ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Microelectronic Engineering 84 (2007) 891-894

MICROELECTRONIC
ENGINEERING

www.elsevier.com/locate/mee

Nano-graphoepitaxy of semiconductors for 3D integration

F. Crnogorac **, D.J. Witte %, Q. Xia °, B. Rajendran 2, D.S. Pickard %, Z. Liu ?, A. Mehta %,
S. Sharma €, A. Yasseri ¢, T.I. Kamins ¢, S.Y. Chou °, R.F.W. Pease ?
& Stanford University, Stanford, CA 94305, USA

> Nanostructures Laboratory, Princeton University, Princeton, NJ 08544, USA
¢ Quantum Science Research, Hewlett-Packard Laboratories, Palo Alto, CA 94304, USA

Available online 30 January 2007

Abstract

The advantages of integrating semiconductor devices at more than one level (‘3D integration’) are now recognized. Key to achieving
monolithic 3DICs is the ability to form single crystal semiconductor islands at the upper level without unduly heating the lower level
structures. In prior work a surface relief grating of 3.8 pm pitch in the substrate was used to mediate single crystal formation while con-
tinuous wave (CW) heating a thin film of amorphous silicon; the term ‘graphoepitaxy’ was coined. CW heating is not possible in our case
because it would overheat the lower layers. Moreover the area of the crystallites need only be about 100 nm to accommodate today’s
transistors. Thus we have chosen a substrate grating pitch of 190 nm (hence the term ‘nano-graphoepitaxy’) and a modulated CW laser
to reduce the heating time to several ps. Preliminary results indicate the substrate grating lines can indeed determine the position of the
crystallite boundaries when the film thickness is 100 nm; the effect is much less pronounced in 500 nm thick films.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

An architectural scheme involving multiple layers of
active transistors stacked one above the other and con-
nected to each other has been proposed to address the
interconnect bottleneck associated with two-dimensional
integrated circuits (ICs) [1]. Such three-dimensional struc-
tures have been fabricated by bonding circuits fabricated
independently on Si wafers [2]. However, the vertical inter-
connect density of these systems has been limited to about
10° wires/mm?> due to factors such as alignment limitations
of wafer bonders, mismatch in the thermal expansion coef-
ficients of different materials and particle contamination
[3]. In a monolithic approach, the upper level circuits are
fabricated in situ on thin single crystal films (<100 nm
thick), alleviating alignment requirements and enabling
much larger interconnect density. It has been demonstrated
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that transient heating techniques could be used to make
good quality transistors on such layers without adversely
affecting the quality of underlying circuits [4]. However, a
practical method to obtain single crystal islands of known
orientation and grain quality remains elusive. Here we
describe initial work on the use of surface nano-structures
and transient laser annealing as a method to achieve ori-
ented single crystal islands of silicon over amorphous
SiO, layers.

In prior work surface relief grating structures of 3-5 um
pitch in amorphous substrates were used to define the crys-
tallographic orientation of deposited silicon films [5]. The
melting and recrystallization of these thin films has been
performed using strip-heater ovens as well as by high
power continuous wave lasers. However, this mode of heat
delivery is not suitable for sequential 3DIC fabrication
because the long anneal time would damage devices at
the lower layers. Our approach is to employ 15 us pulses
from a frequency doubled Nd:YAG laser and to use much
finer structures (e.g. grating with 95 nm half-pitch) to
determine the orientation of the crystal film.
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Fig. 1. One-dimensional simulation results: thermal profile evolution due
to a 15 ps laser pulse anneal demonstrating complete melting of 100 nm
thick o-Si layer while maintaining sub-450 °C temperature in underlying
layers (5 pm below o-Si).

