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ARRAYS OF HIGH-ASPECT-RATIO 
GERMANIUM NANOSTRUCTURES WITH 
NANOSCALE PITCH AND METHODS FOR 

THE FABRICATION THEREOF 

2 
the range from 5 to 1 0; a dielectric material that provides 
lateral electrical isolation of the germanium fins; a gate 
wrapped around the top and the two opposing side-walls of 
each germanium fin; and a gate dielectric disposed between 

5 the gate and the germanium fins. 
REFERENCE TO GOVERNMENT RIGHTS 

This invention was made with govermnent support under 
DE-FG02-03ER46028 awarded by the US Department of 
Energy. The govermnent has certain rights in the invention. 10 

BACKGROUND 

Other principal features and advantages of the invention 
will become apparent to those skilled in the art upon review 
of the following drawings, the detailed description, and the 
appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Illustrative embodiments of the invention will hereafter be 
Ge Fin Field-Effect Transistors (FinFETs) promise supe

rior performance for p-chamiel devices, as Ge has the 
highest hole mobility among widely available semiconduc
tors. Multiple-gate FinFETs provide a higher drive current 
than their single-gate counterpart. Additionally, increasing 
the aspect ratio of the FinFETs and decreasing the pitch in 

described with reference to the accompanying drawings, 
15 wherein like numerals denote like elements. 

a multi-gate architecture will yield higher on current for a 20 

given transistor footprint. 
Ge nanogratings have a variety of potential applications, 

including immersion gratings in the near-infrared region, 
high-contrast gratings for integrated optoelectronics, and 
subwavelength gratings in polarizers for extreme-ultraviolet 25 

(EUV or XUV) light. 
Conventional nanoscale patterning techniques based on 

electron beam (e-beam) or interference lithography and dry 
etching present issues when used to transfer periodic pat
terns with 10-50 nm lateral size and high aspect ratio onto 30 

Ge. 

FIG. 1 (panels (a)-(f)) shows patterning of deep periodic 
Ge structures with -10-50 nm lateral dimensions using 
graphene as an interfacial layer during processing. The Ge 
substrate can be bulk Ge or a Ge nanomembrane bonded to 
a rigid substrate. 

FIG. 2 is a schematic diagram of a sub-wavelength grating 
(SWG) polarizer. 

FIG. 3 is a schematic diagram of a FinFET. 
FIG. 4 is a scanning electron microscope image of a Ge 

grating structure. 

DETAILED DESCRIPTION 

Methods for fabricating thin, high-aspect-ratio Ge nano
structures from high-quality, single-crystalline Ge substrates 
are provided. Also provided are grating structures made 
using the methods. Various embodiments of the methods 
enable the patterning of periodic structures having lateral 
dimensions of 50 nm or less and aspect ratios of four or 

Previously proposed and reported technologies to fabri
cate Ge periodic structures with high aspect ratio and less 
than 50 nm width are: 1) Epitaxial growth of Ge in narrow, 
shallow trenches fabricated on Si substrates; and 2) Ge 
condensation in SiGe-on-insulator patterned gratings. 

35 greater. 

SUMMARY 

The methods utilize a thin passivating layer of graphene 
between a surface of a Ge substrate and an overlying resist 
layer. The layer of graphene is referred to as a "passivating 
layer" because the graphene serves to impede or even 

Methods for fabricating thin, high-aspect-ratio Ge nano
structures from high-quality, single-crystalline Ge substrates 
are provided. Grating structures made using the methods and 
multi-fin field effect transistors incorporating the grating 
structures are also provided. 

