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We have studied the formation of Ta nanodots (NDs) on thermally grown SiO2/Si by 

exposing a thin metal layer to a remote H2 plasma (H2-RP) without external heating.  

Atomic force microscopy (AFM) analyses show that a combination of a Ge (~30.0 nm)/Ta 

(~2.0 nm) bilayer stack with subsequent H2-RP exposure is effective for forming electrically 

isolated Ta NDs with an areal dot density as high as ~1011 cm-2, where the Ge layer plays an 

important role as a barrier layer against the oxidation of the ultrathin Ta layer surface.  The 

change in the chemical structure of the Ge/Ta bilayer stack on SiO2/Si upon Ta ND formation 

by H2-RP exposure is investigated by hard X-ray photoemission spectroscopy (HAXPES) 

and X-ray photoelectron spectroscopy (XPS).   
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1. Introduction 

The formation of well-controlled metal nanodots (NDs) has been attracting much attention 

because of their unique physical properties, which enable the improvement of the 

performance of devices such as floating-gate MOS memories [1-3] and resistive switching 

devices [4-6].  For resistive random access memory (ReRAM) application, the dispersions 

of operation voltages were decreased and the ON/OFF current ratio was increased by 

embedding NDs into dielectric layers, causing electric field concentration [7-9].  Since the 

resistive switching can be explained by the formation and rupture of conductive filaments in 

oxide layers as a result of the diffusion of oxygen vacancies, easily oxidized metals such as 

Ta may be a promising material for NDs embedded in oxide layers.  In fact, Ta oxide has 

been reported as an attractive resistive-switching material because the controllability of the 

oxygen vacancy concentration in a TaOx conductive filament leads to superior retention and 

endurance properties of ReRAMs [10-13].  Various formation techniques of nanodots have 

been demonstrated over the past decades, such as electron beam lithography followed by 

etching [14-17], thermal vacuum evaporation using an anodic porous alumina membrane as 

a template [18-20], and a bio-nanoprocess with the use of a cagelike protein [21-24].  

However, these techniques have some drawbacks, for instance, the need to remove unwanted 

materials and the limited size control of NDs.  In order to integrate metal-ND-based devices 

on the Si platform, ND formation methods should be compatible with the silicon process 

technology.  So far, we have reported the self-assembly formation of metal (Ni, Pt, Pd, and 

Co) NDs on thermally grown SiO2 with an areal density as high as ~1012 cm-2 simply by 

exposing ultrathin metal films to a remote H2 plasma (H2-RP) without external heating [25-

28].  This is beneficial for the minimization of metal diffusion into oxide layers, which 

often degrades the oxide quality and increases leakage current.  In this method, the 

adsorption of atomic hydrogen on a clean metal surface is essential for ND formation due to 

the local heating caused by the recombination of atomic hydrogen.  In practice, when Al 

films were exposed to H2-RP, the presence of native oxide on the Al surface significantly 
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suppresses the rise in surface temperature and prevents ND formation as a consequence [26].  

To form NDs made of easily oxidized metal, we proposed to employ amorphous-Ge (a-Ge) 

films as a capping layer to prevent the oxidation of the metal surface, because a-Ge is 

completely removed by H2-RP at an etching rate as high as ~56 nm/min [29].  In this work, 

we extended our research work to form high-density Ta NDs on SiO2 by exposing a Ge/Ta 

bilayer stack to H2-RP. 

 

2. Experimental procedure 

After conventional wet-chemical cleaning steps of a p-type Si(100) substrate with a 

resistivity of 8.5-11.5 Ω·cm, a ~2.4-nm-thick SiO2 was thermally grown on the Si substrate 

by oxidation at 850 ˚C in dry O2.  After that, a ~2.0-nm-thick Ta layer was formed on the 

ultrathin SiO2 by electron beam (EB) evaporation at room temperature.  Subsequently, a 

~30.0-nm-thick Ge layer was deposited on the Ta layer by EB evaporation without air 

exposure.  The Ge/Ta bilayer stack thus prepared was exposed simply to H2-RP without 

external heating.  The plasma was generated by inductive coupling with an external single-

turn antenna connected to a 60 MHz generator through a matching circuit.  During H2-RP 

exposure, the gas pressure and very high frequency (VHF) power were maintained at 13.3 

Pa and 500 W, respectively.  The parameter in this work is exposure time.  To evaluate the 

effect of the Ge capping layer, a ~ 2.0-nm-thick Ta single layer deposited on SiO2 was also 

exposed to H2-RP for comparison.   

The change in the surface morphology and the formation of the Ta NDs were evaluated by 

atomic force microscopy (AFM).  The impact of H2-RP exposure on the chemical structure 

of Ge/Ta bilayer stacks on a ~2.4-nm-thick SiO2/Si substrate was investigated by X-ray 

photoelectron spectroscopy (XPS) under monochromatized Al Kα radiation (h = 1486.6eV) 

and hard X-ray photoemission spectroscopy (HAXPES) under synchrotron radiation (h = 

7939eV) at beam line BL47XU of SPring-8.  Because of the detection limit of HAXPES in 

the depth direction being as deep as ~30 nm from the surface, we can discuss the chemical 
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bonding features of the Ta layer through the Ge capping layer from core-line signals such as 

Ta 3d5/2 and Ge 2p3/2 spectra.  XPS enables us to perform surface-sensitive measurements 

in comparison with the HAXPES.  

