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ABSTRACT: High-mobility materials and non-traditional device architectures are of key interest in the semiconductor industry
because of the need to achieve higher computing speed and low power consumption. In this article, we present an integrated approach
using directed self-assembly (DSA) of block copolymers (BCPs) to form aligned line-space features through graphoepitaxy on germanium on insulator (GeOI) substrates. Ge is an example of a high mobility material (III-V, II-VI) where the chemical activity of the
surface and its composition sensitivity to etch processing offers considerable challenges in fabrication compared to silicon (Si). We
believe the methods described here afford an opportunity to develop ultra-small dimension patterns from these important high-mobility materials. High quality metal oxide enhanced pattern transfer to Ge is demonstrated for the realization of nanofins with sub-10
nm feature size. Graphoepitaxial alignment of a poly(styrene)-block-poly(4-vinylpyridine) PS-b-P4VP BCP was achieved using predefined hydrogen silsesquioxane (HSQ) topography at a GeOI substrate. Subsequent impregnation of the aligned BCP templates with
a salt precursor “in-situ” and simple processing was used to generate robust metal oxide nanowire (e.g. Fe3O4, γ-Al2O3, and HfO2)
hardmask arrays. Optimized plasma based dry etching of the oxide modified substrate allowed the formation of high aspect ratio Ge
nanofin features within the HSQ topographical structure. We believe the methodology developed has significant potential for high
resolution device patterning of high mobility semiconductors. We envision that the aligned Ge nanofin arrays prepared here via
graphoepitaxy might have application as a replacement channel material for complementary metal–oxide–semiconductor (CMOS)
devices and integrated circuit (IC) technology. Furthermore, the low capital required to produce Ge nanostructures with DSA technology may be an attractive route to address technological and economic challenges facing the nanoelectronic and semiconductor
industry.

With the inherent ability to form uniform periodically arranged nanoscale features, microphase separated BCPs have
been under intense scrutiny as on-chip etch masks for patterning
device relevant geometries (e.g. bends, junctions).1 Microphase
separation occurs due to the thermodynamic incompatibility between constituent blocks (A and B) of a di-BCP as represented
by the dimensionless parameter, χ (Flory-Huggins interaction
parameter).2 The degree of polymerization (N) is the number of
monomers forming the polymer chain and offers control of the
periodicity of the resulting BCP microdomains.3 Likewise, tailoring the volume fraction (f) of respective blocks allows different morphologies to be attained, namely lamellae, gyroidal,
cylindrical and finally spherical as fA reduces from 0.5. With the
need to achieve low feature sizes and pitches for ever decreasing technology nodes, “high χ” materials are required to allow
a relatively high segregation strength χ.N (> 10.5) as this enables ordered equilibrium morphologies to form.4 DSA methodologies (namely chemoepitaxy and graphoepitaxy) over the past
decade have primarily been demonstrated on silicon substrates
using “first generation material” PS-b-PMMA BCP systems.5,6
Demonstrations on 300 mm wafer scale pilot processes have
recently been reported.7-9 Two concerning issues for PS-bPMMA are the minimum feature size attainable due to its’ low

χ (0.04)10 and limited etch contrast between the organic blocks
reducing pattern transfer fidelity.
In this regard, “high χ” BCP materials such as PS-bPDMS (χ~0.26), PS-b-PxVPs (x= 2 or 4, PS-b-P2VP χ~0.18),
and PS-b-PLA (χ~0.21), are extremely attractive for reaching
ultra-small features and have dominated recent literature.11-16
Moreover, methodologies to selectively infiltrate and subsequently enhance microdomain etch contrast in neat self-assembled BCPs is now an area of considerable interest. In particular,
sequential infiltration synthesis (i.e. SIS) has been documented
for achieving high-aspect ratio silicon features from alumina infiltrated PS-b-PMMA.17-19 Likewise, metal oxide inclusion has
been reported to significantly enhance “activated” PS-b-PEO
and PS-b-P4VP BCP systems for Si nanofeature fabrication. 2023

