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Abstract 

We report results for the electrochemistry of the germanium(II) trihalide anions, 

[GeCl3]
-
, [GeBr3]

-
 and [GeI3]

-
, in supercritical difluoromethane containing 60 mM 

[N
n
Bu4][BF4] at 19.1 MPa at 358 K. The voltammetry shows mass transport limited 

currents for reduction to germanium at gold on the first scan.  There is no evidence for 

a germanium stripping peak and on subsequent scans the electrode slowly passivates 

with the deposition of around ~0.4 m of material. The redox potentials for reduction 

of the three trihalides are in the order [GeCl3]
-
 < [GeBr3]

-
 < [GeI3]

-
 with the iodide 

being the most easily reduced complex. Electrodeposition of germanium onto TiN 

electrodes from supercritical difluoromethane at 19.1 MPa at 358 K using either 16 

mM [EMIM][GeI3] with 60 mM [EMIM][BF4] or 16 mM [N
n
Bu4][GeI3] with 60 mM 

[N
n
Bu4][BF4] gave deposition rates of 2 to 3 m h

-1
. Raman spectroscopy and 

transmission electron microscopy showed that the resulting germanium films were 

protocrystalline, containing nanocrystals of germanium embedded in an amorphous 

germanium matrix.  

 

Keywords: difluoromethane, germanium, protocrystalline, supercritical fluid 

electrodeposition, germanium(II) tri-iodide. 
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1. Introduction 

Germanium and germanium-based materials are of high technological interest in 

advanced applications from optics,
[1]

 to high speed electronics,
[2]

 Li-ion batteries,
[3]

 

and third generation photovoltaics.
[4]

 Germanium is a Group IV semiconductor with 

chemistry similar to that of silicon.
[5]

 Despite this, the microelectronic industry 

favours silicon as the material of choice due to the stability of its oxide and 

compatibility with commercial fabrication systems.
[6]

 However, there has been a 

resurgence in interest in thin film or nanostructured germanium and these materials 

are usually formed using conventional vacuum processes such as chemical vapour 

deposition
[7]

 or molecular beam epitaxy.
[8]

  

Electrodeposition of germanium has a long history.
[9]

  Early work by Szekely,
[10]

 

subsequently taken up by others,
[11]

 used GeCl4 in propylene carbonate, despite the 

fact that GeCl4 is a moisture sensitive liquid at room temperature.  This method has 

been used for deposition of quite large areas in waveguides
[11b-d]

 and most recently in 

work by IBM.
[11a, 11h]

  The most detailed characterisation of the deposits appears to be 

by Saitou et al.
[11g]

 There are also reports of the use of zintl ions, [Ge9]
4-

, in ethylene 

diamine
[12]

 and of deposition from water.
[13]

  Deposition from water generally leads to 

films which are ultra-thin.  Thus Stickney’s group has worked on ECALE 

(ElectroChemical Atomic Layer Epitaxy) and ways to deposit Ge from aqueous 

solution
[13b, 13c]

 and Maldonado’s group have described studies of Ge deposition on 

Au from GeO2 in water.
[13a]

  Their SERS studies showed that H terminated Ge thin 

films convert to glassy oxide after 30 minutes in air. 

Progress in the use of ionic liquids as solvents for electrochemistry has also driven 

interest in germanium electrodeposition.  In particular Endres’ group has been active 

in this area since 2000.
[14]

  In their early work they used GeCl4, GeBr4 and GeI4 in 
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[BMIM]PF6
[14-15]

 (BMIM  = 1-butyl-3-methylimidazolium). Their later work shifts to 

other ionic liquids without [PF6]
-
, which causes problems.

[16]
  Endres’ work includes 

deposition of Ge photonic crystals using colloidal templates
[16k, 17]

 and deposition of 

Ge nanowires (90 nm diameter, 1-2.5 microns long) using track etch membranes.
[16c, 

16d]
  Their work on germanium deposition from GeCl4

[18]
 has been followed up by 

others. 

