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Low loss Nb2O5 films deposited by novel remote plasma 
sputtering*
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We report the deposition of Nb2O5 films on unheated BK-7 glass substrates using remote plasma sputtering system. 

The remote plasma geometry allows pseudo separation of plasma and target bias parameters, which offers complete 

deposition rate control. Using appropriate oxygen flow rates, high-density and low-loss Nb2O5 films are deposited 

with rates up to 0.49 nm/s. Lower deposition rates (~0.026 nm/s) can also be obtained by working at low target cur-

rent and voltage and at low pressure. Nb2O5 films deposited at different rates have the refractive index of about 2.3 

and the extinction coefficient as low as 6.9×10-5. 
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Niobium oxide films are increasingly applied in various 

fields[1-4]. Niobium pentoxide (Nb2O5) films have been 

prepared by different deposition processes[5-9]. However, 

conventional magnetron sputtering deposition (MSD) is 

limited by low target utilization, deposition rate, uni-

formity and ion bombardment of the target. Formation of 

the race-track and target poisoning usually leads to 

plasma instability and shift of deposition rate, and thus 

feedback control is often required to keep the process 

stable[10-12]. High quality Nb2O5 films can be obtained by 

ion-beam sputtering deposition (IBSD), too. However, to 

get low loss Nb2O5 films, the deposition rate of IBSD 

has to be reduced to a very slow value (< 0.06 nm/s), and 

parts of the coatings need to be post-baked for several 

hours[13].  

To overcome the disadvantages of conventional MSD 

as well as keep a high deposition rate, remote plasma 

sputtering deposition (RPSD) is demonstrated[14]. It pro-

vides a high-density plasma and low-energy ion bom-

bardment (~10 eV) at the substrate. Due to the removal 

of the magnetron at the back side of the target, the sput-

tering erosion occurs across the full surface of the target, 

leading to more than 90% target utilization. This feature 

avoids the race-track formation on the target surface 

inherent with magnetron sputtering, and results in sig-

nificant reduction in target poisoning[15]. S. J. Wakeham 

et al[16] studied the properties of indium tin oxide (ITO) 

films prepared using this sputtering technology. In this 

paper, low-loss Nb2O5 films are prepared by using re-

mote plasma sputtering deposition system. The pseudo- 

independence of target current and voltage in the deposi-

tion system offers complete deposition rate control. 

Wide deposition rate range from 0.49 nm/s to 0.026 nm/s 

is achieved. 

The general description of the remote plasma sputter-

ing system has been reported previously[16]. A schematic 

diagram of the system is shown in Fig.1. The coating 

process utilizes a remote, high-density (of the order of 

1013 ions/cm3) argon plasma which is generated in a side 

arm adjacent to the deposition chamber. Briefly, the 

plasma is generated by a 13.56 MHz radio frequency 

(RF) source, focused by a launch electromagnet, and 

directed towards the target using a second electromagnet. 

The substrate holder is placed opposite the target. Mass 

flow controllers regulate the flow of argon and oxygen 

gases into the chamber via distribution rings located at 

the target and substrate, respectively. With the applica-

tion of a negative direct current (DC) bias to the target, 

the argon ions are accelerated across the target sheath. 

This yields high rate and uniform erosion of the target 

surface. Inset of Fig.1 shows the niobium target which 

has been uniformly eroded. The distance between the 

target and substrate is 26 cm. 

The remote plasma geometry is physically composed 

of the plasma generation region and the target bias re-

gion, which makes the deposition system allow for in-

dependent setting of the target voltage (DC power sup-

ply) and target current (RF power supplied to the 

plasma). As the target is not required to strike or main-

tain the plasma, the remote plasma generation in the 

sputtering system offers a solution to the power con-

straints of conventional magnetron sputtering. Fig.2 

shows the target current as a function of target voltage 

for four values of the remote plasma source RF power. 
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The target current saturates above approximately 100 V, 

and there exists a pseudo-independence of target current 

and voltage. The pseudo-independence of target current 

and voltage offers a great deal of flexibility with regard 

to the control of growth conditions and film properties. 

 

 

Fig.1 Schematic diagram of the remote plasma sput-

tering system (Inset shows the niobium target which 

has been uniformly eroded.) 

 

 

Fig.2 Dependence of the sputtering target current on 

the target voltage and remote plasma source RF power 

at an argon pressure of 0.4 Pa 

 

Nb2O5 films were deposited on unheated BK-7 glass 

by reactively sputtering from a niobium target with pu-

rity of 99.99%, diameter of 102 mm and water cooled. 

The glass substrates were sequentially cleaned in an ul-

trasonic bath with acetone and ethanol. For each deposi-

tion, the base pressure was at most 5.3×10-4 Pa. All the 

substrates underwent preconditioning in diffuse, low 

intensity plasma prior to the deposition. The substrates 

were not biased for this stage of the process, and the 

impinging low energy argon ions were seen to remove 

volatile species from the surface of the substrate, result-

ing in excellent film adhesion. Then the target surface 

was cleaned by sputtering in a pure argon atmosphere in 

order to remove oxide layers. 

