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ABSTRACT: We report on the controllable doping of germanium nanowires (GeNWs) via selective molecule adsorption on
the surface dangling bond. The GeNWs investigated are fabricated by evaporating pure germanium powder. Electron spin
resonance analysis shows the presence of a surface dangling
bond with g value of 2.023 and a spin density of Cspin = 2.47 
1013 mg 1. The as-prepared undoped GeNW exhibits typical
p-type conduction behavior in air but n-type electrical characteristics in ammonia atmosphere. Signiﬁcantly, the conductance,
carrier mobility, and concentrations are found to be highly
dependent on vacuum and ammonia gas pressures. Such an
ambient eﬀect could be explained by a surface dangling bondmediated molecule doping model, according to which an acceptor or donor level is formed by water or ammonia adsorption,
respectively. The generality of the above results suggests that surface dangling bond-mediated molecule doping may be applicable to
modulation of the electrical characteristics of other semiconductor nanostructures.

1. INTRODUCTION
Germanium, like silicon in group IV, is a very important
material in semiconductor industry for its wide applications
in fabricating various optoelectronic devices such as sensitivelight photodetector,1,2 integrated circuits,3 ﬁeld eﬀect transistor
(FET),4,5 lithium battery,6,7 and high-eﬃciency photovoltaic
cells.8 One-dimensional germanium nanowires (GeNWs) have
received special research interest lately due to their obvious
superiority over silicon nanowires (SiNWs): (1) larger Bohr
excitonic radius (24.3 nm for Ge vs 4.7 nm for Si), which allows
a more prominent quantum conﬁnement eﬀect;9 (2) higher
electron and hole mobilities (μ e =3900 cm 2 /(V s) and
μh =1900 cm2/(V s) for Ge versus μe =1500 cm2/(V s) and
μh =450 cm2/(V s) for Si);10 and (3) predicted nanostructures
with typical direct band gap characteristics.11,12 To date, many
progresses have been achieved in the synthesis of GeNWs; those
includes electron beam lithography,13,14 laser ablation,15 physical
or chemical vapor deposition,16 18 oxide-assisted growth,19
solution growth methods,20 22 and so on.
Owing to the huge surface-to-volume ratio, the prominently
diﬀerent bonding characteristics and environment of the surface
and interior make 1D semiconductor nanostructures de facto
core shell composites that typically have distinctly diﬀerent
properties from their bulk counterparts. Take SiNWs, for
example. It has been reported that the surface species including impurity atoms termination, surface dangling bond, and
r 2011 American Chemical Society

adsorbents can signally inﬂuence their global fundamental properties (electrical, thermal, etc.).23 25 This feature has been employed
to not only develop chemical, gas, and biological sensors with
exceptionally high sensitivity and good selectivity26,27 but also
to enable us to adjust the electrical property of the NWs by
introducing diﬀerent molecules on the their surfaces, which is
completely diﬀerent from the traditional volume-doping method
by intentionally incorporating impurity atom into the bulk
crystals. Despite these progresses in SiNWs, there is a sparsity
of research activity dealing with the surface on GeNWs properties. As a result, the surface chemistry dependent electrical
conduction property of GeNWs remains much less explored
and understood thus far.28,29 In this study, we present an
investigation of ambient-dependent electrical conduction behavior of undoped but surface dangling bond-rich GeNWs by
combination of both experimental characterization and theoretical simulation. The observed eﬀective molecule doping will not
only help provide a new alternative for modulation of semiconducting structures at nanoscale but also facilitate the development of new types of gas sensors with high sensitivity and good
selectivity.
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2. EXPERIMENTAL SECTION
Synthesis of the GeNWs. The synthesis setup used in this study is a
high-temperature, three-zone tube furnace. To grow GeNWs, we placed 2 g
of germanium powder (99.99%, purchased from Sigma-Aldrich Company)
in an alumina boat at the zone 2. A piece of SiO2 (500 nm)/p+ Si wafer
coated with a very thin layer of gold film was placed on zone 3, which is
∼17 cm from the germanium source. After the tube was pumped down to a
pressure of 1  10 2 mbar, high purity of mixed gas of H2/Ar (5%/95%)
was fed at a rate of 20 sccm. The zones 1 and 2 were then increased to
900 °C at a rate of 15 °C/min, and zone 3 was increased to 450 °C at a rate
of 7.5 °C/min and kept for ∼1 h. During the whole growth, the system was
maintained at ∼200 mbar. Finally, the products were collected from the
SiO2/Si substrate after the system was allowed to cool to nature temperature
under the same gas flow and pressure.
Construction of the Single GeNW Field Effect Transistor.
The collected substrate containing GeNWs was first immersed into a
diluted HCl aqueous solution (0.1 M) for 30 s to remove germanium
oxide formed during high-temperature growth. The GeNWs were
then washed with distilled water and absolute alcohol, followed by
transfer to an eppendorf to form dispersion. To construct the FET,
we placed a drop of GeNW dispersion on SiO2 (300 nm)/P+ Si
wafer to form a relatively uniform distribution of NWs on the substrate with desired density. Photolithography technique was utilized
to define both source and drain electrodes. The gold electrodes
were deposited by a high-vacuum (5  10 8 mbar) electron-beam
evaporator.