In the work of both Endres 
[14-15, 15d-f]

 and Fransaer,
[19]

 despite the ionic liquids having 

the advantages of extending the potential window for deposition and removing 

impurities (such as water), deposition of germanium still suffers from self-

termination, with films growing at a retarded rate. Approaches to overcome this, 

including raising the temperature of the electrolyte and introducing a metal 

additive
[19a]

 have been investigated. For example, recent work by Fransaer’s group 

used germanium deposition from GeCl4 in 1-butyl-1-methyl pyrrolidinium 

bis(trifluoromethylsulfonyl)imide ([BMP][Tf2N]) at an elevated temperature (>423 K) 

in a sealed cell (~ 0.4 MPa to prevent evaporation of the GeCl4) to give a higher 

plating rate of 6.0 m hr
-1

.
[19b]

 

An alternative approach, first described by Maldonado’s group, is the electrochemical 

liquid-liquid-solid (ecLLS) process,
[13a, 20]

 which in many ways is an electrochemical  

equivalent of the well-known vapour-liquid-solid (VLS) process.
[21]

 In this case 

germanium is electrodeposited into a liquid metal alloy and subsequently precipitated 

out at the point of saturation, forming films or nanowires. Of necessity the dopant 

level of the Ge is relativity high and hence limits these germanium nanowires for use 

in degenerate semiconductor devices; Mahenderkar and co-workers recently reported 

germanium nanowires with a 0.2 % atom indium contamination using this type of 

ecLLS approach.
[22]
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In contrast to this work in liquid solvents, we have studied the electrodeposition of 

germanium from supercritical fluids.
[23]

 The motivation for this is the absence of 

surface tension in the supercritical state, coupled with the relatively high mass 

transport rates and elevated deposition temperature: factors that make supercritical 

fluid electrodeposition attractive for the deposition into extreme (sub 20 nm) 

nanostructures and templates for device applications.
[24]

 In our original work we 

demonstrated the deposition of germanium thin films from both [N
n
Bu4][GeCl3] and 

GeCl4 in supercritical CO2/MeCN and in supercritical difluoromethane (scCH2F2), 

respectively. Deposits formed from GeCl4 in scCH2F2 at a high over potential, were 

found to contain amorphous germanium with significant chloride contamination. 

Subsequently we studied deposition of germanium from [N
n
Bu4][GeCl3] in scCH2F2 

and reported an improvement in the quality of germanium thin films.
[23a]

 The 

predominantly amorphous germanium films produced could be converted to the 

crystalline phase by a thermal post-deposition treatment. However, for these films the 

deposition rate was slow (~ 0.4 m hr
-1

). 

In this paper we present the results of a study of the electrochemistry of the 

germanium(II) tri-halide anions, [GeCl3]
-
, [GeBr3]

-
 and [GeI3]

-
 in scCH2F2. This was 

motivated by our earlier study of the electrochemistry of these species in 

dichloromethane,
[25]

 where it was found that the [GeI3]
-
 anion had the most positive 

reduction potential, well within the electrochemical window of the electrolyte, 

suggesting that it might be the best choice for germanium deposition. In this work we 

show that this is also true in scCH2F2 and that germanium deposition from [GeI3]
-
 is 

approximately ten times faster than that from [GeCl3]
-
. We report results for analysis 

of as-deposited films using scanning electron microscopy (SEM), Raman 

spectroscopy, X-ray diffraction (XRD) and transmission electron microscopy (TEM). 
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We also show that the Ge deposits from [GeI3]
-
 in scCH2F2 at 358 K are 

protocrystalline, that is they contain Ge nanocrystals dispersed in amorphous film of 

Ge,
[26]

 as demonstrated by Raman spectroscopy and TEM.  

