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Abstract 

Amorphous SiO2-Nb2O5 nanolaminates and mixture films were grown by atomic layer 

deposition. The films were grown at 300 oC from Nb(OC2H5)5, Si2(NHC2H5)6, and O3 to 

thicknesses ranging from 13 to 130 nm. The niobium to silicon atomic ratio was varied in the 

range of 0.11-7.20. After optimizing the composition, resistive switching properties could be 

observed in the form of characteristic current-voltage behavior. Switching parameters in the 

conventional regime were well defined only in a SiO2:Nb2O5 mixture at certain, optimized, 

composition with Nb:Si atomic ratio of 0.13, whereas low-reading voltage measurements 

allowed recording memory effects in a wider composition range.  

 

Keywords: atomic layer deposition, niobium oxide, silicon oxide, nanolaminates, multilayers, 

resistive switching, memory 

 

Introduction 

 

Artificially mixed or layered nanomaterials, particularly those consisting of different oxides, 

have been of continuously growing interest due to the possibility to tailor functional 

properties of the constituent compounds, thus extending their application areas. Regarding 

one of the most basic materials, silicon oxide, one can note that thin solid films containing 

SiO2 have been grown and investigated for several purposes, including porous membranes 

[1], catalysts [2,3], and optical filters [4,5]. SiO2 films, mixtures of SiO2 with metal oxides, 

and other SiO2-based nanostructures have been synthesized by different methods such as 
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galvanostatic etching of SiO2 [6], electron beam evaporation [4,7, 8], sputtering [5,9-17], sol-

gel technique [2], chemical vapor deposition [17], and atomic layer deposition (ALD). In the 

latter case, growth of silicon oxide could effectively be realised using, e.g, 

tris(dimethylamino)silane [1]  or hexakis(ethylamino)disilane [18-19] as silicon precursors 

and ozone. 

 

SiO2-Nb2O5 multilayers have been investigated as optical coatings [8-11]. Multilayering 

Nb2O5 with SiO2 films has allowed one to reduce internal mechanical stress in the optical 

coating [10] and, of course, tailor the refractive index and reflecting properties of the coatings 

[8-9]. Nb2O5 itself as a dielectric high permittivity metal oxide has been considered for the 

application in dynamic random access memories [20,21], also when tailored with Ta2O5 or 

Al2O3 [22-24].   

 

In certain aspects, nanolaminates as switching media might demonstrate improved 

performance due to their stacked or periodical structure which can, at first, limit excessive 

grain growth. Secondly, the internal interfaces in multilayers can confine rupture points of 

conduction paths or filaments and, thirdly, internal barriers built in the laminates can suppress 

oxygen ion transport. 

   

A polycrystalline material layer with random distribution of crystallite boundaries may give 

rise to nonuniformity or instability of resistive switching parameters such as ratios between 

the high and low resistance states as well as variability in switching (programming) voltages. 

These instabilities would thereby be consequences of the variations in the size, direction, and 

length of the conduction paths, especially in the case of filamentary conduction. In order to 

improve the reliability, one can deposit alternate layers of lower and higher electrical 

resistance materials. Such kind of structural tuning has been applied, e.g., in 

Al2O3/HfO2/Al2O3 stacks where, as proposed, the tips of localized conduction paths led to the 

formation or rupture of the conducting filaments mainly at the interfaces between HfO2 and 

Al2O3 layers during the SET and RESET events [25]. The same concept was proposed to 

suppress the endurance fluctuation by controlling the filament rupture points to internal 

interfaces in double-layered media consisting of HfO2 and ZrO2 layers [26]. Yet in another 

study, the suppression of data retention failures, i.e. reliability increment, was directly 

attributed to the blocking of oxygen ion transport by an Al2O3 layer in HfO2/Al2O3 
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multilayers [27]. Increased control over lengths and depths of the switchable conduction paths 

enabled stabilization of the switching parameters and increase in the reliability of the 

memristive characteristics.  

 

As was stated earlier [28], interfaces between the component layers in laminates allow one to 

control the electronic band structure of the system leading to the barriers for charge transport, 

introduce local mechanical strains influencing structure and crystallization at the interface, 

and thus provide additional degrees of freedom for device implementation. In a comparative 

study on Al2O3 and HfO2 single layers, and Al2O3/HfO2 nanolaminates [29], the superiority of 

the nanolaminates over single layers in terms of uniformity and self-compliance was 

demonstrated.  

