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International Roadmejisp for Semiconductors

More than Moore: Diversification

Non-digital content
System-in-package

Information
Processing

Digital content
System-on-chip
(SoC)

More Moore: Miniaturization
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Motivation: Integrated Miniaturized X-ray Systems

£ “NEXRAY”
nano-tera.ch
= Next Generation X-Ray Systems

, > x High resolution/sensitivity
a f—“// = Ge as conversion layer
= No bump-bonding (monolithic integration)

Fast, programmable Ge layers for high- Single-photon solid- Phase contrast
X-ray sources energy X-ray detection state X-ray detection X-ray imaging

HEEEER"

EMPA° EII‘ centre suisse d'électronique
Eidgendssische Technische Hochschule Ziirich et de microtechnique

Materials Science & Technology Swiss Federal Institute of Technology Zurich
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Motivation: Next Generation X-Ray Detectors

e \Why Germanium? e Monolithic integration of a 3 um Ge film with CMOS
for IR radiation was demonstrated at ETHZ/CSEM

V
Si-N-WELL /
pSi

04

Fraction of absorbed photons

0.2 " e
— Si
ggT R. Kaufmann et al., J. Appl. Phys. 110, 023107 (2011)
. e
%% 4 e s 10 ForX-rays — SUPER THICK (> 50 um !!) high
Tube Voltage [kV] quality (i.e. dislocations, uniformity) Ge epilayers

6 December 2012, Brno Claudiu V. Falub, ETH Zirich



Integration of Mismatched Materials: State-of-the-art

A. Wafer Bonding

® Debonding may occur at large AT
® Expensive bump-bonding required

6 December 2012, Brno Claudiu V. Falub, ETH Zirich



Integration of Mismatched Materials: State-of-the-art

B. Monolithic Integration (HETERO-EPITAXY)

Substrate

Processed wafer

Claudiu V. Falub, ETH Zirich



Wafer Bowing & Cracks
(thermal mismatch)
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dislocations'

Key Problems of Hetero-Epitaxy

Dislocations

(latt

ice mismatch)

o
@®
N\
@®

TDs - threading dislocations

MDs — misfit dislocations

6 December 2012, Brno




Dislocations Control by Substrate Patterning

= S. Luryi, E. Suhir, APL 49, 140 (1986) — critical thickness increases very much with the
reduction of the lateral dimension of the patterned areas

(A) = E.A. Fitzgerald, N. Chand, J. Electron. Mater. 20, 839 (1991) — Epitaxial Necking (GaAs on Si)

(B) = T.A.Langdo et al., APL 76, 3700 (2000) — Epitaxial Necking (Ge on Si)

(C) = J.S.Parketal., APL 90, 052113 (2007) — Aspect Ratio Trapping (ART)

wﬁl '\ﬁz]
TD

TD
(A) N
h ...... -
“ «——[170] \_ (001
L <MD
<L'O>, 60-degree dislocations

A.E. Blakeslee, MRS Symp. Proc. 148, 217 (1989)
J.W.Matthews et al., JAP 41, 3800 (1970)
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Growth on Patterned Si Wafers

Si “pilars” Ge growth (~4 nm/s) Ge “towers”
(DRIE) (LEPECVD) (Quenched Lateral Growth)
- o o 1 um Ge
i s =
EEE

LEPECVD: "Low Energy Plasma Enhanced CVD” (H. von Kanel, ETH-Zurich)

6 December 2012, Brno Claudiu V. Falub, ETH Ziirich | 14



New Growth Mechanism: Self Limiting Lateral Growth

S
K«D% 55240 mm

6 December 2012, Brno Claudiu V. Falub, ETH Ziirich |
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Unlimited Layer Thickness

Ge “towers”™: 50 um (!)