 

2. Results and Discussion 

2.1. Voltammetry of [EMIM][GeCl3], [EMIM][GeBr3] and [EMIM][GeI3] on Au 

electrodes in scCH2F2 

 

In this work, where we compare the electrochemistry of the three Ge(II) halides, we 

have used [BF4]
-
 containing electrolytes.  [BF4]

-
 is a very weakly coordinating anion, 

hence is unlikely to influence the speciation at the Ge(II) halide complex anions 

[GeX3]
-
 (X = Cl, Br and I). In earlier work we have studied the phase behaviour and 

conductivity of solutions of [N
n
Bu4][BF4] in scCH2F2.

[27]
 This clearly showed that the 

system forms a single supercritical phase under the conditions used in the present 

work (358 K and 19.2 MPa) and that the molar conductivity for the electrolyte is 

around 50 S cm
2
 mol

-1
 at 363 K and 22 MPa for a 60 mM solution  of  [N

n
Bu4][BF4]. 

Figure 1A shows cyclic voltammetry on Au and TiN electrodes for the background 

electrolyte, 60 mM [N
n
Bu4][BF4], with either 16 mM [EMIM]I or 16 mM [NBu

n
4]I 

added. Iodide is expected to have the smallest electrochemical window due to the 

ready onset of iodide oxidation (compared to either bromide or chloride oxidation) at 

anodic potentials. The onset of electrolyte reduction occurs at Eonset = ~-1.5 V vs. 

Ag|LaF3 for Au and Eonset  -1.8 V vs. Ag|LaF3 for TiN. The uncompensated 

resistance for each electrode can be estimated from the slope of the voltammogram in 

the anodic limit taking account of the difference in electrode areas (Au ~ 0.002 cm
2
, 

TiN ~ 0.4 cm
2
).Using the known conductivity of the supercritical fluid electrolyte,

[27]
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~3 mS cm
-1

, and Newman’s equation for the electrolyte resistance for a disc 

electrode,
[28]

 we estimate the expected uncompensated resistance to be ~3.3  k for 

the Au electrode and  for the TiN electrode, in reasonable agreement with the 

experimental values of 2.6 k and 162  respectively. We attribute the observed 

cathodic current to the reduction of the [N
n
Bu4]

+
 and [EMIM]

+
 cations. However, the 

possibility of electrochemically forming a carbene in the [EMIM]
+
 case cannot be 

ruled out.
[29]
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Figure 1: (A) Offset cyclic voltammograms of various electrodes in scCH2F2 (358 K, 

19.3 MPa) with 60 mM [N
n
Bu4][BF4] as background electrolyte, 100 mV s

-1
 with (i) 

16 mM [EMIM]I at TiN (ii) 16 mM [NBu
n

4]I at TiN (iii) 16 mM [EMIM]I at Au and 

(iv) 16 mM [N
n
Bu4]I at Au. (B) Consecutive cyclic voltammograms of an Au disc 

electrode in 11 mM [EMIM][GeCl3], (i) 1
st
 (ii) 2

nd
 (iii) 3

rd
 scans. (C) Consecutive 

cyclic voltammograms of an Au disc electrode in 13 mM [EMIM][GeBr3], (i) 1
st
 (ii) 

2
nd

 (iii) 3
rd

 scans. (D) Consecutive cyclic voltammograms of an Au disc electrode in 

16 mM [EMIM][GeI3], (i) 1
st
 (ii) 2

nd
 (iii) 3

rd
 scans. 
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Scanning to positive potentials on Au electrodes (Figure 1A) we can see an anodic 

wave at around +0.19 V vs. Ag|LaF3 for [EMIM]I and around +0.53 V vs. Ag|LaF3 for 

[N
n
Bu4]I, which we attribute to oxidation of I

-
 to I3

-
 as in other non-aqueous 

solvents.
[30]

 We attribute differences in potential for oxidation in the two electrolytes 

to the effects of ion pairing with the cation in the low dielectric solvent. 