 

Stacks and periodical nanolaminates for ReRAM cells can be fabricated by physical vapor 

deposition, using, e.g., sputtering technique [26,30]. Hereby atomic layer deposition method 

has become the emerging method for the fabrication of switching media consisting of, e.g., 

Al2O3 and HfO2 [25,27,28], or Al2O3 and TiO2 [28]. 

 

Ta2O5 has probably been the most extensively considered and prospective memristor oxide 

[31], whereas Nb2O5 films have been studied less frequently for this purpose, although Nb2O5 

is related to Ta2O5 in terms of abundance, crystallography, electronic and optical properties. 

Nb2O5 may be regarded as somewhat more conductive (electrically leaky) oxide compared to 

Ta2O5, due to its smaller band gap [23, 32], and possibly larger stoichiometry deviations 

accompanied by oxygen vacancies. Despite the electrically relatively leaky character of 

niobium oxide, memristive structures [33] based on Nb2O5 have been proposed, either 

combined with Ta2O5 [34], deposited as single oxide layers [33-38], or layered alternately 

with other oxides such as TiO2 [39].  The effective band gap of Nb2O5 can be widened and, 

concurrently, insulating properties improved in Nb2O5 films upon mixing them with wider-

band-gap oxides such as Al2O3 [40] or SiO2. Electronic properties of wider band-gap Al2O3 

doped with Nb2O5 by ALD using Nb(OC2H5)5 and water as precursors have been investigated 

[41]. Regarding the ALD method, Nb2O5 films have mainly been grown from Nb(OC2H5)5 

and water [42, 43]. ALD-Nb2O5 has been studied as a component of negative electrode in 

energy storage microdevices [44], or as a resistively switching medium [45].  
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SiO2 has also been considered as a prospective memristive material exhibiting resistive 

switching behavior either deposited alone [12,46,47] or combined with metals or metal oxides 

[7,13-17]. Many metal oxides have, to date, been explored and listed as candidates for 

memristive dielectrics [48] but SiO2 has been described as a compound which after 

combination with some other oxides or metals may actually promote the resistive switching 

behavior in a hosting metal oxide  [49]. 

 

In the present paper, ALD of SiO2-Nb2O5 mixture films and nanolaminates was carried out 

using a novel combination of cation precursors: niobium pentaethoxide, Nb(OC2H5)5, and 

hexakis(ethylamino) disilane, Si2(NHC2H5)6. Ozone, O3, was applied as an oxidizer. The goal 

of the study was to obtain primary knowledge about the correlation between elemental 

composition, cation ratio, and growth cycle ratio of the constituent oxides. In terms of 

functionality, the Nb2O5-SiO2 films were characterized by electrical measurements conducted 

in the resistive switching regime. The goal of the electrical evaluation was to clarify whether 

the multilayers grown at a rather low temperature (300 oC) and stacked between electrodes of 

moderate work function could perform as switching media. It was examined whether it is 

possible to empirically find a balance between defect densities and composition of the 

mixtures in order to improve their electrical performance. Further, small signal current and 

admittance measurement procedures were exploited to help distinction of the conductance 

states also in the case of films which are so leaky that the low and high resistivity states 

become difficult to distinguish in the common d.c. measurements. 

 

 

Experimental details 

 

The films were grown in a commercial flow-type hot-wall reactor F120 [50] (ASM 

Microchemistry, Ltd.). Growth temperature was held at 300 ◦C. The silicon precursor used 

was hexakis(ethylamino)disilane [18,19], i.e. Si2(NHEt)6, AHEAD (Air Liquide, Inc.), 

evaporated at 65-67 oC. The niobium precursor, Nb(OC2H5)5, was evaporated at 90-93 oC. 

Both precursors were evaporated from open boats inside the reactor, and transported to the 

substrates by the N2 flow. The pressure in the reactor chamber during the deposition process 

was below 10 mbar. Ozone as the oxygen precursor was produced with a Wedeco Ozomatic 
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Modular 4 HC ozone generator from oxygen (99.999%, Linde Gas). The estimated ozone 

concentration output of the generator was about 100 g/m3. 

 

The cycle times used were 0.5-0.5-2.0-0.5 s, denoting the sequence Si or Nb precursor pulse–

purge–O3 pulse–purge. The substrates were pieces of wafers, cut out of undoped Si(100) 

covered with less than 2.0 nm thick wet-chemically-grown SiO2. Electrically conducting 

substrates were also used, based on (100) silicon with a resistivity of 0.014–0.020 Ω · cm, i.e., 

Si boron-doped to the concentrations up to 5 × 1018 –1 × 1019/cm3 , and coated with 10 nm 

thick titanium nitride layer. Such structures enable convenient through-wafer measurements 

during electrical evaluation of the oxide layers. TiN was chemical vapor deposited using 

TiCl4/NH3 process in an ASM A412 Large Batch 300 mm reactor at Fraunhofer IPMS-CNT. 

