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ABSTRACT

The deposition of thin germanium films by atmospheric pressure metal organic

chemical vapor deposition at temperatures below 400 �C on substrates such as

silicon wafers, float glass, and polyimide (Kapton�) using the diorganoger-

manes GeH2Cp
4M

2 and GeH2Cp*2 as molecular precursors is described. The

deposition rates and thus the layer thicknesses can be varied by temperature

and time to give layers with a thickness in the nanometer range. The homo-

geneity and roughness of the deposited films were analyzed by means of atomic

force microscopy measurements showing the formation of smooth and uniform

surfaces with roughnesses of the films in the range of (1 ± 0.15) nm to

(4.5 ± 1.5) nm. Films with thicknesses between 50 and 750 nm were deposited

and analyzed by Raman spectroscopy, vis–NIR spectroscopy, electron micro-

scopy, energy dispersive X-ray spectroscopy (EDX), and X-ray photoelectron

spectroscopy (XPS). The as-deposited films are composed of amorphous ger-

manium containing approximately 10% of carbon. Using Kapton� as a substrate

highly flexible films were obtained.

Introduction

With the development of new germanium-based

functional materials for energy conversion [1], for

lithium-ion batteries [2–11] or as photocatalysts [12],

the synthesis of germanium nanorods, [13] nanowires

[14–19], and nanoparticles [20–26] has significantly

gained in importance. In addition, germanium thin-

films are of great interest with regard to potential

applications, e.g., photovoltaics [27], plasmonics [28],

optoelectronics [29], electronics [30–32], optics

[28, 33], sensors [34, 35], and semiconductors [36, 37].
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Therefore, diverse methods for the fabrication of

germanium films such as thin-film transfer [38], AFM

nanolithography [39], or laser photolysis techniques

[40, 41] were reported, and in most cases, the depo-

sition of films is addressed via the gas phase, e.g.,

atomic layer deposition (ALD) [42], physical vapor

deposition (PVD) [31, 43, 44], or metal organic

chemical vapor deposition (MOCVD) [45–49]. While

the production of nanoparticles and nanowires is

nowadays a standard process and might be carried

out under quite simple conditions, the deposition of

films with thicknesses in the nanometer range

requires complex equipment in form of CVD or PVD

systems. The development of less expensive deposi-

tion processes with options for scaling-up using

precursors adapted to this process will contribute to

the further development of germanium-based func-

tional materials.

Germanium tetrachloride was the first precursor

for the deposition of germanium via a gas phase

process [50], reported as early as 1887 by Winkler. He

carried out the decomposition at high temperatures

in the interior of a glass tube, forming a metallic

mirror that was identified as germanium. In the fol-

lowing, a couple of precursors were developed,

which can be divided into two groups; inorganic

(carbon-free) and metal–organic (carbon-containing)

precursors. Germanes such as GeH4 [51, 52], Ge2H6

[53], or germanium itself, as used in electron beam

evaporation or in the PVD process, belong to the

compounds of the first group. They can be used to

deposit high-purity films [36, 54] which hold poten-

tial in sensor [35] and semiconductor applications

[36, 37]. The germanes are widely used for the

deposition of films despite their high sensitivity to

oxygen and water and the necessary high safety

precautions. Further representatives of the inorganic

germanium precursors are halogengermanes such as

GeI2 [20, 55], GeI4 [20], and GeCl4 [56] which can be

converted thermally [20] or under reductive condi-

tions with hydrogen [57] into germanium films. In

addition, Zintl phases such as CaGe2 or MgGe were

used as precursors for the deposition from solution

[58], an approach which provided graphene-like

materials [23, 58, 59] and nonporous germanium-

based films [60].

