Devices & Emerging Technologies

Using the device shown in Figure 1, electron impact ionization
and field ionization methods of ionizing gas molecules were per-
formed. The electron impact ionization uses a strong electric
field to emit electrons followed by collisions between the energetic
electrons and neutral gas molecules, resulting in ionization. A lin-
ear relationship was obtained between the chamber pressure and
the ratio of the ion current and the electron current, as shown in
Figure 2. The field ionization is a gentler process in comparison
to electron impact ionization. Instead of electrons tunneling from
the tip to the vacuum under a high field (as in field emission), in
field ionization, electrons tunnel from the gas molecules into the
tip, thereby lonizing the gas molecules. It results in molecular
ionization and a simpler mass spectrum due to less fragmentation
of molecules.
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A Figure 2: The linear relationship between the pressure and
the ratio of the ion current and the emission current in electron
impact ionization.
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The introduction of strain into the Si channel at the 90-nm node
[1] has been critical to increasing carrier mobility and velocity
in the channel and maintaining historical CMOS performance
trends. Recent experimental data on strain-engineered MOS-
FETs [2] show strong correlation between the low field mobility
and the saturation drain current, both measured in short channel
devices. To study this dependence, it is more instructive to explore
the correlation between the actual (average) velocity of carriers
at the potential barrier at the source side of the channel (virtual
source) and the mobility. We have proposed a simple methodology
for extracting the virtual source velocity from literature data [3].
Figure 1 shows the correlation between the virtual source velocity
and mobility in strain-engineered MOSFETTs reported by Intel
[2]. As seen, the ratio between the change in the velocity to that
of mobility is much higher than the commonly accepted value of
0.5 [4-5]. A similar observation is made on short channel devices
reported by other groups as shown in Figure 2. This strong cor-
relation between velocity and mobility can be explained based
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Figure 1: Correlation between the relative change in the low
field mobility and relative change in the virtual source velocity in

state-of-the-art CMOS devices [2].

on the dependence of both mobility and velocity on the effective
mass of carrier being modulated by applying mechanical stress.
In addition, with less scattering in the channel, carriers gain ve-
locity much faster when traveling across the channel. The steeper
velocity profile requires a steeper drop in the inversion charge
density and hence a steeper change in the potential. As a result,
the distance over which the potential drops by £7/4 (the critical
length of backscattering) will be smaller. With these two effects
combined together, the relative change in the velocity and mobil-
ity are related as follows:

v, /v, = [0+(1-B)(1-0+P)] %l

where o0 models the dependence through the change in the effec-
tive mass of carriers, close to 0.5 for uniaxially strained transis-
tors; B models the change in the critical backscattering length,
roughly -0.45 according to self-consistent simulations; and B is
the ballistic efficiency.
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Figure 2: Same as Figure 1, for short channel devices
reported by other groups. The relative change in the mobility is
usually taken from the change in the slope of R, L, curves.

[11 T. Ghani, et al., “A 90nm high volume manufacturing logic technology featuring novel 45nm gate length strained silicon CMOS transistors,” IEDM

Tech. Dig., pp. 978-980, 2003.

[2]1 S.Tyagi, et al., “An advanced low power, high performance, strained channel 65nm technology,” IEDM Tech. Dig., pp. 1070-1072, 2005.
[3]1 A. Khakifirooz and D.A. Antoniadis, “MOSFET performance scaling: the role of virtual source velocity and its mobility dependence,” [EDM Tech. Dig.,

pp. 667670, 2006.

[4] M. Lundstrom, “On the mobility vs. drain current relation for a nanoscale MOSFET,” IEEE Electron Device Lett., vol. 22, pp. 293-295, 2001.
[5] A. Lochtefeld and D.A. Antoniadis, “Investigating the relationship between electron mobility and velocity in deeply scaled NMOS via mechanical

stress,” IEEE Electron Device Lett., vol. 22, pp. 591-593, 2001.
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Germanium has attracted much attention in recent years as an
alternative channel material for increasing the transistor perfor-
mance because of its superior electron and hole mobility [1-3].
However, mobility values achieved so far have been considerably
lower than what is expected in Ge. This points to the fact that
high-k processes adapted for Ge devices are far from having op-
timum conditions. In addition to higher phonon scattering and
surface roughness scattering associated with the presence of high-
k dielectrics, due to the presence of a high number surface states
(usually more than 10" ecm?2eV?), carrier mobility is severely
degraded. On one hand, charged surface states act as a source
of Coulombic scattering, and on the other hand, their presence
contaminates the estimation of inversion charge and hence the
mobility calculation. Pulsed I-V and Q-V methods provide a path
to D,-free measurement of the mobility [4-5]. Alternatively, Hall
and magnetoresistance measurements can be used to extract the
intrinsic mobility of the carriers in the channel. Although the
mobility probed with these two methods is different from the ef-
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Figure 1: Relative change in the channel resistance in PMOS Ge
transistors upon applying a magnetic field normal to the channel. The channel
resistance shows a quadratic dependence on the magnetic field according to

R(B)/R(0) = 1 + p2 B2 where |, is the magnetoresistance mobility.

fective mobility measured by the split-CV method, they provide
complementary information to estimate the inversion charge and
gain insights into various scattering mechanisms involved. Mea-
suring the device characteristics under relatively high magnetic
fields is an integral part of both methods. Figure 1 shows the rela-
tive change in the channel resistance in a wide PMOS Ge transis-
tor upon application of a magnetic field. As expected, the data
show a quadratic dependence of resistance, R, according to

R(B)/R(0) = 1 + 2 B?

where [ is the magnetoresistance mobility. Figure 2 shows the
magnetoresistance mobility in PMOS Ge devices as a function
of the gate voltage and at two different temperatures. Combined
with Hall measurements, these data provide valuable informa-
tion about the scattering mechanisms that limit the mobility in
Ge transistors.
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Figure 2: Magnetoresistance mobility measured in PMOS Ge
transistors as a function of the gate voltage. Combined with Hall
measurements, these data provide valuable information about the
scattering mechanisms that limit the mobility in Ge transistors.

[11 C.O. Chui, H. Kim, D. Chi, B.B. Triplett, P.C. Mcintyre, and K.C. Saraswat, “A sub-400°C germanium MOSFET technology with high-k dielectric and

metal gate,” IEDM Tech. Dig., pp. 437-440, 2002.

[2]1 A. Ritenour, S. Yu, M.L. Lee, N. Lu, W. Bai, A. Pitera, E.A. Fitzgerald, D.L. Kwong, and D.A. Antoniadis, “Epitaxial strained germanium p-MOSFETs
with HfO, gate dielectric and TaN gate electrode,” IEDM Tech. Dig., pp. 433-436, 2003.

[31 H. Shang, H. Okorn-Schmidt, K.K. Chan, M. Copel, J. A. Ott, P.M. Kozlowski, S.E. Steen, S.A. Cordes, H.-S. P. Wong, E.C. Jones, and W.E. Haensch,
“High mobility p-channel germanium MOSFETs with a thin Ge oxynitride gate dielectric,” IEDM Tech. Dig., pp. 441-444, 2002.

[4]1 A. Kerber, E. Cartier, L.A. Ragnarsson, M. Rosmeulen, L. Pantisano, R. Degraeve, Y. Kim, and G. Groeseneken, “Direct measurement of the inver-
sion charge in MOSFETs: Application to mobility extraction in alternative gate dielectrics,” Symp. VLSI Tech., pp. 159-160, 2003.

[6] D.V. Singh, P. Solomon, E.P. Gusev, G. Singco and Z. Ren, “Ultra-fast measurements of the inversion charge in MOSFETs and impact on measured

mobility in high-k MOSFETs,” IEDM Tech. Dig, pp. 863-866, 2004.
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Investigation of Germanium MOSFETs with High-k Dielectric Stacks Based

on Nitride Interfacial Layers

A. Ritenour, J. Hennessy, A. Khakifirooz, D.A. Antoniadis
Sponsorship: SRC/FCRP MSD

To improve source injection velocity and consequently MOSFET
performance, high mobility semiconductors are being explored
as possible replacements for silicon. Germanium offers enhanced
electron mobility and superior hole mobility at high inversion
charge density; however, the formation of a high-quality ger-
manium-dielectric interface remains a serious challenge. High-k
dielectrics deposited directly on germanium exhibit poor physi-
cal and electrical properties, so an interfacial layer is required.
Proposed interlayers include GeON [1], Si [2], and metal nitrides
such as AIN [3] and HEN, [4].

This work focuses on metal nitride interlayers deposited by atom-
ic layer deposition (ALD). The ALD WN/AI,O,/AIN gate stacks
were developed for use in Ge MOSFETs. An AIN thickness of
approximately 2 nm and post-metal anneal at 450°C in form-
ing gas produced optimal electrical characteristics. Ge n- and p-
MOSFETs were fabricated with this gate stack, and peak electron
and hole mobilities of 50 and 150 cm?/ Vs, respectively, were ob-
served. Investigation of these devices revealed an asymmetric dis-
tribution of interface states within the bandgap. Figure 1 shows
the interface state distribution. Conductance measurements on
capacitors and low-temperature measurements on both capaci-
tors and MOSFETs were used to determine the interface state
density in different regions of the bandgap. The poor mobility of
Ge n-MOSFETs is due to carrier trapping and coulomb scatter-
ing resulting from a large density of interface states (5x10" cm™
eV!) near the conduction band edge.

REFERENCES
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A Figure 1: Distribution of interface states for WN/AI,O,/
AIN gate stacks on germanium. Interface state density
in different regions of the bandgap was determined from
conductance measurements on capacitors and low-temperature
characterization of both capacitors and MOSFETs.

[11 C.O. Chui, F. lto, and K. Saraswat, “Nanoscale germanium MOS dielectrics- part I: germanium oxynitrides,” IEEE Transactions on Electron Devices,

vol. 53, no. 7, pp. 1501-1508, July 2006.

[21 P. Zimmerman, G. Nicholas, B. De Jaeger, B. Kaczer, A. Stesmans, L.-A. Ragnarsson, D.P. Brunco, F.E. Leys, M. Caymax, G. Winderickx, K.
Opsomer, M. Meuris, and M.M. Heyns, “High performance Ge pMOS devices using a Si-compatible process flow,” in IEDM Technical Digest, Dec.

2006, pp. 655-658.

[3] F. Gao, S.J. Lee, J.S. Pan, L.J. Tang, and D.-L. Kwong, “Surface passivation using ultrathin AIN, film for Ge-metal-oxide-semiconductor devices with
hafnium oxide gate dielectric,” Applied Physics Letters, vol. 86, pp. 113501-3, Mar. 2005.

[4] K. H. Kim, R. Gordon, A. Ritenour, and D.A. Antoniadis, “Atomic layer deposition of insulating nitride interfacial layers for germanium metal-oxide-
semiconductor field effect transistors with high-permittivity oxide/tungsten nitride gate stacks,” Applied Physics Letters, vol. 90, pp. 212104:1-3,

May 2007.
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Si Nanowires: Fabrication, FETs, and Modeling

0.M. Nayfeh, D.A. Antoniadis
Sponsorship: Singapore-MIT Alliance

Silicon nanowires are attractive components in 22-nm-node and
beyond high-performance technology. In this work, we fabricated
silicon nanowire field effect transistors that incorporate single-
layers of nanowire channels. The channels were laterally grown
via the Vapor-Liquid-Solid (VLS) technique directly in the de-
vice structure to “bridge” the gap between adjacent short (~60
nm) Silicon-on-insulator (SOI) entrenched side-walls via a com-
bined bottom-up/top-down method as shown in the schematics
and SEM’s of Figure 1. The utilization of short SOI sidewalls
allowed for the selective attachment of single layers of catalyst

(@)  Top View (b) Cross-section

Si NW channels

Si NW channel

Sio2

A Figure 1: Top view(a) and cross-section (b) schematic of silicon
nanowire FETs. An SEM micrograph of fabricated NWFET(c&d)
showing a single layer of laterally grown parallel silicon nanowires
bridging the gap between source-drain. An SEM closeup of
as-grown nanowires ~30 nm in diameter (e) and an SEM of selectively
attached Au catalyst nanoparticles on the short SOI sidewall (f).

