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Functionalization of Ger manium Nanowir es
G. Collins™®, P. Fleming™®, C. O’Dwyer®, M. A. Morris*” and J. D. Holmes™"

* Department of Chemistry and the Tyndall National Institute, University College Cork,
Cork, Ireland.
°Centre for Research on Adaptive Nanostructures and Nanodevices (CRANN), Trinity
College Dublin, Dublin 2, Ireland.
“Department of Physics and Materials and Surface Science Institute (MSSI), University
of Limerick, Limerick, Ireland.

Halogen-termination and organic functionalization of germanium
(Ge) nanowires is described. X-ray photoelectron spectroscopy
(XPS), X-ray photoemission electron spectroscopy (XPEEM),
infrared spectroscopy (IR) and transmission electron spectroscopy
(TEM) were used to characterize the modified nanowire surfaces.
The stability of alkyl and alkanethiol monolayers formed on Cl, Br
and I-terminated surfaces are compared. The direct covalent
attachment of aryl ligands onto H-Ge nanowires can be achieved
by the decomposition of arenediazonium salts in acetonitrile
solutions. The influence of the ring substituent on the thickness
and uniformity of the functionalization layer was investigated.

I ntroduction

Germanium (Ge) offers potential advantages over silicon (Si) for performance gains in
high speed electronic devices due to greater free carrier mobility . There have been
advances in Ge nanowire growth and several groups have already demonstrated the
fabrication of single Ge nanowire devices such as field effect transistors (FETs)*” and p-
n junctions’. However, Ge possesses an unstable, non-uniform oxide surface on both
bulk and nanowire surfaces which gives rise to a poor Ge/GeOy interface characterized
by a high density of surface states '°. The negative influence of these surface states on
the electrical properties of nanowires has been theoretically and experimentally studied *-

The successful integration of Ge nanowires into many device applications
consequently requires effective surface oxide removal and passivation. This paper
describes the organic surface functionalization of hydride and halogenated Ge nanowires.
Alkylation and thiolation of the halogenated Ge nanowires was carried out using alkyl
Grignard reagents and alkanethiols, respectively. The stability of the alkyl and
alkanethiol passivation layers produced from the different halogen-terminated surfaces
was investigated. The use of arenediazonium salts as precursors for Ge surface
modification was also investigated. Reaction of H-terminated Ge surfaces with
arenediazonium salts resulted in the covalent attachment of aromatic ligands onto the
nanowire surface. The morphology of the functionalized nanowires was characterized by
transmission electron microscopy (TEM).



Experimental

Ge Nanowire Synthesis

The Ge nanowires used in this study were synthesized by the thermal decomposition of
diphenylgermane (purchased from ABCR, Germany) in the presence of gold-coated
silicon substrates in supercritical (sc) toluene. Details of the experimental set-up have
been described elsewhere'. The reactions were carried out at a temperature and pressure
of 400 °C and 24.1 MPa, respectively, yielding nanowires with a mean diameter of 80
nm. The nanowires displayed a predominately <111> growth direction, with <110> and
<112> growth directions also present.

Alkyl and Alkanethiol Functionalization

Diethyl ether (Et,O) was distilled from Na/benzophenone and anhydrous methanol
(MeOH) and isopropyl alcohol (IPA) were purchased from Sigma Aldrich. All other
reagents were purchased from Sigma Aldrich. All organic functionalization procedures
were carried under an inert atmosphere (N; filled glovebox, or Ar Schlenk line). Halogen
termination of the Ge nanowires was carried out by immersing the nanowires into 10 %
aqueous HCI, HBr and 5 % aqueous HI solutions for 10 min. The substrates were
washed with deionized water, IPA and dried under N,. The Ge halogenated nanowires
were functionalized with alkyl chains by immersion into a 1 M dodecylmagnesium
bromide (DD-MgBr) in Et;O and heated to 45 °C for 24-72 h. After the reaction the
substrates were soaked in anhydrous Et,O for 5 min and then rinsed with more Et,O.
This soaking/rinsing procedure was repeated 3 times. The nanowires were then rinsed
with MeOH and dried under N,. Ge nanowires were passivated with alkanethiols by
immersion into 0.1 M dodecanethiol in anhydrous IPA heated to 60 °C for 2-24 h.
Following the passivation procedure the substrates were soaked in IPA for 5 min and
rinsed with IPA (x 3). The nanowires were then rinsed with chloroform, MeOH and
dried with N,.