Initial studies of the voltammetry of [GeCl3]
-
, [GeBr3]

-
 and [GeI3]

-
 were carried out at 

Au electrodes, Figure 1B to D and Table 1. For all three germanium(II) halides, cyclic 

voltammetry shows a single reduction wave on the first cycle, which is attributed to 

the 2-electron reduction of the germanium from Ge
II
 to Ge

0
.  

 

[GeX3]
-
   +  2 e

-
      Ge(0)   +   3 X

-
 (X = Cl, Br, I)  (1) 

 

All three waves are of similar height, ~ 20 mA cm
-2

, and are noisy, consistent with 

mass transport limited behaviour where the noise is due to convection in the cell.
[31]

  

This plateau current corresponds to a deposition rate of ~100 m hr
-1

 assuming 100% 

Faradaic efficiency and continues until an approximately ~0.4 m thick film is 

formed on the electrode surface (see supporting information Figure S1 for 

chronoamperograms). There is no sign of a stripping peak on the return scan and 

subsequent cycles display predominantly capacitive charging. 

Comparing the results for the three halides, it is clear that the deposition potential 

shifts anodic on going from chloride to bromide to iodide, so that the reduction of 

[GeI3]
-
 occurs at the most positive potential.  Similar voltammetry was found in liquid 

difluoromethane (see supporting information Figure S2) and the trend here follows 

that found for the electrochemistry of these germanium complexes in 

dichloromethane.
[25]

 The anodic shift in the deposition potential is beneficial for 
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germanium deposition since it reduces the contribution from electrolyte breakdown at 

the more negative potential. The trend in the reduction potentials for the three 

germanium halides follows that of the Ge-halide bond strength.  

Table 1: Parameters for Ge deposition measured in supercritical difluoromethane 

Ge Precursor  

Eonset vs. 

AgLaF3 / V 

EPC/2 vs. 

AgLaF3/  V 

j(exp) / 

mA cm
-2

 

Charge / mC 

cm
-2

 

Thickness 

/ m 

[EMIM][GeCl3] -0.71 -0.79 -18.7 328 0.46 

[EMIM][GeBr3] -0.28 -0.46 -18.8 279 0.40 

[EMIM][GeI3] -0.23 -0.40 -20.35 471 0.67 

EPC/2 is the cathodic half peak potential potential. The charge is calculated from the 

Faradaic response seen in the first cyclic voltammogram before passivation. 

 

 

2.2. Electrodeposited films of germanium from [EMIM][BF4]/[EMIM][GeI3] and 

[N
n
Bu4][BF4]/[N

n
Bu4][GeI3] on TiN electrodes in scCH2F2 

 

Electrodeposition of germanium from [GeI3]
-
 onto titanium nitride (TiN) electrodes 

was investigated. TiN is a typical barrier material used within the electronics industry 

and, unlike gold, does not form alloys with Ge. Two different cations were 

investigated, [EMIM]
+
 and [N

n
Bu4]

+
. Deposition was carried out for 4000 s at -1.05 V 

vs. Ag|LaF3 in scCH2F2 at 19.1 M Pa and 358 K from (i) 16 mM [EMIM][GeI3] with 

60 mM [EMIM][BF4] and (ii) 16 mM [N
n
Bu4][GeI3] with 60 mM [N

n
Bu4][BF4]. 

Chronoamperograms for the two electrolytes are shown in Figure 2A. Integration of 

the current gives a deposition rate  of 3.22 C cm
-2

 hr
-1

 and 4.32 C cm
-2

 hr
-1

 for the 

[N
n
Bu4]

+
 and [EMIM]

+
 systems respectively, corresponding to plating rates (assuming 

100% Faradaic efficiency) of 2.27 m hr
-1

 and 3.04m hr
-1

 respectively. Note that 

both plating rates are considerably larger than that obtained previously for the 

equivalent chloride containing electrolyte (~ 0.4 m hr
-1

)
[23a]

 and comparable with 

deposition rates reported for ionic liquids at room temperature.
[19a]

 However, the 
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deposition rate is lower than that reported for deposition at elevated temperature from 

ionic liquid reported by Wu et al. 
[19b]

 Note that these experiments are carried out in 

an undivided cell and that mixing in the cell is quite efficient so there is the possibility 

that products of the counter electrode reaction, including I3
-
, can react at the working 

electrode during the extended electrodeposition. 