10 pm -

100 pm thin bre-pa:'tternéd 8” CMOS wafer completely o Cracks don't ﬁ'proﬁagate
covered with 20-,um-tall Ge towers — very small into the patterned area \
bow:ng’ \ \ Y \ \ \ . ) Y e \ N ity \

i, k | ._ e P P \ : \

Jg Elimination ' of the Wafer;
A i
2 L Y ! W A
6 December 2012, Brno | | 16



Ge “towers”

e R

6 December 2012, Brno

Very High Surface Filling

O 0NN ) - g

Signal A = InLens Date :10 Sep 2012
Mag= 357 X Time :13:11:22

Claudiu V. Falub, ETH Ziirich
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Ubiquity of the Epitaxial Growth Mode

Si SigpGeyq Ge Non-passivated  Passivated

'f‘[001] -~ [00114 [110

A |
(|
el

1 |8

400nm 400nm L

Ge towers are obtained for different thermal/lattice mismatch, substrate
miscut, geometry of the patterns (e.g. pillars, ridges), initial facet
distribution (passivated or not), smootheness of the pillar sidewalls !

6 December 2012, Brno | Claudiu V. Falub, ETH Zirich | 18



Growth of Germanium on Si Ridges

o 1

3 um

\ A A=W \

| i, i i st (TR Sy | R S S g | e i,
\f A A GG e A R A A R A A R g R B N
' | = Growth of Ge on Si ridges is similar to that on Si pillars ' '
| e e B S G | e | | | S, S| S \f - A
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Growth of Germanium on Si(111) substrates
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From Isolated Pillars to Closely Spaced Pillar Array

1) High deposition rate
(~ 4 nm/s)

= Short diffusion length
2) Mutual flux shielding

Modelling based on the rate

| equation for the adatom phase

6 December 2012, Brno Claudiu V. Falub, ETH Ziirich
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Dislocation Management by Epitaxial Necking

b
1 L

“60°Dislocations” “Growth Dislocations”
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Dislocation Management by Surface Facetting

Unpatterned Patterned

6 December 2012, Brno |



Assessment of the crystalline quality (HRXRD)

16 um tall Ge towers Continuous Film /8>|(x i .
() I
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§e, | o
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Three Dimensional Nanodiffraction of Ge Crystals

ﬂﬂ...
0000

X-ray beam
~ 300500 nm

6 December 2012, Brno Claudiu V. Falub, ETH Zdricl



Three Dimensional Nanodiffraction of Ge Crystals

- 2 .05 —
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Nanodiffraction of Isolated Ge Crystals

64 0
58,60 62 64,66 68

e v ¥ IV Y vt &

6 December 2012, Brno | Claudiu V. Falub, ETH Ziirich
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Nanodiffraction of Isolated Ge Crystals

6 December 2012, Brno | Claudiu V. Falub, ETH Ziirich 28



AT

Mag= 153 KX WD = 4.7 mm Noise Reduction = Pixzel Avy. Stage atT = 45.0° FIB Lock Mags = No Date :21 Sep 2012
10 pm EHT = 3.00 k¥ Scan Speed =5 H=1 Tilt Corrn. = Off FIB Probe = 30KV:10 pA Time :12:17:14
— Signal A= SEZ? Width = 183.9 pm Tilt Angle= 0.0° FIB Imaging = FIB

6 December 2012, Brno Claudiu V. Falub, ETH Ziirich 29



Strain and Dislocations Free Ge Crystals

TUNABLE QUASIPERFECT MATERIALS !

e Unique in the last 40 years of epitaxial work !
o-IUntiI recently considered tq be impossible !

| Claudiu V. Falub , ETH Ziirich |



Scaling Hetero-Epitaxy from Layers to Three-Dimensional Crystals

Claudiu V. Falub et al. .
Science 335, 1330 (2012); Terracotta Army (China), 3™ century BC

DOI: 10.1126/science.1217666

SCIENCE VOL 335 16 MARCH 2012
Published bv AAAS

8 December 2011; accepted 27 January 2012

www.sciencemag.org

COVER

False-colored scanning electron micrograph of ~8-micrometer-tall
germanium crystals, separated by finite gaps, grown onto silicon
pillars. In structures like this one, wafer bowing and layer cracking
are absent, allowing single-crystal integration of different materials
onto a silicon substrate, which serves as a platform for many
applications, such as multiple-junction solar cells, x-ray and
particle detectors, or power electronic devices. See page 1330.