Functionalization of Ge Nanowires using Arenediazonium Salts

The arenediazonium tetrafluoroborate salts were synthesized from the corresponding
anilines according to literature procedures'®. Acetonitrile (MeCN) was distilled from
calcium hydride onto freshly prepared molecular sieves (3 A). The native Ge oxide was
first removed by immersing the nanowires into 5 % aqueous HF solution for 5 min. The
nanowires were then rinsed with deionized water, dried with Ar and transferred into a N,
glovebox (< 1 ppm O;). The nanowires were immersed in freshly prepared diazonium
salt solutions (1-5 mM) in anhydrous de-oxygenated MeCN. Functionalization reactions
were carried out at room temperature in a glove box, or at 50 °C on a Schlenk line under
an Ar atmosphere. Reaction times of ranging from 0.5, 2, 12 and 24 h were used. After
functionalization the nanowires were immersed in MeCN, soaked for 5 min and then
rinsed with more MeCN. The nanowires were then washed with anhydrous MeOH
followed by drying under a stream of N,.

Materials Characterization

Scanning electron microscopy (SEM) images were acquired on a FEI Inspect F, operating
at 5 kV accelerating voltage. Transmission electron microscopy (TEM) images were
acquired on a Jeol 2100 operating at voltage 200 kV accelerating voltage. X-ray




photoelectron spectroscopy (XPS) analysis was conducted on a VSW Atom tech System
with a twin anode X-ray source (Al/Mg).

Results and Discussion
Alkyl and Alkanethiol Functionalized Ge Nanowires

Fig. 1 (a) illustrates an SEM image of Au-seeded Ge nanowires used in this study. The
nanowires possess a native oxide, typically 2-5 nm in thickness, as illustrated in the TEM
image shown in Fig 1 (b). The Ge 3d XPS core level spectra shown in Fig. 1(c)
comprises of an elemental Ge peak, which exhibits spin-orbit splitting of 0.585 eV,
consistent with that of the Ge 3ds,; and Ge 3d;,, peaks, located at 28.6 eV and 29.2 eV,
respectively”. In addition to bulk Ge, 4 oxide associated peaks are present at higher
binding energies. H- and halogen (Cl, Br, I)-terminated Ge surfaces can be readily
prepared by treatment with aqueous halogenic acid solutions. The stability of theses
passivation layers increases with the increasing size of the passivating species, i.e. in H <
Cl<Br<I"

Binding Energy (eV)

Fig. 1 (a) SEM image of Ge nanowires, (b) TEM image of oxidized Ge nanowire and (c)
Ge 3d XPS core level spectra for oxidized Ge nanowires.

XPEEM measurements, shown in Fig 2, were used to evaluate the surface coverage of Br
and I passivated Ge nanowires. The presence of Br and I species on the nanowire surface
was clearly observed in the Br 34 and I 4d PEEM images and spectra, Fig 2 (a)-(c) and
(d)-(f), respectively. The halogen surface coverage can be estimated from the integral
intensities of the Ge and halogen XPEEM spectra. The intensities were corrected for
spectra that were collected at different photon energies. A detailed description of the
XPEEM data analysis is described elsewhere'”®. The monolayer surface coverage (6,)
was estimated from equation (1):

B I /o,
' (Ix/o-x)+(IGe/O-Ge) (1)

Where /i and /G, are the integrated intensities of the Ge and halogen species, respectively,
and oy, oge. are the corresponding photoionization cross sections taken from literature
values'. The estimated values for 6 and 6; were found to be 1.04 and 0.91,
respectively. It must be noted that errors such as non-linear background and
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approximations in photoemission cross-sections introduce errors in the surface coverage
calculations, estimated to be = 0.2.
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Fig. 2 XPEEM images and spectra of (a-c) Br-terminated nanowires, illustrating the Br
3d spectra and (d-f) I-terminated Ge nanowires, illustrating the I 4d spectra.