Metal–organic germanium precursors belong to the

second group of precursors, which are suitable for

the deposition of germanium. If incorporation of

carbon impurities in the final material does not

interfere with the intended application, they offer

some advantages over the inorganic precursors. By

introducing an organic ligand at germanium, the

sensitivity to oxygen and water, the decomposition

temperature, the solubility, and the volatility of the

precursors can be controlled, which greatly improves

their handling compared to inorganic precursors,

especially with regard to those that are gaseous such

as GeH4. Thus, organogermanes such as GeH3tBu

[45], GeVinyl4 [46], GeH3Blz [47], and GeH3Cp* [48]

(tBu = C(CH3)3; Vinyl = CHCH2; Blz = CH2C6H5;

Cp* = C5Me5) were demonstrated to be suitable for

the deposition of germanium films. In particular,

GeH3Cp* and GeH3Cp
4M (Cp4M = C5Me4H) show a

high potential due to their volatility and low

decomposition temperature with regard to the pro-

duction of germanium films, but so far they were

accessible with rather low yield only [47, 48].

Our goal was to develop a simple CVD process

using molecular precursors, that can be deposited at

low temperatures, are less sensitive to air and

hydrolysis and are accessible straightforward in high

yields. The precursors of choice are the germanes

GeH2Cp
4M

2 (1, Cp4M: tetramethylcyclopentadienyl)

[47, 61] and GeH2Cp*2 (2, Cp*: pentamethylcy-

clopentadienyl) [62], which were briefly reported

previously but in contrast to the monoorganoger-

manes GeH3Cp* and GeH3Cp
4M not tested for their

usability in a CVD process. Here, we report on the

deposition of thin films of germanium on float glass,

silicon, and flexible polyimide foils (Kapton�) by

atmospheric pressure metal organic chemical vapor

deposition at temperatures below 400 �C starting

from the organometallic molecular precursors GeH2-

Cp4M
2 (1) and GeH2Cp*2 (2).

Results and discussion

Precursor synthesis and characterization

The chlorogermanes GeCl2Cp
4M

2 and GeCl2Cp*2
were prepared by salt metathesis reactions starting

from GeCl4 with two equivalents of the correspond-

ing lithium salts LiC5Me5 and LiC5HMe4, respec-

tively (Scheme 1).

Hydrogenation of the chlorogermanes was carried

out with LiAlH4 and gave the corresponding dihy-

drides GeH2Cp
4M

2 (1) and GeH2Cp*2 (2) in nearly

quantitative yields (1: 95%; 2: 98%). Compared with
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the syntheses described in the literature of other

molecular precursors such as GeH2tBu2 (reported

yield: 6%) [63] and GeBzlH3 (reported yield: 31%)

[47], which were shown to be suitable for the depo-

sition of germanium, the yields obtained for the

dihydridogermanes 1 and 2 are significantly higher.

The hydrogenation of the dichlorogermane GeCl2
Cp4M

2 represents a significant improvement with

regard to the synthesis as described in the literature,

which is based on a disproportionation reaction of

GeH3Cp
4M [47]. Noteworthy, the chlorogermanes are

highly sensitive to moisture, while the hydrides 1 and

2 are only slightly sensitive to oxygen and water.

They can be stored at 20 �C under argon for months

without decomposition using normal glassware,

while chlorogermanes need to be stored under inert

atmosphere in sealed tubes.

In order to elucidate the potential of the precursors

1 and 2 for the deposition of germanium, both ger-

manes were investigated with regard to their thermal

behavior by means of Thermogravimetric Analysis

(TGA), decomposition temperature measurements,

and temperature-dependent PXRD measurements.

The decomposition temperatures of 1 and 2 were

determined to be 225 �C and 200 �C, respectively,

which is significantly lower as compared to other

tetravalent organogermanes such as GeVinyl4 (dec.

450 �C), GeEt4 (dec. 400 �C), or GeHEt3 (dec. 350 �C)
and thus are in the range as reported for divalent

germanium precursors such as GeI2 (dec. 210 �C to

300 �C) [20] and 1,3 di-tert-butyl-1,3,2-diazagermo-

lidin-2-ylidines (dec. 140 �C) [64]. When heating the

germanes 1 and 2 to 550 �C under inert conditions

using a heating rate of 50 K/min, evaporation was

observed and minor residues of 8.5% and 12.6% were

obtained in case of 1 and 2, respectively. The TGA

residues were examined by means of EDX, and high

germanium contents of 86.2% and 89.3% in case of 1

and 2, respectively, were detected, while carbon (9.4 –

11.0%) and oxygen (1.3 – 2.8%) represent only minor

impurities. In temperature-dependent PXRD mea-

surements in sealed quartz glass capillaries starting

from the pure germanes 1 and 2 reflections for

crystalline germanium are observed at approximately

500 �C. It is thus assumed that the decomposition of

the precursor provides amorphous germanium first,

which then crystallizes at 500 �C. It should be noted

that the crystallization temperature of germanium

significantly depends on purity and annealing con-

ditions [65, 66], however, a significantly lower crys-

tallization temperature of the amorphous germanium

in the range 300 �C to 400 �C was expected [67].