In order to extend the relentless dimensional scaling of
semiconductor features (i.e. Moore’s Law) to the deep nanoscale regime (< 10 nm), employing DSA of BCP nanopatterns has emerged as a cost-effective route to controllably fabricate device-relevant features on a wafer scale level. In parallel
to research on the efficacy and integration of patterning technologies (e.g. DSA, extreme ultraviolet, electron-beam lithography, nanoimprint lithography), non-Si based materials such
as graphene,24-28 Ge,29,30 carbon nanotubes,31 and III-V32 have

received significant attention for improved nanoelectronic device function mainly owing to their superior electrical properties. In particular, Ge has been suggested as a possible replacement material for MOSFETs to overcome future short channel
effects which reduce device speed. Ge shares similar properties
to its group IV neighbor Si, which makes a near term integration
of a Si/Ge device possible or a complete replacement of Si
channels viable in the future. Ge possesses a larger Bohr exciton
radius (~ 24.3 nm) to Si (~ 4.9 nm)33 consequently enhancing
quantum effects, and Ge notably has higher electron and hole
mobilities (3900 cm2/V.s, 1900 cm2/V.s) than Si (1500 cm2/V.s
, 450 cm2/V.s)34 thus potentially increasing electronic device
speed. However, its’ brittleness, reactivity and unstable native
oxides are serious areas of concern for device integration. If
convenient process methods could be developed for the fabrication of high-mobility Ge devices using a GeOI platform, this
would represent significant progress towards next-generation
IC technologies.35 The work reported here is a synergistic approach combining DSA of a high χ BCP material and an inclusion methodology to pattern transfer to GeOI substrates. To the
best of our knowledge, there are no reports to date on the
graphoepitaxial alignment of a high χ BCP and pattern transfer
on Ge surfaces (bulk or GeOI). We have reported the thermal
evaporation of Ge on porous BCP templates,36 however the present work achieves well-defined structures of importance for
current Si transistor architectures based on Fin-FET designs.
Scheme 1 displays the process flow used for the fabrication
of the Ge nanofins reported here. Native Ge oxide on the GeOI
surface was removed using a “green” approach of citric acid
treatment based on previous work from these laboratories (Collins et al.37). The unstable native oxide of Ge is a major concern
for its reintroduction to IC manufacture and the citric acid treatment is extremely effective for oxide removal and stabilization.
The PS-b-P4VP BCP solution was spin-coated directly onto the
passivated GeOI surface. Graphoepitaxially aligned self-assembled PS-b-P4VP line features were generated after solvent vapor annealing (SVA)38 in a chloroform atmosphere. SVA of the
25 nm polymer thin film was carried out in an atmosphere of
chloroform at room temperature for 2 hours to induce self-assembly. We have previously established a protocol for this cylinder forming PS-b-P4VP system with cylinder in-plane (CII)
orientation achieved when employing non-selective solvent
swelling conditions.23,39
Exposure of the self-assembled PS-b-P4VP patterns to hot
ethanol resulted in porous channels that could be impregnated
with metal oxide material. “Activation” (i.e. surface reconstruction)40,41 of P4VP domains through selective block swelling in
ethanol vapors was carried out at 50°C, and SEM characterization was employed to analyze films. Figure 1a shows a topdown SEM image of open area of an “activated” PS-b-P4VP
BCP film displaying line-space features with high uniformity.
Pitch and P4VP microdomain dimensions of the fingerprint patterns were measured at 32.45 nm and 8.63 nm respectively (see
supporting information Figure S1) following SVA. Whilst hot
ethanol immersion methods have been demonstrated to great
effect,22,42 we have observed film destruction as discussed in
previous work.23 Thus we have used hot ethanol vapors to create a near complete porous film. Parallel arrays of DSA of the
“activated” PS-b-P4VP line-space features are displayed with
high uniformity in Figure 1b-d. The SEM images show strict
registration of the graphoepitaxially aligned “activated” PS-bP4VP cylinder structures with the HSQ sidewall features. A total of 6, 7 and 11 P4VP CII features are visible within 224 nm,
265 nm, and 361 nm channel widths respectively. One should

