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Abstract 11 

We present a green route of synthesis of germanium nanocrystals by cryomilling. The 12 

particles (~ 80 nm) are further functionalized with acrylic acid and dispersed in the isopropyl 13 

alcohol (IPA) medium to obtain colloidal ink suitable for inkjet printing under ambient 14 

atmosphere to form device grade structure. Printing on silicon wafers presents a complex 15 

problem of coffee-ring pattern formation that hinders the printing quality. Enhancing the printing 16 

quality can be realized by controlling the hydrophobicity of the silicon surface by optimizing 17 

termination of the surface bond through a cleaning protocol and temperature of printing. Through 18 

a simple model architecture using n-type Si (001) substrate, the diode performance of the Si/Ge 19 

printed heterostructure that has the potential to evolve into a cost-effective development of 20 

semiconducting devices is demonstrated. 21 
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1 Introduction 1 

  Silicon-germanium (Si/Ge) heterojunctions are useful in many applications such as solar cells 2 

[1, 2], photodetectors [3, 4], bipolar transistors [5, 6], field-effect transistors [7-9], 3 

thermoelectrics [10-12] and many others [13]. Hence, continuing efforts are underway to obtain 4 

less expensive methods of fabrication of silicon-germanium heterostructures. In this regard, 5 

inkjet printing technique of device fabrication under ambient condition is attractive as this is a 6 

direct patterning process. The method also can eliminate the need for special vacuum 7 

technologies and clean room, making it attractive in the context of the development of a low-8 

cost, low-capital technology [14]. 9 

The nature and the quality of ink containing the materials needed for the device are critical for 10 

inkjet printing. In most cases, this ink is composed of dispersed nanoparticles [15-17]. For the 11 

fabrication of Si/Ge heterojunctions, a pre-requisite is the germanium ink, which necessitates the 12 

need for germanium nanoparticles. Various methods have been employed in synthesizing 13 

germanium nanoparticles such as gas decomposition [18], chemical route of reducing Ge salts 14 

[19, 20], laser synthesis [21] and thermolysis [22].  The chemical route is the most popular for 15 

the synthesis of nanoparticles. However, the disposal of the chemical residue presents an 16 

environmental challenge, thus encouraging the development of chemical-free green processes. In 17 

this work, germanium nanoparticles have been fabricated by the technique of milling at low 18 

temperature (cryomilling) under an inert atmosphere that is relatively inexpensive and scalable. 19 

The common issue of contamination during conventional planetary ball milling can be overcome 20 

during cryomilling [23]. Lower milling temperature (~200 K) and the inert atmosphere (argon) 21 

maintained during milling  helps in overcoming the problem due to poor stability of germanium 22 
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in air [24]. This method also results in germanium nanoparticles without any by-product, making 1 

this a clean way for nanoparticle synthesis. 2 

Large research efforts exist in the area of printable metal contacts for devices [25], polymer 3 

[26-28] and ceramic printing [29, 30]. However, printing elemental semiconductors presents an 4 

additional challenge as oxidation of these materials complicates the process. In this work, the use 5 

of inkjet printing technique in obtaining germanium film using colloidal germanium obtained 6 

from the milling and investigation of the behavior of Si/Ge heterojunction obtained by printing is 7 

explored. To the best of our knowledge, this is the first report on inkjet printed germanium films. 8 

The key parameters that lead to the formation of device quality films will be discussed in detail. 9 

2 Experimental Section 10 

2.1 Materials  11 

Germanium pellets of 99.9999% purity and intrinsic in nature were purchased from Zhongnuo 12 

Advanced Material (Beijing) Technology Co. Ltd with a diameter of 2-5 mm. These were used 13 

without any further modifications for cryomilling. HF (48%, SDFCL), HNO3 (69 vol% 14 

Emplura), IPA (Fisher Scientific), DI water were also used without any further purification. 15 

2.2 Cryomilling 16 

A specially designed vibratory cryomill capable of milling under vacuum/inert atmosphere 17 

was used [24]. The schematic of the mill is given in supplementary Figure S1. The mill was 18 

loaded with 5 gm germanium pellets and 500 gm steel ball, giving the ball to powder weight 19 

ratio of 100:1. The vial was evacuated with up to 0.02 mbar. The pellets were milled for 5 hours 20 

to obtain flakes of germanium particles. The cryomill was maintained at a temperature of ~200 K 21 

by a continuous supply of liquid nitrogen through an insulated outer jacket. 22 
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2.3 Surface functionalization of germanium nanoparticles 1 

