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ABSTRACT. 

Varying the growth conditions of gallium seeded germanium nanostructures leads to significant 

variations in morphology and particularly of the electronic properties inducing a transition from 

the hyperdoping regime to intrinsic germanium crystal formation. The consumption of the 

growth seed leads to nanocones with incorporation of ~3.8±0.7 at% Ga at temperatures below 

350 °C while a high density of Ge nanowires with constant diameter can be obtained at higher 

temperatures. The high temperature Ga-seeded Ge nanowires exhibit electronic properties of 

intrinsic Ge nanowires.  
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Ge nanowires (NWs) have demonstrated their potential for different applications including 

field effect transistors,1 lithium ion batteries,2 solar cells3 and humidity sensors.4 A wide range of 

bottom-up and top-down approaches have been successfully applied to prepare Ge NWs.5 

Among the large variety of preparation techniques, metal-assisted, bottom-up growth is the most 

popular approach to obtain Ge NWs with smooth side walls and tunable diameters. More 

specifically, different metallic growth seeds have been identified to facilitate the formation of 

highly crystalline Ge NWs, while the temperature window of their activity to serve as nucleation 

seed varies.6-8 In addition to the morphological control, the implementation of these 

nanostructures in device architectures as well as the actual suitability of a semiconductor NW 

often requires a doping of the Ge crystal, which is typically achieved in situ during crystal 

growth.9-11 In the recent past, the incorporation of dopants in the Ge host lattice has been in the 

focus of several studies. For instance, the effective doping of Ge nanostructures with group III 

atoms as p-dopants has been observed in low temperature synthesis using Ga, In, and Bi. 12-13 14 

Especially the incorporation of high Ga percentage in anisotropic Ge crystals via a low 

temperature chemical vapor deposition,12 thermally induced liquid-based crystal growth15 and 

electrodeposition using Ga electrodes16-18 was described to result in homogeneously distributed 

dopants that are electronically active. The use of a metal acting as a crystal growth promoter and 

an incorporation in the wire material in large quantities to obtain a binary compound can be 

described as a modified version of a self-seeding mechanism. This technique of using a metal 

particle as an efficient source of a component was first described for Ga- and In-based III-V 

semiconductor nanowire growth.19-21 Adapting this method allows the formation of metastable 

materials at low temperature by incorporation of the seed material in the growing Ge lattice in 

the percent range and thus altering the physical properties of the material dramatically.12, 22-24  
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We report two regimes for anisotropic Ge crystal growth using Ga as metallic seeds. Low 

temperatures < 350 °C result in an effective incorporation of Ga into the NW during the growth, 

which can be associated with Ga-hyperdoping. Higher temperatures above 360 °C prevent the 

integration of Ga in the growing semiconductor crystal. The resistivity values of the Ga-seeded 

Ge NWs (1.5∙10-2 Ωm) are comparable with intrinsic Au-seeded Ge NWs (8.8∙10-3 Ωm) and an 

increase by 6 orders of magnitude upon cooling from room temperature to 10 K is observed. 

Two-terminal devices with Al as contact material show typical Schottky field effect transistor 

(FET) behavior with ambipolar switching but suggest weak p-type behavior that can be caused 

by trap states at the surface and metal-semiconductor interface.  

RESULTS AND DISCUSSION  

 
Nanostructures presented in this study are exclusively prepared in a two-step preparation 

method. First Ga seeds are formed by thermal decomposition of Ga(N(CH3)2)2 in toluene at 

350 °C. Subsequently the Ge nanostructures are grown by liquid injection CVD using 

diphenylgermane (DPG) diluted in toluene at temperatures between 300-400 °C. Figure 1a 

shows a typical scanning electron microscopy (SEM) image of Ga-seeded Ge crystal growth at 

340 °C illustrating the consumption of the Ga particle. The shrinking diameter of the crystal with 

length is a common feature when the metallic growth seed is consumed during growth.22, 25 A 

scanning transmission electron microscopy energy dispersive X-ray spectroscopy (STEM-EDX) 

map for Ga and Ge is shown in the inset of Figure 1a. The Ga seed at the NW tip is located on 

top of the tapered NW indicating the aforementioned incorporation mechanism associated with 

catalyst consumption resulting in nanocone morphologies. The cone structures are highly 

crystalline according to the high resolution transmission electron microscopy (TEM) image in 

Figure 1b and the growth direction can be assigned to be along the 〈111〉-direction as illustrated 
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in the corresponding fast Fourier transformation (FFT) image. The Ga content is in the range of 