Electronic Devices & Emerging Technologies

particles on the sidewalls and hence the growth of single layers of
entrenched channel bridges. Moreover, we were able to modulate
the charge density of the wires immediately after growth without
post-processing by biasing the planar back-gate. The measured 3
terminal current-voltage data shown in Figure 2 are characteristic
of field-effect transistor behavior where the bridging nanowires
act as the FET channel material and agree with simulation analy-
sis of the structure.
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A Figure 2: Transfer curves (a), Id. vs. Vds varying Vgs for
the silicon nanowire FET shown in Figure 1, and (b) the Id. vs.
Vgs showing clear transistor behavior, i.e., gate modulation of
the current switching the device between on (Vgs=10 V) and
off (Vgs=-10 V). Simulated electron density of the device in
the on-state, Vgs=10 V, Vds=1V (c) showing the creation of
a conduction pathway from source-drain consistent with the
measurements of the device.
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Scanning Helium lon Beam Lithography

B. Cord, M.K. Mondol, K.K. Berggren, L.A. Stern (Karl Zeiss SMT)

Scanning electron beam lithography (SEBL) has been the lead-
ing technology in low-volume, high-resolution nanofabrication
for over three decades. Unfortunately inherent limitations of
the technology, such as electron beam scattering, have made im-
provement in SEBL resolution past the 10-nanometer limit prob-
lematic. Recent advances in resist contrast enhancement have
mitigated this somewhat, but reliable patterning of dense, sub-10-
nm features remains nontrivial on even the most high-end SEBL
tools.

One of the key advantages of patterning using a helium ion, rath-
er than an electron beam, is the substantial reduction in beam
scattering as it travels through the resist. Helium ions, with a
comparatively higher mass, are affected much less by atomic colli-
sions when traveling through a material and exhibit only minimal
scattering in normal resist materials. Figure 1 shows the results of
a Monte Carlo simulation of a 50-KeV helium ion beam travel-
ing through a PMMA layer; at a depth of 50 nm (a typical resist
thickness for many applications), the point-spread function of the
beam is only 2 nm wide, narrower than even 100-KeV electron

A Figure 1: Simulation of He ion scattering in resist. (a) Result
of SRIM-based Monte Carlo simulation of ion-scattering for 50-keV
He ions traveling through 100 nm of PMMA into a Si substrate
(b) Analysis of the data from (a) showing how the distribution of
deposited energy widens as a function of resist depth. After 50 nm
of resist (a practical thickness to work with), the beam width is only
2 nm. Note that this model does not take secondary electrons
generated by the ion beam into account, as the details of the ion-
secondary electron interactions are not yet fully understood.

REFERENCES

beams under similar conditions. This reduction in beam scatter-
ing should help reduce the proximity effect that makes patterning
dense, high-resolution features difficult with SEBL.

Experimentation with helium ion beam lithography has recently
been made possible by the development of a scanning helium ion
beam microscope by Alis Corporation [1]. Their commercial-
grade microscope has achieved imaging resolutions on the order
of 1 nm, making it a promising candidate as a lithography tool.
Basic experimentation with their lower-resolution “proof-of-con-
cept” system has demonstrated that patterning and successful
transfer of features are possible using standard SEBL processes.
Figure 2 shows a field of Ti-Au dots patterned with the system
using a film of PMMA on silicon and standard metallization and
liftoff.

While issues such as vibration, pattern generation, and process
control remain to be addressed, further experimentation with
helium ion beam lithography may lead to a tool that meets or
exceeds the performance of modern SEBL systems.

A Figure 2: Scanning electron micrographs of a field of Ti-
Au dots at two magnifications, fabricated by exposing 90-nm
PMMA on a Si substrate to a single raster-scan of a helium
ion beam and performing metal evaporation and liftoff on the
resulting pattern. The consistently irregular dot shape in (b) is
thought to be the result of vibrations in the system. The large
square in (a) is a previously-fabricated fiducial mark.

[11 B.W.Ward, J.A. Notte, N.P. Economou, “Helium ion microscope: A new tool for nanoscale microscopy and metrology,” Journal of Vacuum Science

Technology B, vol. 24, no. 6, pp. 2871-2874, Nov. 2006.
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Wafer Level Modeling of Electrochemical-mechanical Polishing (ECMP)

D. Truque, X. Xie, Z. Li, D.S. Boning

Sponsorship: SRC/SEMATECH Engineering Research Center for Environmentally Benign Semiconductor Manufacturing,

IBM, Albany Nanotech

In this work, we propose a wafer-level dynamic eCMP model
based on time-evolving current density distributions across the
wafer. The wafer is discretized, and the potential and current
density distributions are calculated based on the applied voltage
zones and metal film thicknesses across the wafer. The copper re-
moval rate is proportional to the current density, and thus the cop-
per thickness (and conductance) can be calculated as a function
of position on the wafer and polish time. Using a time-stepping
simulation, the model is able to capture the wafer level non-uni-
formity and time-dependence of eCMP removal. The model is
also able to capture the time-varying voltage zones used in eCMP,
and can be used to find optimal voltage zone control schemes to
achieve improved wafer-level uniformity.

Bagel

Contact point

Cu Wafer

kElectrolyte :

A Figure 1: Schematic of wafer and tool configuration in
electrochemical-mechanical polishing (eCMP).

Electronic Devices & Emerging Technologies

The configuration of the eCMP equipment is shown in Figure 1,
where a voltage is applied in each of three zones on the platen,
and electrical contact is made to the edge of the wafer. The mod-
eling approach is pictured in Figure 2, in which the electrical cur-
rent distributions on the wafer surface and in the electrolyte are
accounted for, giving the removal rate at each location on the
wafer.
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A Figure 2: Waferlevel modeling approach for eCMP,
accounting for the distribution of current through the wafer
surface and electrolyte.
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A. Farahanchi, H.K. Taylor, D.S. Boning

Sponsorship: National Semiconductor, SRC/SEMATECH Engineering Research Center for Environmentally Benign Semiconductor

Manufacturing

We are studying the plasma etching of aluminum films for IC
metallization. Using electrical resistance measurements from a
dedicated metal test pattern, we have identified, in a commercial-
ly-used etching process, resistance variations of 5% cross-wafer
and additionally of about 5% according to the locally averaged
metal pattern density (Figure 1). The etching rate also depends
appreciably upon the size of the etched feature.
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Figure 1: Spatial variation of the electrical resistances of
aluminum snake patterns etched from a fim on a 200 mm-
diameter wafer. (a) shows how the average resistance of a snake
(R,,) increases by ~5% as the areal density of unetched metal near
the feature increases from 5% to 95%. In areas of higher unetched
metal density, local competition for reactants is less acute during
etching, so that lateral etching of snake features can progress
more quickly, increasing the features’ resistances. (b) shows a
cross-wafer variation of ~5% among the resistances of features
with identical local surroundings.

Electronic Devices & Emerging Technologies

The deep reactive ion etching (DRIE) of silicon for MEMS also
experiences spatial non-uniformity, which can be detrimental to
its applications. We hope to use our model to predict the unifor-
mity of proposed new operating “recipes.” We continue to inves-
tigate an observed “memory” effect in DRIE chambers (Figure
2), whereby the average pattern density of one etched wafer influ-
ences the rate and uniformity of the subsequent wafer’s etching:

p=01% X, | .| O
2.5 A\ [ * u"o o ... .'o,....:'o..v' o %
< 20
£ 0 = 5%, etched after 99.9% wafer (Y)
£ 0 = 5%, etched after 0.1% wafer (X)
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=
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o L0 =99.9%(Y)
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0.5 0P | “0p0” | %aot” | oue” | %o°
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Position on wafer

Figure 2: Vertical silicon etch rate as a function of location
on each of four etched 150 mm-diameter wafers in a deep
reactive ion etch (DRIE) process. A monitor wafer with 5%
mask-opening density etched immediately after wafer Y (with
99.9% pattern density) etched consistently faster and less
uniformly than a 5%-density monitor wafer etched after wafer X
(with 0.1% pattern density). Here and in Figure 1b, the position
axis corresponds to locations on a square grid, with each row
of locations plotted consecutively and separated by vertical
bars on the graph.
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Development of Specialized Basis Functions and Efficient Substrate
Integration Techniques for Electromagnetic Analysis of Interconnect and RF

Inductors

X. Hu, T.A.E. Moselhy, J. White, L. Daniel
Sponsorship: SRC/FCRP GSRC, NSF

The performance of several mixed-signal and RF-analog plat-
forms depends on substrate effects that need to be represented in
the library model with critical field solver accuracy. For instance,
substrate-induced currents in RF inductors can severely affect
quality and hence RF filter selectivity. We have developed an ef-
ficient approach to full-wave impedance extraction that accounts
for substrate effects through the use of two-layer media Green’s
functions in a mixed-potential-integral-equation (MPIE) solver.
In particular, we have developed accelerated techniques for both
volume and surface integrations in the solver.

In this work, we have also introduced a technique for the numeri-
cal generation of high-order basis functions that can parameterize
the frequency-variant nature of cross-sectional conductor current
distributions. Hence skin and proximity effects can be captured
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A Figure 1: Measured and simulated Q-factors for a square RF inductor

with an area of 15mm x 15mm and surrounded by a ground ring.
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utilizing fewer high-order basis functions in comparison to the
prevalently used piecewise-constant basis functions. One impor-
tant characteristic of these basis functions is that they need to
be pre-computed only once per unique conductor cross-sectional
geometry, and then stored off-line with a minimal associated cost.
In addition, the robustness of these frequency-independent basis
functions is enforced using an optimization routine.

We have shown in [2] that the cost of solving a complex intercon-
nect system using our new basis functions can be reduced by a
factor of 170 when compared to the use of piecewise-constant
basis functions over a wide range of operating frequencies. Fur-
thermore our volume and surface integration routines improve
efficiency by an additional factor of 9.8 [1]. Our solver accuracy
is validated against measurements taken on fabricated devices.

A Figure 2: Our basis functions avoid the expensive
cross-sectional discretization shown in the figure
necessary to account for trapezoidal cross-sections or
skin and proximity effects.

[11 X.Hu, JH. Lee, J. White, and L. Daniel, “Analysis of fullwave conductor-system-impedance over substrate using novel integration techniques,” in
Proc. of the IEEE/ACM Design Automation Conference, pages 147-152, June 2005.
[2]1 X. Hu, TA.E. Moselhy, J. White, and L. Daniel, “Optimization-based wideband basis functions for efficient interconnect extraction,” Design Automa-

tion and Test in Europe (DATE'07), April 2007.
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pFFT in FastMaxwell: A Fast Impedance Extraction Solver for 3D Conductor

Structures over Substrate

T. Moselhy, X. Hu, L. Daniel
Sponsorship: SRC/FCRP IFC

Interconnect-aware timing analysis and mixed-signal simulation
rely on tools for extracting accurate low-order models for inter-
connect electrical behavior. Models should be physics-based to
enable efficient modeling of 2D and 3D effects on interconnects
with their statistics and variations. As a first step toward our goal,
we have been focusing on the development of a very efficient 3D
parasitic extractor for the deterministic analysis of a large col-
lection of interconnects. FastMaxwell [1], is a program for wide-
band electromagnetic extraction of complicated 3D conductor
structures over substrate. It is based on the volume mixed poten-
tial integral equation (MPIE) formulation, with a 3D full-wave
substrate dyadic Green’s function kernel. Two dyadic Green’s
functions are implemented [2]: a traditional Green’s function and
an alternative Green’s function that can lead to computational
cost reduction in most practical applications. Most importantly,
the alternative Green’s function allows the use of dipoles (i.e., fila-
ments) in arbitrary orientations, and it helps providing symmetric
positive semidefinite matrices, hence facilitating the passive mod-

A Figure 1: FastMaxwell discretization of a two-wire transmission
line on top of a substrate and shielded by a 3D cage structure.
The cage is connected to ground through vertical vias. (Figure is
rescaled and edited for clarity.)

REFERENCES

(1]
Automation and Test in Europe, Apr. 2007.

el order reduction of distributed systems. The pre-corrected Fast
Fourier Transform (pFIT) [3] algorithm has been extended and
optimized to accelerate the iterative solver within FastMaxwell.

The accuracy and efficiency of FastMaxwell and the implemented
acceleration algorithms have been verified against measurements
of fabricated devices by a variety of examples, some as large as
100,000 unknowns, using less than 400MB of memory and a few
hours of computation time. The pFIFT computational complex-
ity of O(N log N) in overall solver time and O(N) in memory
usage has been observed from our results, leading to a scalable
software for very large collection of interconnects.

FastMaxwell is public domain and can be downloaded at: www.
rle.mit.edu/cpg/fastmaxwell.htm.
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A Figure 2: Real and imaginary components of the input
impedance of a two-wire transmission line. Results obtained
by FastMaxwell are within 2% of those obtained by reference
simulator IE3D [4].

T. Moselhy, X. Hu, and L. Daniel, “pFFT in FastMaxwell: A fast impedance extraction solver for 3D conductor structures over substrate” Design

[2] K.A. Michalski and D. Zheng, “Electromagnetic scattering and radiation by surfaces of arbitrary shape in layered media, Part I: Theory,” IEEE
Transaction Antennas Propagation, vol. 38, no. 3, pp. 335-344, Mar. 1990.