Germanium nanoparticles (~300 mg) obtained through cryo milling are dispersed in methanol 2 

medium and subsequently centrifuged for 5 minutes at 5000 rpm. The centrifuged particles are 3 

etched with 2% HF. The etched particles are further dispersed in 20 ml acrylic acid and heated 4 

for 1 hour at 80 °C. The reaction is carried out under N2 atmosphere. After the completion of the 5 

reaction, the solution is centrifuged again for 10 minutes at 10,000 rpm. Excess acrylic acid is 6 

discarded, and the settled particles were collected. These particles were washed repeatedly with 7 

methanol to remove excess acrylic acid. The particles were then dispersed in IPA for making ink 8 

for printing. 9 

2.4 The process of printing 10 

A (001) orientation phosphorous doped n-type Si wafer of resistivity 1-10 ohms is used 11 

throughout this work. Wafer cleaning procedure has been followed as follows: Si wafer is 12 

ultrasonically cleaned in acetone for 10 minutes. However, this step leaves the residues due to 13 

the solvent itself. This is removed by sonication in methanol/ethanol for 2-5 minutes. This step 14 

removes organic and oily residues from the substrate surface. The sample is then cleaned by DI 15 

water and dried using N2 gas. The wafer is then soaked in a 4:1 mixture of H2SO4 and H2O2 at 90 16 

°C for 10 minutes to remove organic residues. Subsequently, wafer is soaked in a 5:1:1 mixture 17 

of DI water + H2O2 and HCl at 75 °C for 10 minutes. This procedure eliminates the remaining 18 

traces of metal (ionic) contaminants from the wafer. It also forms a thin passivizing layer on the 19 

wafer surface, which protects the surface from further contamination. This process is termed as 20 

‘RCA cleaning’ [31]. For certain experiments, Si wafer is dipped in 2% HF for 2 minutes to 21 

remove the oxide layer that forms in the prior cleaning process. 22 
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Microfab Jetlab-4 tabletop inkjet printer was used for printing [32]. A piezoelectric print 1 

nozzle with the opening of 50 µm size was used. Experiments were carried out with on-the-fly 2 

mode with a print speed of 5 mm/sec. For the ink, the germanium concentration was varied from 3 

20 mg/ml to 80 mg/ml of solvent before an optimum value of 40 mg/ml of IPA is determined. 4 

The voltage conditions were optimized to obtain the desired drop formation. The ink was stable 5 

for about 30 min. Further, a magnetic stirrer that comes in-built with the printing setup was used 6 

to avoid particles from settling down while printing. The substrate was placed on the stage, and 7 

the temperature was varied between room temperature to 100 °C. Germanium ink was printed as 8 

5x5 mm patch on 10 x10 mm Si substrate. Sintering of the samples was performed in a vacuum 9 

furnace maintained at a pressure of 10-5 bar. 10 

2.5 Characterization 11 

X-Ray Diffraction (XRD) studies were performed using a PANalytical x-ray diffractometer   12 

with a Cu-Kα (1.54 Å) source (operated at 40 kV with a current of 40 mA). Transmission 13 

Electron Microscope (TEM) study was performed using a Tecnai T20 microscope at 200 kV 14 

equipped with a LaB6 thermionic emission gun. TEM samples were prepared by drop-casting the 15 

germanium nanoparticles dispersion on carbon-coated copper grids and used after solvent 16 

evaporation. A Sirion Scanning Electron Microscope (FEI make) was used for imaging.  Raman 17 

spectra were obtained using LabRam HR Raman spectrometer with a green laser operating at a 18 

wavelength of 532 nm. FTIR measurements on nanoparticles were carried out at room 19 

temperature using a Perkin Elmer Frontier MIR system. An average of 64 scans was acquired at 20 

a spectral resolution of 2 cm-1. Keithley 4200SCS apparatus was used for current-voltage (I-V) 21 

measurements. 22 

  23 
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3 RESULTS AND DISCUSSION 1 