~3.8±0.7 at% for different Ge nanocones and homogeneously distributed within the Ge crystal 

matrix as shown in Figure 1c. This Ga content is close to the previously published Ga-

hyperdoped Ge NWs prepared in the temperature range of 210-230 °C.12 Therefore, similar 

solute trapping mechanism of Ga at step edges during the Ge NW growth is expected even at 

>100 °C higher temperatures as described in the previous study. The efficiency of Ga 

incorporation can be also a consequence of the similar atomic radii of Ga and Ge and thus an 

absence of strain by the incorporation of the metal in the semiconductor lattice.26 The solute 

trapping model has been discussed in literature for the incorporation of unusually high Al 

contents in Si NWs and should be valid also in this case.27-28 The high Ga concentration trapped 

in the Ge matrix represents a metastable material composition as described in literature and 

illustrated by STEM-EDX showing a clustering of Ga during annealing at 400 °C.12 

In contrast to cone-like structures observed at temperatures <350 °C, a high density of Ge 

NWs with constant diameter can be obtained by increasing the synthesis temperature to ~400 °C 

during the CVD growth using DPG. No notable tapering is discernible in these NWs and their 

diameter is usually in the range of 10-20 nm while typical lengths are several micrometers as 

shown in the SEM image in Figure 2a. High resolution TEM shows highly crystalline Ge. The 

Fast Fourier Transformation (FFT) pattern shown in the inset depicts the growth direction of the 

Ge NWs to be along the 〈110〉-axis, which is the typical orientation for group IV NWs of this 

small diameter regime.29-30 The 〈110〉 growth direction of small diameter group IV NWs has 

been attributed to energy contributions of side facets;31-32 however, the contributions of side-wall 

adsorption of decomposition products cannot be ruled out and variations of adsorbates on side 

facets have been described to cause changes in growth direction.33-35 Therefore, the changes in 



 6 

growth direction with temperature cannot be assigned unequivocally to size effects, even though 

the same DPG precursor results in different preferred growth directions upon changes in NW 

diameter.30 

EDX-maps for these NWs do not show any preferential Ga incorporation in the NWs 

(Figure 2c). A significant consumption of Ga due to the incorporation in the Ge lattice, which 

would be associated with decreasing diameter as discussed above, was not expected from SEM 

images either showing constant Ge NW diameter for several tens of nanometers (Figure 2a). 

However, given the resolution limit of EDX of ~0.5 at% an incorporation of a low Ga 

concentration cannot be excluded by this technique and the determination of activated dopants 

via the electronic properties can be used to gain further knowledge.  

The electronic properties of Ga-seeded Ge NWs grown at higher temperatures of ~400 °C have 

been determined. Devices of individual NWs have been prepared by drop-casting NWs from an 

isopropanol solution on Si substrates with a 100 nm thick, thermally grown SiO2 layer. The Ge 

NWs have been contacted by aluminum pads fabricated by electron-beam lithography, sputter 

deposition, and lift-off techniques. Two-terminal I/V measurements of Ga-seeded Ge NWs show 

typical back-to-back Schottky contacts and significant influence of the contact resistance. Four-

terminal measurements are used to exclude the contact resistances and related I/V curves are 

shown in Figure 3a. The resistivity values determined from four-terminal devices are 1.5∙10-

2 Ωm for Ga-seeded Ge NWs and 8.8∙10-3 Ωm for the Au-seeded Ge NWs at room temperature. 

These results illustrate that the Ga-seeded Ge NWs are behaving like intrinsic Ge and not like the 

previously described CVD-grown Ga-hyperdoped Ge0.97Ga0.03 NWs with a resistivity of 3∙10-

6 Ωm12 and electrochemically prepared Ge0.9Ga0.1 microwires ~4∙10 -4 Ωm.18 The temperature 

dependence of resistivity is shown in Figure 3b illustrating a change of six orders of magnitude 
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upon cooling from 300 to 4 K mirroring the Au-seeded NWs electronic behavior. In contrast, the 