[31 Joel R. Phillips and J. K. White, “A precorrected-FFT method for electrostatic analysis of complicated 3D structures,” IEEE Transactions on Com-
puter-Aided Design of Integrated Circuits and Systems, vol. 16, no. 10, pp. 1059-1072, Oct. 1997.

[4] Zeland Software, Inc. (2007, Apr.) IE3D: MoM-Based EM Simulator. [Online]. Available: http://www.zeland.com

Electronic Devices & Emerging Technologies

MTL ANNUAL RESEARCH REPORT 2007


http://www.rle.mit.edu/cpg/fastmaxwell.htm
http://www.rle.mit.edu/cpg/fastmaxwell.htm

2-14

Modeling Drain Degradation of RF Power GaAs Pseudomorphic HEMTs

under High Bias Conditions

A.A. Villanueva, J.A. del Alamo
Sponsorship: Mitsubishi Electric

GaAs Pseudomorphic High-electron Mobility Transistors
(PHEMT5) are widely used in RF power applications. A major
concern with these devices is their gradual degradation under
prolonged high-voltage biasing. This effect is mainly observed
via an increase of the drain resistance (R)) and a decrease of
the maximum drain current (I ). Previous studies have linked
this degradation to various mechanisms, including impact ion-
ization (II) and hot-electron effects, and surface corrosion [1].
However, further investigation is required to determine which of
these mechanisms are actually behind the observed degradation.
Understanding the time evolution of the degradation can provide
some insight into this.

In our study, experimental (non-commercial) GaAs PHEMTs
were electrically stressed. A stressing scheme that keeps II con-
stant was employed. Specifically, this scheme consisted of keeping
the drain current I ) constant and the intrinsic drain-to-gate volt-
age V., constant (relative to the threshold voltage) [2]. During
stressing, the devices were characterized at frequent intervals.

Figure 1 illustrates the time evolution of the increase of Ry in a
set of experiments performed at various ambient temperatures.
One can clearly see that the AR}, is dramatically accelerated
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A Figure 1: Loglog plot of percentincrease of R, versus stressing
time for series of constant V,,,+V; and constant |, experiments
performed on standard-parameter PHEMTs in nitrogen environment
at T, =25, 30, 35, 40, and 50°C.
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with increasing temperature, which alone suggests a corrosion
mechanism instead of an II mechanism. Also, there seem to be
two “regimes” of degradation. For initial stages (less than ~10%
increase in R)), the degradation is roughly linear in time. In a
later stage, the degradation slows down, becoming closer to a
logarithmic dependence in time. This phenomenon is better seen
in Figure 2, which shows a semi-log plot of the same data with
both the linear and log fits superimposed. This behavior thus sug-
gests that AR is directly related to the growth of an oxide layer
on the GaAs surface on the drain side, which is accelerated with
temperature and typically follows a time-dependence similar to
what we observe. Initially, as a GaAs surface is oxidized, the oxide
layer is thin enough so oxide growth at the GaAs/oxide interface
is limited by the reaction rate, thus giving a linear dependence
in time. However, as the oxide layer thickens, the oxide forma-
tion then becomes limited by the transport of the oxidizing agent
through the oxide to the GaAs/oxide interface. In GaAs systems
this transport process has been observed to have a logarithmic
dependence on time.
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A Figure 2: Semilog plot of percent increase of R, versus
stressing time for series of constant V., +V; and constant |,
experiments performed on standard-parameter PHEMTs in
nitrogen environment at T, =25, 30, 35, 40, and 50°C. Linear
and logarithmic fits are shown for each data set.

[11 T. Hisaka et al., “Degradation mechanism of PHEMT under large-signal operation,” 25t Annual Technical Digest of GaAs IC Symposium 2003, pp.

67-70, 2003.

[2]1 S.D. Mertens, “Electrical degradation of InAlAs/InGaAs metamorphic high-electron mobility transistors,” Master’s thesis, Massachusetts Institute of

Technology, Cambridge, 1999.
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Electrical Reliability of GaN High Electron Mobility Transistors
J. Joh, J.A. del Alamo (in coll. with TriQuint Semiconductor, BAE Systems)

Sponsorship: ARL

As a result of their large band gap (~3.4 ¢V) and high breakdown
electric field (>3x10° V/cm), GaN-based devices can operate at
voltages higher than 100 V. Also, due to the strong piezoelectric
effect and spontaneous polarization of both GaN and AlN, a
high sheet carrier density (~10'® cm™) can be achieved at the Al-
GaN/GaN heterointerface without any doping. In addition, high
electron mobility (~1500 cm?/V-s) and high saturation velocity
(~2x107 em/s) make GaN-based devices, especially GaN high
electron mobility transistors (HEMT), suitable for high power
amplification at high frequencies, such as WIMAX or WLAN
base stations and radars.

In spite of their extraordinary performance, GaN HEMTs still
have limited reliability. In RF power applications, GaN HEMTs
must operate at high voltage, where good reliability is hard to ob-
tain. Physical understanding of the fundamental reliability mech-
anisms of GaN HEMTs is still lacking today. In this research,
we carry out systematic reliability experiments on industrial GaN
HEM'Ts provided by our collaborators, TriQuint Semiconductor
and BAE Systems. In our study, GaN HEM's have been elec-
trically stressed at various bias conditions while they are being
characterized by a benign characterization suite that we have de-
veloped for this study.

In our experiments, we have observed that electrical stress on
GaN HEMTs results in an increase in drain resistance R, and
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Rps and Ry in a step-stress experiment A
in the OFF state (I,=25 mA/mm,V,=5~40 V in 5 V steps, 30 minutes per

a decrease in maximum drain current I, = as shown in Figure
1. The source resistance Ry shows relatively less degradation.
We have found that the electrical stress generates traps. Figure 2
shows a stress-recovery experiment in OFF state. Partial recovery
in the recovery phase suggests electron detrapping, and immedi-
ate retrapping in the following stress phase suggests permanent
trap formation. We have also seen that this degradation is driven
mostly by the electric field, with the current being less relevant.
We hypothesize that the main mechanism behind device degra-
dation is defect formation through the inverse piezoelectric ef-
fect and subsequent electron trapping. Departing from current
conventional wisdom, hot electrons are less likely to be the direct
cause of electrical degradation in the devices that we have stud-
ied. Our studies suggest a number of possibilities to improve the
electrical reliability of GaN HEMTs. As our hypothesis suggests
that it is important to keep the elastic energy in the AlGaN bar-
rier below a critical value, minimizing the initial elastic energy
and peak vertical electric field in AIGaN can improve reliability.

Our research addresses the fundamental degradation physics of
GaN HEMTs. This study will help us to understand failure mech-
anisms in detail and to develop processes and device designs that
minimize these deleterious effects.

V=30V 0V 30V oV 30V oV

S
14
E .
>
\‘E 1
_50.95 W

009
-2 Iomax

0.85 +
0.8 } } t } t

0O 30 60 90 120 150 180
Time (min)

Figure 2: Change in I, ., Ry and Rgin a stressrecovery
experiment in the OFF state (V=30 V, [,=20 mA/mm) for 30
minutes of stress followed by 30 minutes at rest. This cycle is
repeated three times.

[11 J. Joh and J.A. del Alamo, “Mechanisms for electrical degradation of GaN high-electron mobility transistors,” IEEE [EDM Tech. Digest, 2006.
[2]1 J.L. Jimenez, U. Chowdhury, M.Y. Kao, T. Balistreri, C. Lee, P. Saunier, P.C. Chao, W.W. Hu, K. Chu, A. Immorlica, J.A. del Alamo, J. Joh, and M.
Shur, “Failure analysis of X-band GaN FETs,” Reliability Of Compound Semiconductors Workshop, 2006.
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RF Power CMOS for Millimeter-wave Applications

U. Gogineni, J.A. del Alamo (in coll. with D.R. Greenberg, IBM)
Sponsorship: MIT Presidential Fellowship, IBM

Radio frequency (RF) power amplifiers are core components of
almost all wireless systems. Traditionally III-V devices, SiC de-
vices or SiGe heterojunction bipolar transistors have been used
in power amplifiers because of their ability to deliver high pow-
er and operate at high frequencies. Recently there has been an
increased interest in using Si CMOS for designing single-chip
integrated systems for operation in the millimeter-wave regime.
Specific applications in this regime include wireless LAN and col-
lision avoidance radar.

Previous research in our group at MIT into the RF power perfor-
mance of 65-nm and 90-nm Si CMOS devices [1-2] has shown
that it is not possible for currently available Si CMOS to oper-
ate significantly beyond 20 GHz (Figure 1). The effective cut-off
frequency for power (frequency at which the output power drops
below 10 mW) is around 20 GHz for 0.25-um, 90-nm and 65-nm
CMOS. This suggests that further scaling is unlikely to improve
the situation despite improvements in £. and £ . The reason for
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A Figure 1: Maximum power (at peak PAE) vs. frequency of operation
obtained in nominal 0.25-um devices (V,,=2.5 V) and 65-nm devices (V,, =1

V) fabricated in a 65-nm process [1].

REFERENCES

this saturation in the effective power cut-off frequency is that the
optimum device width that delivers the maximum power at any
frequency scales down as the frequency goes up (Figure 2). This
effect indicates that the bottleneck for power is the device layout,
especially the back-end wiring. An optimized device layout would
enable us to operate Sit CMOS in the millimeter wave regime.

In this research, we are investigating options for device optimiza-
tion with the goal of pushing the power operation of Si CMOS
into the millimeter-wave regime. In particular, we are studying
designs that minimize interconnect resistance through optimiza-
tion of source and drain routing. Some of the ideas to reduce
interconnect resistance include use of multiple levels and thicker
levels of metal and use of multiple source and drain pads. We are
also exploring designs that separate DC and RF paths through
on-chip bias networks.
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A Figure 2: Maximum Power (at peak PAE) vs. device width for
different frequencies for 65-nm devices (V,, =1 V) [1].

[11 J. Scholvin, D.R. Greenberg, and J.A. del Alamo, “Fundamental power and frequency limits of deeply-scaled CMOS for RF power applications,” in

Proc. IEDM 2006, San Francisco, CA, Dec. 2006, pp. 217-220.

[2]1 J. Scholvin, D.R. Greenberg, and J.A. del Alamo, “Performance and limitations of 65nm CMOS for integrated RF power applications,” in Proc. IEDM

2005, Washington, D.C., Dec. 2005, pp. 369-372.
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Scaling Potential of InGaAs HFETs for Beyond-the-roadmap CMOS

D.-H. Kim, J.A. del Alamo
Sponsorship: Intel Corporation, SRC/FCRP MSD

While a matter of considerable debate, the semiconductor de-
vice technology that has been responsible for the microelectronics
revolution of the last 30 years appears to be reaching the end of
the roadmap. There are severe doubts that it will make economic
sense for S1 CMOS to scale beyond the 22-nm node. In the land-
scape of alternatives to St CMOS for beyond-the-roadmap logic
applications, III-V compound semiconductors really stand out.
For example, InGaAs looks particularly promising. Since room
temperature bulk electron mobility of InGaAs is easily in excess
of 10,000 cm?/V-s, it is imperative to consider this material as a
channel for next-generation “low-power” and “high-speed” logic
technology.

In our work, we are investigating the scaling potential of InGaAs
heterostructure-FETs (HFETs) as a model system to study the
challenges and opportunities of III-V based FETs for logic. We
have fabricated InGaAs HFETs with a 70% InAs composition
in the channel and with varying gate lengths (L, from 400 nm
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A Figure 1: Subthreshold and gate leakage characteristics of
60-nm InGaAs HFETs with three different t,  at Vpo = 0.5 V. The t,

= 3 nm devices exhibit almost enhancement mode operation (V; =
-0.02 V), subthreshold slope (S) = 88 mV/dec and |/l > 10
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to 60 nm) and InAlAs insulator thickness (t, , from 11 nm to 3
nm). Figure 1 shows subthreshold and gate leakage (I.) charac-
teristics of representative 60-nm InGaAs HFETs with three dif-
ferent t,, at Vi, = 0.5 V. As t, decreases, V., shifts positively
and the subthreshold slope improves considerably. The value of
S = 88 mV/dec is obtained for the t, = 3 nm device, and this
sharp subthreshold characteristic yields an I, /I, ratio in ex-
cess of 10" Figure 2 compares S as a function of L between
InGaAs HFETs with three different t,  and Si CMOS. Our devic-
es exhibit almost the same electrostatic integrity and, especially,
InGaAs HFETs with t, = 3 nm exhibit values of S, that are on
the low range of the reported state-of-the-art Si CMOS. Our re-
search strongly confirms that InGaAs HFETs are an excellent test
vehicle to explore issues of great relevance to future III-V FETs,
such as self-aligned architectures, scaling limit of planar devices,
band-to-band tunneling in a narrow band-gap (E,) material, im-
pact of strain on transport physics and the consequences of a low
density of states on the current deeply scaled devices.
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A Figure 2: Subthreshold slope as a function of gate length
for InGaAs HFETs with various insulator thickness, as well as
Si CMOS. Well designed InGaAs HFETs exhibit values of the
subthreshold slope that are on the low range of state-of-the-art
Si CMOS.