3.1 Cryomilling of germanium and structural characterization 2 

Germanium pellets were cryomilled for 5 hours and XRD analysis was carried out on the 3 

powder. Most of the XRD peaks (Figure. 1) could be matched with the diamond cubic structure 4 

of germanium with a lattice parameter of a=0.5666 nm slightly higher than the reported value of 5 

0.5658 nm. This, we believe, is due to either error in instrument calibration or possible milling 6 

induced contamination.  The XRD pattern is obtained from the as-milled powder that contains a 7 

large fraction of micron size particles and hence, the peaks are relatively sharper with very weak 8 

overlapping broad peaks.  We note that the phase and hence peak positions do not change 9 

while the size do changes with relatively small fraction of very fine nanoparticles that can 10 

lead to broadening. Therefore, to perform deconvolution, the choice of the two peak 11 

position were kept the same and the deconvolution was performed using a log-normal fit. 12 

The peak broadening (full width at half maximum (FWHM)) obtained from the broad 13 

peak corresponding to the finer crystals was used for crystallite size calculation employing 14 

the Scherrer equation. The inset in Figure. 1 shows deconvolution of the 111 peak. The particle 15 

size estimated from the broad peak is of the order of ~50 nm. The milled particles are centrifuged 16 

to separate the finer particles.  Additional peaks corresponding to germanium oxide with 17 

hexagonal structure has also been observed.  Comparing the intensity of germanium and 18 

germanium oxide reflections, the relative amount of the oxide is found to be 3.9%, suggesting 19 

that the particles may have oxide cover. 20 

Cryomilled germanium powder in methanol was centrifuged to get rid of the larger particles 21 

and the particles in the supernatant liquid have been analyzed using TEM. Figure 2a shows a 22 

TEM bright field micrograph exhibiting the particles. The diffraction pattern (inset of Figure. 2a) 23 
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shows the rings corresponding to the diamond cubic crystal structure of nanocrystalline 1 

germanium. A histogram of the size distribution (shown in the inset) reveals the mode at 80 nm. 2 

As can be seen in the higher magnification image of a particle, nanocrystals are embedded in this 3 

particle. High-resolution TEM image (Figure. 2b) also confirms the presence of crystallites of 4 

the nanometric size range. This is in accordance with the data obtained from Raman 5 

spectroscopy. These results show that the germanium nanoparticles obtained from cryomilling 6 

are polycrystalline in nature. 7 

3.2 Synthesis of germanium ink 8 

XRD results showed that the germanium nanoparticles contain trace amounts of germanium 9 

oxide, which is expected as germanium is prone to oxidation. However, for printing applications 10 

germanium oxide layer can act as an insulating medium. Hence, the surface termination of 11 

functional groups has been carried out to suppress oxides in the germanium surface as well as to 12 

enhance colloidal stability. Size of the Ge NPs is in the range of ~80 nm, which requires a strong 13 

functional termination and for the present range, acrylic acid has been proved effective by 14 

Bywalez et al. [40]. It should be noted that the functionalization process is performed to alter the 15 

surface termination of the nanoparticles and do not change the size of the particles. Hence, 16 

acrylic acid has been used to functionalize germanium. Identity of surface species on germanium 17 

nanoparticles is confirmed by comparing the FTIR spectra of as-milled germanium 18 

nanoparticles, acrylic acid treated germanium nanoparticles and acrylic acid (Figure. 3a). The 19 

peaks present at 2853 – 2962 cm-1 are assigned to C-H symmetric and asymmetric stretching in a 20 

saturated hydrocarbon (SP3 C-H) respectively [41, 42]. The absorption at 1610 cm-1 indicates the 21 

presence of C=C. This absorption is absent in functionalized germanium. Thus, from the 22 

presence of sp3 C-H absorption band and absence of C=C it can be concluded that the Ge-C 23 
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functionalization has occurred through the breaking of doubly bonded carbon atoms. The peaks 1 

observed at 1400 and 1410 cm-1 are attributed to COO- [43, 44]. Additional stretches located in 2 

the range 1260-1150 cm-1 can be assigned to the coupled C-(OH) stretching and C-O-H bending 3 

modes [44]. The stretches at 1465 cm-1 and 1260 cm-1 are assigned to the scissoring and bending 4 

of Ge-C and Ge-CH2 bonds respectively [41]. The choice of 1450 cm-1 is ambiguous because the 5 

strong C-CHx signal appears in the same range and overlaps with Ge-C signal. However, the 6 

bending vibration at 1260 cm-1 further confirms the presence of Ge-C.  The presence of stretch at 7 