In conclusion, both germanes 1 and 2 are easily

accessible, easy to handle, show high volatility and

low decomposition temperatures. For these reasons,

the two germanes were chosen as promising candi-

dates for the development of a simple AP MOCVD

process for the production of thin and flexible ger-

manium films.

Experimental setup for the deposition
of germanium films

The deposition setup (Fig. 1) is kept simple and does

not require vacuum, plasma, gas flow, or cooling

traps which are usually required for the CVD pro-

cess. The apparatus consists of three parts: i) the

evaporator vessel, which here is a silver crucible

containing the precursor; ii) a holder made of copper

wire, which carries the evaporation vessel; iii) a glass

vessel with a flat opening, which serves as the reactor

and is placed on the substrate. The experimental

setup is placed on a ceramic heater, which at best but

not necessarily is located in a glove box under inert

gas. The maximum temperature used for the depo-

sition on float glass, and silicon wafers was set to

550 �C, whereas the maximum temperature for the

deposition on Kapton� was set to 400 �C.

Characterization of the germanium films

For the deposition experiments silicon wafers with a

natural SiO2 film, float glass and Kapton� were

chosen. These substrates provide adequate thermal

stability for the deposition, a smooth surface with a

roughness\ 0.5 nm, and are chemically resistant to

Scheme 1 Reaction scheme for the synthesis of diorganogermanes GeH2Cp
4M

2 (1) and GeH2Cp*2 (2).
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the solvents used for cleaning the surfaces (acetone,

ethanol, and Et2O).

In an initial step, several experiments were carried

out in order to determine the minimum substrate

temperature necessary for the deposition starting

from both precursors. The most important require-

ment at this stage was that the film adheres to the

substrate, which was tested using a standardized

Scotch tape test of the American Society for Testing

and Materials (ASTM D3359-17). The substrate tem-

perature was successively increased in steps of 5 K

beginning at 250 �C. A temperature of 270 �C for 1

and 260 �C for 2 was determined as the lowest

applicable deposition temperature. At deposition

temperatures higher than 350 �C for 2 and 400 �C for

1 inhomogeneous films on all selected substrates,

which partially peeled off from the substrate, were

observed. Thus, the optimum temperature window

for the deposition process ranges from 275 �C up to

350 �C for 2 and from 280 �C to 400 �C for 1. The

closed setup is advantageous in that a high concen-

tration of the precursor is present in the gas phase, as

previously described by Harrison et al. for

tetravinylgermane [46]. Figure 2 shows two depos-

ited germanium films on float glass and Kapton�
deposited by our AP MOCVD method. Noteworthy,

germanium films deposited on Kapton� are flexible

and permit to apply a bending radius below 2 mm

without the germanium films chipping off from the

substrate and without cracking (Fig. 3).

In the simple setup a roll rim glass was used, but

scaling-up is easily possible. Germanium films with a

diameter of up to 11 cm were fabricated using glass

reactors of larger diameter. However, in the experi-

ments as described in the following commercially

available 10 mL roll rim glasses with a neck diameter

of 18 mm were used.

For a more detailed characterization of the thin

germanium films scanning electron microscopy

(SEM), energy dispersive X-ray spectroscopy (EDX),

X-ray photoelectron spectroscopy (XPS), and Raman

spectroscopy were used. Deposition on silicon wafers

was carried out for 3 min at 275 �C, 300 �C, and

325 �C with 2, respectively, at 300 �C, 325 �C, and

350 �C with 1. The as-deposited films were charac-

terized using Raman spectroscopy. All samples

revealed similar and characteristic spectra showing

broad bands with peak maxima at 265—273 cm-1,

which is characteristic for amorphous germanium

(Fig. 4). Despite the presence of carbon distinct bands

for carbon were not observed, and only the humps at

1500–1600 cm-1 might indicate carbon residues.