[11 D.H.Kim, J. del Alamo, J.H. Lee and K.-S. Seo, “Performance evaluation of 50-nm In, ,Ga, ;As HEMTs for beyond-CMOS logic applications.” in Int.

Electron Devices Meeting (IEDM) Tech. Dig., pp. 455-458, Dec. 2005.

[21 D.H.Kimand J. del Alamo, “Scaling behavior of In, ;Ga, ,As HEMTs for logic.” in Int. Electron Devices Meeting (IEDM) Tech. Dig., pp. 837-840, Dec.

2006.
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Self-aligned InGaAs HEMT for Logic Applications

N. Waldron, J.A. del Alamo

Sponsorship: SRC/FCRP MSD, Intel Foundation Ph.D. Fellowship Program

As conventional CMOS scaling approaches the end of the road-
map, identifying a new logic device technology is becoming a
matter of great urgency. With room-temperature electron mobil-
ity easily in excess of 10,000 cm?/ Vs, InGaAs represents a very
attractive proposition as a channel material. Previously it has
been shown that InGaAs-based high electron mobility transistors
(HEM'Ts) show great promise for logic applications. The 60-nm
devices fabricated with a triple recess process showed a significant
improvement in drive current compared to 65-nm CMOS for
the same level of leakage current [1]. However, the conventional
design of HEMTs is not well suited for VLSI applications. The
gate is not self-aligned and is typically separated from the source/
drain by a distance of around lum, which results in a large de-
vice footprint and associated parasitics. Also the exposed surface
area and alloyed contacts represent reliability concerns.

To address these issues we have developed a self-aligned process
that reduces the gate to source/drain distance to less than 50
nm. This is more than a 20x improvement over the conventional
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A Figure 1: An SEM comparing a conventional HEMT to a self-
aligned HEMT device. The source/drain is separated from the gate
by a distance of 1 um in the conventional design. Using the self-
aligned architecture use of an air-spacer reduces this distance to
less than 50 nm.
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design. The new device relies on the use of W for non-alloyed
ohmic contacts. A two-step e-beam lithography process is used
to define the gate. The first step defines both the W source/drain
contacts and the gate foot, resulting in a final structure that is self-
aligned. An SEM of the completed device is shown in Figure 1.
The output characteristics of a 0.3-um device are shown in Fig-
ure 2. The self-aligned devices show excellent DC characteristics.
The device has a maximum transconductance of 988 pS/um, SS
of 77 mV/dec, DIBL of 44 mV/V and an I /I ; ratio of 6 x
10%. Currently we are working on fabricating devices of varying
gate lengths to determine the scaling potential of the self-aligned
scheme. We are also exploring various approaches to achieve en-
hancement-mode devices.

Canvantional Deslgn

A Figure 2: Output characteristics of a 0.3um device
fabricated using the self-aligned process. The device threshold
voltage is -0.2 V.

[11 D-H. Kim and J.A. del Alamo, “Scaling behavior of In0.7Ga0.3As HEMTs for logic,” International Electron Devices Meeting (IEDM) Technical Digest,

Dec. 2006, pp 1-4.
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P-channel InGaAs HEMTs for beyond-Si Complementary Logic

L. Xia, J.A. del Alamo
Sponsorship: SRC/FCRP MSD

As the silicon metal-oxide-semiconductor field-effect transistor
(MOSFET) approaches the end of the roadmap, its performance
improvement brought by size scaling will reach a limit. Among
the beyond-Si logic alternatives, InGaAs shows superior potential
for n-channel FET-type devices [1]. However, the hole mobility
in InGaAs is currently not much higher than that in silicon. In
fact, the large disparity between n- and p-channel InGaAs FET
performance raises concerns about the possibility of implement-
ing InGaAs CMOS-type logic.

In order to boost the speed of p-channel InGaAs FETs, we are
studying the enhancement of the hole mobility by mechanically
straining the channel. This has been demonstrated in Si and Ge
devices. Compared with their unstrained counterparts, strained
Ge and Si showed 6X and 2% higher hole mobilities respectively.
[2, 3] We are carrying out simulations that indicate that strain will
also show positive effects on hole mobility in InGaAs. As shown

Unstrained InGaAs Compressive strain = -1%

—— Conduction band
—— Light hole band
Heavy hole band
—— Spin-off hole band

Conduction band

—— Light hole band

—— Heavy hole band

—— Spin-off hole band A =54 meV

RN
e o

<100> <010>

-

<100> <010>

A Figure 1: Simulation results of straininduced band structure change in
InGaAs. The bandstructures and light-hole iso-energy surfaces of unstrained
and strained InGaAs are shown. Under 1% compressive strain, the heavy-
hole band and light-hole band split apart by the amount of 54 meV. The
shapes of light-hole iso-energy surface indicate that strain also breaks the
symmetry of the light-hole band. This anisotropy would allow us to better
tailor both in-plane and out-plane effective masses.
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in Figure 1, in unstrained InGaAs, the heavy-hole and light-hole
valence bands are degenerate at the I' point. When strain is ap-
plied, the two bands split. This splitting leads to preferential oc-
cupation of holes into the lighter band, so that the effective mass
of the holes decreases. In this way, the hole mobility should be
enhanced.

To experimentally probe the potential enhancement brought by
strain, a chip-bending apparatus (Figure 2a) has been fabricated.
This apparatus has four ridges whose vertical and horizontal posi-
tions are controlled by micrometers. By positioning the ridges as
shown in Figure 2b, we can apply either tensile or compressive
strain on the upper surface of the chip. By fitting the apparatus
into a probe station, we can conduct electrical measurements on
strained samples. These measurements are expected to provide
understanding of the speed-enhancing effects of strain in InGaAs
FETs.

Compressive Mode Tensile Mode

A Figure 2: (a) Schematic figure of the chip-bending apparatus. (b)
Methods to apply compressive and tensile strain to the chip surface.

[11 D.H. Kim and J.A. del Alamo, “Scaling behavior of Iny,Ga,,As HEMTs for logic applications,” International Electron Devices Meeting Technical

Digest, pp. 837-840, Dec. 2006.

[2]1 H. Shang, J.0. Chu, X. Wang, P.M. Mooney, K. Lee, J. Ott, K. Rim, K. Chan, K. Guarini, and M. leong, “Channel design and mobility enhancement in
strained germanium buried channel MOSFETs,” Symposium on VLS| Technology Digest of Technical Papers, pp. 204-205, June 2004.
[3]1 S. Tyagi, et al. “An advanced low power, high performance, strained channel 65nm technology,” International Electron Devices Meeting Technical

Digest, pp. 1070-1072, Dec. 2005.
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C. Ni Chléirigh, J.L. Hoyt

Sponsorship: SRC, SRC/FCRP MSD, Texas Instruments Fellowship, Applied Materials Fellowship

Superior hole mobility (up to 10X enhancement over bulk Si
channels) and compatibility with mainstream Si processing tech-
nology make compressively strained SiGe an attractive channel
material for sub-45-nm p-MOSFETs. This research investigates
strained SiGe as a suitable channel material for p-MOSFETSs us-
ing SiGe grown pseudomorphically on both relaxed SiGe and
bulk Si substrates. Strained SiGe channels directly on bulk Si are
appealing due to the relative ease of integration with mainstream
CMOS processing. However, there are severe critical thickness
constraints on the strained SiGe channel for Ge compositions
above 40 at. %. Reducing the lattice mismatch by growing the
strained SiGe channel on a relaxed SiGe virtual substrate allows
investigation of high Ge composition channels independent of
critical thickness constraints. To understand the performance
possibilities for these structures, it is essential to understand the
impact of channel thickness, W_  on hole mobility.
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Figure 1: Hole mobility enhancement as a function of strained SiGe
channel thickness, W, for strained Ge on a relaxed SiGe virtual substrate
(triangles), strained Siy ;Ge, , on relaxed S, Ge,, (squares) and strained
Siy5,Gey.43 0N bulk Si (circles). Drop in mobility for strained SiGe channels
for W, below 4 nm. Drop in mobility below 6 nm for Ge channels due to
interface roughness. Ge composition in strained SiGe (Y %) and relaxed
virtual substrate (X%) are denoted Y/X for each point.

Hole mobility for 43% Ge pseudormophic SiGe channels drops
for W, below 4 nm due to increased phonon and Si/SiGe in-
terface scattering (Figure 1). The 70/40 structure follows a similar
trend; however, there is a large drop in Ge concentration for the
3-nm channel. The thermal budget will reduce final Ge % (and
mobility), especially for thinner films, higher Ge fraction and in-
creased strain [1]. For the strained Ge channel there is a dramatic
drop in mobility for W, below 6 nm due to increased interface
roughness and some drop in the Ge concentration. Mobility en-
hancements for SiGe heterostructres are plotted in Figure 2 as
a function of Ge fraction in the strained layer for bulk Si and
relaxed Si ;Ge, , virtual substrate. Use of a virtual substrate can
produce peak mobility enhancements of up to 10X. Peak en-
hancements are limited to 4X for strained SiGe channels on bulk
Si due to the mobility degradation for thinner channels required
at high Ge compositions.
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Figure 2: Mobility enhancement as a function of Ge fraction for
strained SiGe channels grown on bulk Si (squares) and relaxed Si, ,Ge, ,
virtual substrate (diamonds). Solid symbols: results from this work.
Open symbols: [2]. Strained SiGe channel thickness noted for each
point. Critical thickness constraints limit channel thickness for strained
SiGe channels on bulk Si, restricting mobility enhancements for high
Ge compositions.

[11 G. Xia, M. Canonico, and J.L. Hoyt, “Si-Ge interdiffusion in strained Si/strained SiGe heterostructures and implications for enhanced mobility metal-
oxide-semiconductor field-effect transistors,” Journal of Applied Physics, vol. 101, no. 5, p. 044901, Feb. 2007.

[2]1 T. Krishnamohan, Z. Krivokapic, K. Uchida, Y. Nishi, and K.C. Saraswat, “High-mobility ultrathin strained Ge MOSFETs on bulk and SOI with low band-
to-band tunneling leakage: experiments,” IEEE Transactions on Electron Devices, vol. 53, no. 5, pp. 990-999, May 2006.
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Strained-Si/strained-Ge Heterostructure-on-insulator for Improved CMOS

Performance

L. Gomez, M.K. Kim, J.L. Hoyt
Sponsorship: SRC/FCRP MSD

Geometric scaling of device dimensions can no longer provide
the necessary current drive enhancements to continue historic
performance gains. Novel channel materials as well as strain can
provide enhanced transport characteristics that help to maintain
this historic trend. Thin-body devices can also offer the benefit of
improved electrostatic control in deeply scaled MOSFETs. In pre-
vious work, fully depleted MOSFETs were fabricated on Si/SiGe
heterostructures (55% Ge) to realize both enhanced transport for
electrons and holes and improved subthreshold characteristics
[1]. Subthreshold swing was improved over heterostrucutre-on-
bulk devices and was observed to be 66-70 mV/dec. Mobility
enhancements of 1.9x and 2.8x were observed for electrons and
holes, respectively, at an inversion charge density of 1.5x10% cm™.
Heterostructure-on-bulk MOSFETs with pure Ge buried chan-
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A Figure 1:  Crosssectional transmission electron microscopy image
of the final Ge-HOI substrate. The layers in this structure were grown to be
pseudomorphic to relaxed Sij ;Ge, 5.
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nels have exhibited mobility enhancement factors of 10x for holes
[2-3], motivating the fabrication of strained-Ge heterostructures
on insulator. The Ge-HOI substrate combines the excellent elec-
trostatic characteristics observed in UTB SOI with the high mo-
bility benefits of a strained-Si/strained-Ge heterostructure. In this
work, Ge HOI is fabricated by epitaxial growth and layer transfer
by bond and etch-back. A process was developed to grow thin
Ge films on strained Si using an intermittent SiGe passivating
layer (strained Si layers were pseudomorphic to 50% Ge relaxed
SiGe layers). Figure 1 presents a cross-sectional transmission elec-
tron microscopy image of a Ge-HOI substrate. Figure 2 presents
Raman analysis that was conducted to verify strain retention in
the buried Ge layer. Further development is being conducted to
fabricate short channel devices on these substrates.
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A Figure 2: Raman spectra from the Ge-HOI substrate using 364-
and 514.5-nm excitation to obtain a signal from the Si cap and Ge
buried layer, respectively. The UV and visible Raman spectra are shown
for the Ge-Ge and Si-Si LO phonons from bulk crystals (dotted black
curves) and the Ge-HOI substrate (black solid curve). Raman analysis
courtesy M. Canonico, Freescale Semiconductor.