860 cm-1 is also attributed to Ge-C [45]. Hence, the spectrum shows features consistent with the 8 

germanium surface functionalized by propionic acid. The magnified FTIR spectra in the lower 9 

wavenumber range are shown in Figure. 3b. This shows the characteristic Ge-O stretches at 800 10 

– 950 cm-1[43, 46]. These are negligible in the functionalized germanium nanoparticles, which 11 

shows that the process of hydrogermylation followed by functionalization has resulted in the 12 

removal of germanium surface oxide [40]. The oxide amount can be considered insignificant 13 

since it is known that FTIR is more sensitive to polar Ge-O than Ge-C stretches. Thus, 14 

termination by propionic acid prevents oxidation of the particles and creates a stable passivation 15 

layer. 16 

Propionic acid terminated germanium nanoparticles can be dispersed easily in any polar 17 

solvent, as the functional group is hydrophilic [47]. The functionalized germanium nanoparticles 18 

are found to be stable for about half an hour and this colloidal germanium have been further used 19 

for inkjet printing. A built-in magnetic stirrer attached to the colloid reservoir aids in getting a 20 

stable colloid throughout the printing. 21 

3.3 Printing of germanium ink and overcoming coffee-ring formation 22 
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The inkjet printing method of deposition utilizes inks made of dispersed/dissolved particles, as 1 

the source of deposition. The colloid filled reservoirs are connected to a piezoelectric responsive 2 

nozzle, from which the drops are ejected. The ejected drop falls on the substrate and when the 3 

solvent dries, the film is obtained. When a drop dries on a substrate, it leaves a thick deposit of 4 

solute along its periphery. This phenomenon is called coffee-ring formation [48]. This happens 5 

because of the non-uniform drying of the drop. In case of solution-processing technique like 6 

inkjet printing. This effect hinders the formation of uniform and homogeneous coating. This 7 

results in large differences in the thickness and consequent sintering characteristics of the 8 

particles that deteriorate the transport properties. Hence, overcoming this effect is necessary for 9 

fabricating device quality films. Hence, several experiments have been performed to optimize the 10 

concentration of the colloid, nature of the solvent, substrate type, substrate temperature and 11 

printing parameters. 12 

Functionalized germanium nanoparticles dispersed in methanol is used for inkjet printing 13 

experiments. Methanol was chosen as the solvent since it has a low boiling point and hence the 14 

evaporation of the solvent can be achieved at lower substrate temperature compared to the polar 15 

solvents such as water. However, the drop formation is not stable and satellites formation 16 

(stretching of drops) is observed after a few printing runs [17]. This might be due to low solvent 17 

viscosity. Based on the observations, Isopropyl alcohol (IPA) is chosen as a subsequent solvent 18 

in order to get stable a drop since its viscosity (2.04 cP) is ~4 times than that of methanol (0.54 19 

cP). Stable drop formation could be observed under this condition. 20 

Initial printing experiments were carried out both on hydrophilic and hydrophobic Si substrates. 21 

The hydrophilic surface is obtained by the process of RCA cleaning (detailed in the experiment 22 

section). This step creates an ultrathin SiO2 layer in the substrate (~2 nm) and the oxide-23 
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terminated silicon wafer becomes hydrophilic. Hydrophobic substrates were obtained by 1 

immersing Si substrates in 2% HF for 2 minutes. This step created hydride terminated silicon 2 

surface aiding in hydrophobicity of silicon surface. This is shown as a schematic in Figure. 4a. 3 