Ge0.97Ga0.03 NW grown in the low temperature region exhibit a weakly metallic-like temperature-

dependent resistivity.12  

The transition from hyperdoping with significant Ga incorporation to a material with the 

characteristics of intrinsic Ge is first and foremost attributed to the higher temperatures used 

during the crystal growth. This thermodynamic effect could either facilitate Ga diffusion of 

potentially trapped atoms back into the Ga metal seed or prevent the incorporation due to the 

high covalency of the Ge crystal. Moreover, a diameter-dependence for the incorporation of Ga 

atoms at substitutional sites in Ge should not be neglected and cannot be excluded. Diameter-

dependent dopant location has been described in literature for Si NWs, illustrating a transition 

from NW-bulk doping to a surface enrichment for diameters in the range of ~20 nm.36 This is 

very close to the Ge NW diameter observed in the here presented study. Considering the high 

mobility of Ga and its tendency of diffusion at elevated temperatures, these atoms could be 

recollected at the growth front by surface diffusion or a very small number of Ga atoms at the 

surface layer could be deactivated by post-growth oxidation. The exact reason for this peculiar 

effect of Ga incorporation inefficiency is not clear yet. Models describing the self-cleaning of 

semiconductor nanocrystals and doping limits depending on the crystal size usually refer to 

crystal sizes below 5 nm in diameter which is much small than in the here described NWs.37-38 In 

addition, the type of doping in a semiconductor material and the growth temperature have 

significant influence on the critical diameter.39 Several factors can influence the composition of a 

doped crystal including the general crystal growth kinetics, time between layer nucleation events 

in a step-flow growth model associated with the impurity trapping mechanism of NW growth.40-

41 To date, information about the interface between the Ga metal seed and the forming Ge crystal 
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under growth conditions, which could be a tilted (111) or a horizontal (110) Ge facet,31 is 

currently missing and could provide further insight in potential influences on the material 

composition.31 An indication on the potential diameter influence on the composition could be 

observed in individual cases, where a transition from cone to a NW structure with a constant 

diameter was evident. These structures showing both regimes have been obtained at growth 

temperatures close to 350 °C as shown in Figure S1 of the supplementary information. For 

typical cone-type structures there is no indication of a diameter-dependent Ga incorporation 

efficiency towards the tip section and the Ga content remains constant for diameters down to 

20 nm in the tip region (Figure S2). 

Although the I/V measurements as well as the temperature dependence of resistivity show the 

characteristic of intrinsic Ge NWs, according to negative surface charges accumulating in 

interband trap levels,42 a weak overall p-type behavior of the NWs was observed (Figure 4). The 

conductivity in the channel can be altered by applying a back-gate voltage modulating the charge 

carrier concentration and shifting the Fermi level of the Ge NW. Considering the sweep from 

negative to positive gate-voltage (red line), at VG = -2 V the current through the NW reaches its 

minimum. Thus, in a simplified model (i.e. no barriers at the contacts and no band bending 

across the NW) it can be assumed that the conductivity at this point of the transfer characteristic 

corresponds to the conductivity of the intrinsic semiconductor.10 By decreasing VG, a higher 

current through the channel is recorded due to a shift of the Fermi level towards the valence 

band, which increases the hole concentration and thus conductivity of the Ge NW. In contrast, 

for an increase of VG beyond VG = -2 V, inversion takes place and a transition from hole to 

electron dominated transport regime is observed. This ambipolar behavior is a common property 

observed in semiconductor NWs.43 The measurements further reveal a highly reproducible 
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hysteresis for changing the sweep-direction of the transfer characteristic. According to the large 

surface-to-volume ratio of the Ge NWs, this is attributed to kinetic effects, mostly related to 

charge- carrier trapping at the surface.42, 44 Concluding, the high resistivity values and ambipolar 

behavior are a clear indication of intrinsic nature of the Ga seeded Ge NWs grown at high 

temperatures. 

 

CONCLUSION 
We demonstrate a transition from a regime of Ga hyperdoping to the formation of intrinsic Ge 

NWs using Ga-seeded growth of Ge NWs at temperatures of 300-400 °C. In contrast to 

hyperdoped Ge, the Ga-seeded Ge NWs in the high temperature region do not show any Ga 

incorporation in EDX maps nor a p-type doping in electrical characterization. The transfer 

characteristics resemble intrinsic Ge NWs with resistivities in the range of 1.5∙10-2 Ωm at room 

temperature and an increase by six orders of magnitude upon cooling to 10 K. Moreover, typical 

ambipolar behavior of a Schottky FET has been observed using single NW devices. 

 

METHODS 

 
All synthetic procedures and handling of the chemicals for the nanostructure synthesis have 

been carried out using Schlenk techniques or an argon-filled glove box (MBraun). Solvents have 

been dried over sodium and stored in a glove box. The tris(dimenthylamido)gallium(III) 

precursor (Ga(N(CH3)2)3) was prepared using GaCl3 and LiN(CH3)2 for a salt elimination 

according to literature45 and sublimed at 55 °C (10-3
 mbar). Diphenyl-butylgermane (DPG) was 

purchased from ABCR. 
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Nanostructure synthesis. 