40 prevent the formation of native Ge oxides that would 
otherwise form on the surface of the Ge substrate in an 

The methods for patterning a substrate comprising ger- 45 

manium utilize a substrate comprising germanium that has a 
passivating layer of graphene over at least one surface. The 
methods include the steps of: applying a resist layer com
prising a photoresist or an electron beam resist over the 
passivating layer of graphene, such that the passivating layer 50 

of graphene is disposed between the substrate and the resist 
layer; forming a pattern in the resist layer; transferring the 
pattern from the resist layer into the passivating layer of 
graphene; transferring the pattern from the passivating layer 
of graphene into the substrate to form a patterned substrate; 55 

and removing the resist layer. 
One embodiment of a grating structure includes: a sub

strate; and a plurality of single-crystalline germanium fins 
on a surface of the substrate, the germanium fins having 
widths in the range from 5 nm to 50 nm and aspect ratios in 60 

the range from 5 to 10. 
One embodiment of a multi-fin field effect transistor 

includes: a substrate; a plurality of germanium fins arranged 

oxygen containing environment. This is advantageous 
because water-soluble native Ge oxides can result in the 
lift-off of the resist during the development of the resist and, 
in particular, during the development of a resist that requires 
an aqueous developer. The use of the surface-passivating 
graphene interlayer makes it possible to reproducibly pattern 
nanostructures that are narrower and have higher aspect 
ratios than nanostructures patterned in the absence of the 
interlayer. The passivating layer of graphene can be applied 
to Ge substrates having various surface orientations, includ-
ing Ge(ll0), Ge(00l), and Ge(lll). Because the methods 
can utilize high-quality, single-crystalline substrates, the 
resulting nanostructures are also composed of high-quality 
single-crystalline Ge. In addition, the lithographic patterning 
used to define the nanostructures does not require heating 
and, therefore, the methods are compatible with a wide 
range of device processing schemes. 

One embodiment of a method of forming nanostructures 
is illustrated in the schematic diagrams of FIG. 1, panels (a) 
through (f). The process begins with a Ge substrate 102, the 
surface of which will typically be covered with a thin film 
of native germanium oxides 104 (panel (a)), which form in 
the presence of ambient air. Substrate 102 can be a bulk Ge in parallel along their lengths on a surface of the substrate, 

each fin in the plurality having a base, a top, and two 
opposing side-walls, wherein the germanium fins have 
widths in the range from 5 nm to 50 nm and aspect ratios in 

65 substrate, such as a Ge wafer, or a thin layer of Ge disposed 
on a support substrate. For example, substrate 102 can be a 
layer of Ge having a thickness of 1000 nm or less, which, for 
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having an underlying sacrificial release layer (e.g., AlAs/ 
GaAs) that enables the subsequent release and transfer of the 
Ge. A wide variety of support substrates can be used. 
Suitable support substrates include silicon (Si) and SiO2 

the purposes of this disclosure, is referred to as a Ge 
nanomembrane. This includes layers of Ge having thick
nesses of 500 nm or less. By way of illustration, the 
thickness of the layer of Ge can be in the range from 100 nm 
to 300 nm. For many device applications, it is necessary or 
desirable that substrate 102 and the nanostructures formed 
therefrom be single-crystalline. However, substrate 102 can 
be polycrystalline or even amorphous Ge if a single crystal 
is not required. 

5 substrates; other semiconductor substrates, including Group 
III-V semiconductor substrates; sapphire substrates; organic 
polymer substrates, including polydimethylsiloxane 
(PDMA), polyimide, and polyethylene terephthalate sub
strates; metal substrates; and dielectric substrates, such as 

As used herein, the term germanium substrate refers to a 
substrate composed of germanium that is not alloyed with 
one or more other elements and is not part of a compound 
formed from germanium and one or more other elements. 
Similarly, the term germanium fin refers to a fin composed 

10 dielectric metal oxide or metal nitride substrates. 
Native surface Ge oxide 104 can be removed using, for 

example, a vacuum anneal and/or sputter etching to reduce 
the concentration of native germanium oxides at the surface 
to a level at which the oxides do not contribute to the lift-off 

15 of the resist material. For embodiments of the methods in of germanium that is not alloyed with one or more other 
elements and is not part of a compound formed from 
germanium and one or more other elements. Thus, Ge 
substrates and Ge fins can consist of pure Ge. However, the 
germanium in a germanium substrate and a germanium fin 
can be intrinsically or extrinsically doped with acceptor or 20 

donor atoms, such as B, P, As, or Sb, that are incorporated 
into the germanium crystal lattice to alter the electrical 
and/or optical properties of the germanium. Such dopants 
are typically present at concentrations of 1020 cm-3 or lower. 
Thus, a boron-doped Ge wafer would be considered a Ge 25 

substrate, but a compound semiconductor wafer composed 
of an alloy of Si and Ge (Si1_Gex, 0<x<l) would not. 