It is observed from Figure. 4b that the tendency to form coffee-ring is prominent in the case of 4 

the hydrophilic substrate surface. Since, the polar solvent is used, the drop tends to spread on the 5 

hydrophilic substrate. This leads to an increase in the ring size. Shen et al. studied the effect of 6 

droplet size on the morphology and concluded that the morphology is more uniform for small 7 

drops [49]. The solvent evaporation and solute diffusion are two competing factors that 8 

determine the drop morphology. In smaller drops, the difference in evaporation rate between the 9 

periphery and center decreases, hence the solvent evaporates faster. As a result, there is not 10 

enough time available for solute diffusion leading to uniform morphology. In the case of the 11 

hydrophilic substrate, drop spreads and becomes larger leading to coffee ring formation. Hence, 12 

hydrophobic surfaces were opted for further experiments. 13 

In order to arrest the solute diffusion and to aid the faster evaporation of the solvent, the substrate 14 

temperature was increased. The morphology of the drops printed on hydrophobic surface at two 15 

different temperatures is shown in Figure. 4c and d. It can be observed that the coffee-ring effect 16 

is predominant at high temperature (100 °C) than at room temperature. A similar effect on 17 

substrate temperature has been observed by Soltman et al. where the ring effect is avoided by 18 

using cooled substrates [50]. The effect of the high temperature resulting in a coffee ring is 19 

explained based on the capillary flow [51]. Schematic of the capillary flow is shown in Figure. 20 

4e. When the drop is on the substrate surface, the solvent in the edge of the drop surface dries 21 

faster than in the center. This pins the periphery of the drop and forms a contact line. When the 22 

solvent in the edge dries faster, excess solvent from the central region flows to the outside to 23 
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compensate the solvent loss. This flow carries the solute towards the periphery resulting in a ring 1 

like morphology. This effect can be suppressed by performing printing at lower temperatures, as 2 

observed in Figure. 4d.  3 

Printing on the hydrophobic substrate at room temperature showed the best printing morphology 4 

with no presence of rings. Having optimized the parameters, the germanium ink was printed on 5 

silicon substrate for several runs in this condition to get dense film and further experiments were 6 

carried out with these samples. 7 

3.4 Sintering of the inkjet printed germanium film 8 

The as-printed films possess separated particles and a continuous network is necessary for the 9 

charge transport. This can be achieved by the sintering process. The functional group can act as 10 

an insulating layer for the charge carriers. This sintering step also gets rid of the functional group 11 

on the particle surface. To identify the decomposition of propionic acid groups from the 12 

germanium surface, the functionalized particles were dried and then subjected to 13 

thermogravimetric analysis (TGA), under argon atmosphere.  A slow weight loss of 0.52% is 14 

observed till 400 °C, which is attributed to the decomposition of propionic moieties from the Ge 15 

surface. Therefore, the temperatures higher than 400 °C have been chosen for sintering. The 16 

printed films were sintered at 600 °C and 800 °C under vacuum. The morphology of the as 17 

printed films (Figure. 5a) depicts the individual particles. Morphology of the film sintered at 600 18 

°C (Figure. 5b) shows the onset of sintering. When the sintering temperature is further increased 19 

to 800 °C, uniform morphology could be observed. This is expected because of the early melting 20 

of the smaller particles in the large size distribution of the nanoparticles and this liquid phase 21 

sintering promotes a relatively homogeneous film, as shown in Figure. 5c [52, 53]. 22 
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Raman spectroscopy has been performed on the films sintered at different temperatures and the 1 

spectra are shown in Figure. 5d. Crystalline Si (c-Si) and crystalline-Ge (c-Ge) exhibit the active 2 

phonon mode at a frequency of 521 cm-1 and 301.5 cm-1 respectively [54]. For bulk Ge, the 3 

spectrum shows a single sharp symmetric peak at 301 cm-1 with a width of approximately 3.9 4 

cm-1 (Figure S2). This peak corresponds to the active phonon mode of crystalline Ge (c-Ge) 5 

[33]. For milled powder, this peak shifted to a lower wavenumber of 296 cm-1 and 6 

asymmetrically broadened with FWHM of 16.9 cm-1 (Figure S2).  The phonon confinement 7 

model [34], states that the peak shift towards left and broadening occur as the crystallite size 8 

decreases. The asymmetrical peak broadening towards lower wavenumber suggest coexistence 9 

of amorphous and crystalline phase [35-39]. Unlike as-milled germanium powder, Raman 10 

spectrum for Ge/Si sintered sample does not show asymmetrical broadening at lower 11 

wavenumbers, which marks the absence of amorphous Ge phase. This is expected as 12 

