C140 Journal of The Electrochemical Society, 157 (4) C140-C145 (2010)
0013-4651/2010/157(4)/C140/6/$28.00 © The Electrochemical Society

Anodic Electrodeposition of Germanium Fllms from
Ethylenediamine Solutions of Deltahedral Ge9 Zintl Ions
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In this work, we report studies of germanium electrodeposits galvanostatically electroplated anodically onto p-doped Si(100)
wafers for three different current densities under ambient conditions. The electrodeposition is carried out in ethylenediamine
solutions of K,Gey, which contain deltahedral Ge~ (n =2, 3, 4) Zintl anions. The observed current efficiencies of the deposition
are at least 2 orders of magnitude higher than those of cathodic electroplating reported. The samples were characterized by
scanning electron microscopy (SEM), energy-dispersive X-ray analysis, X-ray photoemission spectroscopy, and mass spectrom-
etry. Their morphology is sheetlike with overlayers of aggregated particles with a median particle size of ~225 nm. The overlayer
spread increases progressively with increasing current densities. Cross-sectional SEM measurements indicate film thicknesses in
the range of 60-320 nm. Electrolytic electrodeposition carried out at 100 V for the same concentration reveals a very similar
morphology with significant enhancement in thickness of up to ~6 pm and median particle size of 625 nm. X-ray diffraction
shows that the as-deposited samples are amorphous; however, high temperature annealing results in the crystallization of elemental

germanium in the thicker samples (~320 nm and ~6 pm).
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Amorphous and crystalline films of group IV semiconductors
such as Ge are of great interest, owing to their apphcatrom in novel
optoelectronic as well as energy conversion devices. " There are sev-
eral well-established techniques devoted to their fabrlcatlon includ-
ing chemical vapor deposition, 2 electron-beam evaporation,” pulsed
laser deposrtron * jon implantation, > molecular beam epltaxy, and
sputterlng All these techniques require vacuum or ultrahigh
vacuum for deposition. In this regard, electrochemical deposition is
a comparatively simple, one-step, and cost-effective method. It is
advantageous in several respects. For instance, the structure, surface
morphology, and uniformity of the deposits can be easily controlled
by adjusting the parameters of electrochemical deposition such as
the deposition mode, applied potential, current density, bath tem-
perature, concentratlon of precursors, and addition of complex/
additive agents. Reports related to electrodeposition of Ge films® on
metallic and semiconductor substrates are very few. 10 The reason is
that due to the low overpotential of hydrogen on germanium sur-
faces in aqueous solutions, once a very limited amount of Ge is
deposited on the electrode surface, all the plating current subse-
quently is used for proton reduction.’ In approaches wherein non-
aqueous solutions are used, e.g., propylene glycol or ionic liquids,
there are disadvantages related to the need for high temperatures and
high current densities or high costs. This is why there are so few
papers about electrodeposmon of germanium on silicon substrates.
Mukhopadhyay and Freyland electrodeposited ultrathin films of
elemental Ge onto silicon substrates from a solution of GeCly in the
ionic liquid 1-butyl-3-methyl imidazolium hexafluorophosphate. A
thickness-dependent metal to nonmetal transition has been observed
for ultrathin films of electrodeposited Ge. Huang et al. demonstrated
the growth of cathodically electroplated amorphous Ge thin films on
Si3N4/Si0,/Si patterned substrates' as well as on blank n- and
p-doped Si substrates 14 using a germanium tetrachloride solution in
1,3-propanediol at 60-80°C.