Fig. 3 illustrates XPS spectra of Cl-terminated Ge nanowires as well as alkane and
alkanethiol functionalized nanowires, obtained via chlorinated surfaces. After alkylation
with DD-MgBr there is an increase in the intensity of the C Is peak relative to the
chlorinated nanowires. After reacting the Cl-terminated Ge nanowires with Grignard
reagents for 24 h, Cl species are still observed in the XPS survey as shown by the
presence of the Cl 2s and Cl 2p peaks at binding energies of 269 and 200 eV, respectively
in the survey spectra can be observed . After 48 h, there was a reduction in the intensity
of the CI 2s peak, however the complete removal of Cl species on the alkylated surfaces
was not achieved. The high resolution Cl 2s spectrum shown in Fig. 3(b), taken after a
reaction time of 72 h, indicates that some CI atoms still remain on the nanowire surface.

In comparison to alkylation, thiolation reactions on chlorinated Ge surfaces showed no Cl
species in the XPS analysis after a reaction time of 4 h, as shown in the high resolution Cl
2s spectrum in Fig. 3(c). Fig. 3(d) displays the high resolution S 2p XPS core level
spectra of the thiolated nanowires prepared from Cl, Br and I-terminated surfaces. The
reaction proceeded on all of the halogenated surfaces and the S 2p peak, which is
centered at 162.7 eV, is in good agreement of with binding energies reported for thiolated
monolayers™ > .

The absence of halogen species in the XPS survey spectra, after thiol functionalization
indicates that alkanethiols are more effective in replacing surface halogen species
compared to alkyl Grignard reagents. After ~72 h immersion in the Grignard solution
there is negligible change in the intensity of the Ge:halogen XPS peaks, indicating that
further reaction with the remaining halogen species is unfavorable. It is well known that
the structure of alkyl Grignard reagents in solution is described by the Schlenk
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equilibrium which involves the co-ordination of solvent molecules to the Mg atom™.
Furthermore, ethereal solutions of Grignard reagents in a concentration range of 0.5-1 M
exist as dimeric complexes®®. Increased steric effects experienced by Grignard reagents
due to solvent co-ordination may also hinder the ability to access the halogenated species
on the nanowire surface, consequently resulting in unreacted residual halogen species
detected by XPS analysis.
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Fig. 3 (a) XPS survey scans of Cl-terminated Ge nanowires and alkylation and thiolation
functionalization via chlorinated surfaces, (b) Cl 2s core-level spectrum showing the
presence of Cl after an alkylation reaction time of 72 h, (c) CI 2s core-level spectrum
after thiol functionalization showing no Cl species present, (d) S 2p core-level spectra of
Ge nanowires thiolated from Cl, Br and I-terminated surfaces. The asterisks indicate
signals from the Si wafer.

Table 1 displays the aliphatic IR stretching frequencies of alkyl and alkanethiol
functionalized Ge nanowires. The C-H symmetric and asymmetric stretches occur at ~
2850 cm™ and 2920 cm™, respectively. These peak positions are in good agreement with
IR absorbance frequencies reported by Kosuri ef al.*® for alkanethiol functionalized bulk
Ge surfaces. The peak positions of the C-H stretching modes occur at lower frequencies
relative to isotropic liquid DDT, indicating a degree of crystalline order is present in the
alkanethiol passivation layer’**®. However, the asymmetric CH, stretching mode of
highly crystalline hydrocarbons typically appears at 2918 cm™ *°, suggesting that some
disorder is present in the alkyl and thiol functionalization layers. The vibrational modes
for alkylation via I-terminated surfaces exhibit the highest absorption frequencies
(vasCHy: 2925 cm'l, v,CH, 2851 cm'l, v,CHjs: 2960 cm'l) indicating the most disordered
passivation layer was achieved via an iodination/alkylation route. The presence of
unreacted halogen species or defects at the nanowire surface would be expected to disrupt
the ordering and assembly of the passivating ligands.