note that larger periods of ~33-35 nm were formed in trench
widths of 224 nm and 265 nm in comparison to ~32 nm for open
areas and larger channel widths. As we have outlined previously,39 channel commensurability and SVA can alter microdomain feature size (especially at sidewalls) and thus we have employed larger channel widths here (e.g. 326 nm and 361 nm) to
accommodate for added polymer expansion as a result of solvent uptake during annealing.
Following the controlled development of porous templates, fabrication of metal oxide nanowires mimicking the
original polymer pattern was achieved. Here, as displayed in
Figure 1e-h, Fe3O4 nanowires on GeOI were enabled within
HSQ prepatterns after spin coating of a low weight percentage
iron nitrate ethanolic precursor onto the “activated” PS-b-P4VP
template. An open area of Fe3O4 nanowires on a GeOI substrate
can be seen in the SEM image in Figure 1e. The high-resolution
SEM image reveals nanowires that display a high level of regularity and uniformity. For pattern transfer lithography purposes, this is essential to avoid transferring any roughness or
non-uniformity of the hardmask to the underlying substrate.
The pitch and nanowire dimensions were comparable to the reconstructed films at 32.22 nm and 10.31 nm respectively. We
elucidated the chemical composition of the iron nitrate precursor through XPS and SI Figure 2 shows confirmation of Fe3O4
formation on GeOI. Figure 1f-h shows 6, 7, and 11 Fe3O4 nanowires aligned within HSQ pre-patterns replicating the original
“activated” PS-b-P4VP line-space features (Figure 1b-d). It can
be seen that the precise nanowire feature positional accuracy
and registration of Fe3O4 material is consistent with aims to enhance current state-of-the-art IC patterning towards sub-10 nm
features. The SEM images reveal that there is no P4VP wetting
layer at the HSQ sidewalls allowing individually aligned nanowires to form. Substrate surface treatment or sidewall polymer
brush modifications were not necessary to overcome interfacial
effects. The neutrality of this cylinder forming PS-b-P4VP BCP
system overcomes any previously outlined issues with selective
wetting of polymer blocks at HSQ sidewalls such as PDMS
containing BCPs in HSQ based prepatterns as described by
Hobbs et al.43 There is some indication of a Fe3O4 wetting layer
(~ 2 nm in thickness) after the inclusion step as displayed in the
TEM image in Figure 1i. This extends across the channel base
and the mesas (HSQ prepatterns). However, the nature of this
layer remains uncertain. The possibility of forming such a regular wetting layer without forming cylinders would seem unlikely. There is also the likelihood of surface scattering effects
that can lead to these apparent layers. We also note the possibility of the UV/O3 treatment forming dense silica from the
HSQ. The origin of this layer is under strict investigation. However, whatever its cause, it is clear that the etch procedure can
“punch” through the residual surface layer. We also believe
there is a residual HSQ layer at the substrate interface as discussed below. Note that the graphoepitaxial alignment of PS-bP4VP and metal oxide inclusion was also carried out on bulk
Ge substrates and large scale alignment were achieved with
greater than 5 micron long features (see SI Figure S3).
Figure 2b displays a top-down image of parallel arrays of
11 Ge nanofins within HSQ prepatterns following pattern transfer. A highly selective etch was employed using carbon tetrafluoride (CF4) gas only.44 The Ge nanofins displayed in the
TEM image in Figure 2c were fabricated after plasma etching
of Ge for a total of 9 seconds. An initial shorter etch (3 seconds)
revealed little removal of Ge material (see SI Figure S4). However on continued etching with CF4, aspect ratios of 1 : 3.5 were
achieved within HSQ prepatterns as seen in the TEM data in
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Figure 2c, d and e. Feature sizes and etch depths were measured
at ~ 9 nm and ~ 31 nm respectively. The high dimensional control of the etch process is clearly evident. Interestingly, attempted chlorine based etch processes did not result in any etching of Ge. We believe this may be due to the residual HSQ material as seen in the TEM image in Figure 1i at the substrate
interface between nanowire hardmask features and the Ge layer.
Therefore, Cl2 plasma is unable to successfully etch the residual
HSQ layer and pattern transfer the nanowire template to the Ge
layer. In contrast, CF4 is well known to consume HSQ material43
and thus rapidly etches the HSQ material at the substrate surface and enables Ge etching to take place. Further surface studies are required to gain insight into the mechanism. Overall, the
issue was circumvented through employing alternative plasma
etch chemistries allowing the creation of Ge nanofins. Also,
whilst we demonstrate Ge nanostructures of application for FinFET based devices, further etching or thinner Ge thicknesses
would enable the fabrication of Ge nanowires for other technological application.
In order to show the efficacy and robustness of the methodology outlined above we have employed aluminum and hafnium precursors as hardmask materials to pattern high-aspect
ratio (1:6) Ge features on planar GeOI substrates. Figure 3a and
b display top-down SEM images of alumina (γ-Al2O3) and hafnia (HfO2) nanowire arrays with large scale coverage on GeOI
substrates. The γ-Al2O3 and HfO2 nanowires were fabricated using ethanolic based precursors as the Fe3O4 nanowire hardmask
arrays discussed above. High resolution XPS of Al 2p and Hf
4f are shown in insets in Figure 3a and b respectively confirming the presence of γ-Al2O3 and HfO2. The survey and high-resolution oxygen spectrum of both samples are shown and discussed further in SI Figure S5. The inclusion of semiconductor
and high-k dielectric hardmask material in this simple reproducible process is advantageous for device processing considerations where industrial fabrication compatibility is essential.
The spin-coating processes address scalability and throughput
level that are paramount for high volume manufacturing
(HVM) and very large scale integration (VLSI). Additionally,
all steps for the fabrication of Ge nanofins were carried out at
room temperature (290K). Ge etching using CF4 for 9 seconds
was carried out for the pattern transfer of the γ-Al2O3 and HfO2
hardmask nanowires to the underlying GeOI. Well-defined Ge
nanofins were produced as shown from top-down SEM images
in Figure 3c (γ-Al2O3) and Figure 3d (HfO2) with good uniformity. Moreover, the cross-section SEM images displayed in
Figure 3e and f reveal well-defined Ge nanofins from γ-Al2O3
(Figure 3e) and HfO2 (Figure 3f) nanowire hardmasks. Clear evidence is revealed in the images of vertical and lateral dimensional control owing to the robustness of the etch mask and high
selectivity of the dry etching process. The vertical profile of the
Ge nanofins is also evident in the inset of each cross-section
SEM views. Feature sizes were measured at 9 nm while depths
were measured at 55 nm, i.e. an aspect ratio of 1:6.
In conclusion, we have presented a robust process flow for
the fabrication of well-defined high-aspect ratio sub-10 nm Ge
nanofin feature sizes with vertical and lateral dimensional control. The work demonstrates the level of accuracy in which a
high χ material could be used to template passivated GeOI substrate surfaces. Distinct and isolated Fe3O4, γ-Al2O3 and HfO2
nanowire hardmask arrays were also shown at GeOI substrate
surfaces and were found to perform as excellent hardmasks for
pattern transfer with each exhibiting similar efficacy. Highly
selective dry etch procedures were employed to pattern transfer