Image: Claudiu V. Falub, Laboratory for Solid State Physics,
Swiss Federal Institute of Technology (ETH-Ziirich)

6 December 2012, Brno Claudiu V. Falub, ETH Ziirich



26 July 2002
(Biology)

COVER Electron micrograph showing a stalled DNA replicauw iorkir 1checkpe at-di sctii 20 ast mutari Ab' re t
DNA replication is one mechanism postulated to contribute to genome instability. The molecular basis of genome
instability and its role in cancer development are the subject of a special feature in this issue. See page 599 [Image:
J. M. Sogo etal]

5 September 2008
(Biology)

RAYAAAS

COVER Mammalian fatty acid synthase, a multienzyme that catalyzes all steps of fatty acid biosynthesis. A blueprint
of its atomic structure is shown in three views, and the extent of its functional domains is indicated by colored bars.
The versatile segmental construction is also used in other members of this large family of multienzymes, which
synthesize natural products such as antibiotics. See page 1315. Image: Marc Leibundgut and Timm Maier/ETH
Zurich

December 20 Claudiu

11 October 2002
(Chemistry)

SOV T Artists Tpreciiun of Lve oLy Lolec s that "couple” (upper image). lose their individualities, and give
rise to new spectral features (lower image). By combining high-resolution laser spectroscopy and scanning probe
technique~#* ismow possible to look deep into the world of fluorescent molecules even if they are only a few

nanc neters pal 385 [Image: C. Hettich]

16 March 2012

(Physics / Materials
Science)

COVER False-colored scanning electron micrograph of ~8-micrometer-tall germanium crystals, separated by finite
gaps, grown onto silicon pillars. In structures like this one, wafer bowing and layer cracking are absent, allowing
single-crystal integration of different materials onto a silicon substrate, which serves as a platform for many
applications, such as multiple-junction solar cells, x-ray and particle detectors, or power electronic devices. See
page 1330. Image: Claudiu V. Falub, Laboratory for Solid State Physics, Swiss Federal Institute of Technology
(ETH-Zrich)

Falub, ETH Ziiricl




COVER Low-energy (<10 millielectron volts) electronic spectra of bilayer graphene undergoing nematic phase
transition frem an isotropic, unperturbed form (top left) to an asymmetric form (bottom right). Electron-electron
interactions in suspended graphene layers drive this fransition, causing a change in the matenal's band structure and,
thus, its electronic properties. See page 860. [Image: Kostya 5. Novoselov/University of Manchester and Yael
Fitzpatrick/Science]

16 March 2012 12 August 2011

Science

COVER False-colored scanning electron micrograph of ~8-micrometer-tall germanium crystals, separated by finite
gaps, grown onto silicon pillars. In structures like this one, wafer bowing and layer cracking are absent, allowing
single-crystal integration of different matenals onto a silicon substrate, which serves as a platform for many
applications, such as multiple-junction solar cells, x-ray and particle detectors, or power electronic devices. See
page 1330, Image: Claudiu V. Falub, Laboratory for Solid State Physics, Swiss Federal Institute of Technology
(ETH-Zirich)

6 December 2012, Brno Claudiu V. Falub, ETH Ziirich



International Reactions

.. s H 5 T -
ﬁl Nana Art van Halhla ¥ T
_@1 = ; la
ZIS * - b I
* * I e L g ~ on". The tufts is only a few dozen

* L bntists etched tiny columns
t microns high into

First for technd elmi jednoduchy, ste :reme conditions, they

hese silicon pillars.