Noteworthy, the films might be easily crystallized

using laser-induced crystallization. We did observe

that a symmetric Raman band at 294 cm-1 evolved

upon measuring the Raman spectra for more than

Figure 1 Schematic sequence

of the AP CVD process for the

deposition of germanium: 1

Arrangement for the

deposition of germanium films

on the substrate, here float

glass; 2 Heating of the

apparatus and thus evaporation

of the precursor; 3 Formation

of a convective flow within the

reactor; 4 Decomposition and

thin film formation at the

surface of the substrate; 5

Condensation of volatile

decomposition products in the

upper region of the reactor; 6

Removal of the reactor and

thermal evaporation of

residual organics.
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30 s using an Argon Laser with a wavelength of

514.5 nm, which is indicative for the beginning of

crystallization. However, as the phonon frequency of

crystalline Ge is 300 cm-1 the shift to 294 cm-1 shows

the formation of small crystallites. Moreover, the

remaining broad feature at lower frequency indicates

that the crystallization is not complete, which is in

line with previous studies on hydrogenatead carbon

germanium films (Fig. 5) [68].

Figure 6 (left) shows the SEM cross-section of the

sample, that was prepared by deposition of 1 at

350 �C on a silicon wafer. Here, the germanium film

(red frame) deposited on the silicon wafer is well

visible, and EDX proofs the deposition a germanium-

rich film on the silicon wafer.

In addition to surface analysis, the deposited film

was analyzed using XPS before and after sputtering,

whereby approximately 30 nm of the films was

removed (Fig. S1-S12). At the surface, all samples

exhibited oxygen and carbon in addition to germa-

nium. Regardless of the precursor and the deposition

temperature carbon contents in the range of 20–30%

were observed. The high oxygen content of 25–31%

most likely results from a native germanium dioxide

layer. This assumption is confirmed by the fact that

the sputtered samples did not reveal any oxygen.

However, even the sputtered samples and thus the

bulk material contain significant amounts of carbon

(10 – 15%) [69]. In conclusion, our deposition exper-

iments revealed two trends: (i) at higher deposition

temperatures the amount of incorporated carbon is

lower and (ii) the Cp* substituted germane 2 gives

slightly lower carbon contents at the same deposition

temperature as used for Cp4M substituted 1 despite

an increased carbon content in the precursor. The

lowest carbon contents were found for deposition of 2

Figure 2 Deposited

germanium films on Kapton�
(left) and glass (right) (circle

diameter 18 mm, precursor 1,

deposition temperature:

300 �C).

Figure 3 Deposited flexible germanium films on float glass with a circle diameter of 110 mm (left) and on Kapton� with a circle diameter

of 18 mm (right) starting from germane 1.

Figure 4 Raman spectra of the germanium films deposited on

silicon wafers starting from 1.
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at 325 �C (10.6%) and for deposition of 1 at 350 �C
(11.5%).

Thickness determination of the as-deposited
films

Atomic force microscopy (AFM) was used to deter-

mine the film thickness and the surface texture of the

deposited germanium films on solid substrates such

as float glass and silicon. Therefore, a stainless steel

needle is used to scratch the germanium film on the

substrate, and the measurement is carried out at the

thus produced edge. The thickness as well as the

surface roughness is determined in a single mea-

surement at the edge (method A, for details see ESI

Fig. S13). For both precursors, it is observed that the

film thickness does not significantly depend on the

precursor used and increases with increasing tem-

perature while using a constant deposition time of

three minutes. The final deposited films are quite

similar in thickness for both precursors (113 nm-

120 nm) when a temperature of 300 �C is applied.

However, at 275 �C film deposition was not observed

using precursor 1 and at 350 �C homogeneous films

were only obtained from precursor 2. In the follow-

ing, we concentrated our work on compound 1,

which offers a better synthetic availability.