Nanowire growth. The experiments have been conducted in a 5 ml cell in a flow through 

configuration using tubing and gauges from HiP High Pressure Equipment. The reaction vessel 

was loaded with a Si collector substrate and dried over night under dynamic vacuum at 120 °C. 

After cooling, the vessel was filled with 4 ml toluene and 1 mg Ga(N(CH3)2)3 and closed. The 

vessel was heated up to 350 °C in a pre-heated tube furnace for 1h to decompose the Ga 

precursor and form metallic Ga. After 1h, the pressurized cell is slowly opened to remove the 

toluene and by-products of the Ga(N(CH3)2)3
 decomposition. The closed system was heated to 

the desired decomposition temperature of DPG (300-400 °C), stabilized for 15 min and the 

injection of 2 mL DPG in toluene (10 mg/mL) was started using a syringe pump with an injection 

rate 1 – 1,5 mL/h while the outlet tab was also opened. After the injection of precursor, the reaction 

vessel was closed on both ends and cooled to room temperature.  

 

Nanostructure character ization.  The Ga-seeded Ge NWs and nanocones were analyzed 

using a FEI Inspect F50 scanning electron microscope (SEM).  In this study, a FEI TECNAI F20 

operated at 200 kV and equipped with high angle annular dark field (HAADF) STEM and EDX 

detector was used. The limited accuracy of the EDX analysis can lead to a potential deviation by 

±0.5 at% of the values stated in the manuscript. The elemental maps were recorded and 

quantified using the AMETEK TEAM package. The images were recorded and treated using 

Digital Micrograph software.  

Electr ical character ization.  The vapor-grown Ge NWs have been deposited by drop-casting 

of a NW suspension in isopropanol onto a highly p-doped Si substrate with a 100 nm thick, 
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thermally grown SiO2 layer and predefined macroscopic Ti−Au bonding pads. Individual NWs 

have been contacted with 100 nm thick Al pads by electron beam lithography, Al sputter 

deposition preceded by a HI dip, and lift-off techniques.  

The electrical measurements at room-temperature and ambient conditions were performed 

using a combination of a semiconductor analyzer (HP 4156B) and a probe station. To minimize 

the influence of ambient light as well as electromagnetic fields, the probe station was placed in a 

dark box. Low-temperature measurements (10-300 K) were performed in vacuum at a pressure 

of approximately 2.5x10-5 mbar using a 4He cryostat (Cryo Industries CRC-102) and a 

semiconductor analyzer (Keysight B1500A). 

 

ASSOCIATED CONTENT 

Suppor ting Information. TEM image of a Ga-hyperdoped Ge nanocone with transition to a Ge 

NW with constant diameter and STEM-EDX maps of the termination region in a cone-type 

structure. 
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Synopsis:  

Significant morphological and compositional changes have been observed for Ga-seeded Ge 

nanocrystal growth. Moreover, the electronic properties show a transition from the hyperdoping 

regime to intrinsic germanium for anisotropic crystals grown at different temperatures. 
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Figure 1. (a) SEM image shows Ge nanostructures with diminishing diameter along their length 

grown from Ga seeds at 340 °C. The STEM-EDX map overlay in the inset illustrates that the Ga 

seed is located on the side with smaller diameter during the growth. (b) High-resolution TEM 

image reveals a high crystallinity of the Ge crystal and a ⟨111⟩ growth direction of the cone-type 

nanostructures from thick to thin extreme. The STEM-EDX maps for Ga and Ge in (c) illustrate 

a homogeneous distribution of Ga in the crystal.  
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Figure 2: (a) The SEM image shows a high density of thin Ge NWs grown at a temperature of 

390 °C using predeposited Ga seeds. The High resolution TEM image in (b) reveals the high 

crystallinity of the Ge NWs and their 〈110〉 growth direction according to the related FFT 

pattern. The TEM image in the inset also shows no tendency of tapering along the growth axis. 

(c) Elemental maps for Ga and Ge show no accumulation of Ga in the Ge crystal according to 

this measurement technique.  
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Figure 3. (a) I/V curves for a Ga-seeded Ge NW in two- and four-terminal geometry. The 

resistance values have been obtained from the linear region in the low bias regime. (b) 

Temperature dependence of the resistivity illustrates a similar behavior as intrinsic Ge NWs 

grown by Au-seeding and a remarkable difference to Ga-hyperdoped Ge NWs described in 

literature.12  

  



 19 

 

Figure 4 Transfer characteristics of a Schottky FET behavior consisting of a Ge NW contacted 

by Al pads on a silica dielectric layer showing voltage sweeps from different pre-polarisation.  

 