Characterization of the GeNWs and Electrical Study of the
GeNW-FET. The morphology, composition, and crystal structure of
the product were investigated by scanning electron microscope (SEM,
Philips XL 30 FEG), transmission electron microscope (TEM, Philips
CM20, operating at 200 kV), high-resolution transmission electron
microscope (HRTEM, Philips CM200 FEG, operating at 200 KV), and
X-ray diffractometer (XRD, Siemens D-500). X-ray photoelectron
spectroscopy (XPS) analysis was performed on a VG ESCALAB 3
spectrometer, using a monochromatic Al Kα source (1486.6 eV) at a
base pressure of <10 9 Torr. For ESR measurements, ∼30 mg of
GeNWs powder was filled in a standard ESR quartz sample tube.
The ESR system (Bruker EMX-10/12) was operated at 9.75 GHz
with modulation amplitude of 0.2 G and microwave modulation frequency of 100 kHz. For quantitative purpose, emery stone
(g = 2.005) with a well-defined spin density of 1015 was employed as a
standard reference. The evaluation of the GeNWs FET was carried
out using a semiconductor I V system (CSC 4200, Keithley) with
picoampere resolution.
Theoretical Simulation. We performed the density functional
theory (DFT) calculations with the generalized gradient approximation
(GGA) available in the VASP method. We set the energy cutoff at
420 eV and employed the PW91 exchange-correlation functional. The
distance between GeNWs in neighboring supercells is 9 Å, which is large
enough to eliminate cell-to-cell interaction. We adopted the MonkhorstPack sampling with a 1  1  4 k-point grid for the optimization of
GeNWs, which was 1  1  10 for the band structures’ calculation. For
the GeNWs with DBs, we calculated a supercell containing 175 atoms
(with a 1  1  1 k-point grid) with the lattice of 17.08 Å along the axis
direction, in which the DB interaction from different cells can be
ignored. Using the conjugate gradient method, we fully optimized both
the atomic configurations and the lattice constant of all models, with the
force criteria set at 0.01 eV/Å.

3. RESULTS AND DISCUSSION
The GeNWs used were fabricated via conventional thermal
evaporation of high-purity Ge powder. The fabrication setup is a

Figure 1. (a) Schematic illustration of the GeNWs synthesis setup.
(b) XRD pattern of the as-collected GeNWs after brief immersion into
diluted HF aqueous solution.

three-temperature-zone tube furnace (cf. Figure 1a). After
growth, the crystallinity of the products was brieﬂy immersed
into a diluted HF solution prior to XRD investigation. Figure 1b
depicts the diﬀraction pattern acquired from the NWs, in which,
all ﬁve peaks in the range from 20 to 80° can be readily indexed to
diamond-like cubic phase Ge (JCPDF card no. 04-0545).30
The SEM image in Figure 2a reveals high-yield growth of NWs
material on the substrate. The GeNWs are up to tens of
micrometers in length and exhibited high purity without any
appreciable byproduct. Figure 2b shows a TEM image of a typical
GeNW tipped with a gold nanoparticle (cf. SI-Figure 1 in the
Supporting Information), whose presence suggests that during
synthesis Au particles directed the 1D growth of GeNWs at high
temperature via the widely accepted VLS mechanism.31,32
Further selected area electron diﬀraction (SAED) combined
with HRTEM study conﬁrms the high-quality single-crystalline
GeNWs grown by the thermal evaporation method. Careful
examination of lattice fringes of more than 10 GeNWs indicates
that the majority of the GeNWs have growth orientation along
[110], whereas a fraction of GeNWs along [111], both of which
have been observed on GeNWs synthesized via chemical vapor
deposition approach.33 36
XPS experiment was performed to analyze the chemical
composition on the NWs surfaces. As shown in the SI-Figure 2
in the Supporting Information, XPS survey spectrum is mainly
composed of four typical peaks located at 30, 84, 285, and
532.5 eV due to Ge 3d, Au 4f, C 1s, and O 1s, respectively. The
carbon peak attributable to surface adsorption is often observed
in many other semiconductors nanostructures, and as usual, its
24294
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Figure 2. (a) SEM images of the GeNWs. Inset is a typical digital
camera picture of the product. (b) TEM image of the GeNW with a gold
nanoparticle on the head. (c) TEM image and selected area electron
diﬀraction pattern (inset) of a typical GeNW with growth orientation
along [110]. (d) HRTEM image of the GeNW shown in panel c.
(e) TEM image and selected area electron diﬀraction pattern (inset) of a
typical GeNW with growth orientation along [111]. (f) HRTEM image
of the GeNW shown in panel e.