Substrates that comprise alloys of Ge with other elements 

which the passivating layer of graphene is grown on the 
surface of the Ge substrate, the removal of native Ge oxides 
need not be a separate processing step, provided that the 
temperature at which graphene growth occurs is sufficiently 
high to remove native Ge oxides. 

For the purposes of this disclosure, a Ge substrate surface 
having a water-soluble native oxide content that is suffi
ciently low to avoid lift-off of the resist material during 
development and exposure is referred to as a surface having 
a reduced germanium oxide content. While the removal of 
native oxide may result in a germanium-oxide-free surface, 
it is not necessary that one hundred percent of the native 
oxide be removed. For example, in some embodiments of 
the methods, it is sufficient that the layer of native germa
nium oxide at the surface of the Ge substrate is reduced to 
a sub-monolayer thickness. Moreover, because GeO2 is 
highly water soluble, but sub-stoichiometric germanium 
oxides (GeOx; x<2) are not, the removal of GeO2 may be 
more important for the purposes of the methods described 

35 herein. Nevertheless, because sub-stoichiometric Ge oxides 
can catalyze the growth of GeO2 , it may be desirable to 
reduce the content of all Ge oxides on the surface. 

or compounds of Ge and other elements are referred to 
herein as Ge-containing substrates. The methods described 30 

herein also can be used to pattern Ge-containing substrates 
that form water-soluble native Ge oxides, such as SiGe and 
GeSn substrates in thin-film and bulk form. Because of the 
extent of the problem posed by water-soluble native-oxide 
formation on Ge substrates, the present methods are par
ticularly advantageous for use in patterning Ge substrates. 
However, to the extent that water-soluble oxides formed on 
germanium-containing substrates also create problems with 
resist lift-off during patterning, the present methods may 
also be beneficial for those substrates. Thus, the methods 40 

described herein can be adapted for use with germanium
containing substrates by replacing the Ge substrates with 
germanium-containing substrates. Examples of germanium
containing substrate that can be used include high-germa
nium-content SiGe alloys (Si1_xGex, 0.2<x<l) and GeSn 45 

alloys (Ge1_xSnx, 0<x<0.3). 
Transfer and bonding processes can be used to transfer a 

layer of Ge from a growth substrate onto a support substrate. 
Methods of transferring and bonding thin sheets of crystal
line Ge are described in Cavallo et al., Semiconductor 50 

nanomembranes: a platform for new properties via strain 
engineering. Nanoscale research letters, 7(1), 628 and San
chez et al. PNAS Nov. 22, 2011 108 (47) 18893-18898. 
Briefly, these methods can begin with a Ge-on-insulator 
structure in which a thin layer of Ge (the "device layer") is 55 

supported on a sacrificial oxide layer, which is supported on 
a bulk handle wafer. The sacrificial layer then can be 
removed to release the Ge device layer using a selective 
etch. The Ge device layer then can be transferred to a new 
support substrate using, for example, a rubber stamp. Alter- 60 

natively, a Smart Cut' process can be used to form a thin 
layer of Ge in a bulk-Ge substrate via hydrogen ion implan
tation. The resulting thin layer can then be removed from the 
bulk substrate and transferred to a support substrate. The 
transferred Ge layer can be annealed to restore the crystal 65 

quality, if needed. Other methods of growing thin Ge films 
include growing the Ge on a lattice matched III-V substrate 