 

Figure 2: (A) Chronoamperogram recorded for Ge deposition from scCH2F2 (358 K, 

19.2 MPa) at Edep = -1.05 V vs. Ag|LaF3 for 4000 s from a plating bath containing (i) 

16 mM [EMIM][GeI3] and 60 mM [EMIM][BF4] or (ii) 16 mM [N
n
Bu4][GeI3] and 60 

(ii) 
(i) 
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mM [N
n
Bu4][BF4]. (B) SEM cross-sections of the as-deposited thin films from (i) the 

[EMIM]
+
 and (ii) the [N

n
Bu4]

+
 system. (C) and (D) high and low resolution images of 

the as-deposited film from plating bath (i), the [EMIM]
+
 system. (E) and (F) high and 

low resolution images recorded of the as-deposited film from plating bath (ii), the 

[N
n
Bu4]

+
 system. 

 

 

As-deposited films were analysed using SEM and EDX after Raman and XRD 

analysis which were recorded under an inert atmosphere. There is a clear effect of the 

choice of cation. For the [EMIM]
+
 system, (i), the morphology is patchy and regions 

of bare TiN are visible. This could be due to poor adhesion and exfoliation of the 

deposit during depressurisation of the supercritical fluid. High resolution SEM reveals 

the presence of grains of the order of 0.1 to 1 m. The cross-sectional image, Figure 

2B(i), shows that the film is dense and 1 to 2 m thick, somewhat less than the 

thickness predicted by the total charge passed (~ 3 m).  For the [N
n
Bu4]

+
 system, 

Figure 2B(ii), the films are composed of larger (2 to 5 m) grains, but again there is 

evidence of delamination. Cross-sectional SEM imaging shows that this film is of 

similar thickness. EDX analysis of both samples (see supporting information S3 and 

S4) shows the presence of silicon, titanium and nitrogen from the substrate, 

germanium, and a number of impurities including: oxygen, iodide and fluoride. Iodide 

and fluoride originate from material precipitated on the surface of the electrode upon 

depressurisation of the supercritical fluid. Their concentrations can be reduced by 

either heat-treating the sample or by washing in dichloromethane (samples shown 

here were immersed for 1 min). We attribute the presence of oxygen to the gradual air 

oxidation of the germanium films.  

Grazing incidence X-ray diffraction patterns of as-deposited films produced from both 

systems contained only broad features around 27° and 50° and sharp reflections 

associated with the substrate and electrolyte components (Figure 3). Thermal 
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annealing under argon at 700 °C without prior air exposure resulted in crystallisation 

of cubic germanium. The positions of the broad features in the unannealed samples 

appear likely to be due to the 111 and the overlapping 220/311 reflections of very 

small Ge nanocrystals. The feature at ~27° has a FWHM of ~7° 2θ, and application of 

the Debye-Scherrer formula to this feature suggests an average crystallite size of ~1.2 

nm. 

 

 

Figure 3. XRD patterns of an as-deposited Ge film (blue, top) and the same film after 

annealing at 700 °C in argon (red, bottom). The film was produced in scCH2F2 at 358 

K and ~19.1 MPa, with Edep = -1.05 V vs. Ag|LaF3 for 4000 s. The electrolyte 

composition was 16 mM [EMIM][GeI3] and 60 mM [EMIM][BF4]. The stick pattern 

shows typical reflection positions and intensities for Ge
[32]

 and other phases are 

labelled. 
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Figure 4: Representative Raman spectra recorded for the as-deposited germanium 

films from scCH2F2 at 19.2 MPa and 358 K, Edep = -1.05 V vs. Ag|LaF3 for 4000 s. 