In order to check the homogeneity of the deposited

films using different time intervals, germanium films

starting from 1 were deposited at 325 �C in time

intervals of one minute up to four minutes. The film

thickness determination was carried out at three

positions of the substrate using method A, [distance

from the edge: X1: 5 mm; X2: 2.5 mm; X3: 1 mm from

the edge (Table 1)]. All samples show only a small

variation of the film thickness (2.2% to 7.8%) when

comparing the thickness at the center with the film

thickness at outer parts of the Si wafer.

In addition to the film thickness, the morphology

and roughness RRMS (RMS—root-mean-squared) of

the as-deposited films (deposition time: 3 min) were

investigated using AFM. With respect to the mor-

phology, the AFM images of films show a charac-

teristic grain size (Fig. 7), which reaches from a few to

200 nm depending on the deposition temperature

and is similar to that observed for germanium films

deposited by low pressure CVD or epitaxy

[27, 54, 70]. As the deposition temperature increases,

an increase in the diameter of the individual grains at

the surface is observed. The specific roughness of the

films is between (1 ± 0.15) nm and (4.5 ± 1.5) nm for

Figure 5 Raman spectra of germanium films deposited from

germane 1 before (black line) and after 30 s (green line) laser-

induced crystallization.

Figure 6 SEM cross-section (left) of a germanium film on silicon and EDX images of Ge (middle), and Si (right); film deposited starting

from 1.

Table 1 Film thickness of films deposited on Si wafers at 325 �C
starting from 1 as a function of time at different positions X

(distance from the edge: X1: 5 mm; X2: 2.5 mm; X3: 1 mm)

Time/min X1/nm X2/nm X3/nm Variation/%

1 157 143 137 7.8

2 215 211 205 2.2

3 310 293 285 4.7

4 363 360 341 2.4
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films deposited at 275 �C and 400 �C, respectively.
The roughness increases with increasing deposition

temperature, deposition rate, and film thickness.

With regard to the morphology and roughness, the

germanium films deposited at temperatures below

300 �C are comparable with germanium films

deposited by means of CVD using GeH4 or mag-

netron sputtering using Ge targets [27, 54, 70].

Due to the optical properties of thin germanium

films, it is possible to determine the film thickness by

vis–NIR measurements (Figs. 8–10) as was demon-

strated recently [71]. This method is particularly

interesting, since in contrast to AFM studies the film

is not destroyed for or by the measurement (method

B). For the film thickness determination, the inter-

ference effect is used as described for a Fabry-Pérot

interferometer. The reflection of the irradiated light

within the film at the interfaces germanium-glass and

germanium-air is used. Within the film, constructive

and destructive interference occur depending on the

irradiated wavelength and the film thickness. Thus,

the position of the transmission maxima depends on

the film thickness, which then is calculated by

2�n�d = m�kmin. For this purpose, the refractive index

of germanium is used for variable n at kmin (mini-

mum absorption) [72], d is the film thickness to be

determined, m is the order of the interference (inte-

ger), and kmin corresponds to the wavelength with

minimal absorption.

The film thicknesses of Ge on float glas determined

by means of vis–NIR spectroscopy are plotted as a

Figure 7 AFM images of the

surfaces of germanium films

deposited on float glass at

375 �C (left) and 300 �C
(right) starting from precursor

1.

Figure 8 Development of the first-order absorption minima in the

vis–NIR spectra at 53–83 nm thick films of germanium on float

glass as-deposited starting from 1 at various temperatures

(deposition time 3 min).

Figure 9 Film thickness dependence of absorption minima of

germanium films on float glass as-deposited starting from 1 at

various temperatures (deposition time 3 min); second order (green

curve 230 nm), third order (blue curve 327 nm), fourth order

(pink curve 461 nm), and sixth order (black curve 744 nm).
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function of deposition temperature (Figs. 11 and 12).

The comparison shows a very good agreement of the

values determined by means of vis–NIR spectroscopy

(non-destructive method B) with the values deter-

mined from the AFM measurements (destructive

method A).