Once native Ge oxide has been removed from the surface 
of Ge substrate 102, the substrate is maintained in an 
oxygen-free environment, or an ultra-low oxygen environ
ment, and graphene 106 is provided on the surface. Gra-
phene 106 can be "provided on" the surface by growing the 
graphene directly on Ge substrate 102 or by growing gra
phene on a different substrate and then transferring that 
graphene onto Ge substrate 102. Graphene can be formed on 
a Ge substrate or on another substrate using a vapor growth 
process, such as chemical vapor deposition (CVD), as 
illustrated in the Example. Substrates on which graphene 
can be grown for subsequent transfer include copper and 
nickel substrates. If the graphene is transferred, a dry trans
fer should be employed to avoid the formation of surface 
oxides on the Ge substrate. Methods for growing graphene 
directly on a Ge surface and methods for growing graphene 
on a copper substrate and then transferring that graphene 
onto a Ge surface are described in Rojas Delgado, et al. 
"Passivation of Germanium by Graphene." ACS applied 
materials & interfaces 9.20 (2017): 17629-17636. Graphene 
layer 106 can be a single sheet of graphene or can be 
multiple stacked sheets of graphene. Methods for growing 
graphene on a Ge surface and transferring graphene onto a 
Ge surface are described in Rojas Delgado, et al. "Passiva-
tion of Germanium by Graphene." ACS applied materials & 
interfaces 9.20 (2017): 17629-17636. 

Whether direct growth of the graphene or graphene trans
fer is the preferred method may depend on the nature of the 
device being fabricated. If the Ge nano structures are being 
incorporated into a device that includes heat-sensitive mate-
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rials, a graphene transfer may be preferred because the 
transfer process can be accomplished at room temperature 
without heating. However, if the higher temperatures asso
ciated with CVD growth are not a concern, direct graphene 
growth may be preferred to avoid the defects and/or 
wrinkles that are sometimes introduced during graphene 
transfer. 

Once the passivating layer of graphene 106 is on the 
surface of Ge substrate 102, a resist material is applied over 
graphene 106 to provide resist layer 108 (FIG. 1, panel (c)). 
Notably, the resist need not be applied immediately, as the 
graphene can passivate the Ge surface against oxidation for 
days, weeks, or even months. As a result, the graphene 
passivated Ge substrate can be formed by the same party that 
carries out the remaining steps of the method, as described 
below, or can be obtained ( e.g., purchased) from another 
party that has prepared the graphene passivated Ge substrate 
in advance. For the purposes of this disclosure, the process 
of making the graphene passivated Ge substrate in-house 
and the process of obtaining a pre-made graphene passivated 
Ge substrate from another party are both referred to as 
"providing" a graphene passivated Ge substrate. 

The nature of the resist material will depend upon the type 
of lithography that will be used for patterning. Negative or 
positive resists can be used. Interference photolithography 
and e-beam lithography are good choices for patterning 
nanostructures with very small width dimensions. If resist 
layer 108 is to be patterned via interference photolithogra
phy, the resist material will be a photoresist material, while 
if resist layer 108 is to be patterned via e-beam lithography, 
the resist material will be an e-beam resist material. 
Examples of photoresist materials that can be used for 
extreme and deep ultraviolet (EUV and DUY) interference 
photolithography include Inpria XE151B (IB), which is a 
hafnium-based inorganic photoresist, and hydrogen silses
quioxane (HSQ). Optionally, a top anti-reflection coating 
can be applied to the passivating layer of graphene prior to 
applying the photoresist over the graphene. Examples of 
e-beam resist materials include, ZEP 520A [i.e., a solution 
composed of 11 % methyl styrene and chloromethyl acrylate 
copolymer (solid) and 89% anisole (solvent)] and HARP™ 
PMMA (polymethyl methacrylate). Resist layer 108 is then 
baked and exposed to form a pattern by removing portions 
of the resist material and exposing the underlying portions 
110 of graphene 106 (FIG. 1, panel (d)). During resist 
development and exposure, the patterned resist remains 
firmly attached on the structure due to the adhesive interface 
provided by the graphene. 