 

3. Results and discussion 

Figure 1 shows AFM topographic images of the Ge/Ta bilayer stack and the Ta single layer 

formed on the SiO2/Si(100) substrate taken before and after H2-RP exposure.  An AFM 

image of the Ge/Ta bilayer taken prior to the H2-RP exposure shows a fairly smooth surface 

morphology with the root-mean-square (RMS) roughness of 0.24 nm as shown in Fig. 1(a).  

Figure 1(c) shows no difference from the surface morphology of the predeposition Ta layer.  

This result indicates uniform surface coverage by the Ge layer.  By exposing the Ge/Ta 

bilayer on SiO2 to H2-RP, the RMS roughness is increased by a factor of ~2.4 and the 

formation of NDs with an areal density as high as ~7.1×1011 cm-2 is observed, as shown in 

Fig. 1(b).  The etching of the Ge layer by H2-RP exposure is also detected from the results 

of the HAXPES and XPS analyses, as will be discussed later.  These results indicate that 

the H2-RP exposure promoted the cohesive action of Ta atoms on the SiO2 surface after the 

etching of the Ge layer.  On the other hand, no significant change in the RMS roughness for 

the sample with only the Ta single layer is detected after the H2-RP exposure under the same 

conditions, as shown in Fig. 1(d), which can be interpreted to mean that the presence of 

native oxide on the Ta surface suppresses the rise in surface temperature and prevents ND 

formation, as similarly seen in the case of Al [9].  The size distribution of the Ta NDs is 

evaluated from the cross-sectional profile of the AFM image and is shown by the histogram 

in Fig. 2.  The obtained histogram of the Ta ND height shows a lognormal distribution with 

a full width at half maximum (FWHM) of ~1.2 nm; the average height of the Ta ND was 

found to be ~2.3 nm.  

To confirm electrical isolation among the NDs, topographic and the corresponding surface 

potential images were simultaneously taken by an AFM/Kelvin probe technique by scanning 
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the sample surface with an electrically biased AFM tip in the tapping mode, as shown in Fig. 

3.  Without any bias applied to the sample surface, a uniform surface potential image is 

observed [Fig. 3(a)].  Immediately after the sample surface was scanned over a region 500 

× 500 nm2 in size with an AFM tip biased at -4.0 V with respect to the Si substrate, the 

surface potential decreased by 30 mV in the scanned area [Fig. 3(b)].  On the other hand, 

no change is detected in the surface potential in the unbiased area.  In contrast, prior to the 

H2-RP exposure of the sample, no change in the surface potential is confirmed after applying 

tip biases because of the highly electrically conductive surface.  These results indicate 

electron injection from the Rh-coated AFM tip to the Ta NDs and stable electron storage in 

the Ta NDs.  In addition, upon scanning the surface with a tip biased at +4.0 V, the surface 

potential rose by 35 mV, indicating electron extraction from the Ta NDs [Fig. 3(c)].  These 

results indicate the formation of electrically isolated Ta NDs. 

The impact of H2-RP exposure on the chemical bonding features of the Ge/Ta bilayer stack 

on the SiO2/Si substrate is evaluated by HAXPES and XPS measurements.  Ta 3d5/2 and Ge 

2p3/2 core-line spectra taken for the Ge/Ta bilayer on SiO2/Si before and after H2-RP 

exposure for 1 min were measured by HAXPES and are shown in Figs. 4(a) and 4(b), 

respectively.  In each spectrum, the photoelectron take-off angle was set at 87º.  Ta 3d5/2 

signals from the sample before H2-RP exposure indicate the Ta-Ta bonding units due to the 

metallic Ta component, which indicates that the surface oxidation of the Ta layer is 

effectively suppressed by the deposition of the ~30.0-nm-thick Ge capping layer.  After H2-

RP exposure, metallic Ta 3d5/2 signals from Ta NDs are clearly observed without any peak 

energy shift compared with the signals before H2-RP exposure.  In addition, an increase in 

the intensity of the Ta 3d5/2 signals originating from Ta oxide can be explained by the surface 

oxidation of Ta NDs by air exposure.  The intensity of Ge 2p3/2 signals originating from the 

capping layer is markedly decreased and slightly shifted toward the lower binding energy 

side by about 0.2 eV compared with those before H2-RP exposure.  This observed energy 

shift of Ge 2p3/2 signals can be explained by the incorporation of less electronegative Ta ions 
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(χTa = 1.50) into the Ge-Ge network as the second nearest neighbors of the Ge atoms (χGe = 

2.01) [30].  These results indicate that the etching of the Ge layer and the incorporation of 

Ge atoms into the Ta layer proceed during H2-RP exposure.  This Ge incorporation into the 

Ta layer is also confirmed from the depth profiling of the chemical structure evaluated using 

the photoelectron-take-off angle dependence of Ge 2p3/2 and Ta 3d5/2 core-line signals.  