crystallization in Ge tends to occur at such high temperatures. The Raman spectrum for the 13 

sample sintered at 600 °C shows the peaks for c-Si and c-Ge. The peak at 450 cm-1, seen in the 14 

sample sintered at 800 °C corresponds to Ge-Si bond indicative of the presence of Si-Ge alloy at 15 

the heterostructure interface. For the as milled Ge, the peak occurs at ~295 cm-1 while for a 16 

sintered sample at 800 °C, a peak appears at 299 cm-1, indicating the crystallite growth during 17 

sintering. Additionally, the shift of the peak to higher wavenumber indicates strain relaxation 18 

that is expected at high temperature. A small peak appearing at 450 cm-1 corresponds to Ge-Si 19 

bond. The oxide peaks are not present in the as-deposited (printed) Ge on Si or in the sintered 20 

sample. This shows that the acrylic ligands attached to the germanium protect the samples from 21 

the oxidation during and after the printing process.  22 

3.5 Charge transport in Si/Ge heterojunction 23 
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The thickness of germanium film printed on Si substrate is measured to be ~5 µm. To perform 1 

current-voltage measurements, silver metal contacts have been used. The device architecture is 2 

shown in Figure. 6a. and the I-V characteristics have been obtained for this device at dark 3 

conditions, shown in Figure. 6b. The Si/Ge I-V characteristics show a Schottky diode behavior 4 

with a cut-off potential of 0.47 V. The diode parameters are obtained from the semi-log plot of 5 

the I-V curve (Figure. 6c) and correlating with the ideal diode equations as given below, 6 

 � = �� �exp � 	
��
� − 1� 
(2.1) 

 �� = ��∗
� exp �−	Φ�
�
 � 

(2.2) 

where q is electronic charge, k is the Boltzmann constant, T is the temperature, n is the diode 7 

ideality factor, Io the reverse saturation current, A is the active device area (5 mm x 5 mm), A* is 8 

the effective Richardson constant (143 A cm-2 K-2) [55], Φb is the barrier height. The barrier 9 

height value of 0.83 eV has been obtained from equation 2.2. This value of barrier height is in 10 

accordance with the literature reports (~0.75 eV) [56, 57]. 11 

The slope of the semi-log plot determines the diode ideality factor and is found to be 5.1. 12 

Ideality of the diode is a way of determining, how well the charge transport mechanism could be 13 

described by the ideal diode equation. Ideality factor of 1 is estimated based on the assumptions 14 

such as band-to-band transitions or trap states lead to recombination. However, diodes 15 

possessing ideality factor of 1-2 is practically possible and hence η of values less than 2 is 16 

considered as ideal behavior. η value greater than 2 suggests that the diode is acted upon by 17 

several factors such as recombination, oxide layer, interface trap states and several phenomena 18 

[58-63]. In this work, the ideality diode factor of ~5.1 is observed. The ideality factor of the 19 
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diode depends on the heterogeneity and film porosity and also on several external factors such as 1 

the contact between the film and the electrode, the saturation current, the series resistance, the 2 

shunt conductance and the photocurrent. These parameters not only depend on the quality of the 3 

film but also on the preparation of the contacts [61, 64, 65]. The current experiments are 4 

performed to demonstrate the possibility of fabricating a diode using a simpler process and hence 5 

contact parameters are not optimized which reflect in the higher ideality factor of the fabricated 6 

heterostructures. The higher ideality factor shows that the diode behavior can no longer be 7 

understood based on only thermionic emission theory. This indicates that the current transport 8 

mechanism in these structures deviates from that of thermionic emission theory [66-68].  9 

Hence, to probe the possible charge transport mechanisms, the log-log plot of the I-V curve 10 

has been obtained and is shown in Figure. 6d [69]. The log-log plot shows the power law 11 

compliance of the current with voltage. The plot shows four regions with distinct slopes. The 12 

slopes indicate a fit between current and voltage given by I = KVm [66, 70], where K is a constant 13 

and m is the exponent obtained from the slope of the curve. The first region is the Ohmic region, 14 

where the current varies linearly (m=1) with respect to the voltage. This trend is from Ohm’s law 15 

behavior, where the charge transport is because of the thermally generated carriers. This happens 16 

during the initial stage, where the charge carriers because of the external biasing are small. 17 