The pattern defined in resist layer 108 is then transferred 
sequentially into graphene 106 and Ge substrate 102, 
thereby forming one or more nanostructures 112 in Ge 
substrate 102 (FIG. 1, panel (e)). As used herein, the term 
nanostructure refers to a structure having a least one dimen
sion, such as length, width, or height, with a size of 1000 nm 
or smaller. As discussed in more detail below, nanoscale 
width dimensions include dimensions of 50 nm or less. The 
pattern can be transferred into the graphene using an etch 
that is selective for graphene over the resist material, such as 
a reactive ion etch (RIE) or inductively coupled plasma 
(ICP) etch using fluorine. Optionally, resist layer 108 can be 
removed following the patterning of graphene 106, but prior 
to the patterning of Ge substrate 102. 

In order to form nanostructures having substantially uni
form widths along their longitudinal direction (i.e., along 
their height dimension) and smooth sidewalls, a highly 
anisotropic and low-energy etch should be used. Low
energy electron enhanced etching (LE4) is an example of a 

6 
type of etch that can be used. LE4 is particularly well-suited 
for use in embodiments of the methods that remove resist 
layer 108 prior to patterning substrate 102 because LE4 is 
highly selective for Ge over graphene. As shown in FIG. 1, 

5 panel ( e ), the etch can extend into the surface and partially 
through the thickness of Ge substrate 102. However, the etch 
can also be deep enough to extend through the complete 
thickness of Ge substrate 102, particularly if Ge substrate 
102 is a thin layer of Ge on a support substrate. In the latter 

10 case, the result is one or more freestanding Ge nanostruc
tures attached to the support substrate. Once the patterning 
of Ge substrate 102 has been completed, resist layer 108 can 
be removed, if it was not removed in a previous step, and 
graphene 106 can be removed. The resist materials can be 

15 removed using appropriate solvents, and graphene can be 
removed using an oxygen plasma etch. However, provided 
it would not have a negative effect on the final device, the 
graphene need not be removed. 

The nanostructures defined in the Ge substrate may have 
20 various shapes and dimensions. For example, the nanostruc

tures may be pillars, wires, fins, or a combination thereof. 
However, the methods described herein are particularly well 
suited for the fabrication of narrow, densely packed, high
aspect-ratio Ge nanofins, because existing methods of fab-

25 ricating such structures have proved largely unsuccessful. 
As used herein, the term "fin" refers to an elongated struc
ture having a height and a length that are longer than its 
width. Generally, the length of the fin will be greater than the 
fin height. As illustrated by the fins 212 shown in FIG. 2, the 

30 width of a fin corresponds to its narrowest lateral dimension, 
the height of a fin corresponds to the longitudinal thickness 
of the fin, and the length of the fin corresponds to the lateral 
dimension running perpendicular to its width. Fin pitch is 
the distance between neighboring fins, as measured from the 

35 same part of the fins; for example, from the left face of the 
fins, as shown in FIG. 2. Thus, fin pitch is the sum of the fin 
width and the spacing between the fins. Fins 212 are 
characterized by a substantially rectangular cross-section 
along their lengths and substantially rectangular end faces 

40 205 and side walls 207. As used herein, the phrase "sub
stantially rectangular" allows for some deviation from a 
perfect rectangular shape, based on the limitations on the 
anisotropic etch used to make the fins. For example, the fins 
may have some rounding to their edges and/or some varia-

45 tion in thickness along their heights, as the anisotropic etch 
is generally not perfectly anisotropic. By way of illustration, 
a substantially rectangular fin may be slightly broader at its 
base (i.e., the surface of the fin that faces the substrate) than 
at its top (i.e., the surface of the fin that faces away from the 

50 substrate). However, as illustrated in the Example and in 
FIG. 4, by utilizing appropriate anisotropic etching pro
cesses, Ge fins having widths that vary by less than 15% 
from base to top can be formed. The term "nanofin" refers 
to a fin having a width dimension of no greater than 500 nm. 