Moreover, the lack of any change in the spectral shape of the SiO2 component upon H2-RP 

exposure was also confirmed from the Si 1s signals (data not shown), which implies that the 

amounts of diffused and incorporated Ta and Ge atoms from the Ge/Ta bilayer into the SiO2 

layer upon H2-RP exposure are quite small and within the detection limit of HAXPES (<0.1 

at.%).  Figure 5 shows the change in the integrated intensity of Ge 2p3/2 signals with H2-RP 

exposure time.  With increasing H2-RP exposure time, the Ge 2p3/2 signal intensity is found 

to markedly decrease owing to the etching of the Ge layer.  The remaining Ge thickness is 

roughly calculated from the integrated intensity ratio of Ge 2p3/2 signals from the Ge layer 

to Ta 3d5/2 or Ta 4f7/2 signals from the Ta layer or Ta NDs in consideration of the escape 

depth and the photoionized cross section for each photoelectron.  As a result, after H2-RP 

exposure for 1 min, the remaining Ge thickness was considerably decreased to ~1.5 nm.  

With further increase in the H2-RP exposure time to over 3 min, the remaining Ge thickness 

was estimated to be less than ~0.1 nm.   

Finally, the formation of high-density Ta NDs by H2-RP exposure on the Ge/Ta bilayer 

stack on the SiO2/Si substrate is summarized in the schematic illustration shown in Fig. 6.  

In the early stage of H2-RP exposure [as shown in Fig. 6(b)], the etching of Ge proceeds and 

a small amount of Ge is incorporated into the Ta layer.  Then, the atomic hydrogen adsorbed 

on the Ta(Ge) surface can combine to form hydrogen molecules, resulting in local heating at 

the surface, which induces the surface migration and agglomeration of Ta atoms with the 

desorption of Ge [as shown in Fig. 6(c)].  After that, a high density of Ta NDs are formed 

and the surface is oxidized by air exposure [as shown in Fig. 6(d)].  The presence of the Ge 

capping layer as a barrier layer against the oxidation of the Ta surface is the key to the 
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formation of a high density of Ta NDs by H2-RP exposure.  This technique is promising for 

the ND formation of easily oxidized metals. 

4. Conclusions 

We demonstrated a novel technique for the formation of Ta NDs with an areal density as 

high as ~1011 cm-2 by exposing a Ge/ultrathin Ta bilayer stack on thermally grown SiO2 to  

H2-RP without external heating.  The electrical isolation among the Ta NDs was confirmed 

by an AFM/Kelvin probe technique.  XPS results indicated that the etching of the Ge layer 

by H2-RP exposure was accompanied by the agglomeration of Ta atoms on the SiO2 surface 

caused by local heating associated with the recombination of atomic hydrogen. 
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Figure Captions 

Fig. 1. (Color online) AFM topographic images of (a, b) Ge (~30 nm)/Ta (~2 nm)/SiO2 and 

(c, d) Ta (~2 nm)/SiO2 taken (a, c) before and (b, d) after H2-RP exposure for 10 min. 

 

 

Fig. 2. (Color online) Distribution of Ta ND heights obtained from AFM image shown in 

Fig. 1(b).  The solid line denotes the lognormal function well fitted to the measured 

distribution. 

 

 

Fig. 3. (Color online) Surface potential images of Ta NDs measured (a) before and after 

electron injection and extraction at tip biases of (b) –4.0 V and (c) +4.0 V, respectively.  The 

surface potential was measured in a noncontact Kelvin probe mode after tapping the sample 

surface with an electrically biased AFM tip coated with Rh. 

 

 

Fig. 4. (Color online) (a) Ta 3d5/2 and (b) Ge 2p3/2 spectra for the Ge/Ta bilayer stack on the 

SiO2/Si before and after H2-RP exposure.  In these spectra, Ta 3d5/2 and Ge 2p3/2 

photoelectron intensities for the sample before H2-RP exposure are shown at half and 60 

times the actual values, respectively.   

 

 

Fig. 5. (Color online) Change in the integrated intensity of Ge 2p3/2 core-line with H2-RP 

exposure time.  The photoelectron take-off angles in HAXPES and XPS were set at 87 and 

90º, respectively.  In the figure, the remaining Ge thickness is roughly calculated from the 

integrated intensity ratio of Ge 2p3/2 signals to Ta 3d5/2 or Ta 4f7/2 signals. 

 

 

Fig. 6. (Color online) Schematic views of the sample structure at each process step of Ta ND 

formation by exposing Ge/Ta bilayer stack to H2-RP.  Ge/Ta bilayer stack on SiO2/Si (a) 

before H2-RP exposure, (b) in the early stage of H2-RP exposure, (c) in the middle stage of 
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H2-RP exposure [after the Ta (Ge) surface was revealed], and (d) after H2-RP exposure (Ta 

ND formation). 
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