The SiO2-Nb2O5 films were grown to thicknesses ranging from ca. 10 to 150 nm. The thickest 

films were grown for the conveniency of composition analysis.  

 

X-ray diffraction (XRD) measurements were performed with PANalytical X'Pert Pro MPD 

diffractometer using CuKα radiation (1.5406 Å), 1/4° divergence slit and parallel beam optics. 

The same setup with a smaller 1/16° divergence slit, Cu attenuator and parallel plate 

collimator slit was used for X-ray reflectivity (XRR) measurements. The density, thickness 

and roughness of the layers was acquired by fitting the theoretical model to the measured data 

using either Reflectivity 1.2 (PANalytical) or Reflex35 [51] softwares. Energy dispersive X-

ray spectrometry (EDX) was used for the measurements of the relative niobium and silicon 

contents in the films by a Hitachi S-4800 scanning electron microscope (SEM) equipped with 

an Oxford INCA 350 EDX spectrometer. In order to avoid interference from the substrate 

while measuring the silicon content, these measurements were done on samples grown on 

aluminum foil placed into the reactor chamber simultaneously with the samples grown on 

silicon. The EDX spectra were measured at 10 keV. The beam current and spectrometer gain 

were determined from a calibration measurement performed under the same beam conditions. 

The calculations were done on the basis of k ratios measured for Nb L and Si K X-ray 

lines using a GMRFILM program [52]. Oxygen was calculated from the stoichiometry. The 

error of the EDX measurements was 10 %, and could increase to 15 % in the case of the 

thinnest films, e.g. the 13 nm thick reference Nb2O5. Contents of residual light elements in 

selected representative samples were determined by time-of-flight elastic recoil detection 
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analysis (TOF-ERDA) [53]. The TOF-ERDA was performed with 5 MV tandem accelerator 

using 50 MeV 127+I ion beam. 

 

In order to carry out the electrical measurements, metal-insulator-metal (MIM) structures 

were prepared on the conducting substrates where the TiN served as the bottom electrode. 

Top electrodes with an area of either 0.052 or 0.204 mm2 were formed by electron beam 

evaporation of 120 nm thick Al/Ti dot electrodes through a shadow mask, with the Ti layer 

contacting the SiO2 –Nb2O5 dielectric layers. Admittance-voltage and current-voltage 

measurements were carried out in a light-proof and electrically shielded box. Samples were 

electrically characterized in both d.c. and a.c. regimes using a Keithley 4200SCS 

semiconductor analyzer. The bias voltage was  applied to the top electrode, while the bottom 

electrode was grounded. To record the admittance parameters, a small signal of 30 mV r.m.s. 

was superimposed with the d.c. bias voltage. The measurement frequency did not affect the 

resistive switching behavior in the range of 20 kHz - 1 MHz. 

 

 

 

Results and discussion 

 

The Nb to Si ratio was varied by changing the ratio of the SiO2 and Nb2O5 deposition cycles. 

The numbers of these deposition cycles were varied separately in order to change the 

thicknesses of the constituent metal oxide layers. In this way, films of different artificial 

structures were deposited, ranging from SiO2 doped or mixed with low amounts of Nb2O5 to 

SiO2-Nb2O5 nanolaminates. The growth cycle sequences applied for the different samples are 

presented in Table I.  

 

ToF-ERDA results of selected films are depicted in Figures 1 and 2 in the form of elemental 

depth profiles. ToF-ERDA was conducted in order to examine the chemical purity of the films 

especially in terms of the light residual elements, hydrogen and carbon, originating primarily 

from the precursor ligands.  Elemental contents were calculated omitting the very surface as 

well as the substrate-film interface. 
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Table I. ALD cycle sequences for  SiO2-Nb2O5 films with the thicknesses                                  

              and Nb:Si cation ratios measured by EDX in the order of ascending Nb/Si ratio.  