55 The height and width dimensions of a nanofin may also be 
nano scale. 

Using the methods described herein, Ge fins having 
widths of less than 50 nm and aspect ratios of at least four 
can be fabricated, where the aspect ratio of a fin is the ratio 

60 of its height to its width. This includes Ge fins having widths 
of 50 nm or less and aspect ratios of 5 or greater, and further 
includes Ge fins having widths of 40 nm or less and aspect 
ratios of 6 or greater. By way of illustration, Ge fins having 
widths in the range from 5 nm to 50 nm, including in the 

65 range from 10 nm to 50 nm, and aspect ratios in the range 
from 5 to 10 can be fabricated. The dimensions of the fin can 
be measured from scanning electron microscope (SEM) or 
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transmission electron microscope (TEM) images of the fins. 
If the width of a fin is not perfectly uniform, the width of the 
fin corresponds to the fin's largest width dimension; if the 
height of a fin is not perfectly uniform, the height of the fin 

8 
oxide 325 that will isolate the fins from the gate is then 
formed on the fins, using, for example, atomic layer depo
sition (ALD). Gate 315 is then formed over fins 312. Source, 
drain, and gate contacts can then be formed by metallization. 

corresponds to the fin's smallest height dimension. 5 

The fins can be fabricated with a wide range of length 
dimensions, which can be tailored based on the purpose the 
fins will serve in the devices into which they are incorpo
rated. Typically, fin length will exceed fin height. For 
example, the length of a fin may be at least twice as long as 10 

its height, at least five times as long as its height, at least ten 
times as long as its height, or at least 100 times as long as 

Example 

This example demonstrates the fabrication of an array of 
Ge fins that can be used in devices, such as multiple-gate Ge 
FinFETs and Ge nanogratings. 

The fins were formed from a bulk Ge crystal substrate (a 
Ge wafer), the surfaces of which were initially covered with 
native germanium oxides. Surface contaminants and native 
germanium oxides were removed from the Ge substrate 
surface by degreasing the substrate and rinsing it in water at 
85° C. for 1 min, followed by exposure to UV light and a 

its height. By way of illustration, fins having lengths in the 
range from 20 nm to 100 µm can be made. This includes fins 
having lengths in the range from 100 nm to 2 µm and fins 15 

having lengths in the range from 300 nm to 1000 nm. 
However, the lengths of the fins need not fall into these 
ranges. 

thermal amieal at 400° C. for 30 min under Ar flow 
(99 .999%) at atmospheric pressure. The substrates were then 
removed from the tube furnace and monolayer graphene was The densities of the fins on a substrate can also vary 

widely and can be tailored based on the purpose the fins will 
serve in the devices into which they are incorporated. In 
some embodiments, the fins are densely packed with small 
spacing between neighboring fins. By way of illustration, 
arrays of aligned fins having a pitch of 500 nm or lower can 
be fabricated. This includes fins having a pitch of 100 nm or 
lower and further includes fins having a pitch of 100 nm or 
lower. By way of illustration, the fin pitch can be in the range 
from 20 nm to 100 nm. 

As shown in FIG. 2, a plurality of fins 212 can be 
fabricated on a support substrate 202. When a plurality of 
nanofins are arranged in parallel along their lengths, as 
illustrated in FIG. 2 and FIG. 4, the structure is referred to 
as a nanograting 200. (FIG. 2 is not drawn to scale.) The 
number of nanofins in a nanograting is not particularly 
limited. By way of illustration, a nanograting can have 2 or 
more fins, 10 or more fins, 100 or more fins, or 1000 or more 
fins. 

20 then transferred immediately onto the surface of the Ge 
substrate via a dry-transfer process. 