2. Feasibility of transient heating for 3D Integration

Drawing on a one-dimensional thermal diffusion model
[4], we selected spot-size, laser power and pulse duration to
ensure melting of the silicon layer while minimizing the
heating of the underlying substrate [6]. The transient ther-
mal profile for the laser-annealed wafer was obtained by
solving the light absorption and heat diffusion equations
for the simplified 1D structure shown in the inset of
Fig. 1. Temperature dependent values of thermal conduc-
tivity, specific heat and the refractive index coefficients of
the different materials were used in the calculations. We
accounted for phase change by using the latent heat of
fusion for the different materials. We also assumed that
molten a-Si solidifies into fine-grain polysilicon with a ther-
mal conductivity value twice that of «-Si. Random nucle-
ation is not accounted for in the simulation and radiative
losses are assumed to be negligible.

The simulation results show that by using a 15 us laser
pulse with power density of 120 KW/cm?, the deposited
amorphous silicon film (100 nm thick) could be melted
completely, while keeping the maximum temperature
excursion at the underlying SiO, layer (5 pm below) to less
than 450 °C (Fig. 1). This demonstrates the feasibility of
using transient heating technique to melt and recrystallize
upper layers of 3D structures, without damaging circuits
built in the lower layers.

3. Experimental techniques

The grating pattern was generated in thermally grown
SiO, using nano-imprint lithography (NIL) [7]. The
imprint was made in 200 nm thick thermoplastic resist with
a 4in. silicon mould using an NX-2000 machine. The

imprint tool was equipped with the Air Cushion Press
(ACP™) ensuring uniformity over the entire 4 in. wafer.
The resulting pattern was transferred with double Cr sha-
dow evaporation to achieve different line widths. After
lift-off, the gratings were etched into thermally grown
Si0, layer (1 um thick) using CHF5/O, reactive ion etch-
ing. Full details of the NIL procedure have been previously
described elsewhere [7]. We chose different line widths from
30nm to 70 nm, while the pitch was kept at 190 nm.
Trench depth was around 25 nm and the grating profile
can be seen in the atomic-force micrographs (Fig. 2). In
experiments using silicon, an amorphous layer 100 nm
thick was deposited at 585 °C by low pressure chemical
vapour deposition (LPCVD) using silane (SiH,4) chemistry.
Finally, the structure was capped with 170 nm of low tem-
perature oxide (LTO) deposited at 400 °C. The resulting
structure can be seen in the cross-sectional TEM image
(Fig. 3). A second set of samples with 500 nm thick o-Si
layer and 1.2 um thick LTO cap were also fabricated.
The samples were subjected to a range of laser annealing
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Fig. 2. AFM image and section analysis of the grating pattern etched in
thermal SiO, using nano-imprint lithography (190 nm pitch, 70 nm
linewidth).

Fig. 3. TEM cross-section of the final structure: nano-imprinted grating
pattern in thermal SiO, (190 nm pitch, 30 nm linewidth) covered with
LPCVD layer of a-Si (100 nm thick) followed by a capping layer of LTO
(170 nm thick).
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conditions using an acousto-optically modulated frequency
doubled Nd:YAG laser (A = 532 nm). The diameter of the
beam spot-size was 15 um (FWHM), while the pulse dura-
tion varied from 15 ps to continuous wave. The sample was
not scanned during exposure.

4. Results and discussion

We used continuous-wave laser exposure at 1-2 MW/
cm? power density in order to ensure melting of the semi-
conductor layer. The effect of laser recrystallization of a
500 nm thick o-Si film can be seen in Fig. 4a. Three distinct
regions are observable following the exposure. First, near
the center of the laser beam, large crystal grains spanning
the thickness of the film can be detected (Fig. 4b). Second,
away from the melted region, there is an area of solid-phase
crystallized silicon with fine polycrystalline structure
(Fig. 4c). Finally, outside the annealed region is the origi-
nal deposited amorphous silicon layer (Fig. 4d). In addi-
tion, we found that thick capping layers (at least 1 um of
LTO) were necessary to provide structural support during
the silicon melting process. Otherwise, the surface tension
of liquid silicon on SiO, caused agglomeration, producing
significant damage to the capping layer.