TABLE 1. IR stretching frequencies for alkyl and alkanethiol functionalized Ge nanowires

Halogen Vs (CH 2) Vs (CH 2) Vas (CH 3)
Alkylation IR Frequencies

(-Cl) 2852 cm’ 2922 cm’ 2956 cm’

(-Br) 2849 cm™! 2920 cm’ 2953 cm’

- cm’ cm’ cm’

(-I) 2851 cm™ 2925 cm’ 2960 cm”
Thiolation IR Frequencies

(-Cl) 2850 cm’ 2920 cm’ 2956 cm’

(-Br) 2850 cm’ 2920 cm’ 2955 cm’

- cm’ cm’ cm’

(-I) 2852 cm’ 2921 cm’ 2956 cm’

Stability of Alkyl and Alkanethiol Passivation Layers

The degree of re-oxidation of the Ge surface provides insight into the quality of the
passivation monolayers attained from the halogenated surfaces. Fig. 4(a) and (b)
illustrate the XPS Ge 3d peaks for CI/Br/l surfaces functionalized with alkyl and
alkanethiols, respectively, after one week exposure to ambient conditions. Overall, Ge
nanowires functionalized by alkyl Grignard reagents display a higher degree of re-
oxidation compared to alkanethiol passivated surfaces as indicated by the greater oxide
component in the Ge 3d spectra. A comparison of the spectra within Fig. 4(a) shows that
alkyl passivation via chlorinated surfaces exhibit the most oxidation, while passivation
via iodinated surfaces shows the least. The opposite trend is observed for alkanethiol
passivation, with Ge nanowires thiolated from Cl and Br-terminated surfaces showing no
oxidation after ambient exposure for 1 week, while thiolation via iodated surfaces do
exhibit some re-oxidation. The oxide shifted peak in the Ge 3d XPS core level spectrum
is small, indicating only minor oxidation of the surface.

b Ge3d

@ [Alkyltion |

Intensity
Intensity

34 VA 30 8
Binding Energy (eV) Binding Energy (eV)
Fig. 4 XPS spectra of (a) dodecyl and (b) dodecanethiol-functionalized Ge nanowires

from CI, Br and I-terminated surfaces after 1 week of ambient exposure.

6



Functionalization using Arenediazonium Salts

The use of arenediazonium salts as precursors for the surface functionalization of Ge was
investigated.  Fig. 5(a) shows the N [Is core level spectrum of Ge nanowires
functionalized using nitrobiphenyldiazonium tetrafluoroborate (NO,Ph-BD). The peak
located at a binding energy of 405.9 eV is characteristic of the NO, group, while the
second peak located at a lower binding energy of 399 eV corresponds to a reduced form
of nitrogen. Several groups have attributed the latter peak to the reduction of the NO,
group to amines (-NH,) under the XPS beam®”>', while others have associated the peak
at ~400 eV to the presence of azo (N=N) or azoxy (N=N-O) species that are incorporated
into the functionalization layer during the reaction’*>*. Importantly, the absence of a
peak associated with the diazonium group (N=N") at ~402 eV>°, suggests that the salt has
reacted with the Ge surface. Further evidence for covalent attachment of the aromatic
ligands is provide by the IR spectra, as illustrated in Fig. 5 (b), which compares the bulk
arenediazonium salts and functionalized Ge nanowires. The Ge nanowire spectra display
several structural features associated with the passivating ligands; the symmetric (vs) and
asymmetric (v4s) NO, stretches are observed at 1346 cm™ and 1522 cm™, respectively ™.
The C=C stretching vibration was also observed at 1597 cm™. Notably, there is a
disappearance of the vibrational band at 2250 cm™, characteristic of the N, group and
the absence of the strong broad absorption peak for BF,, located at ~1050 cm™ %. The
absence of these features is consistent with the XPS analysis and suggests the diazonium
salt moiety (N, BF, ") is no longer associated with the ligands.

a N 1s b |—— Diazonium salt - NOZPh-BD

405.9 eV (NO,)

o i o)
> AO 399 eV (amine/azo) S |(CH), )
8 8 . BF ~
s 5 —— Ge Nanowires 4
< 1]
<
”
v(C=C)
v,(NO,)
v (NO,)
410 3000 2500 2000 1500 1000
Binding Energy (eV) Wavenumber (cm™)

Fig 5. (a) N Is XPS core level spectrum of H-terminated Ge nanowires functionalized
with NO,Ph-BD. (b) ATR-IR spectra of NO,Ph-BD salt and functionalized Ge
nanowires.