In the light of the scenario aforementioned, there is an ongoing
effort to develop new cost-effective synthetic pathways for the fab-
rication of thin films of semiconductors that can exhibit improved
efficiency and selectivity toward light energy conversion and semi-
conductor optoelectronics. In this context, the solid-state chemistry
of Zintl phases with anionic fragments made of metallic or semicon-
ducting p-elements is very rich and yet largely unexplored from the
point of view of applications in solution media. There are a few
papers that employ germanium-based Zintl phases to obtain solu-
tions or suspensions for the preparation of nanoparticles. For ex-
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ample, suspensions of the Zintl phases NaGe, KGe, and Mg,Ge in
boiling glymes have been used in metathesis reactions with GeCl, or
metal halides to produce halide-terminated germanium par’ticles.15 16
Similarly, hexagonal mesoporous germanium has been obtained by a
slow oxidative polymerization of the deltahedral Ge4_ clusters in the
presence of and mediated by the cationic surfactant N—elcosane-
N,N-dimethyl-N-(2-hydroxyethyl)ammonium bromide.'” In another
paper, ethylenediamine solutions of K4Gey are treated with cetyltri-
ethylammonium bromide and, according to low angle X-ray diffrac-
tion, the resulting precipitate has a hexagonal honeycomb structure
with a well-defined nanometer scale order. ~ Similarly, composite
thin films with hexagonal architectures have been prepared by treat-
ing solutions of the Zintl phase K,Ge,Se;y with various transition-
metal salts in the presence of templates such as cetyltriethylammo-
nium bromide."”

There are only a few papers of anodically electrodeposited films
of semiconducting or metallic clements,” and the obvious reason
for this is the natural tendency for metals and semiconductors to
form cationic rather than anionic species in solutions. Nonetheless,
anions of main-group metals and semimetals exist, and these are the
well-known Zintl ions stable in liquid ammonia or ethylenediamine
solutions. One class of these is the nine-atom deltahedral cluster
anions of group 14, namely, Eg_ for E = Si, Ge, Sn, and Pb (Fig. 1),
which can be extracted in solutions from Zintl phases that already
contain them. Here, we report anodic electrodeposition of germa-
nium films on p-doped Si(100) substrates from ethylenediamine so-
lutions of such germanium Zintl ions, Gef;_.

Experimental

Electrodeposition was carried out inside a nitrogen-filled glove
box. Wafers of boron-doped Si(100) (MEMC Electronic Materials,
Inc.) were cut into 4 X 0.8 cm strips, which were used as anodes.
The strips were cleaned using the standard RCA process. Before
electrolytic deposition, the substrates were further treated with 2%
HF for 2 s, rinsed in ethanol and water, and vacuum-dried. Ohmic
contacts between the strips and the terminal wires were achieved by
coating the wires with InGa eutectic at the point of contact and then
ensuring that the contact was secured by an additional coat of epoxy
glue on top of the junction. The resistivities of these as-prepared
electrodes were measured to be in the range of 150-200 k) cm.
Copper wire was used as the counter electrode. The wires were
connected to ports on the glove box that led to the external circuitry
(outside the box). A cuvette of 1 cm width with a well-fitted Teflon
lid with holes for the terminal wires of the two electrodes was used
for electrodeposition. The constant-current electrodeposition was
carried out with a PAR model 173 galvanostat in conjunction with a
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Figure 1. (Color online) A view of the nine-atom deltahedral Zintl ions Eg'
(E = Si, Ge, Sn, Pb) with the shape of a monocapped square antiprism.

model 176 current follower. A common multimeter and a power
source (Harrison Inc., 6515A dc power supply) were used as well.

X-ray powder diffraction of the films was carried out on a Scin-
tag X-1 diffractometer (A = 1.5412 A) in the 26 range of 10-80°.
Scanning electron microscopy (SEM) images and energy-dispersive
spectroscopy (EDS) analysis were taken on a Hitachi S-4500 field-
emission-scanning electron microscope equipped with a Hitachi
Pulse Tor silicon drift detector. X-ray photoemission spectroscopy
(XPS) measurements were conducted using a Kratos XSAM 800
instrument with a Mg Ka source (1253.6 eV). The C Is peak was
used as the internal standard.

The precursor compound with nominal composition K,Geg was
synthesized according to the standard literature procedurf:.21 Potas-
sium and germanium metals were mixed together in stoichiometric
amounts and heated to 900°C for 2 days in sealed (by arc-welding)
niobium containers that were jacketed in evacuated fused-silica am-
poules. Solutions were prepared by dissolving the precursor in eth-
ylenediamine and by stirring it overnight. They were then centri-
fuged and filtered before use.