 
Cycle sequence notes Nb:Si 

EDX 
at. ratio 

EDX 
thick- 
ness, nm  

    

2000  SiO2    thick reference SiO2 0 122  

250  SiO2 reference SiO2     0 18  

20  [ 10  SiO2 + 2  Nb2O5] + 10  SiO2 Nb2O5-doped SiO2 0.11 19  

50  [ 5  SiO2 + 1  Nb2O5] + 5  SiO2 Nb2O5-doped SiO2 0.13 22  

10  [ 50  Nb2O5 + 150  SiO2] + 50  Nb2O5   thick laminate with thicker SiOx 0.18 ca. 110 

350  [ 3  Nb2O5 + 3  SiO2] + 3  Nb2O5 thick mixture 0.40 133  

150  [ 1  Nb2O5 + 1  SiO2] + 1  Nb2O5 thin „homogeneous“ mixture 0.46 19  

1000  [ 1  Nb2O5 + 1  SiO2] + 1  Nb2O5  thick „homogeneous“ mixture 0.48 120  

30  [ 12  Nb2O5 + 3  SiO2] + 12  Nb2O5 SiO2-doped Nb2O5   1.2 19  

5  [ 55  Nb2O5 + 15  SiO2] + 55  Nb2O5 thin „defined“ laminate 1.6 18  

15  [ 30  Nb2O5 + 2  SiO2] + 30  Nb2O5 SiO2-doped Nb2O5   2.9 21  

10  [ 170  Nb2O5 + 20  SiO2] + 170  Nb2O5  thick laminate, „thick“ NbOx 3.5 78  

30  [ 15  Nb2O5 + 1  SiO2] + 15  Nb2O5 SiO2-doped Nb2O5   7.2 19  

350  Nb2O5  reference Nb2O5     - 13  
    

 

The SiO2 film grown on Si(100) substrate using 2000 ALD cycles  (Fig. 1) contained 28.2  

0.3 at.% silicon, 64.0  0.5 at.% oxygen, 7.7  0.6 at.% hydrogen, less than 0.01 at.% carbon, 

and less than 0.03 at.% nitrogen.  The SiO2–Nb2O5 film grown using the  cycle sequence 1000 

 [ 1  Nb2O5 + 1  SiO2] + 1  Nb2O5 (Fig. 2) contained 21.0  0.3 at.% silicon, 8.9  0.1 

at.% niobium, 68.3  0.5 at.% oxygen, 1.5  0.3 at.% hydrogen, 0.23  0.03 at.% carbon, and 

0.15  0.02 at.% nitrogen. The Nb:Si cation ratio measured for the latter film by EDX on Al 

foil was 0.48, compared to the ratio of 0.42 obtained by ToF-ERDA. Thus the EDX and ToF-

ERDA results agree reasonably well in terms of film composition.  

 

It can be seen, that the hydrogen content is markedly high in the SiO2 films (Figure 1)
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Conclusions 

Thin mixed films and nanolaminates consisting of Nb2O5 and SiO2 layers grown alternately 

by atomic layer deposition were devised at a substrate temperature of 300 oC. The precursor 

system used was a novel combination of Nb(OC2H5)5, Si2(NHC2H5)6, and O3. The niobium to 

silicon atomic ratio in the films grown to thicknesses from 13 to 130 nm was varied in the 

range of 0.11-7.20. The films were amorphous in the as-deposited state and were also 

characterized in the as-deposited state. 

 

In the nanolaminate structures consisting of 2-5 nm thick distinct layers, the densities of 

Nb2O5 and SiO2 layers reached 4.9 and 1.8 g/cm3 , respectively, approaching bulk values. The 

content of hydrogen as the main light residue exceeded 7 at. % in SiO2, but decreased in 

mixed SiO2-Nb2O5 films down to 1-2 at.%, and in reference Nb2O5 film even below the 

reliable measurement level. 

 

Electrical measurements on Nb2O5-SiO2 nanolaminates implied that the performance of the 

films was strongly influenced by the relative content of the constituent oxides in the whole 

structure. Appreciably high current ratios between the high and low resistance states 

extending over two orders of magnitude could actually be achieved only in a mixture film 

deposited with a SiO2:Nb2O5 cycle ratio of 5:1, possessing Nb:Si cation ratio of 0.13. At the 

same time, small signal measurements enabled recording, in several SiO2 and Nb2O5 based 

films, voltage-dependent admittance maps showing two distinct memory states with low and 

high values of both capacitance and conductance. Such admittance-voltage loops 

demonstrated well-defined squareness. One can conclude, that the admittance signal 

measurements allow definition of memory windows also for such materials which possess  

too high conductivity to allow switching between the low and high resistance states in the 

conventional measurements.  
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