(A) Deposition from 16 mM [EMIM][GeI3] and 60 mM [EMIM][BF4]. (B)  

Deposition from 16 mM [N
n
Bu4][GeI3] and 60 mM [N

n
Bu4][BF4]. The spectra show 

protocrystalline and amorphous material, labelled (i) and (ii) respectively in the 

figure.   

 

 

The electrodeposited Ge films were further characterised by Raman spectroscopy by 

mapping an area of ~ 2 mm
2
 and recording ~ 100 spectra over a 200 m pitch square 

grid. Raman spectroscopy has a number of advantages for characterisation of these 

samples. The thickness of the deposit required is of the order of the absorption length, 

which at 703 nm is on the order 100 nm.
[13c]

  In addition, it gives characteristic spectra 

for both amorphous and crystalline Ge
[23b]

 although it is more sensitive to crystalline 

material. The resultant Raman spectra can be characterised as falling into three main 

groups: protocrystalline, amorphous or ‘unattributable’. In general, spectra were 

(A) 

(B) 
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classified as ‘unattributable’ either because the sample point fell on a bare piece of the 

sample or because of strong background luminescence which swamped the Raman 

signal. Representative protocrystalline and amorphous spectra are shown in Figure 4 

(the dip in the spectra at ~275 cm
-1

 is a blemish in the CCD leading to a reduced 

signal that we have only been able to partially correct - see supplementary 

information). The amorphous spectra, Figures 4A and B (ii),  are characterised by a 

broad hump between 250 cm
-1

 and 300 cm
-1 

centred at 280 cm
-1

 which is often 

associated with a step in the “background”.
[23b]

 The protocrystalline spectra however 

are characterised by a sharper peak at ~293 cm
-1

 often associated/integrated with a 

broader feature between 250 cm
-1

 and 300 cm
-1

. These spectra are much more 

reminiscent of the sharp 300 cm
-1 

Raman peaks observed for fully crystalline cubic 

Ge,
[23b]

 however the width of the protocrystalline peaks strongly suggests that the 

material responsible from them has a short crystal ordering length.  

 

Table 2. Statistical analysis of the Raman spectral maps of samples produced using 

[EMIM][GeI3] and [N
n
Bu4][GeI3], using the conditions set out in Figure 4, in terms of 

the protocrystalline, amorphous or ‘unattributable’ character of the spectra.  

 
 Number of spectra of each type 

Cation protocrystalline amorphous unattributable 

(i) [EMIM]
+
  68 8 25 

(ii) [N
n
Bu4]

+
 15 5 80 

 

To quantify the relative abundance of amorphous and protocrystalline material in our 

samples we have qualitatively classified each spectrum, Table 2.  For the film 

deposited from the [EMIM]
+
 electrolyte system (i) it is clear that the majority of the 

classifiable spectra are protocrystalline. In the case of the [N
n
Bu4]

+
 electrolyte system 

(ii) a relatively large fraction of the Raman spectra were ‘unattributable’, mostly due 
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to broadband luminescence swamping the Raman signal, however 75% of the 

attributable spectra were proto-crystalline in nature. As the relative strength of Raman 

scattering from protocrystalline and amorphous Ge is not known, it is not possible to 

draw any conclusions from the Raman as to what volume fraction of the material is 

protocrystalline, only that protocrystalline material is wide spread across the sample.  

In order to investigate the nature and prevalence of the protocrystalline material, TEM 

bright and dark field images and selected area electron diffraction (SAED) patterns 

were obtained from material scraped from the film and deposited onto lacy carbon 

support films (Figure 5). The SAED patterns obtained (Figure 5B) clearly show both 

diffuse rings, consistent with amorphous Ge, and sharp spots consistent with 

crystalline germanium. This conclusion is supported by the radially integrated 

diffracted intensity plotted against the magnitude of the scattering vector shown in 

(Figure 5C), which has both broad humps from amorphous material, e.g. at 0.25 and 

0.7 nm
-1

, and sharp peaks from individual crystallites on a rapidly decreasing 

background. Bright field images, formed using the undiffracted beam, showed 

uniform contrast within the flakes of film. However, dark field images, e.g. obtained 

by selecting a region of reciprocal space illustrated by the circle in Figure 5B, show 

the diffracting crystallites as isolated bright regions, typically 5-30 nm in size, within 

an amorphous matrix. Quantification of the volume fraction of nanocrystalline 

material proved impossible, partly because the nanocrystals were found to amorphise 

over time when illuminated by the electron beam.  