[11 I Aberg, “ Transport in thin-body MOSFETs fabricated in strained Si and strained Si/SiGe heterostructures on insulator,” Ph.D. thesis, Massachu-

setts Institute of Technology, Cambridge, 2006.

[2] M.L. Lee and E.A. Fitzgerald, “Optimized strained Si/strained Ge dual-channel heterostructures for high mobility P- and N-MOSFETs,” IEDM TECH.

Dig., 2003, pp. 429-432.

[31 C. NiChléirigh, “Strained SiGe-channel p-MOSFETs: Impact of Heterostructure Design and Process Technology,” Ph.D. thesis, Massachusetts Insti-

tute of Technology, Cambridge, 2007.
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Strain in Nano-scale Patterned Strained Si/strained Ge Heterostructures on

Insulator

P. Hashemi, L. Gomez, J.L. Hoyt
Sponsorship: SRC/FCRP MSD

Possessing superior electron and hole transport characteristics,
thin-body strained Si/ strained-SiGe (Ge)/strained Si hetero-
structures on insulator (HOI) MOSFETs are possible candidates
for future low-power CMOS [1]. However, when these substrates
are patterned into nano-scale mesas and fins, some changes in the
stress profile are expected that may either degrade or enhance
the mobility of the devices. Here, we report the variation of the
stress profile in the strained-Si and strained-Ge layers as a func-
tion of the patterning geometry and thickness of strained lay-
ers. Finite element simulations in TAURUS TSUPREM IV™
were also performed to support experimental results. Strained
heterostructure substrates used in this work were fabricated by a
bond-and-etch-back method followed by thinning the cap layer
by wet oxidation and removal. Figure 1(a) shows a typical TEM
image of such a substrate. Scanning electron beam lithography
with HSQ) as a negative tone resist was used to create nano-scale
long bars and mesas with sub-300-nm geometries. The density of
these features is a key to achieving a measurable Raman signal to
analyze the stress profile. The pattern transfer was performed in
an RIE system stopping at the buried oxide interface. Figure 1(b)
shows sample SEM images of patterned mesas and long bars.

s-Si (~4-5nm)
s-Ge(~5-7nm)

8-Si (~4nm)
-Buried Oxide

(b)
A Figure 1: (a) A TEM image of the HOI structure before
patterning. (b) Tilted SEM images of the 300-nm-wide patterned
square mesas (left) and 24-nm-wide patterned multi-fin mesas
(right).
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UV Micro-Raman spectroscopy with 325-nm He-Cd and 364-
nm Ar-Ion laser lines was used to explore the stress profile in the
patterned ultra-thin strained Ge and strained Si layers, respec-
tively. Figure 2 shows the relaxation percentage and position of
the Raman peak in the strained Ge layer as a function of bar
width for patterned long bars. As can be seen from this figure, the
relaxation in strained Ge is increased when the pattern width is
reduced. For 30-nm-wide patterns, a relaxation of around 43%
is measured. Finite element stress simulations demonstrate that
the longitudinal stress component along the bars is almost main-
tained while the in-plane component tends to relax in the narrow
direction of the bars. As a result, the biaxial stress profile of the
unpatterned structure tends to move towards uniaxial strain for
ultra-narrow structures, which can further enhance hole trans-
port properties. On the other hand, the results on relaxation in
nano-scale pattern mesas indicate a general trend of relaxation
with decreasing aspect ratio. As an example, the 100-nm, square-
shape mesas show nearly 33% relaxation (assuming isotropic bi-
axial strain) indicating that a large amount of strain can still be
preserved in patterned regions suitable for fabrication of planar
HOI MOSFET:.
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A Figure 2: Relaxation and Raman peak position as a function
of the bar width in the strained-Ge layer. Raman measurements
and analysis courtesy of M. Canonico, Freescale Semiconductor,
Inc.

[11 I. Aberg, C. Ni Chléirigh, 0.0. Olubuyide, X. Duan, and J.L. Hoyt, “High electron and hole mobility enhancements in thin-body strained-Si/strained-
SiGe/strained-Si heterostructures on insulator,” in IEDM Technical Digest, 2004, pp. 173-176.
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Epitaxial Growth of Ultrathin Ge on Si

M. Kim, L. Gomez, J.L. Hoyt
Sponsorship: DARPA, NSF Graduate Research Fellowship

Growing ultrathin, uniform germanium epitaxial films with mini-
mal crystal defect density is desirable for several applications to
emerging technologies. For example, multilayer structures of Ge
and SiGe on Si wafers are used for enhanced-mobility hetero-
structure-on-insulator (HOI) MOSFETS, and thin Ge films are
used as seed layers in CMOS-compatible photodetectors. How-
ever, due to the 4% mismatch in lattice size, the initial stages of
Ge growth on Si substrates show a 3-D growth mode, in which
Ge initially forms islands and then coalesces to form a more uni-
form surface [1-2]. To improve the morphology of Ge films with
thickness in the range of 20A to 50A, several growth parameters
and surface treatment methods were studied using an Applied
Materials Epi Centura Reactor. Varying growth temperature and
pressure, the optimal condition for ultrathin Ge films on Si sub-
strates was determined to be 365°C and 60T, with 5slpm of Hy-
drogen flow to the slit.

Time vs. Ge Growth Thickness
400

—&— no surface treatment
—&— 5 sec surface treatment
—#— 15 sec surface treatment
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200

Ge thickness (A)
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A Figure 1: The germanium thickness as a function of growth time. The
graph shows a reduced incubation period for SiGe-pulse treated samples.
Epitaxial Ge was grown at 365°C, 60T on P- CZO Si wafers in Applied
Materials's “Epi Centura” System.
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Substrates

A surface treatment consisting of a SiGe pulse before Ge growth
improves the surface smoothness greatly, as well as enhancing the
growth rate. Before Ge growth, a short “pulse” of 5-15 seconds
of 50% SiGe was used to treat Silicon surface, and this treatment
was shown to enhance Ge growth on Si substrates, as shown in
Figure 1. Figure 2 shows improved film uniformity for SiGe-pulse
treated samples. With this new technique, the RMS values as well
as average peak-to-valley heights are improved by a factor of ~3.

A Figure 2: The 1um x 1lum AFM scans of 35Athick Ge films grown
on Si substrates, (a) with 15-sec SiGe pulse surface treatment and
(b) without SiGe pulse. For (a), RMS is 0.251 nm, with average peak
heights of 1.4 nm. Without the surface treatment, the Ge film is much
rougher, with RMS value of 0.686 nm and peak heights of 5 nm, as
shown in (b).

[1] M. Halbwax, D. Bouchier, V. Yam, D. Debarre, L.H. Nguyen, Y. Zheng, P. Rosner, M. Benamara, H.P. Strunk and C. Clerc, “Kinetics of Ge growth at
low temperature on Si(001) by ultrahigh vacuum chemical vapor deposition,” J. Appl. Phys. 97, 2005, p. 064907.
[2]1 0.0. Olubuyide, D.T. Danielson, L.C. Kimerling, and J.L. Hoyt, “Impact of seed layer on material quality of epitaxial germanium on silicon deposited

by low-pressure chemical vapor deposition,” presented at the 4th Int
2005.
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D.M. Berns, W.D. Oliver, S.0. Valenzuela, T.P. Orlando, V. Bolkhovsky, E. Macedo

Quantum computation holds the potential to solve problems cur-
rently intractable with current computers. The basic component
of a quantum computer is the “qubit,” the quantum analog to
today’s bits. Although any two-level quantum system could serve
as a qubit; however, the qubit must satisfy two major criteria for
practical quantum computing: long coherence times and the abil-
ity to scale to thousands of qubits. Persistent-current (PC) qubits
are promising candidates for realizing such a large-scale quantum
computer. The PC qubit is a superconducting circuit with Jo-
sephson junction (JJ) elements that can be effectively operated as
a two-level quantum system [1].

With a tri-layer process using optical lithography, we can create
the deep-submicron [Js required to realize large qubit tunnel-
couplings, which allow improved immunity to dielectric-induced
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Figure 1: IV traces taken at 4K for a few different test junctions,
from 0.75 um down to O0.1lum. Blown up in the inset is the 0.1-um
junction IV and we see a knee current of 40 nA and a very large subgap

resistance.

decoherence, and there is no foreseeable barrier to large-scale
integration. We have recently begun measuring and character-
izing the PC qubits designed with these deep-submicron JJs fab-
ricated with the Nb-Al/AlOx-Nb trilayers. Initital testing of the
JJs shows excellent performance down to sizes necessary for long
decoherence times (Figure 1), and first studies of how the ground
state of the new qubits changes as the applied DC flux is swept
show the large tunnel-couplings we were aiming for (Figure 2).

SQUID sample current (a.u.)

DC Flux Detuning (in®, )

©00000000000000000000000000000000000000000000000000000 0

Figure 2: Qubit step taken at dilution refrigerator
temperatures with the device seen in the inset, where the
larger junctions are 250 nm on a side. One can clearly
see that as the applied DCmagnetic flux is changed, the
ground state changes from one circulating current state
to the other.

[11 T.P. Orlando, J.E. Mooij, L. Tian, C.H. van der Wal, L.S. Levitov, S. Lloyd, J.J. Mazo, “Superconducting persistent-current qubit,” Physical Review B:
Condensed Matter and Materials Physics, vol. 60, no. 22, pp. 15398-15413, Dec. 1999.
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Mach-Zehnder Interferometry in a Persistent-current Qubit

W.D. Oliver, Y. Yu, J.C. Lee, K.K. Berggren, L.S. Levitov, T.P. Orlando

We have demonstrated Mach-Zehnder (MZ)-type interferometry
with a niobium superconducting persistent-current qubit. These
experiments exhibit remarkable agreement with theory, and
they will find application to non-adiabatic qubit control meth-
ods. The qubit is an artificial atom, the ground and first-excited
states of which exhibit an avoided crossing. Driving the qubit
with a large-amplitude harmonic excitation sweeps it through
this avoided crossing two times per period. The induced Lan-
dau-Zener (LZ) transitions at the avoided crossing cause coherent
population transfer between the eigenstates, and the accumulated
phase between LZ transitions varies with the driving amplitude.

This is analogous to a Mach-Zehnder interferometer, in which
the LZ transition is the beamsplitter and the relative phase ac-
cumulated between LZ transitions is the optical path-length dif-
ference between the arms of the interferometer. Over the entire
length of the microwave driving pulse, we have a sequence of
Mach-Zehnder interferometers. We have observed MZ quantum
interference fringes as a function of the driving amplitude for
single- and multi-photon excitations.
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A Figure 1: (a) Energy of the two-level system. Starting at the marker, the qubit state is swept through the avoided crossing
twice, accumulating a phase between the LZ transitions that occur. (b) The corresponding energy variation over a few pulse periods.
The sequence of LZ transitions and phase accumulation are analogous to a sequence of Mach-Zehnder interferometers. (c) Qubit
population as a function of driving amplitude. We see the Bessel dependence to the Mach-Zehnder-like quantum interference for

n-photon transitions.

REFERENCES

[11 W.D. Oliver et al., “Mach-Zehnder interferometry in a strongly driven superconducting qubit,” Science, vol. 310, pp. 1653-1657, Dec. 2005.
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Coherent Quasiclassical Dynamics of a Niobium Persistent-current Qubit
D.M. Berns, W.D. Oliver, S.0. Valenzuela, A.V. Shytov, K.K. Berggren, L.S. Levitov, T.P. Orlando

We have recently demonstrated Mach-Zehnder (MZ)-type inter-
ferometry in the persistent-current (PC) qubit, in the strong driv-
ing limit [1]. We have now extended this work to much lower
driving frequencies [2]. By driving our system at frequencies
smaller than our linewidth, we have observed a new regime of
quasiclassical dynamics within the strong driving limit. Now a

DC Flux Detuning (ma,)
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350 0
RF Source Voltage V. (mV)

175

transition at a DC flux detuning resonant with n photons is as-
sisted by neighboring resonances. In this regime we find remark-
able agreement with theory by assuming the population transfer
rate for the nth photon resonance is the sum of rates from all
other resonances.