The film thickness of deposited films on float glass

was additionally determined using method A: center

at 0 mm, at ± 4.5 mm distance from the center, and

at ± 7.5 mm distance from the center. By this, we get

an idea of the uniformity of the film deposition at

different temperatures (deposition time: 3 min) on

the example of precursor 1 (Fig. 13). At temperatures

below 330 �C, quite uniform films were deposited

and a linear correlation of deposition temperature

and film thickness is observed. In a second temper-

ature regime from 335 �C to 360 �C, a film thickness

of approximately 300 nm is obtained, regardless of

the temperature, and the films appear to be less

uniform. At higher temperatures the film thickness

again increases but also the deviation increases sig-

nificantly and thus non-uniform films are obtained.

Methods A and B provide similar results.

Figure 10 Germanium films as-deposited starting from 1 on float

glass (dotted line) and Kapton� (solid line) at various

temperatures (deposition time 3 min).

Figure 11 Film thickness of Ge on float glass as determined by

vis–NIR measurements (method B) vs. temperature (deposition

time: 3 min).

Figure 12 Correlation of the layer thickness of Ge on float glass

determined by AFM (method A) and vis–NIR (method B), green

line represents the f (x) = x function.

Figure 13 Dependence of the germanium film thickness using a

constant deposition time starting from precursor 1 (temperature

range: 280—400 �C, deposition time: 3 min; substrate: float

glass). The standard deviation was determined based on

measurements of the film thickness at five positions of the

substrate (center at 0 mm, at ± 4.5 mm distance from the center,

and at ± 7.5 mm distance from the center).
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The observed deposition characteristics are well in

line with common CVD process parameters. A char-

acteristic relationship between film growth and sub-

strate temperature is observed, which can be divided

into three processes: i) kinetically controlled film

growth at low temperatures; ii) stagnation of the film

growth in a certain temperature range as a result of

saturation of the surface with the precursor; iii) an

increase of the deposition rate by premature decom-

position of the precursor in the gas phase. With

regard to this, we analyzed the deposition process of

our setup using an Arrhenius plot (Fig. 14).

In the temperature range between 280 �C to 330 �C
(Fig. 14 green line), an increase in the deposition rate

is observed with increasing temperature. Extrapola-

tion would give an intersection with the y-axis at

about 222 �C, which marks the beginning of the film

deposition. This value correlates well with the

experimentally determined decomposition tempera-

ture of 225 �C of precursor 1. The deposited films

show a uniform film thickness. The film growth is

kinetically controlled in this temperature regime, and

the activation energy of the thermal decomposition of

the precursor 1 was determined from the Arrhenius

Plot to amount to 101 kJ/mol (Fig. 14). This value is

significantly lower as reported for other organoger-

manium(IV) precursors (GeEt4 142 kJ/mol [73],

GeH3tBu 160 kJ/mol [45], and GeVinyl4 185 kJ/mol

[46]). The digermane Ge2H6 also shows a higher

activation energy of 125 kJ/mol at 0.0039 mbar and

163 kJ/mol at 0.295 mbar [74]. The only report for a

lower activation energy is given by Veprek et al. for

3-di-tert-butyl-1,3,2-diazagermolidin-2-ylidine,

which shows an activation energy of 90 kJ/mol.

However, this precursor follows a disproportionation

reaction, and thus a maximum of 50% of the germa-

nium might be deposited [64]. The low activation

energy for the decomposition of 1 confirms that Cp4M

is easily cleaved off, and the corresponding

diorganogermane is suitable for the deposition of

germanium at low temperatures. In the second tem-

perature range between 330 �C to 360 �C (Fig. 14

pink line), there is no further increase in the deposi-

tion rate, and the latter remains constant, which is

explained by a diffusion controlled process and sur-

face saturation with precursor 1. Films deposited in

this temperature regime were roughly (290 ± 15) nm

thick. In the third temperature range, 365 �C to

400 �C (Fig. 14 blue line), an irregular increase in the

deposition rate occurs. The deposition is inhomoge-

neous starting from 365 �C. A film thickness of

(455 ± 95) nm was determined at 370 �C and films

deposited at 400 �C showed a thickness of

(529 ± 224) nm. Here the precursor decomposes

prematurely in the gas phase, but still contributes to

film growth (Fig. 14). In a classical CVD system, a

continuous gas stream removes the precursor that is

decomposed in the gas phase, and thus, they do not

contribute to the growth of the film.