the on-chip etch masks to the underlying GeOI substrate to generate Ge nanofins. More significantly, the self-assembly of PSb-P4VP cylinders lying in-plane (CII), and selective P4VP infiltration with metal oxide material were all demonstrated with
high reproducibility using a topographical DSA methodology.
Graphoepitaxial HSQ prepatterns were fabricated using topdown electron-beam lithography to allow alignment and registration of cylinder forming PS-b-P4VP line-space features.
Subsequent metal oxide nanowire fabrication and optimized
etch time and chemistry enabled high-aspect ratio Ge nanofins
to be achieved in graphoepitaxy trenches. Overall, the work emphasizes the possibility to realize next-generation electronic devices based on GeOI material through DSA of BCP technology
for HVM and VLSI device designs.

Scheme 1. Process flow for fabrication of Ge nanofins. A. GeOI
substrate after HSQ (green) prepattern development for graphoepitaxy. B. PS-b-P4VP film after solvent vapor annealing producing
aligned P4VP cylinders parallel to substrate. C. Activated PS-bP4VP film after ethanol vapor exposure. D. Metal oxide nanowire
hardmask after spin coating metal-salt precursor and successful
metal ion oxidation and polymer template removal via UV/O3. E.
Aligned Ge nanofin fabrication following pattern transfer of hardmask.

Figure 1. Top-down SEM images of (a) open area of porous “activated” PS-b-P4VP films. (b) – (d) display graphoepitaxial alignment of “activated” features in HSQ prepatterns of 224 nm, 265 nm
and 361 nm channel widths respectively. SEM images in (e)-(h)
show corresponding Fe3O4 nanowire hardmask features after metal
oxide inclusion in open areas and within HSQ prepatterns. All scale
bars represent 250 nm. (i) Cross-section TEM image of Fe3O4 nanowire hardmask features in HSQ prepattern of 361 nm channel
widths [i.e. image (h)]. Scale bar is 50 nm. Note there is evidence
of a residual HSQ layer (between white lines). There is also possible evidence of hardened HSQ between Fe3O4 nanowires and along
surface of HSQ material.
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This information is available
free of charge via the Internet at http: //pubs.acs.org.
Materials used and experimental details, S1. Feature size
and pitch calculations, S2. XPS data of Fe3O4, S3. SEM
images of “activated” features in HSQ pre-patterns, S4.
SEM images of Fe3O4 nanowires following brief CF4
etch, S5. XPS data of γ-Al2O3 and HfO2.
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Figure 2. (a) Shows cross-section profile of aligned Ge nanofins
following pattern transfer. (b) top-down SEM image of parallel arrays of pattern transferred Ge nanofins in channel widths of 361
nm. (c)-(e) Low resolution and high-resolution TEM images of
graphoepitaxially aligned Ge nanofin structures corresponding to
(b).

Figure 3. Top-down SEM images of γ-Al2O3 nanowire (a) and
HfO2 nanowire (b) arrays following metal-salt inclusion process.
Insets in (a) and (b) show high resolution XPS scans for Al 2p and
Hf 4f peaks. Top-down SEM of Ge nanofins following pattern
transfer with (c) γ-Al2O3 nanowire hardmask and (d) HfO2 nanowire hardmask. Corresponding cross-section SEM images in (e)
and (f) reveal high uniformity of Ge nanofin structures. Main scale
bars represent 250 nm whilst insets are 50 nm.
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