<1 u1 aq o3 Ajjiqeqoad

A Figure 1 : Qubit population as a function of driving amplitude. (a) Driving frequency = 270 MHz. We see the Bessel dependence
to the Mach-Zehnder-like quantum interference for n-photon transitions. (b) Driving frequency = 90 MHz. Individual resonances are no
longer distinguishable but we still see coherent quantum interference.

REFERENCES

[11 W.D. Oliver, Y.G. Yu, J.C. Lee, K.K. Berggren, L.S. Levitov, and T.P. Orlando, “Mach-Zehnder interferometry in a strongly driven superconducting

qubit,” Science, vol. 310, no. 5754, p. 1653, Dec. 2005.

[21 D.M. Berns, W.D. Oliver, S.0. Valenzuela, A.V. Shytov, K.K. Berggren, L.S. Levitov, and T.P. Orlando, “Coherent Quasi-classical dynamics of a per-
sistent current qubit,” Physical Review Letters, vol. 97, p. 150502, Oct. 2006.
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Microwave-induced Cooling of a Superconducting Qubit
S.0. Valenzuela, W.D. Oliver, D.M. Berns, K.K.Berggren, L.S. Levitov, T.P. Orlando

We have recently demonstrated microwave-induced cooling in a
superconducting flux qubit [1]. The thermal population in the
first-excited state of the qubit is driven to a higher-excited state
by way of a sideband transition. Subsequent relaxation into the
ground state results in cooling. Effective temperatures as low as 3
millikelvin are achieved for bath temperatures from 30 - 400 mil-

likelvin, a cooling factor between 10 and 100. This demonstration
provides an analog to optical cooling of trapped ions and atoms
and 1s generalizable to other solid-state quantum systems. Active
cooling of qubits, applied to quantum information science, pro-
vides a means for qubit-state preparation with improved fidelity
and for suppressing decoherence in multi-qubit systems.
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A Figure 1 : Sideband cooling in a flux qubit. (a) Double-well illustration of cooling. External excitation transfers thermal population
from state 1 to state 2, from which it decays to the ground state 0. (b) Band diagram illustration of cooling. One to two transitions
are driven resonantly at high driving frequencies and occur adiabatically at low driving frequency. (c) Thermal population cooled at
different frequencies. Cooling from 300mK to as low as 3mK is shown.
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J.C. Lee, W.D. Oliver, T.P. Orlando
Sponsorship: DURINT, DTO, NSF

The two logical states of a persistent-current (PC) qubit corre-
spond to oppositely circulating currents in the qubit loop. The
induced magnetic flux associated with the current either adds to
or subtracts from the background flux. The state of the qubit
can thus be detected by a DC SQUID magnetometer inductively
coupled to the qubit. We have implemented a resonant technique
that uses a SQUID as a flux-sensitive Josephson inductor for qu-
bit readout. This approach keeps the readout SQUID biased at

©00000000000000000000000000000000000000000000000000000000000

Figure 1: a) The SQUID inductor is incorporated in a
resonant readout circuit. It is inductively coupled to a PC qubit
to detect its state. b) A transition of the qubit state changes the
Josephson inductance of the SQUID and can be sensed as a shift
in the resonant frequency of the readout circuit.

low currents along the supercurrent branch and is more desired
for quantum computing applications in reducing the level of de-
coherence on the qubit. By incorporating the SQUID inductor in
a high-Q) on-chip resonant circuit, we can distinguish the two flux
states of a niobium PC qubit by observing a shift in the resonant
frequency of the readout circuit. The nonlinear nature of the
SQUID Josephson inductance, as well as its effect on the resonant
spectra of the readout circuit, was also characterized.

N 419.80 5 —v~f”—~\'V\ L 64 g
7 o

= 419.80 - - %03
> . — 685
c ™
g 419.70 - - 70D
b 77

3 419.60 1 2%
' - - 740
2 419.50 L 6=
T : g
O 419.40 - -78a
8 i — -80m
0 419.30 — v | 523

| T | T | T
0.4 0.0 0.4
Magnet Current (mA)

©000000000000000000000000000000000000000000000000000000000000

Figure 2: Experimental results at 300 mK: the lower plot (left
axis) shows the modulation of the resonant frequency with external
magnetic field. Qubit steps corresponding to transitions between
opposite flux states were observed at every 1.3 periods of the
SQUID lobe. The upper plot (right axis) shows the corresponding
peak amplitude of the resonant spectrum. The dip in peak power
coincides with the qubit step.

[11 J.C.Lee, W.D. Oliver, T.P. Orlando, and K.K. Berggren, “Resonant readout of a persistent current qubit,” IEEE Transactions on App.

Superconductivity, vol. 15, no. 2, pp. 841-844. June 2005.

2] J.C. Lee, “Magnetic flux measurement of superconducting qubits with Josephson inductors,” Master’s thesis, Massachusetts Insti-

tute of Technology, Cambridge, 2002.
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Type-ll Quantum Computing Using Superconducting Qubits
D. Berns, W.M. Kaminsky, B. Cord, K. Berggren, W. Oliver, T.P. Orlando (in coll. with J. Yepez (Air Force Laboratories)

Sponsorship: AFOSR, Fannie and John Hertz Foundation

The Factorized Quantum Lattice-Gas Algorithm (FQLGA) [1]
is a quantum version of classical lattice-gases (CLG) [2]. The
CLGs are an extension of classical cellular automata with the
goal of simulating fluid dynamics without reference to specific
microscopic interactions. The binary nature of the CLG lattice
variables is replaced for the FQLGA by the Hilbert space of a
two-level quantum system. The results of this replacement are
similar to that of the lattice-Boltzmann model, but with a few
significant differences [3]. The first is the exponential decrease in
required memory. The second is the ability to simulate arbitrarily
small viscosities.

We have recently developed two implementations of the algo-
rithm for the 1D diffusion equation using the PC Qubit [4]. The
first consists of initializing the qubits while keeping them in their

ground state and then performing the collision by quickly chang-
ing their flux bias points and then performing a single /2 pulse
(Figure 1). This initialization technique could prove quite useful,
since relaxation effects are avoided, but the way we have imple-
mented the collision is not easily generalized to other collisions. A
more general collision implementation was then developed by de-
composing the unitary collision matrix into a sequence of single
qubit rotations and coupled free evolution. The single qubit rota-
tions then also serve to initialize the fluid’s mass density.
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A Figure 1: Simulation of the FQLGA for 1D diffusion is pictured (o) alongside simulation of the first proposed implementation (+).

The expected diffusion of a Gaussian is observed.
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Adiabatic quantum computation (AQC) is an approach to uni-
versal quantum computation in which the entire computation is
performed in the ground state of a suitably chosen Hamiltonian
[1].  As such, AQC offers intrinsic protection against dephas-
ing and dissipation [2-3]. Moreover, AQC naturally suggests a
novel quantum approach to the classically intractable constrained
minimization problems of the complexity class NP. Namely, by
exploiting the ability of coherent quantum systems to follow
adiabatically the ground state of a slowly changing Hamiltonian,
AQC promises to bypass automatically the many separated local
minima occurring in difficult constrained minimization problems
that are responsible for the inefficiency of classical minimization
algorithms. To date, most research on AQC [4-8] has focused
on determining the precise extent to which it could outperform
classical minimization algorithms. The tantalizing possibility
remains that---at least for all practical purposes---AQC offers at
least a large polynomial, and often an exponential, speedup over
classical algorithms.  However, it may be the case that in the
same way the efficiency of many practical classical algorithms for
NP problems can be established only empirically, the efficiency of
AQC on large instances of classically intractable problems can be
established only by building a large-scale AQC experiment.

To make feasible such a large-scale AQC experiment, we have
proposed a scalable architecture for AQC based on the supercon-
ducting persistent-current (PC) qubits [9-10] already under devel-
opment here at MIT. As first proposed in [11], the architecture
naturally incorporates the terms present in the PC qubit Hamil-
tonian by exploiting the isomorphism [12] between antiferromag-
netic Ising models in applied magnetic fields and the canonical
NP-complete graph theory problem Max Independent Set. Such
a design notably removes any need for the interqubit couplings
to be varied during the computation. Moreover, since the Max
Independent Set remains NP-complete even when restricted to
planar graphs where each vertex is connected to no more than 3
others by edges, a scalable programmable architecture capable of
posing any problem in the class NP may simply take the form of
a 2D, hexagonal, square, or triangular lattice of qubits. Finally,
the latest version of the architecture [13] permits interqubit cou-
plings to be limited to nearest-neighbors and qubit measurements
to be inefficient.
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Electron velocity influences both the intrinsic delay and drain de-
lay of gallium nitride (GaN) High Electron Mobility Transistors
(HEMTs). Although the peak electron velocity in AlGaN/GaN
structures is 2.5X107cm/s, the electron velocity decreases very
fast due to polar optical phonon scattering for electric fields in
excess of 150kV/cm [1]. As seen in Figure la, in standard GaN
HEMT devices, the average electric field under the gate along the
channel direction far exceeds the optimal value for peak electron
velocity. This high electric field results in an average electron ve-
locity of 1.5%X107cm/s, significantly lower than the peak velocity.
In this project, we propose a new GaN HEMT structure with
a recessed drain access region to reduce the electric field in the
drain of these transistors. We have used Silvaco/Atlas to simulate
these new devices. Figure 2 shows the structure of a conventional
AlGaN/GaN HEMT and the novel HEMT device proposed in
this work.

In the recessed devices, the carrier concentration underneath the
recess region is lower than elsewhere, which redistributes the elec-
tric field in the channel. Figure 1 shows the electric field along the
channel in two structures of Figure 2. Due to the lower electric
field peak in the novel structure, the average electron velocity is
boosted by 50%. On the other hand, in our simulations we have
not observed any increase in the effective gate length due to the
drain recess. This fact in combination with the enhanced electron
velocity makes this new structure extremely promising for mil-
limeter- and submillimeter-wave applications.
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Figure 1: Electric field along the channel direction in conventional AlGaN/
GaN HEMT (a) and along a novel structure with recessed drain access region
(b). The average electron velocities are 1.53x107cm/s and 2.41x107cm/s,

respectively.
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Figure 2: Diagram of a conventional AlGaN/GaN HEMT
structure (a) and the novel HEMT structure with a recess in the drain
access region (b). The width of the recess region is 0.37um.

[11 M. Singh and J. Singh, “Design of high electron mobility devices with composite nitride channels,” Journal of Applied Physics, vol. 94, no. 4, pp.

2498-2506, Aug. 2003.
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The drain parasitic resistance is one of the main factors limiting
the current gain cut-off frequency (f) and the power gain cut-off
frequency (£ ) in high performance AlIGaN/GaN HEMTs [1].
The drain parasitic resistance consists of two components: the
contact resistance between the metal and the channel and the
access resistance due to the distance between the gate edge and
drain contact. In this project, we demonstrate a new drain con-
tact technology based on the use of a Schottky metallization.

The use of a Schottky contact in the drain of a HEMT has two
major advantages. First, for moderate current levels, the differen-
tial resistance of a Schottky contact is much lower than what is
achievable with conventional ohmic technology. Second, due to
the low thermal budget required in Schottky contact, these con-
tacts can be easily self-aligned to the gate to eliminate the access
resistance. Therefore, Schottky drain contact has the potential to
outperform the ohmic contact both in contact resistance and ac-
cess resistance.
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Figure 1: Measurement of the ohmic contact resistance,
Schottky contact resistance and the total parasitic resistance in
ohmic contact devices.

[1]
Letters, vol. 10, no. 7, pp. 291-293, July 1989.

Electronic Devices & Emerging Technologies

Using an Agilent 4155 parameter analyzer, we have measured
the ohmic contact and the Schottky contact resistances as a func-
tion of the drain current (Figurel). We have also measured the
total drain parasitic resistance in devices with conventional ohmic
drain contacts. In conventional AlIGaN/GaN HEM'T5, the total
drain parasitic resistance is above 2 Q ‘mm and increases with the
drain current. In contrast, with use of a Schottky drain contact,
the contact resistance is ~0.2 Q mm at 500-mA/mm-current lev-
el. We have also used the commercial software ADS to simulate
the high-frequency performance of Schottky drain AlGaN/GaN
HEMTs. As shown in Figure 2, reducing the drain parasitic resis-
tance from 2 Q 'mm to 0.2 Q mm increases the £. from 116 GHz
to 162 GHz and increases £ from 162 GHz to 477 GHz.
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Figure 2: Small signal simulations of f; and f_, as a
function of R,. Reducing the drain parasitic resistance from
20-mm to 0.2 Q-mm increases f; from 116 GHz to 162 GHz

and increases f . from 162 GHz to 477 GHz.
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The AlGaN/GaN high electron mobility transistors (HEMTs)
have shown outstanding performance on high power and high
frequency applications. However, AlGaN/GaN HEMTs suffer
from a much higher subthreshold slope than the theoretical limit
of 60 mV/decade, an issue that has been only barely addressed.
Subthreshold slope (S) is very important not only to assure excel-
lent pinch-off and low dissipated power in digital applications but
also for achieving good power-added efficiency in analog applica-
tions. Most crucially, the subthreshold slope can be used to quan-
tify the trap density in the gate-modulated region of AlGaN/
GaN HEMTs. The presence of traps in this region degrades gate
modulation efficiency, which is closely related to the subthresh-
old slope and ultimately to high-frequency performance. In this
paper, we first demonstrate effects of thermal annealing on the
subthreshold slope in AIGaN/GaN HEMTs. Then, based on the
temperature dependence of the subthreshold slope, we introduce
a new method to estimate interface trap density in these devices.