nominal inﬂuence can be left aside in the present study.37 To get
more information about the surface species, the Ge 3d peak was
scanned individually. The XPS spectrum in Figure 3a shows the
presence of germanium in the form of Ge, GeO, and GeO2. The
zerovalent Ge0 is in the range from 29.2 to 30.2 eV, and Ge2+ and
Ge4+ are in range from 31.2 to 32.6 eV. According to previous
work, the Ge oxide and suboxide on GeNWs surface are formed
at the sacriﬁce of Ge H and Ge Ge bonds, which has been
veriﬁed by FTIR.38
Previously, Si oxide (including suboxide) and dangling bond
have been observed on SiNWs that are prepared via oxideassisted growth method.39 To explore the possible presence of
similar species on GeNWs, we carried electron spin resonance
spectroscopy (ESR). Interestingly, the ESR spectrum as a function of external magnetic ﬁeld in Figure 3b displays a distinct
resonance at magnetic ﬁeld of 3444.2 G with a line width of 40 G
and g value of 2.023, suggesting the existence of unpaired orbits
on the GeNWs surface. The g value is consistent with previous
literature value of amorphous germanium and single crystal.40,41
Because of limited relevant information available at present, it is
impossible to ﬁgure out the precise structural conﬁguration of
such surface dangling bonds. However, the overall spin density
could be determined to be Cspin = 2.47  1013 mg 1 from the
ESR line by double integration of the experimental curve and
comparison with emery stone.
To evaluate the electrical conduction property of the undoped
GeNW in air, we measured the hole mobility and concentration
of FET made from single GeNW. Figure 4a gives a schematic
illustration of the device conﬁguration, in which two parallel gold
electrodes are bridged by an individual GeNW. The diameter of
the NW is ∼80 nm, and the eﬀective gate length is 2.5 μm.
Figure 4b shows the typical gate-dependent source-drain current
versus source drain voltage curves at gate voltages from 40 to
0 V. Signiﬁcantly, the conductance of the GeNW was found
to increase (or decrease) with decreasing (or increasing) Vg,
indicating typical p-type conduction characteristic. Figure 4c
plots the typical transport characteristics of the GeNW-FET at

Figure 3. (a) XPS spectrum for Ge 3d peak. The labeled peaks are
curve-ﬁtting results, showing various surface chemical compositions.
(b) ESR spectrum of GeNWs and standard reference at room temperature.

Figure 4. (a) Schematical illustration of the GeNW-FET. (b) Ids versus
Vds curve under diﬀerent Vg. Inset is the SEM image of a typical GeNW-FET.
(c) Ids versus Vg curve at Vds = 0.5 V. (d) Statistical distribution of both hole
mobility and concentration for 10 GeNWs.

a ﬁxed Vds of 0.5 V. By ﬁtting the linear part of the Ids-Vg curve,
the turn-on threshold voltage (Vth) and transconductance (gm),
24295
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Figure 5. (a) Current variation of a typical GeNW in both air and vacuum; during measurement, Vds is kept at 3 V. (b) In vacuum, Ids versus Vds curve
under diﬀerent Vg. (c) Ids versus Vg curve at Vds = 0.5 V. (d) Hole concentration and mobility at ambient pressures of 0.01, 0.1, 1, 10, and 100 Torr.