Taken together, the Raman and electron microscopy results indicate that, unlike 

[GeCl3]
-
 based electrolytes, both of the [GeI3]

-
 electrolytes presented here have the 

capacity to produce crystalline domains within the deposit. Whilst the mechanism 
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which enables this is still to be determined, it suggests that [GeI3]
-
 electrolytes may be 

preferable for many applications.  

 

 

 

Figure 5: (A) Dark field TEM image of a portion of an as-deposited germanium film 

deposited at Edep = -1.05 V vs. Ag|LaF3 for 4000 s from scCH2F2 at 19.2 MPa and 358 

K from a plating bath containing 16 mM [EMIM][GeI3] and 60 mM [EMIM][BF4]. 

(B) Corresponding selected area diffraction pattern, with the position and size of the 

objective aperture used to obtain (A) shown as a circle. (C) Radially integrated 

diffracted intensity derived from (B), showing broad features corresponding to 

amorphous structure (0.2-0.35 nm
-1

, 0.55-0.9 nm
-1

) and small peaks corresponding to 

individual spots. 

 

 

 

3. Conclusions 

We have reported the first results for the study of the electrochemistry of the 

germanium(II) tri-halide anions, [GeCl3]
-
, [GeBr3]

-
 and [GeI3]

-
, in supercritical 

difluoromethane at 358 K and 19.1 MPa. On the first scan the voltammetry shows 

mass transport limited currents for the reduction to germanium, but with no evidence 

for germanium stripping on the return scan. On the second and subsequent scans at 
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gold the electrode passivates with the deposition of around ~0.4 m of material in 

total.  

The redox potentials for the onset of reduction of the three tri-halides follow the trend 

for the Ge-X bond strength; [GeCl3]
-
 -0.71 V, [GeBr3]

-
 -0.28 V, [GeI3]

-
 -0.23 V (all 

vs. AgLaF3) with the iodide being the most easily reduced. This trend is consistent 

with earlier studies of these complexes in liquid dichloromethane.
[23a]

 

Electrodeposition of germanium was carried out from supercritical difluoromethane at 

19.1 MPa at 358 K containing either 16 mM [EMIM][GeI3] with 60 mM 

[EMIM][BF4] or 16 mM [N
n
Bu4][GeI3] with 60 mM [N

n
Bu4][BF4]. In both cases 

deposition using the [GeI3]
-
 anion was around 10 times faster than that previously 

reported
[23a]

 using [GeCl3]
-
 and deposition rates of 2 to 3 m h

-1
 were achieved. 

Raman spectroscopy and transmission electron microscopy showed that the resulting 

germanium films were protocrystalline, containing nanocrystals of germanium 

embedded in an amorphous germanium matrix. Heating to 700 ºC in argon resulted in 

bulk crystallisation. 

 

Experimental Section   

Chemical Reagents 

Tetrabutylammonium tetrafluoroborate ([N
n
Bu4][BF4], >99.99 %) was purchased 

from Sigma Aldrich and dried for 3 h at 100 
o
C under vacuum. 1-Ethyl-3-methyl 

imidazolium tetrafluoroborate ([EMIM][BF4], >99.99%) was purchased from Iolitec 

GmbH (Germany). Difluoromethane (R32, CH2F2, Apollo, 99.9 %) was used as the 

supercritical fluid for electrochemical experiments and CO2 (BOC, supercritical fluid 

grade 99.999 %) was used for cleaning and purging the system of oxygen and water 
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before and after experiments. The electrolytes [EMIM][GeCl3], [EMIM][GeBr3] and 

[EMIM][GeI3] was prepared as discussed previously.
[25]

 Electrolyte [N
n
Bu4][GeI3] 

was prepared via a modification of this route. 