Conclusions

A simple and efficient atmospheric pressure metal–

organic chemical vapor deposition process (AP

MOCVD) was developed for the formation of thin

germanium films starting from the diorganoger-

manes GeH2Cp
4M

2 [75] and GeH2Cp*2 [62, 75] as

molecular precursors. Deposition temperatures

below 350 �C are sufficient to produce uniform

deposition on substrates such as silicon wafers, float

glass, and polyimide (Kapton�). Deposition on

Kapton� provides highly flexible Ge films. The

deposition rates and thus the layer thickness can be

varied by temperature and time to give amorphous

germanium films with a thickness in the nanometer

range. Previously, the use of monoorganogermanes

was favored because the probability of incorporation

of high amounts of carbon was thought to be reduced

in comparison to precursors based on diorganoger-

manium compounds. We observe carbon incorpora-

tion into the films with approximately 10%, a value
Figure 14 Arrhenius plot for the deposition of precursor 1 on

float glass.
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which is comparable to films prepared from

monoorganogermanium precursors. Thus, carbon

incorporation seems to be strongly depending on

process parameters rather than on composition of the

organogermanium precursor. The presented process

is highly valuable when carbon contamination does

not interfere with the envisaged application and

when amorphous and flexible germanium films are

the synthetic target, especially when temperatures of

350 �C should not be exceeded and when the process

should be kept simple. The molecular precursors

show sufficient volatility and are easy to handle

because of their significantly reduced sensitivity

towards oxygen and moisture as compared to ger-

manes of the type RGeH3 or GeH4.

Experimental section

Melting points (sealed off in argon flushed capillar-

ies) were determined using a Büchi Melting Point

B-540. Raman spectra were measured with a HOR-

IBA LabRAM HR800 with Argon Laser (Wavelength:

514.5 nm), Objective: 100 x, power density 1 mW and

an integration time of 30 s. Vis–NIR measurements

were carried out using a Varian Cary 5000 UV–Vis-

NIR spectrometer. AFM measurements were carried

out using a JPK NanoWizard (JPK Instruments AG,

Berlin). SEM/EDX analysis were determined with a

FEI NovaNano SEM. Powder X-ray diffraction was

carried out with a STOE STADI P diffractometer

(Darmstadt, Germany) using CuKa1 radiation

(k = 1.54056 nm, 40 kV, 40 mA) and a Ge(111)-

monochromator. The FWHM is corrected for instru-

mental broadening using a LaB6 standard (SRM 660)

purchased from NIST. TGA experiments were

determined by using a Mettler Toledo TGA/DSC1

1100 system. The measurements were performed in a

temperature range from 30 to 550 �C with a rate of

10 K � min-1 and a nitrogen volume flow of

20 mL � min-1.

Depositions

A series of samples of germanium films was pro-

duced using the diorganogermanium precursors on

Kapton� and float glass as substrates. The deposition

of the germanium films was carried out at a substrate

temperature of 280 �C and was increased by 5 �C to

400 �C for each new sample. The deposition of

germanium on a silicon substrate was carried out at

350 �C using the precursor GeH2Cp
4M

2. A deposition

time of 3 min was chosen unless otherwise described.

All experiments were carried out at atmospheric

pressure in a glove box under a nitrogen atmosphere

(oxygen and water content\ 0.5 ppm) using a com-

puter-controlled ceramic heating plate (Bath Resistor

Ceramics). The temperature of the heating plate can

be varied between 25 and 550 �C. The substrates used
were float glass (25 9 80 mm) from VWR Collection,

silicon wafer with a natural oxide film (10 9 10 mm),

or Kapton� 100 QR 2 films (25 9 25 9 0.025 mm)

from DuPont. All substrates were treated with ace-

tone, ethanol, and diethylether for 3 min in an ultra-

sonic bath before the deposition experiments and then

dried at 120 �C. As evaporation vessels, home-build

silver crucibles made of silver foil ([ approx. 5 mm,

height-7-mm, thickness-0.1-mm) were used. Unless

otherwise described, all deposition experiments were

performed with 10.0 ± 0.3 mg of the precursors

GeH2Cp
4M

2 (1) [75] and GeH2Cp*2 (2), which we

prepared according to literature procedures [62, 75].
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