ETH Zurich

=] .
Producese IR europhysusnews il S

fuid se tak o plaich dialek .
THE MAGAZINE OF THE EURDFEAN PHYSICAL SOCIETY Ui e \erate defect-free silicon-

12 March 2012 at can have almost any
450mm Wafer [ samotng neviheiieazs- i stryctures so far
A new manufa:  syss researche . nicrons - ten times thicker

structures mac for applications Transition 1 Homo-Bicoc Executive Committee : i ickness, a continuous layer

developed by £ The resulting co 2 sigienaadess  3yS Von Kénel. He thinks it
Universita di M with much lowe MEIFD'D!W Bﬂ'lr[md Merglng Incompatlble materlals @hideviy.ce terate germanium layers

N jat usually occur when
The semicondt as br Hans von zznm B EPS dlrectury ked one on top of another
thickness on si combining differ . ) Neutrinos... the last mixing angle

1 for a special technique to
found in abunc ‘People always i EuupErWim Magnetic Resonance Imaging

terms of physic3

used for a laser| Hm"lmg pn

Composite semiq

IDECKA KAVARNA

U ueadarg

orujete

Fence? vork, which forms part of

k& o visle e CSEM, the EMPA and the
eh studii? Jaké pia inator, was to produce an
el he read-out electronics.

22 =N e

bc_nnding'te;hniq Zaf 2 K i7 Jaky viiv maji ki :

with this arises \ = ! iich must function

expansion coeffi \ | g | - ' = o SakL resolution. A layer of
4 P

equired to ensure sufficient
:d using previous methods
inel stresses that “Our
3 e highest-resolution X-ray
Py © 1 affordable price”.

Hruhi pe
& hodin v Malostr:

K&nel and collea
one piece, monc

In afirst step a Merglng

f the trench i i i
of the trenches { @ incompatible materials

under conditiong - - Bl e Xinescmsssmszep

ey o it s TE D bt 15

The upshot is th . .
defect';. One apy § o : % . d allow smaller doses of

germanium crys| ) 3 g - A . for example, enable

.\ ! J : ; ar direct imaging control.
YOL:j oo Q'ee‘lj & ; 2 o c g y methods because t

used in medica F. by : - [ e dose of radiation.

‘The problem is y : > ’ - - stfedén mates that it will be
germanium groy 1 ’ = 1% y il ze based on the new

up with thermal i

Enabling such la 3 o " | e i clude X-ray equipment for
X-ray chips that 3 : g : 4 it ?H i ing electronic components
Another applicat Iso pos.5|ble to
different semico o tovoltaic cells made from
increasing effi ) o = n eacn cen apsoroing different wavelengths of

y - | 3 of this kind are already used in the aerospace
Currently, germ h ! L . Il be possible to produce these on silicon wafers
arsenide for hig d = sive, fragile and heavy germanium substrates
The problem is 4 y cheaper, lighter and mechanically robust
from thermal mij

layers on top wg . . .
edge they have gained through their work with

Sano i soldi che fann v * 2 \
e *You would end \ X C i T earchers expect that the technology will be
mlsmgtch,ybe_ca r materials such as gallium arsenide or silicon
and night,’ said wwrw _ElectrolG.com ;

6 December 2012, Brno Claudiu V. Falub, ETH Ziirich 34



ectrical Measurements

Re
Su

\

6 December 2012, Brno Claudiu V. Falub, ETH Ziirich | 35



Electrical Measurements

2 i tall Ge diodes grown | AS grown Affter etehing in H20

on 2 pm tall St pillars WW‘W
Ig [mA] # 28900 0.47 £ 0.19 732 4.4
Iq [n”m /em?] * 172. 2;«:1(013 8 +1 12.0 4 7.2

Hﬂ —

2,45%10 1.26 £ 0.35 0.18 £ 0.08
(* Measured at Vy=-1V; ¢ Area (SEM): 16.8 ﬂ,m & Area (SEM): 62.4 pm %)