Following this, region-II with a slope of about 2.3 appears. This region of space charge limited 18 

current (SCLC) starts, when the thermally generated charge carriers are comparable to the charge 19 

carriers injected due to biasing.  In this region, the injected charge carriers fill the effective traps 20 

in the diode.  Following this there is a sharp increase in the current flow, where the slope is high 21 

(m=4), which is the transition from the trap-filling region to the trap-free region. In the Si/Ge 22 

diode, this appears at the voltage of about 0.4 V. This is in correspondence with the cut-in 23 
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potential of the diode (0.47 V). After, this region, the injected carriers directly reach the 1 

conduction band (m=2.1). This elucidates that the inkjet-printed Si/Ge diode shows the space-2 

charge-limited current transport behavior. 3 

4 Conclusions 4 

A cost-effective route to synthesize germanium nanoparticles through cryomilling is 5 

developed.  Synthesis of germanium colloids in low boiling point solvents has also been 6 

achieved in this study, by functionalizing germanium nanoparticles with acrylic acid. This step 7 

provides oxide-stable propionic acid moiety terminated germanium colloid. Inkjet printing of 8 

germanium nanoparticles on silicon has been explored in further. The major issue of coffee-ring 9 

formation has been suppressed and Ge film on Si substrate with uniform morphology was 10 

obtained. Germanium film is achieved at ambient conditions, without the use of conventional 11 

vacuum fabrication technologies. Si/Ge heterojunction shows Schottky diode characteristics. 12 

This study paves the way for utilization of germanium in printable electronics. 13 
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 16 

Figure. 1. XRD pattern of the cryomilled germanium powder. The peaks correspond to the diamond cubic structure 17 
of the germanium and shows the presence of small amount of germanium oxide. The inset shows the deconvoluted 18 
peak of (111) plane where the broadened peak corresponds to a finer crystallite size of ~50 nm. 19 
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 3 

Figure. 2. a) TEM micrograph of the Ge NPs, inset showing the corresponding diffraction pattern indicating the 4 
diamond cubic Ge structure. Size distribution of the particles with mode at 80 nm as shown in the inset. b) High 5 
Resolution TEM image of the partiles showing the presence of nanocrystallites. Inset showing the individual particle 6 
with diffraction contrast indicative of crystalllites showing nanocrystallites in the particle. 7 

 8 

 9 

Figure. 3. a) FTIR spectra of the as-milled Ge NPs, functionalized Ge NPs indicated as ‘Ge_func’ and acrylic acid. 10 
b) Magnified view of the FTIR spectra showing the disappearance of oxide peaks in functionalized germanium 11 
nanoparticles. 12 
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 1 

Figure. 4. a) Oxide-termination of the Si wafer after the RCA cleaning process making the surface hydrophilic and 2 
HF-etching results in hydrogen termination of the Si surface leading to hydrophobicity. b) Morphology of the drops 3 
formed on a hydrophilic surface showing the prominent coffee ring formation. c) Morphology of the drop on the 4 
hydrophobic surface printed at 100 °C showing the presence of coffee-ring. d) Morphology of the drop on 5 
hydrophobic surface printed at room temperature showing uniform morphology. e) Schematic of the capillary flow, 6 
showing the segregation of the particles in the periphery due to faster evaporation of solvent in the periphery 7 
(indicated by red arrows).  8 
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 1 

Figure. 5. a) Morphology of the functionalized Ge dispersed in IPA, printed on hydrophobic Si substrate with 2 
substrate temperature maintained at room temperature. Samples sintered under vacuum at b) 600 °C for 1.5 hr 3 
showing the initiation of sintering and c) 800 °C for 2.5 hr showing the uniform morphology in the film, due to the 4 
melting of the particles. d) Raman spectra for the germanium films obtained by sintering at 600 °C and 800 °C. 5 
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 1 

Figure. 6. a) Device architecture used for measuring the current-voltage response in the inkjet printed Si/Ge 2 
heterostructure. b) J-V plot showing the schottky diode behavior with a cut-in potential ojf 0.47 V. c) Semi-log plot 3 
to measure the diode parameters, inset showing the ideal diode equation d) Power plot showing the space charge 4 
limited current conduction in the Si/Ge heterojunction. 5 