Figure 1 shows the temperature dependence of S in two different
transistors with different initial values of S. Notably, when the
mitial subthreshold slope is very high (typically in excess of 500
mV/dec, Figure 1b), reproducible results are achieved only after
the first heating sequence. From the change of S with temperature
(T), the interface trap density in these devices can be extracted.
By analogy with MOSFETs, the equation for the subthreshold
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Figure 1: Dependence of subthreshold slope on temperature for
two different transistors. (a) Transistors with an initial subthreshold
slope below 500 mV/dec typically show a very reproducible linear
dependence with temperature. (b) However, transistors with higher

slope in HEMT5 is given by the equation,

kT

S ——ln(IO)(l+ﬂ) :k—Tln(IO)(1+g) —>51n(10)(1+g)
q C q q

(1)

where C, is AlGaN layer capacitance, C, is quantum capacitance,
and C, 1s associated with the interface {rap density. Here, ¢ is a
non-ideality factor related to the interface trap density. The vari-
able ¢ can be calculated from the equation (1) after measuring
the slope from the S vs. T curve. As shown in Figure 2, ¢ varies
between 2 and 4. From the value of ¢, we estimated an interface
trap density of 3x10"~ 8x10" cm™eV'!, assuming C, is negli-
gible. This value is similar to previously reported data obtained
from low-frequency noise data [1] or from gate-drain conduc-
tance and capacitance-dispersion studies [2].

In conclusion, we have studied the change in the subthreshold
slope in AlGaN/GaN HEMTs with temperature. Using this ex-
periment, we propose for the first time a relatively simple way
to estimate interface trap density. The understanding of this in-
terface trap is critical to optimize the gate-modulation efficiency
of these transistors and maximize their high-frequency perfor-
marnce.
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Figure 2: Calculated non-ideality factor and interface
trap density. Slight variations of ¢ might be caused by
differences in gate leakage current and its behavior with
temperature.

initial subthreshold slope reach stable operation only after the first

heating sequence.

[11 D. Kotchetkov and A.A. Balandin, “Carrier-density fluctuation noise and the interface trap density in GaN/AlGaN HFETs,” Materials Research Society
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[2]1 E.J. Miller, X.Z. Dang, H.H. Wieder, P.M. Asbeck, and E.T. Yu, “Trap characterization by gate-drain conductance and capacitance dispersion studies
of an AIGaN/GaN heterostructure field-effect transistor,” Journal of Applied Physics, vol. 87, no. 11, pp. 8070-8073, June 2000.
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Effect of Image Charges in the Drain Delay of AlGaN/GaN HEMTs

J.W. Chung, X. Zhao, T. Palacios
Sponsorship: ONR, MIT, MTL, KFAS

The electron delay in high electron mobility transistor (HEM'T)
can be divided into three different components: intrinsic delay,
channel delay, and drain delay [1]. Both the intrinsic and channel
delays decrease when one scales down the device. However, the
drain delay remains constant and ultimately limits the maximum
frequency performance of these transistors. IFrom a physical
point of view, the drain delay is the time taken by the electrons
to cross the depletion region at the drain side of the gate. Math-
ematically, the drain delay can be expressed as T, , = w, / (0L V),
where w is the width of the depletion region, v, is the electron
velocity and o is a constant given by the effect of image charges.
The value of o has been extensively studied in heterojunction
bipolar transistors. In these devices, ol is equal to 2 [2]. However,
to the best of our knowledge the value of o has not been studied
in field effect transistors. In this paper, we have calculated the
value of o in AlGaN/GaN HEMTs. Through simulations, we
have found that o represents the ratio of injected charges in the
depletion region to image charges in the source side of the chan-

Depletion
region

92I1n0g
ulelq

2um

A Figure 1: Standard AlGaN/GaN HEMT with “mirror” metal. The
size of depletion region is exaggerated to emphasize the location

nel. In standard HEM'Ts, o equals 3. We have also found that o
can be engineered through the introduction of additional “mir-
ror” metal to the original AlGaN/GaN HEMT structure.

Depending on the location and length of the “mirror” metal, o
can vary significantly due to a portion of image charges “imag-
ing” onto the metal. Figure 1 shows the standard AlGaN/GaN
HEMT structure with the “mirror” metal. As the length of the
“mirror” metal increases, o increases and the drain delay de-
creases. Iigure 2 illustrates o as a function of the length of the
“mirror” metal from the right edge of the depletion region. By
using these simulations, the transistor can be engineered to have
a value of o at least three times higher than in standard devices.
This improvement in o significantly reduces the drain delay and
increases linearity with drain voltage of these transistors, which
make it extremely attractive for future generations of high-speed
devices.
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00 0.2 04 06 08 10 12 14 18
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A Figure 2: The o increases as the length of “mirror”
metal on the depletion region increases toward the gate.

where the drain delay occurs. The “mirror” metal is connected to the

drain.
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Magnetic Rings for Memory and Logic Devices

F.J. Castano, W Jung, I.A. Colin, B. Ng, C.A. Ross
Sponsorship: Cambridge-MIT Institute, Singapore-MIT Alliance, NSF

We are using fabrication processes combining electron-beam li-
thography and photo-lithography to create magneto-electronic
devices based on small ring-shaped multilayered magnetic ele-
ments with widths in the deep-sub-micron regime. These small
structures have potential uses in magnetic-random-access memo-
ries (MRAM), magnetic logic devices, and other magneto-elec-
tronic applications. Current MRAM devices rely on bar-shaped
multilayered magnets containing two magnetic layers separated
by a thin layer of either a non-magnetic metal (spin-valves) or an
insulator (magnetic tunneling junctions). The resistance of such
elements depends on the relative orientation (parallel or anti-par-
allel) between the magnetization in the read-out (free) and storage
(pinned) layers. When the direction of magnetization of the free
layer is switched, two different resistance levels can be detected,
allowing storage of a non-volatile bit of data (“0” or “1”) in each
element. As an alternative bit shape, MRAMs based on ring-
shaped multilayered magnets have been recently proposed [1],
due to their robust magnetization reversal and the existence of
flux-closure or “vortex” states.

GMR ( %) Ellipse

GMR (%)
Ellipse Wheatstone Bridge

A Figure 1: Scanning electron micrographs
corresponding to elliptical (a)&b) and rhomboidal
(c)&(d) rings devices made from NiFe/Cu/Co/Au
PSVs and Ta/Cu non-magnetic contact wires. The
long axis of the rings ranged from 930 nm to 4 ym
and the widths ranged from 80 nm to 200 nm.

A Figur
standard

and hard

We have fabricated devices based on elliptical, circular and rhom-
boidal rings made from NikFe/Cu/Co/Au pseudo-spin-valves
(PSVs) [2-3], Ta/NiFe/Cu/Co/IrMn/Au spin-valves (SVs) and
Co/IrMn exchanged-biased structures [4]. The magneto-trans-
port response of PSV and SV rings is dominated by giant-mag-
netoresistance (GMR) and the ring-shape allows for intermediate
resistance levels [2] (see also Figure 2 (a)), resulting from vortex-
like magnetic configuration in both the free (NiFe) and hard (Co)
or pinned (Co/IrMn) rings. Such intermediate resistance levels
are not present in bar-shaped multilayered magnets and can al-
low storage of more than one bit of data in each cell, as well as
increased functionality of logic devices. Most recently, we have
found that Wheatstone-bridge contact configurations (Figure 1
(b)&(d)) can result in GMR ratios in excess of 200% (Figure 2
(b)&(c)) for modest applied fields, even though the GMR of the
rings in a standard contact configuration (Figure 1 (a)&(c)) is just
1-2% (Figure 2(a)). As the soft rings reverse from both ends, two
reverse walls traverse each side of the rings and the bridge be-
comes unbalanced. We are currently exploring operating these
devices using current pulses instead of an external applied field.
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e 2: (a) Resistance versus applied field measurements using a
contact configuration in elliptical and rhomboidal NiFe (6 nm) /Cu

(4 nm) /Co (Co 4 or 5 nm) /Au (4 nm) rings, on switching both the free (NiFe)

(Co) layers. (b) Resistance versus applied field corresponding to a

Wheatstone-bridge contact configuration on a NiFe (6 nm) /Cu (4 nm) /Co
(Co 4 nm) /Au (4 nm) elliptical ring (Figure 1(b)), on switching both magnetic

layers and (c) on switching back and forth only the soft NiFe ring.
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Characterization of Organic Field-effect Transistors for Circuit Applications

K. Ryu, D. He, I. Nausieda, V. Bulovi¢, A.l Akinwande, C.G. Sodini
Sponsorship: SRC/FCRP C2S2

It has been demonstrated that organic materials have semicon-
ducting properties with mobility comparable to that of amorphous
silicon (a-Si), the dominant material used in display applications.
Organic field-effect transistors (OFETs) provide an exciting pos-
sibility of flexible large-area plastic electronics. Organic materi-
als can also be deposited using a solution-based method enabling
“printing” circuits. A roll-to-roll method can be used for mass
production, and inkjet can be used for customized small-volume
applications. One crucial area that needs to be researched is how
the different charge transport mechanisms and material sets in
organic transistors change the design considerations in circuit ap-
plications compared to the traditional silicon MOSFETs.

This project aims to characterize and model OFET behavior for
various circuit applications. Thus far, the nonlinear contact re-
sistance, threshold voltage, and mobility are extracted from top-
contact and bottom-contact transistors with current-voltage (I-
V), and capacitance-voltage (C-V) measurements. Extraction of
contact resistance is found to be important in characterization of
bottom-contact transistors as it obscures mobility extraction. The
mobility extracted after removing the effect of contact-resistance

A Figure 1: Schematic of a charge-injection measurement.

REFERENCES

is shown to increase with the gate field, unlike that in crystalline
silicon MOSFETs [1]. The mobility dependence on gate voltage
leads to an interesting study of how the channel charge comes
out of the channel as an OFET turns off. When a transistor is
turned off, the charge that forms the channel returns to the source
and drain. This effect is called charge injection and changes the
final voltage on a capacitance load. When the transistor is off]
the low mobility in the OFET slows charge injection significantly.
To study how mobility and trapping affects charge injection, the
transient response of an OFET switch is measured as a function
of temperature. Figure 1 shows the setup used to make charge
injections measurements. The source and drain are grounded
with the transistor on until steady-state. The mechanical switch
is opened and the voltage on the load capacitor is measured as
the transistor is switched off. The measurement in Figure 2 shows
the transient voltage measurements on the capacitor with varying
temperature. The capacitor voltage rises as the positive charge in
the accumulation layer exits to the capacitive load. From the mea-
surement, we hope to fully understand the transport mechanism
in the organic semiconductor used.
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A Figure 2: A typical charge injection measurement from a
1000/25 pm OFET.
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Integrated Organic Circuits and Technology for Large Area Optoelectronic

Applications

|. Nausieda, K. Ryu, D. He, A.l. Akinwande, V. Bulovi¢, C.G. Sodini
Sponsorship: SRC/FCRP C2S2

Organic semiconductors can be deposited at near-room tempera-
tures, enabling the creation of electronic and optoelectronic de-
vices on virtually any substrate. This unique technology makes
possible the fabrication of large-area, mechanically flexible op-
toelectronics, such as conformable displays or image sensors. To
realize these systems, an integrated approach to fabrication of
organic optoelectronics is necessary.

A near-room temperature (<95°C), scalable process has been de-
veloped, using conventional photolithography and inkjet printing
[1]. This process produces integrated organic field effect transis-
tors (OFLETs) and organic photoconductors (OPDs) on a single
substrate. A cross section of the finished substrate is shown in
Figure 1.