[oF Iy = I, (@xz;@ ( W — zzzaw@) - 1) + G, (V — IRy)

l;, I, diode and saturation currents; g =e/kT , R, series resistance

R,= 1/G, (G, parallel conductance); n — ideality factor |

I shunt curent, I, n, R,, Gp = f(V)
*J.H. Werner, Appl. Phys. A47, 291 (1988)

6 December 2012, Brno | Claudiu V. Falub, ETH Ziirich 36



From Ge crystals to NEXRAY xensors

DEVICE PROCESSING (in progress) LFoundry (.j
= 8" CMOS wafer

* Thinned down to 100 um

= Patterned (DRIE) ETH

Eidgendssische Technische Hochschule Ziiric
Swiss Federal Institute of Technology Zurich

= Pillars passivation
= 50 um Ge towers (backside)
= Sealing of the Ge trware

= Ge etching hv

region

s
£

Electrode d " 1 EW!III.I.'
ectroae aeposi I- I.Iﬁ].].]. .I.. _ =

= Dicing SO LSS UL - =1
depleted - .

]

E

*!lllllll
~
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TLOOK

o Readout
Electronics

GaAs based I = I MNe

e gas

HEMT |\ Deg
Ge tower

o llI-V, lI-VI integration with CMOS

e High-efficiency solar cells

e Power electronic devices (SiC on Si)
¢ Emitters, resonators, etc.

6 December 2012, Brno Claudiu V. Falub, ETH Ziirich 38



OUTLOOK

Integration of lll-V optoelectronic devices on Si substrates

S GaAs CHALLENGES
e Small mass e direct band gap alignment e 4% lattice mismatch
e Good thermal conductivity e high carrier mobility e 60% thermal mismatch
e Large wafer diameter e Optimum for the ¢ Anti Phase Domains (APD)
e Mainstream Technology development of optoelectro-
nic devices

GaAs unit cell

oo.. O oot

T ormation fPD O

6 December 2012, Brno Claudiu V. Falub, ETH Ziirich | 39



OUTLOOK

Integration of lll-V optoelectronic devices on Si substrates
Si GaAs CHALLENGES

I In collaboration with . ..¢

6 December 2012, Brno Claudiu V. Falub, ETH Ziirich 40



OUTLOOK
Integration of SiGe MQW

IAJATAIATATA r.i Ew r’a (7150 (21 nm Si; ;Gey 4 + 10 nm Ge)
; 'F;I'ERNED "\ - PATTERNED
s

|

i

6 December 2012, Brno Claudiu V. Falub, ETH Zrich 41



SUMMARY

3D Heteroepitaxial growth of lattice

and thermally mismatched semicon- BREAKTHROUGH

ductor systems on clean, patterned - P\
substrate surfaces:

2 A %
k., [ | e ' | N N “
g £ & = 5 = B I
n ' ' - [ nianafvananniaaaasaa . Nee )
allows dislocation management; E_naAanaaAnAaNAdIN ANANR —uie
P 0 T N T I T Y T T T e, S N N Y k

= avoids wafer bending; AR AR ARAA] -
R N T P N N T T TR £, e e e ; |
:  RSSSee RS0 N N\
= avoids layer cracks. ,. rAARAARRARRR e
v‘lﬂ"’_\. ',-'— T T S T P, T, T, \

: 2 zﬁﬁﬂﬂlrﬂf?“ft““f\ RARAN
Applicable to wide range of layer ggg‘;i’ y\n'\n’\n £
thicknesses. Z w Y YYYY

Diode characteristics (i.e. low DC). g’j ONININININD

"”‘“,f

RaX¥a¥a¥Xa¥aXa
'a¥0Y20%0%0%a
‘2 XoaXo¥aXaXae

nm

= Monolithically integrated X-ray det- ’ -
ector (high resolution & sensitivity). |

Applicable to other systems (lll-V, etc).

Allows novel applications & devices o
(e.g. emitters, resonators, etc.) ?‘f
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