Monolayer graphene was grown by chemical vapor depo
sition (CVD) on a Cu foil. The Cu foil was cleaned with 
glacial acetic acid for 15 min to remove impurities and the 

25 native oxide from the surface. Upon rinsing in three deion
ized-water baths and drying with compressed air, the Cu 
substrate was amiealed at 1323 Kin 95% Ar and 5% H2 to 
remove any residual contaminants and patches of native 
oxide, as well as to reduce surface roughness. Complete 

30 coverage of the Cu substrate with monolayer graphene 
occurred in 95% Ar and 5% CH4 (0.300 seem) after 3 h at 
1323 K. Graphene was then peeled off the Cu substrate using 
a soft and highly adhesive polydimethylsiloxane (PDMS) 
stamp. The PDMS/graphene combination was then adhered 

35 onto the oxide-free Ge substrate. Upon 24 h, the PDMS was 
dissolved in a solution of tetrabutylanimonium fluoride 
(TBAF) in N-Methelpyrrolidone (NMP). After -20 h the 
PDMS was completely removed from the graphene/Ge 
surface. 

The gratings can be designed for use in a variety of 
electronic and optoelectronic devices, including near-infra
red (NIR) immersion gratings, gratings for integrated opto- 40 

electronics, sub-wavelength gratings in polarizers for EUV 
radiation, and MultiFinFETs. The structure of one embodi
ment of a MultiFinFET is shown in the schematic diagram 

Although the graphene in this example was transferred 
onto the Ge substrate, it is also possible to grow graphene 
directly on the surface of the Ge substrate. By way of 
illustration, this can be accomplished by placing the Ge 
substrate in a horizontal tube furnace that is pumped down of FIG. 3. The MultiFinFET is a non-planar or "3D" 

transistor that uses one or more germanium fins 312 as 
electrically conducting chamiels between source 311 and 
drain 313. Fins 312 rise vertically above the level of an 
electrical insulator 313. The use of narrow, high-aspect-ratio 
Ge fins allows multiple fins to operate on a single transistor 
substrate 302. Typical MultiFinFETs include two to four 
fins; however, a higher number can be used. A gate 315 
wraps around the raised Ge fins on three sides, instead of 
only across its top, as in a traditional planar FET. Gate 315 
is isolated from fins 312 by a layer of high-k dielectric 
material 325, such as an oxide (e.g., HfO2 or Al2O3 ). The 
wrapping of the gate around three surfaces of the fin creates 
a larger surface area between the gate and the fin, thereby 
providing better control of the electric field and reducing the 
transistor's leakage current. Another advantage is that a 
lower gate voltage is needed to operate the transistor. Thus, 
relative to their planar counterparts, FinFETs provide 
improved performance and reduced power consumption. 

A FinFET can be constructed by forming a plurality of Ge 
fins on a substrate, as described herein. To isolate fins 312, 
a layer of electrically insulating oxide 327 can be deposited 
over and around the fins, followed by etching to recess the 
oxide layer below the height of the fins. A thin layer of gate 

45 to a pressure ofless than 10-5 Torr and subsequently brought 
to atmospheric pressure with a flow of 200 seem Ar 
(99.999%) and 100 seem H2 (99.999%). Graphene growth 
can be initiated by introducing an additional flow of 4.6 
seem CH4 (99.99%). After approximately 14 hours (h), 

50 growth can be terminated by sliding the heated zone of the 
furnace away from the Ge substrate. 

Next, a ZEP520A e-beam resist was applied to the gra
phene and e-beam lithography was used to form a nanoscale 
periodic fin pattern in the resist layer. Thee-beam resist was 

55 developed in ZEP-N60 (n-Amil acetate). 
The fin pattern from the resist layers was then transferred 

into the graphene via a 2 min oxygen plasma etch at 100 W. 
Once the fin pattern was defined in the graphene, reactive
ion etching (RIE) was used to transfer the pattern into the Ge 

60 substrate, resulting in the formation of a series of parallel 
nanoscale Ge fins with high aspect ratios (>5; FIG. 4) and 
narrow widths (<50 nm; FIG. 4) on the surface of the 
substrate. Finally, the resists and the graphene were removed 
from the Ge fins using N-methyl-2-pirrolidone at 75° C. and 