according to gm = dIds/dVg, are estimated to be 24.7 nS and
40 V, respectively. Hole mobility (μh) can be described by the
formula of μh = gmL2/CVds, where C is the NW capacitance and
L is the eﬀective GeNW length between electrodes. Assuming a
cylinder on an inﬁnite plate model for the GeNW-FET, the
channel capacitance is determined by C = 2πε0εr,eﬀL/cosh 1(t/r),
where εr,eﬀ is the eﬀective dielectric constant for SiO2, t is the
distance between p+-Si substrate and the center of the GeNW,
and r is the radius of the GeNW. On the basis of the above values,
C and μh are calculated to be 2.01  10 16 F and 15.4 cm2/(V s),
respectively. The resistivity of the GeNW is 3.01 Ω cm according
to F = Rπr2/L; the hole concentration (nh) is estimated to be
1.35  1017 cm 3 from the relation of nh = 1/Fqμh. Hole
mobility and concentration of 10 GeNWs were examined to
evaluate systematically the electrical property of GeNWs from
the same sample, as depicted in Figure 3d; it is visible that the
majority of hole mobility for GeNW-FET lies in the range from
10 to 70 cm2/(V s), and hole concentration is in the range from
1015 to 1018 cm 3. Understandably, this variation can be ascribed
to the diﬀerent surface state, which is resultant from diameter
ﬂuctuation.
As to the electrical property of intrinsic germanium bulk, it is
well-established that electrical conduction can take place if
electrons are generated by the addition of external energy in
the form of light or heat, creating equal numbers of carriers. This
will lead to weak n-type electrical characteristics because the
electron mobility is approximately twice as great as that of hole.
However, in this study, the conductivity of undoped GeNWs is
dominated by holes, in consistence with the GeNWs obtained by

Figure 6. (a) Current variation of a typical GeNW in vacuum and upon
NH3 purging; during measurement, Vds is kept at 3 V. (b) Resistivity at
ammonia pressure of 0.1, 1, 5, 10, 50, 100 Torr. Inset is the carrier
concentration at ammonia pressure of 0.1, 1, 5, 10 Torr. (c) Ids versus
Vds curves at diﬀerent gate voltages in ammonia gas with pressure of
5 Torr. Inset is the Ids versus Vg curve, when Vds = 0.1 V. (d) Ids Vds
curves at diﬀerent gate voltages in ammonia gas with pressure of 50 Torr.

a vapor liquid solid (VLS) method.42 We attribute such a
p-type behavior to the strong surface eﬀect considering the
24296
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following fact: (1) The GeNWs were prepared by means of
evaporating pure Ge powder; this ensures that the GeNWs are all
undoped. (2) Although gold nanoparticles were used as catalyst
and some of the Au atoms in the junction area may inevitably
diﬀuse into the GeNWs body during growth, the resultant
defect level is too deep to contribute to the p-type conduction
characteristic.43
Next, electrical property of GeNW at diﬀerent ambient was
compared with the unveiled ambient eﬀect. Figure 5a plots the
current evolution measured alternately in vacuum and in air.
Apparently, the GeNW shows reversible switching between high
and low conductance with a current ratio (Iair/Ivac) of about one
to two order, when the ambient was switched from air to vacuum.
Comparison of Ids-Vg characteristics in air and in vacuum (0.01 Torr)
found that the hole mobility decreases from 15.4 cm2/(V s) in air
to 6.16 cm2/(V s) in vacuum. Meanwhile, hole concentration
decreases from 1.35  1017 to 2.69  1016 cm 3. Further study
of six representative GeNWs conﬁrms the high reproducibility of
such an ambient eﬀect (cf. SI-Figure 3 in the Supporting
Information). Figure 5d shows the change in electrical property
at diﬀerent ambient pressure (0.01, 0.1, 1, 10, and 100 Torr).
A gradual increase in both hole concentration and mobility is
observed with increasing pressure. That is, the higher the
pressure, the higher the hole concentration and mobility. In view

Figure 7. (a) Geometry of H-terminated GeNW. (b) Corresponding
band structure.

ARTICLE

of the tight relationship between water molecule and vacuum
pressure, the notable ambient-dependent electrical property can
be regarded as a consequence of water molecule adsorption.
Theoretical explanation on how water molecule aﬀects the
GeNWs’ electrical property will be entertained later on.
The response of GeNW to NH3 was also investigated. To
eliminate the interference from water molecules, the chamber
was ﬁrst evacuated by rotary pump for ∼60 min to allow the
conductance to stabilize completely. It is interesting to observe
that when the GeNW was exposed to NH3 (5 Torr), the current
suddenly slashed at ﬁrst and then bounced sharply to ∼10 7 A,
namely, in a V shape. In fact, this phenomenon is also echoed by
the resistivity as a function of NH3 pressure in Figure 6b. For
cause analysis purpose, we studied the Vg-dependent Vds-Ids
curve at 5 Torr. As shown in Figure 6c, remarkably, it demonstrates typical n-type electrical conduction behavior with electron
mobility and concentration of 0.503 cm2/(V s) and 4.95 
1016 cm 3, respectively. Moreover, a similar ammonia pressuredependent electrical property is also observed at pressures
ranging from 1 to 10 Torr. Considering that the undoped
GeNWs in vacuum exhibit typical p-type electrical conduction
behavior, the aforementioned V-shape in current may be accountable with rapid carrier compensation.44 As the pressure
increased to 50 Torr, the current increased to ∼10 5 A accordingly. Vds-Ids curve at this pressure (Figure 6d) reveals that the
contact between NW and gold electrode becomes nonlinear and
asymmetric, probably as a result of the formation of Schottky
contact. Besides, the gate voltage cannot modulate the source
drain current, suggesting a very high concentration of electron
generated at this pressure. These results deﬁnitely prove that the
electron concentration can be eﬀectively tuned by NH3 pressure.
To elucidate the origin of the above molecule-induced doping
eﬀect, hydrogen-terminated GeNWs without any molecules
adsorption and surface dangling bonds were ﬁrst considered.
As expected, it fails to induce an energy level within the band
gap in the form of either acceptor level (p-type) or donor level