Taking a closer look at the large crystal grains in the
100 nm thick cw laser recrystallized Si film, it appears that
individual grains are confined to the regions between NIL
patterned gratings with grain boundaries meeting regularly
on top of the patterned lines (Fig. 5). In addition, the lat-
eral extent of each crystalline grain of the thin Si film seems
to be limited by the pitch of the SiO, grating, in this case
190 nm. Therefore the TEM micrographs suggest that
nano-gratings in SiO, substrates can determine the size
and boundary location of grains in recrystallized o-Si films.
However, convergent beam electron diffraction (CBED)
patterns of each individual grain indicate that there is no
obvious preferential orientation of Si grains. Studies by
Givargizov et al. [8] suggest that the shape and radius of
curvature of artificial patterns is of critical importance in
defining crystal orientation. For example, in the case of a
NIL patterned square grating, vertical walls with 90° sharp
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Fig. 5. TEM cross-section of recrystallized Si film (100 nm thick) on NIL
patterned grating in SiO, (190 nm pitch, 30 nm linewidth). Individual
grain boundaries emanating from the periodic NIL gratings are clearly
visible.

corners are desirable to impart <1 00> in-plane orientation
onto adjoining silicon crystal grains. Therefore, the slightly
rounded features of SiO, grating evident in Figs. 3 and 5
may be responsible for the apparent lack of preferential
orientation.

The TEM images of cw laser recrystallized 500 nm thick
film (Fig. 6) also show large crystalline grains. They seem
to span the entire vertical thickness of the film. However,
these grains do not closely match the grating pitch in the
lateral dimension due to a concentration of small crystal-
lites located around the NIL patterned grating in SiO».
These crystallites also seem to cause line and plane defects
in large grains that are not evident in 100 nm thick recrys-
tallized films. We hypothesize that the small crystallites are
the artifact of the amorphous silicon deposition process,

Fig. 6. TEM cross-section of recrystallized Si film (500 nm thick) on NIL
patterned grating structure in SiO, (continuous-wave laser anneal at
1.5 MW/cm?).
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Fig. 4. (a) TEM cross-section of the melt zone for 500 nm thick Si film with 1.2 pm LTO capping layer. Laser was in continuous-wave mode (non-
scanning) with spot-size 15 um FWHM; (b) individual crystal grains visible near the center of the laser beam; (c) solid phase crystallization region; (d) as

deposited a-Si layer away from the laser beam.
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Fig. 7. TEM cross-section of o-Si film (500 nm) deposited by LPCVD at
585 °C for 90 min over the patterned SiO,, showing small Si crystallites
around the nano-grating.

and can be seen on the magnified cross-sectional TEM
image of the deposited o-Si layer (Fig. 7). During laser
annealing, this bottom-most part of silicon layer probably
does not melt completely, effectively masking the NIL pat-
terned grating below. Therefore, the effect of graphoepit-
axy in this case is noticeably reduced. Further
experiments using thinner films (<100 nm) of «-Si and
more sharply defined SiO, gratings are underway with a
goal of maximizing the effect of artificially patterned sub-
strate on crystal grain size and orientation.

5. Conclusions

We proposed a method of achieving single crystal
regions of silicon over amorphous SiO, layers using
nano-graphoepitaxy of deposited o-Si films and transient
laser annealing. Our one-dimensional numerical simulation
showed that it is feasible to use pulsed laser annealing to
melt deposited layers of a-Si on the upper levels while keep-
ing within the thermal budget of the underlying circuits. In
particular, for a 15 us pulse, 5 um thick SiO, insulating
layer would limit temperature excursion at the lower device
level to 450 °C. The experiments using cw laser anneals
indicated that patterned gratings in SiO, can indeed deter-

mine the size and position of the grain boundaries in
recrystallized o-Si films. In addition, we found that crystal
grain locations in 100 nm thick films were influenced to a
stronger degree by the NIL patterned template than in
500 nm thick films.
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