Nanowires functionalized by immersion into NO,Ph-BD solutions for 2 h and 12 h are
compared in Fig. 6 (a) and (b), respectively. A reaction time of 2 h yielded a thin (1.5 -2
nm) homogenous organic layer on the nanowire surface. After a 12 h reaction time, the
thickness of the organic film increased to ~4 nm, accompanied by a slight decrease in
uniformity relative to the thinner functionalization layer. TEM analysis suggested that
the presence of aryl multilayers, which form as a result of an aryl radical attaching to an
already covalently bound ligand, as illustrated by the schematic in Fig. 6(c).



NO,Ph-BD - 2h

Fig. 6 TEM image of Ge nanowire functionalized with NO,Ph-DB using a reaction time
of (a) 2 h and (b) 12 h. (c) Schematic illustrating the radical mechanism for multilayer
formation.

The addition of aryl radicals to form multilayers proceeds preferentially via attack at the
3- and 5- ring positions (numbered relative to the diazonium group). Fig. 7 (a)-(c)
display a 40 nm and an 11 nm Ge nanowire modified with 3, 4, 5-
trifluorobenzenediazonium (Fs;-BD). The influence of ring substituents on multilayer
formation is apparent from the thickness of the functionalization layer; after a 12 h
reaction time the organic layer remained thin (~ 1-2 nm) and did not undergo multilayer
formation as observed with NO,Ph-BD. In F3-BD the 3-, 4- and 5- ring positions contain
F substituents and therefore blocked towards further attack from aryl radicals. Side
reactions with F3-BD can only proceed via radical attack on the 2- and 6- positions,
which is disfavoured by steric constraints from the nanowire surface, as illustrated by the
schematic shown in Fig 7. Fig 7 (d) shows the IR spectra of F3-DB modified nanowires
to confirm the presence of the organic functional layers. The absence of vibrational
bands attributed to the N, and BF,~ groups in the functionalized Ge nanowires suggest a
reaction with the surface. The nanowire spectrum displays the presence of the =C-F
absorption at 1242 cm™, typical of aromatic fluorocarbons”’, as well as the presence of
the C=C stretching vibration at 1518 cm”. Due to the high electronegativity of F
substituents, the intensity of the C-H in-plane bending vibration is greatly enhanced and
this can be seen at 1020 cm” *®  The results here illustrate the potential of
arenediazonium salts as precursors for the functionalization of Ge nanowires, which may
allow for the controlled growth of multilayer thin films or organic monolayers on the
nanowire surface.
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Fig. 7 (a)-(b) 40 nm and (c) 11 nm Ge nanowire functionalized with F5-BD, scale bars
10, 2 and 5 nm, respectively. (d) ATR-IR spectra of F3-BD modified Ge nanowires.

Conclusions

Organic functionalization of hydride and halogenated (Cl, Br, I) nanowires was
investigated. Attachment of dodecyl chains via Grignard reagents did not result in
complete removal of the surface halogens, even after long reaction times. Conversely,
after thiolation of the nanowire surfaces no halogen species were detected by XPS.
Incomplete surface functionalization via Grignard reagents was also reflected in stability
studies of the alkane and alkanethiol functionalized nanowires. After exposure to
ambient conditions for 1 week the alkylated nanowires showed a greater degree of re-
oxidation relative to thiolated nanowire surfaces. On the other hand, alkanethiol
passivation layers showed excellent ambient stability; functionalization from Cl and Br
surfaces showed no re-oxidation of the surface after 1 week, while those formed from
iodated surfaces only exhibited minor oxidation.

Functionalization of H-terminated Ge nanowire surfaces with aromatic ligands is possible
through the decomposition of arenediazonium salts in MeCN solutions. XPS and ATIR
analysis clearly identifies the spectral signatures of the functionalization ligands on the
Ge nanowires while also indicating the loss of the N," and BF, functional groups. The
nature of the ring substituents was found to influence the structure of the organic
functionalization layer obtained on the Ge nanowires.  For mono-substituted
arenediazonium salts the thickness of the organic layer increases with reaction time due
to the formation of aryl multilayers. Highly substituted aromatic rings however, resulted
in thin functionalization layers as multilayer formation is hindered.
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