Results and Discussion

Our investigations started with testing for anodic electrodeposi-
tion in electrolytic mode with an input voltage of 100 V set by the
power supply, and the depositions were carried out for 20 min from
ethylenediamine solutions of the K,Geg precursor (0.01 or 0.10 M).
The electrolysis produced adherent homogeneous grayish-violet and
gray black films for the 0.01 M and 0.1 M electrolyte solutions
respectively that were then further studied by measuring various
aspects of the deposition. Thus, the current density was measured as
a function of time of deposition as well as field strength (Fig. 2). The
latter, measured for 0.1 M solutions, showed linear dependence, im-
plying an ohmic conduction (Fig. 2 insert).

The time of deposition dependence fitted well to a first-order
exponential decay with a time constant of 202(11) s (Fig. 2). The
relatively high concentration of the electroactive species (Geg_) cre-
ates a very high initial anodic current at the onset of electrodeposi-
tion. The deposition of germanium starts once the electric double
layer at the silicon surface is stabilized. The film growth depends on
the number of electrochemical equivalents required to neutralize
(oxidize) the electroactive species Gey . The electrodeposition stops
when either the electrical resistance of the growing film becomes
sufficiently high to impede the passage of current through the film or
the source of germanium is depleted. The latter is easily eliminated

12

114

10
9.
8
7]
6
5]
4]
3]
2]
1]

0 T T T
0 200

IS

20 40 100

60 80
Voltage (V)

Current Density (mA-cm™)

T T T T T

T T T T T
400 600 800 1000 1200

Time (seconds)

Figure 2. (Color online) Time dependence of the anodic current density in
electrolytic deposition of germanium films from a 0.01 M solution of K,Gey
in ethylenediamine at 100 V. The solid line represents the fitted exponential
decay. The inset shows the linear increase in the current density with electric
field strength for a 0.1 M solution.

in our case because the concentrations of the clusters are so high that
multiple sequential depositions can be carried out by inserting fresh
and clean silicon anodes.

After these initial electrolytic depositions, we carried out more
controlled experiments, namely, depositions at constant currents.
Thus, films were deposited at three different current densities of 0.3,
1.3, and 3 mA/cm? with each deposition lasting for 1 min. Adherent
bright and homogeneous but much thinner films were obtained in
these cases.

One important parameter for electrodeposition is the current ef-
ficiencies of the depositions, i.e., the percentage of deposited mate-
rial as a fraction of the theoretically calculated amount based on the
used coulombs in the process. These numbers for the electrolytic
deposition at 100 V and the constant-current deposition at
3 mA/cm? were quite high, at around 73 and 51%, respectively.
(The amounts of germanium deposited at 0.3 and 1.3 mA/cm® were
too small to accurately weigh.) In contrast, Huang et a1.13reported
only a 0.3% current efficiency for their cathodic electroplating of Ge
on n-Si(100) and highly d03ped p-Si(111) substrates from GeCly so-
lution in 1,3—propanediol.1 The authors attribute this low current
efficiency to the enhanced hydrogen evolution on the Ge surface. In
our work, the current efficiencies are 2 orders of magnitude higher,
which is not surprising because, unlike the cathodic case, there are
no or very limited side reactions at the anode to contend. (Some
partial oxidation of the ethylenediamine solvent is possible but, for
all practical purposes, is negligible.)

The morphologies of the as-deposited films were examined by
SEM. The films were rinsed in ethylenediamine several times until
the rinsing solutions became colorless and were evacuated overnight
before the SEM studies. The micrographs showed sheetlike films
with cracks and with overlayers of aggregated spherical particles
(Fig. 3 and 4). The particles show wide size distributions with me-
dian particle sizes of 625 nm for the films deposited at 100 and
around 225 nm for those deposited at 1.3 and 3 mA/cm?. There
were no discernible layers of particles on the films deposited at
current densities of up to 0.3 mA/cm? One plausible explanation
for the observed morphology is that, initially, germanium is elec-
trodeposited as nano- and microspheres that are then annealed into
sheets. The annealing is caused by local heating at the anode surface
which, in turn, is a result of the resistance buildup during elec-
trodeposition. The subsequent cooling when the process is turned off
perhaps causes the cracking of the sheets as well as leaves unan-
nealed nanoparticulate overlayers. A similar morphology of plates
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Figure 3. SEM micrograph of an electrodeposited germanium film showing
sheetlike morphology with intermittent discernible cracks and aggregated
spherical particles on top of the sheets (inset). The particles show a wide size
distribution with a median particle size of 625 nm.