 

Apparatus  

A detailed description of the supercritical rig and electrochemical cell has been given 

elsewhere.
[23a]

 Briefly, the electrochemical cell has an internal volume of 8.5 mL into 

which 5 electrodes can be inserted. Working electrodes used throughout this work 

were either Au disc electrodes ( = 0.5 mm) or ~450 nm thick films of TiN sputtered 

onto p-type (conductivity = ~10 Ω cm) silicon wafers. Wafers were cut to the 

appropriate size then fixed to a PEEK coated stainless steel tube with the use of high 

temperature silver epoxy (Duacol UK) to provide an electrical contact. Electrodes 

were insulated using a silicate based epoxy (FortaFix, UK) to ensure that only the TiN 

surface was in contact with the supercritical fluid. Active areas of the working 

electrodes were recorded prior to the experiments hence allowing the current to be 

normalised to current density. Typical working electrode area was 0.4 ± 0.1 cm
2
. 

Counter electrodes were large area (ca. 2 cm
2
) Pt flags. Ag|LaF3 reference electrodes 

were used throughout this work; the potential of the DMFc
+
/DMFc couple (where 

DMFc is decamethylferrocene) is 0.088 V vs. Ag|LaF3 reference in scCH2F2 under 

these conditions.   Full details of the Ag|LaF3 reference electrodes for use in scCH2F2 

can be found elsewhere.
[33]

 

The supercritical electrochemical cell was dismantled and loaded into a nitrogen filled 

glove box (Belle Technologies Limited, UK) where it was charged with the 

appropriate electrolytes. The cell was sealed, removed from the glove box then fixed 
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to the supercritical rig for experiments. An Autolab 302N potentiostat system 

(Metrohm, UK) was used in electrochemical measurements.  

Analysis of electrodeposited films  

Raman spectroscopy was performed using a Coherent MIRA-900 Ti:Sapphire laser 

source in CW mode set to 702 nm and filtered using a Photonetc TLS 850 laser line 

filter. Raman spectra were taken in a back scattering geometry using an Olympus 

LMPan IR 50x objective with 2mW power incident upon a 1.7 micron diameter spot 

on the sample. Back scattered light was collected into a Princeton Instruments 

TriVista triple 500 mm spectrometer, configured in subtractive mode, using 900, 900 

and 1800 lines/mm gratings in the three stages. Spectra were measured on a Princeton 

Instruments, deep depleted, liquid N2 cooled silicon CCD. We found no evidence of 

laser annealing of the samples reported on in this paper at any laser power up to 20 

mW. On other electrodeposited Ge samples we have observed laser annealing 

however never at laser powers less than 10 mW. SEM was performed on a Jeol JSM 

6500F field emission scanning electron microscope. EDX spectra were recorded over 

60 s with an accelerating voltage of 10 kV. Specimens for TEM were prepared by 

scraping flakes of the deposited film onto a lacy carbon support on a Cu mesh grid.  

They were examined using a JEOL 2100 LaB6 TEM operating at 200 kV.  

 

XRD analysis of electrodeposited films 

X-ray diffraction (XRD) patterns were collected on a Rigaku Smartlab X-ray 

diffractometer (Cu Kα, 1.5418 Å) with parallel beam and a DTex250 1D detector. 

Grazing incidence scans were collected with a 2θ range of 10-80° using a 1° incident 

angle and a 0.1 mm thick X-ray line. All sample handling was anaerobic by loading a 

sealed sample cell with a hemicylindrical Kapton window in the glove box. Ge films 
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were annealed by heating under static argon at 700 °C, with anaerobic handling of 

films before and after the annealing process. The conditions emulate those used 

previously to anneal amorphous Ge films.
[23a]
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