Figure 8. (a c) Geometries of H-defect GeNW, H-defect GeNW with an adsorbed H2O, and NH3 molecule, respectively; the arrow in yellow color in
panel a points to the position of the surface dangling bond. (d f) Band structures for panels a c, respectively. H-defect yields p-type doping. H2O can
enhance the p-type doping, whereas NH3 yields n-type doping. Red and cornﬂower blue spheres denote O and N atom, respectively, whereas white and
dark cyan spheres, respectively, represent H and Si atom.
24297
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(n-type), which is usually responsible for extrinsic electrical
conduction (cf. Figure 7). This result explicitly excludes the
possibility that the p-type electrical conduction of the GeNW in
vacuum is due to hydrogen termination. On the basis of ﬁrstprinciples calculations, Rurali et al. lately reported that n-type and
p-type doping of surface dangling bond-riched Si nanowire could
be theoretically achieved by exposure to NH3 and NO2,
respectively.45 Enlightened by this, we propose that the selective
molecule doping be attributed to the similar mediation role the
surface dangling bond played at diﬀerent ambient, given that
silicon and germanium share many properties in common, and
there is indeed a large quantity of surface dangling bond observed
on the as-synthesized GeNW surface. To justify this hypothesis,
we simulated at diﬀerent ambient the defect level variation of the
dangling bond-riched, [110]-oriented GeNW. The surface dangling bond was formed by removing one hydrogen atom from the
H-terminated GeNW, which has been universally adopted in
GeNW- and SiNW-related theoretical simulation.46,47 Additionally, the GeNW under investigation was a typical [110] one with
a rhombus cross-section enclosed by (111) facets. A collection of
the geometry of dangling bond-riched GeNW at diﬀerent
ambient and their corresponding band structures are shown in
Figure 8, from which it can be easily found that the defect level
(Ed) without any molecule adsorption is 0.39 eV above the
valence band maximum (VBM) and 0.43 eV (Ea) below the
conduction band minimum (CBM). Interestingly, upon absorption of a water molecule, the Ed and Ea become 0.34 and 0.50 eV,
revealing that the p-type conduction was enhanced, but when the
absorbent was substituted with a NH3 molecule, the defect level
(Ed/Ea of 0.55/0.28 eV) moves to CBM to give rise to typical ntype electrical characteristics. These results are in good agreement with the foregoing experimental observation. It is worth
noting that when water molecule adsorbs on surface dangling
bond it is virtually a very weak interaction, and thus there is no
chemical bond formed between Ge and O atoms, but when a
NH3 molecule is placed near the surface dangling bond, N Ge
bonding with energy of 0.5 eV (48.16 kJ/mol, similar to van der
Waals force) was formed according to our theoretical calculation,
yet the bonding is so weak that it is apt to break oﬀ with ease
when NH3 desorbs.

4. CONCLUSIONS
In summary, we have fabricated single-crystal GeNW on large
scale by a general thermal evaporation approach. ESR analysis
clearly shows the presence of surface dangling bond with g value
of 2.023 and a spin density of Cspin = 2.47  1013 mg 1. The asprepared GeNW shows typical p-type conduction behavior in air
but n-type electrical characteristics in ammonia atmosphere.
Additionally, in both cases, the carrier concentration and mobility can be tuned by the gas pressures. Such surface moleculedependent electrical characteristics can be satisfactorily interpreted by surface dangling bond-mediated molecule-doping
model. The totality of the above results corroborates that
appropriate molecule adsorption on the surface dangling bonds
can allow eﬀective doping, which is of signiﬁcance to development of high-performance sensor and electronic devices.
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and concentration in vacuum and air. This material is available
free of charge via the Internet at http://pubs.acs.org.
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