and overlayers of particles has been observed before for germanium
films electrodeposited on Au(111) from GeX, (X = Br, 1) dissolved
in ionic liquids such as  1-butyl-3-methylimidazolium
hexaﬂuorophosphate.22 The SEM images of such films deposited at
a potential of —500 mV (vs bulk germanium) showed islandlike
formations similarly covered with aggregated spherical particles.
The authors commented that “in a wider sense, it (the film) is com-
posed of coherent nanosized wires that seem to be built up of indi-
vidual nanoclusters.”

These nanosized wires, according to their observations, have
grown from the surface of the electrode toward the solution.

Cross-sectional (thickness) measurements on the films were car-
ried out on samples made by snapping the Ge-coated silicon wafers
and imaging the exposed edges. The thickness of the samples de-
posited at 100 V was around 6 pm, whereas those deposited at
constant currents had thicknesses between 60 and 320 nm. As ex-
pected for a “clean” process, the thickness is directly proportional to
the charge density confirming that Faraday’s law is obeyed (Fig. 5).
A closer view of the cross section of the film deposited at 100 V is
shown in Fig. 6. It exhibits well-defined platelets as well as the
occurrence of an undulating continuous “bumpy” sheet with heights
of the thickness order of the film. Saitou et al., in their paper on
germanium thin films electrodeposited on copper substrates from a
solution of GeCl, in propylene glycol, discussed at length the
growth of such continuous mounds or bumps in the context of sur-
face roughening in electrodeposited films.? According to the paper,
the height fluctuations on the surfaces could be explained by statis-
tical growth models. The scaling exponents that explain such a be-
havior are independent of the specific systems, insensitive to experi-
mental conditions, and may depend on, for example, random
fluctuations in the deposition process and/or surface tension. A re-
view paper by Liu et al.** discusses at length the roughening of the
surface due to induced strains, which, in turn, are the result of a
lattice mismatch between film and substrate.

The compositions of the films were studied by EDS, laser de-
sorption mass spectrometry, and XPS. A typical EDS spectrum is
shown in Fig. 7. The peaks from the Ge Lal, Kal, and KB1 X-ray
emissions are clearly seen along with the peak from the Si substrate.
The peak due to O is small, ca. 1% of the Ge signal. Hence, one can
conclude that oxidation of the Ge film, if it occurs at all, should be
small and most likely occurs only on the surface.

The laser desorption time-of-flight mass spectrometry (in

Figure 4. SEM micrographs of films deposited at constant-current densities
of (a) 0.3, (b) 1.3, and (c) 3 mA/cm?. Clearly, the film morphology remains
the same above 1.3 mA/cm?.

negative-ion mode) showed similar results. The samples were pre-
pared by scraping small portions of the film, suspending the pow-
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Figure 5. (Color online) Linear increase in germanium film thickness with
charge density, confirming that the process follows Faraday’s law.

Figure 6. A cross-sectional SEM view of the germanium film on a silicon
substrate. The maximum thickness is about 6 pm.
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Figure 7. (Color online) An EDS spectrum of the electrodeposited germa-
nium film on p-doped Si(100).
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Figure 8. (Color online) A laser desorption mass spectrum of a germanium
film electrodeposited on p-doped Si(100) surface.