65 an oxygen plasma etch, respectively. 
The word "illustrative" is used herein to mean serving as 

an example, instance, or illustration. Any aspect or design 
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described herein as "illustrative" is not necessarily to be 
con_strued as preferred or advantageous over other aspects or 
designs. Further, for the purposes of this disclosure and 
unless otherwise specified, "a" or "an" means "one or 
more." 5 

The foregoing description of illustrative embodiments of 
the invention has been presented for purposes of illustration 
and of description. It is not intended to be exhaustive or to 
limit the invention to the precise form disclosed and modi
fications and variations are possible in light of the above 
teachings or may be acquired from practice of the invention. 

10 

The embodiments were chosen and described in order to 
explain the principles of the invention and as practical 
applications of the invention to enable one skilled in the art 
to utilize the invention in various embodiments and with 
various modifications as suited to the particular use contem- 15 

plated. It is intended that the scope of the invention be 
defined by the claims appended hereto and their equivalents. 

What is claimed is: 
1. A method for patterning a substrate comprising germa-

nium, the method comprising: 20 

providing a structure comprising: 
the substrate comprising germanium; and 
a passivating layer of graphene over a surface of the 

substrate; 
applying a resist layer comprising a photoresist or an 25 

electron beam resist over the passivating layer of 
graphene, such that the passivating layer of graphene is 
disposed between the substrate and the resist layer; 

forming a pattern in the resist layer; 
transferring the pattern from the resist layer into the 30 

passivating layer of graphene; 
transferring the pattern from the passivating layer of 

graphene into the substrate to form a patterned sub
strate; and 

removing the resist layer. 35 

2. The method of claim 1, wherein the substrate is a doped 
or undoped germanium substrate. 

3. The method of claim 2 further comprising removing the 
passivating layer of graphene from the patterned substrate. 

4. The method of claim 2, wherein the resist layer is not 40 

removed prior to transferring the pattern from the passivat
ing layer of graphene into the doped or undoped germanium 
substrate. 

10 
5. The method of claim 2, wherein the resist layer is 

removed prior to transferring the pattern from the passivat
ing layer of graphene into the doped or undoped germanium 
substrate. 

6. The method of claim 2, wherein the pattern from the 
passivating layer of graphene is transferred into the doped or 
undoped germanium substrate by low-energy electron 
enhanced etching. 

7. The method of claim 2, wherein the patterned substrate 
comprises a plurality of germanium fins. 

8. The method of claim 7, wherein the germanium fins 
have widths in the range from 5 nm to 50 nm and aspect 
ratios in the range from 5 to 10. 

9. The method of claim 2, wherein the step of providing 
a structure comprising: 

the substrate comprising germanium; and a passivating 
layer of graphene over a surface of the substrate com
prises growing a passivating layer of graphene directly 
on the surface of the substrate at a temperature at which 
native germanium oxide is removed from the surface. 

10. The method of claim 2, wherein the step of providing 
a structure comprising: 

the substrate comprising germanium; and a passivating 
layer of graphene over a surface of the substrate com
prises removing native germanium oxide from the 
surface of the substrate and transferring a passivating 
layer of graphene onto the surface of the substrate from 
which the native germanium oxide has been removed. 

11. The method of claim 7, wherein the germanium fins 
are arranged in parallel on the surface of the substrate. 

12. The method of claim 7, wherein the germanium fins 
have widths of less than 40 nm and aspect ratios of at least 
6. 

13. The method of claim 7, wherein the germanium fins 
have a pitch of 100 nm or less. 

14. The method of claim 13, wherein the germanium fins 
have a pitch in the range from 20 nm to 100 nm. 

15. The method of claim 7 comprising at least ten 
germanium fins. 

16. The method of claim 15, wherein the germanium fins 
have widths in the range from 10 nm to 50 nm. 

* * * * * 