Encapsulation (parylene)
Semiconductor (pentacene) -15¢
B Source/drain layer (Au)

D Gate dielectric (parylene)

B Gate (Cr-Au)

SN
<
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/ / I
Transistor (OFET) Via Photoconductor (OPD)

A Figure 1: Schematic cross section of finished substrate illustrating OFET, A

OPD, and two interconnect layers.
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Photoconductor (TiOPC)

Typical device characteristics for an integrated OFET are shown
in Figure 2. As a proof of concept, a 4x4 active-matrix imager
was created using the process and was demonstrated to correctly
image patterns [2].
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Figure 2: Typical output characteristics for a 1000pm /
4pum OFET.
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Catalyst Engineering and Growth Mechanisms of Si and lll-V Nanowires
S.T. Boles, O.M. Nayfeh, D.A. Antoniadis, E.A. Fitzgerald, C.V. Thompson

Sponsorship: Singapore-MIT Alliance

The vapor-liquid-solid mechanism for growth of single crystal
whiskers and wires was originally discovered in the 1960s, but it
has only recently been rediscovered as a way to fabricate high per-
formance nanoscale electronic devices below the limits of photo-
lithography. Although a great deal of attention has been focused
on the electronic properties of Si and III-V nanowires, many of
the physical mechanisms involved in growing these single crystal
wires remain unclear. We have been investigating the importance

100nm WD 9.0mm

SEl 5.0kV  X43,000

A Figure 1: Si nanowires grown on Si <111> substrates.

Electronic Devices & Emerging Technologies

of catalyst size and shape in growth morphology by using evapo-
rated island catalysts, catalysts derived from dewetted thin films,
and commercially available nanoparticles. Also in this study, the
role of growth conditions has been examined by controlling tem-
perature, partial pressures of reactants and pre-growth annealing.
These parameters have been determined to be critical to stable
and repeatable growth of Si and III-V nanowires.

SEI 50kVY X110,000 100nm WD 80mm

A Figure 2: GaP nanowires grown on Si <111> substrates.
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Effects of the Mechanical Properties on the Reliability of Cu/low-k

Metallization Systems

F.L. Wei, Z.S. Choi, T. Chookajorn, C.L. Gan, C. Hau-Riege, C.V. Thompson

Sponsorship: SRC

Electromigration, current-induced atomic diffusion due to mo-
mentum transfer from conducting electrons, is and will remain a
major reliability concern for interconnects in integrated circuits
(ICs), as future technologies demand increasing packing efficien-
cies and current densities. The Cu and low dielectric constant ()
inter-level dielectric (ILD) metallization scheme is the preferred
choice for high-performance ICs. However, low elastic moduli, a
characteristic of the low-k ILDs, and decreasing diffusion barrier
thicknesses, lead to significant degradation of reliability. In order
to analyze the mechanical responses and assess the failure criteria
for electromigration in Cu/low-£ interconnects, we have carried
out a comprehensive investigation involving both thin-film char-
acterizations on the constituent materials and electromigration
experiments on fully processed interconnect structures manufac-
tured by AMD Inc. and International Sematech Inc.

As Cu atoms electromigrate from the cathode to the anode inside
nodes of interconnect segments, an atomic concentration change
is related to a change in stress through the effective bulk modulus
of the materials system, B. This property is central in consider-
ations of electromigration-induced failures by void nucleation and
growth, as well as Cu extrusions. The value of Bis computed us-
ing finite element modeling (FEM) analyses using experimentally

Interconnect Under Test
e- flow is perpendicular to the viewing plane

determined mechanical properties of the individual constituents.
Such characterization techniques include nanoindentation, can-
tilever deflection, pressured membrane deflection for film elastic
properties measurements, and Chevron-notched double-cantile-
ver pull structures for adhesion measurements.

We have also carried out electromigration experiments on fully
processed interconnect tree structures. We found that, under
most test conditions, the conventional “10% initial resistance in-
crease” failures are due to void growth. Such growth rates, i.e.,
the rate of failure for a structure, highly depend on two factors: (1)
the stress conditions of neighboring interconnect segments that
function as atomic sinks or reservoirs (if any is present) and (2) B.
The higher the B value, the more back-stress force would be gen-
erated to counteract void growth. We also observed, over a long
duration of experiments, extremely long voids and Cu extrusion
formations (see Figures la and 1b). Studies on the threshold for
Cuu extrusions are being conducted.

25 um 175 pim
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A Figure 1: (a) Observation of Cu extrusions near the anode end: decohesion between the side-wall diffusion barrier and the capping
layer leads to a thin layer of Cu being extruded out along the capping layer/ILD interface; (b) observation of an extremely long void
near the cathode end of a Cu/low-k test segment: a void >10mm long in a 200mm-long interconnect is shown.
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Performance of thermocompression Cu-Cu bonds is critical to
reliability of devices created by stacking of individual wafers.
Thermal effects in such 3D circuits are expected to be severe com-
pared to conventional devices, owing to multiple heat-generation
locations and limited heat-dissipation pathways. Bond quality
and thermal performance issues in CGu wafer-bonding technology
are investigated using both experiments and modeling.

A novel test method (the Chevron test) has been developed to
complement the conventional four-point bend test for bond tough-
ness measurements. The Chevron test is used to measure Mode
I (Tensile) toughness of Cu bonds (Figure 1). Nominal toughness
values for Cu bonds created at 300°C as measured by Chevron
and Four-point bend tests are 2.5 J/m? and 17]/m?, respectively,
the difference attributed to plastic deformation of the Cu stack
[1]. Therefore, the Chevron test gives a measure of the true in-
terface strength, minus external contributions. We have also used
the Chevron test technique to measure bond toughness under a
variety of load conditions (mode mixities with phase angles from
0 to about 35, by varying the ratios of the thickness of the two
substrates (Figure 1).
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Figure 1: Use of asymmetric chevron test structures allows
bond toughness measurements in a range of loading conditions
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Effects of process and film parameters on ultimate bond qual-
ity are being analyzed using bonded ECP damascene-patterned
Cu interconnects (NTU, Singapore). Results indicate a strong de-
pendence of bonded die yield on Cu film roughness and applied
bonding load. An analytical model is being developed to explain
these findings.

The fundamental limit of Cu adhesion is probed using a UHV-
AFM/deposition system. Force of adhesion between pristine ox-
ide-free Cu surfaces deposited on a cantilever tip and a substrate
is measured under UHV conditions. The room-temperature
bond strength measured in the AFM set-up is comparable to the
300° C wafer-level bond strength, thereby showing a significant
dependence of bond quality on Cu surface cleanliness. We find
that exposure to 1 x 10 Torr oxygen is sufficient to prevent for-
mation of strong bonds at or near room temperature.

10 v T v L} v T T T T
h | Applied Force = 1.7uN
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i —m— Oxidized Cu
) 6

1 1 1 1
100 150 200 250 300

Temperature (C)
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Figure 2: The Cu-Cu bonds made under UHV conditions
at room temperature have the same strength as bonds that
require 300°C in conventional bonding systems. Exposure to 1
x 10® Torr leads to behavior seen in conventional bonding.
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Most metallic films used in electronic and microelectromechani-
cal devices and systems are polycrystalline and therefore form
through the Volmer-Weber mechanism, in which each grain
nucleates as an isolated single crystal island that coalesces with
other islands to form a film. This process of film formation can
lead to compressive or tensile residual stresses as well as to stress
gradients that can affect both performance and reliability in mi-
crosystems.

We are using cantilever devices to measure evolution of the thin
film stress-thickness product during Volmer-Weber formation
and growth of polycrystalline and epitaxial films. The island co-
alescence process leads to tensile stresses that may or may not be
retained as the coalesced film thickens. In high atomic mobility
materials (such as Cu, Au, Ag, and Al) deposited at room tem-
perature, not only does the tensile stress reduce as the film thick-
ens, but the film can evolve into a net compressive state. During
interruptions of growth, some of the compressive stress relaxes.
However, this happens reversibly in that the stress returns to its
previous value when deposition is resumed. This phenomenon
has been particularly difficult to understand, especially given an
apparent film-thickness dependence. Our recent experiments
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Figure 1: Ratio of the stress vs. time for a growth interruption performed
at 2000 A thickness to one performed at 400 A thickness. When reversible

thermal stresses are removed, all interrupts become similar.
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have identified two components of this reversible stress change,
one of which is associated with thermal effects. These compo-
nents can be separated as illustrated in Figure 1, showing that the
remaining component is not dependent on the film thickness.

To further understand the origins of both the non-thermal com-
ponent of the reversible compressive stress and the residual com-
pressive stress, we are comparing evolution of polycrystalline and
homoepitaxial films. Stress-thickness curves for gold grown at 1
A/s on both silicon nitride and homoepitaxially on Au are shown
in Figure 2. Both systems have strong <111> texture out of the
film plane, but while the grains in the polycrystalline have random
in-plane orientations, heteroepitaxial films grown on <111>Au
substrates have only two in-plane variants (corresponding to fcc
and hcp stacking relative to an fcc underlayer). The stress associ-
ated with coalescence is not seen in the homoepitaxial film, but
a compressive stress is observed in both types of films. We are
currently investigating the origins of both the similarities and dif-
ferences in this compressive behavior in these two types of films.
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Figure 2: Comparison of stress-thickness curves for gold films
grown at 1 A/s on epitaxial (111) Au layers and on silicon nitride.
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Surface Electromigration and Void Dynamics in Copper Interconnects
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Sponsorship: Intel Corporation, AMD, SRC

Electromigration is one of the main causes of failures in inter-
connects. It has been shown that the dominant diffusion path in
copper interconnect technology is the interface between the di-
electric passivation layer and the copper line. This interface is also
the most prone to void nucleation and growth. We have carried
out two types of experiments to investigate the details of void
dynamics during electromigration. The first type of experiment
is performed on interconnects without passivation layers to deter-
mine the dependence of copper surface diffusion and electromi-
gration on different grain orientations. The samples are heated in
reducing gas to remove copper oxide and then tested in a vacuum
(<107torr). The voids in these samples nucleate and grow at flux
divergence sites (Figure 1). The flux divergences occur due to the
differences in diffusivity for different grain orientations. After the
electromigration tests, we obtain the crystallographic orientations
of the grains surrounding the voids using electron backscattered
diffraction (EBSD) in an SEM and correlate the results with dif-
ferences in diffusivities between different grains. In a second type
of experiment, we take a fully fabricated sample and thin the pas-

sivation layer using a focused ion beam microscope (FIB), in order
to observe the underlying metal line in an SEM while still retain-
ing sufficient passivation layer to constrain electromigration in the
same way that it is constrained in service. We then test the sam-
ples at elevated temperatures in the SEM and observe the voids
in the interconnects through the thinned passivation layer in real
time, as Figure 2 shows. Voids are seen to originate at locations
other than just the cathode end of the interconnect. These voids
can grow in place or grow until they de-pin from their growth site
and drift toward the cathode. The dependence of atomic diffusiv-
ity on crystallographic directions and textures causes changes in
size, shape, and drift velocity of voids as they pass through differ-
ent grains. After the test, we remove the passivation layer and use
EBSD analysis to determine the effects of grain orientation on
void kinetics. We are correlating these experimental observations
with simulations of electromigration both to better understand
this complex behavior and to better account for it in reliability
assessment methods.

A Figure 1: Voids in interconnects with no dielectric passivation
layer, interconnects with length of1000 ym, depth of 0.45 pm,
widths of a) 0.3 pm and b) 1.0 pym.

Electronic Devices & Emerging Technologies

A Figure 2: In situ SEM images of the cathode of a test
structure, showing void drift toward cathode end. The test
line is surrounded by a Cu-extrusion monitor. Bottom image is
a texture mapping by EBSD obtained after EM test. National
Science Foundation.
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Organic thin film transistors (OTFT) are receiving much at-
tention, given their potential for structural flexibility, large-area
coverage, low temperature processing and low cost compared to
current technology. A key limitation has been the low K of the di-
electric layer and thereby high operating voltages. For example, we
demonstrated the ability to RT sputter-deposit Bi, .Zn, Nb O,
(BZN) onto polymers with a K value as high as ~50, thereby en-
abling operation at voltages as low as 4V [1].

Transistors based on ZnO are being investigated as a possible
alternative for the hydrogenated amorphous silicon or poly-sili-

con TFT that are employed as the backplane of liquid crystal
and related displays. In addition to its transparency, ZnO has an
uncommonly high mobility (up to 100 cm?/Vs) for an oxide semi-
conductor. By complementing ZnO channels with high K di-
electric layers, we have obtained TFTs with low operating voltage
(Figure 1) and high on/off current ratios and mobilities (Figure

2) [2-3].
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Figure 1: Drain Current |4 as a function of Drain Voltage Vg
depending on gate voltage V. Note that operating voltage for the
Zn0 transistor is lower than 4V.
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Figure 2: Drain Current l,5 as a function of gate voltage
V5. Note that threshold voltage from saturation region is 2.4
V. On/Off current ratio is ~ 104 Mobility of the ZnO transistor
is 1.13cm2/Vs.
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