dery material in dry acetonitrile, and placing small drops of the
suspension on a conductive glass plate. The spectra (Fig. 8) showed
anionic germanium clusters ranging from 2 to 10 atoms (ratio of
mass to charge, m/z values of 146, 219, 291, 365, 437, 509, 582,
655, and 725) with abundances that decreased with increasing clus-
ter size. Several peaks corresponding to germanium oxides
(Ge 03, Ge307, Ge;0;5, Ge;03) are also present. The spectra are
remarkably similar to those reported by Fissler and co-workers in
their laser desorption studies on mixtures of elemental K and Ge®
They observed exactly the same cluster sizes and the same traces of
germanium oxides. The presence of oxides, in our case, iS most
likely due to oxidation of small amounts of negatively charged ger-
manium species in the form of clusters or in intermetallics counter-
balanced by potassium cations, i.e., K,Ge,, on the surface of the
films. This is corroborated by the observed traces of potassium in
the EDS spectra as well as by the observed surface oxidation and
traces of potassium in the XPS spectra (Fig. 9). The spectra of the
as-prepared films, i.e., without surface “cleaning,” showed only oxi-
dized germanium. However, after the removal of a couple of surface
monolayers by sputtering with Ar* ions for 10 min (removes a layer
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Figure 9. (Color online) A segment of the XPS spectrum of the germanium
film after removal of a couple of surface monolayers by sputtering with Ar*.
The deconvolution of the spectrum shows the presence of 3d electrons of
both oxidized (Ge**,Ge**) and elemental germanium. The K* 3s electrons
are most likely from potassium oxides captured in the cracks of the film.
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Figure 10. X-ray diffraction patterns of (a) p-doped Si(100) wafer, (b) ger-
manium film electrodeposited on p-doped Si(100) at 100 V for 20 min, and
(c) the same film after annealing in nitrogen atmosphere at 600°C. The
indexed reflections in (c) are for cubic germanium.

of about 2.5 A thick), the XPS spectrum exhibited a strong peak at
~29.5 eV, which corresponds to Ge’ 3d electrons (Fig. 9). As in
the EDS spectra, XPS also shows traces of potassium cations (K*
3s).

The crystallinity of the films was studied by X-ray powder dif-
fraction with Cu radiation. The clean silicon wafer (100) surface
shows an intense sharp doublet at ~70°, which corresponds to the
Kal and Ka?2 diffractions of the Si(400) planes and a much weaker
peak at ~62°, which is due to the K3 diffraction of the same planes

(Fig. 10a). The Si(400) peak can also be seen after the germanium
film is electrodeposited but is much weaker, as can be expected (Fig.
10b). The rest of the powder pattern of the as-deposited film shows
broad features at around 30 and 50° and indicates amorphous films.
Similar amorphous films were obtained by Huang et al. after ca-
thodic electroplating from GeCl, solutions. However, upon anneal-
ing of the samples, the same group observed crystallization of the
films. Similar annealing of our films in flowing nitrogen gas at
400°C for 2 h showed only improved crystallinity. However, after
heating at 600°C for 20 min, the films deposited at 100 V and at
3 mA/cm? exhibited intense sharp diffraction peaks corresponding
to the (111), (220), (311), (400), and (331) reflections of elemental
germanium (Fig. 10c). The samples deposited at lower current den-
sities under the same annealing conditions did not show crystalliza-
tion.

Conclusion

We have shown that germanium films can be deposited anodi-
cally at room temperature by a relatively simple electrochemical
process from ethylenediamine solutions of K;Geg. The resulting
films are amorphous, but the thicker ones (=320 nm) become crys-
talline upon annealing under nitrogen. All prior work pertaining to
electrodeposition of germanium on metal and semiconductor sub-
strates concerned deposition at the cathode. Those deposition baths
contained germanium halides or, in a few instances, germanium
oxides either as melts or dissolved in aqueous media, glycols, diols,
or ionic liquids. There is a threefold advantage in using anionic Geg_
clusters for electrodeposition. First, the current efficiencies are high
as, for all practical purposes, no side reactions occur at the anode.
Second, the usage of polar organic solvents such as ethylenediamine
eliminates the large hydrogen overpotentials associated with aque-
ous media. Third, the disadvantages of high viscosities associated
with nonaqueous media such as propylene glycol or the high costs
pertaining to ionic liquid solvents are also circumvented.
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