To get a high rate deposition, the RF power source 

was set to 2 kW, and the target was biased to 700 V. 

Argon gas flow was fixed at 70 cm3/min, while oxygen 

flow was varied from 0 to 30 cm3/min. Fig.3 shows the 

deposition rate measured by a telemark model 880 

quartz crystal thickness monitor. The deposition rate 

initially increases and then decreases with increasing 

oxygen flow rate. 

 

Fig.3 Deposition rate as a function of oxygen flow 

rate 

 

This effect is attributed primarily to the transition of 

the sputtering between three modes as the metal mode, 

the suboxide mode and the full oxide mode. At an oxy-

gen flow rate below 5 cm3/min, Nb atoms were depos-

ited, indicating that the amount of oxygen is too little to 

react with the Nb atoms to form an oxide layer on the 

substrate. As the reactive gas flow increased, more and 

more oxygen gas reacted with the sputtered Nb atoms, 

showing a rising up deposition rate. However, the oxy-

gen gas was still insufficient to get a perfect stoichiome-

try, hence niobium suboxide was formed. When the 

oxygen flow rate reached 12 cm3/min, the Nb atoms 

were completely oxidized, and stable oxide film (Nb2O5) 

was formed. The deposition rate reached 0.49 nm/s when 

the oxygen flow rate increased to 14 cm3/min. When the 

oxygen flow rate was set to more than 14 cm3/min, the 

deposition rate dropped precipitously, because the target 

compound coverage increased, and there was less sput-

tered target material to combine with the reactive gas. 

When the target surface was almost covered with the 

compound material, the deposition rate remained stable, 

and the Nb atoms were still completely oxidized. The 

reduction of deposition rate is the property for many 

elements reactively sputtered in Ar/O2 mixtures when 

the transition from the metal mode to the oxide mode 

occurs. However, after an insulating film formed on the 

target surface, electric arc may occur. Although it could 

be avoided by pulsed DC power at a certain extent, too 

much oxygen (equal or more than 28 cm3/min) leaded to 

out of control of the sputtering process. 

As well as high rate deposition of Nb2O5 films, the 

system can be used for low rate work. To get a low rate 

deposition, we used target voltage and remote plasma 

RF power as the primary process control parameters, and 

oxygen gas flow as the secondary process parameter. A 

lower deposition rate of 0.026 nm/s was obtained with a 

target power density of 0.36 W/cm2. 
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Fig.4 presents the transmittance spectra of Nb2O5 

films deposited by remote plasma sputtering with oxy-

gen flow rates of 4 cm3/min, 8 cm3/min, 12 cm3/min and 

16 cm3/min. The RF power source was set to 2 kW, and 

the target was biased to 700 V, while the argon gas flow 

was fixed at 70 cm3/min. Transmittance measurements 

were performed by a Perkin-Elmer Lambda 750 spec-

trometer. The transmittance of bare glass was measured 

as a reference, too. According to the spectra, some nio-

bium metals were deposited at a flow rate of 4 cm3/min, 

and they can strongly absorb visible light. At a flow rate 

of 8 cm3/min, niobium suboxides were formed. The 

transmittance increased a lot, while absorption was still 

obvious. The threshold flow rate of oxygen gas was 

about 12 cm3/min. A flow rate above 12 cm3/min pro-

vided sufficient oxygen molecules to react with the Nb 

atoms on the substrate.  

 

 

Fig.4 Transmittance spectra of Nb2O5 films prepared 

at different oxygen flow rates 

 

From the spectral analysis, the refractive index n, the 

extinction coefficient k and the physical thickness d of 

the films are determined by the envelop method[17]. 

Based on the above measurement, the refractive index 

and extinction coefficient at a wavelength of 650 nm 

with increasing oxygen flow rate in the full oxide win-

dow are calculated and plotted in Fig.5. The refractive 

index does not change too much, while the extinction 

coefficient is dependent on the oxygen flow rate. The 

extinction coefficient value is decreased from 4.5×10-4 to 

6.9×10-5 as the oxygen flow rate varies from 12 cm3/min 

to 24 cm3/min. The lowest extinction coefficient is ob-

tained at a flow rate of 16 cm3/min. The extinction coef-

ficient increases a little when the oxygen flow rate in-

creases from 16 cm3/min to 24 cm3/min, possibly be-

cause the unneeded gas was trapped in the film and 

made voids in it, and thus the scattering increased. 

Comparison of deposition rates and optical properties of 

Nb2O5 films deposited by different sputtering technolo-

gies can be seen from Tab.1. Compared with those de-

posited by IBSD and conventional MSD, the Nb2O5 

films deposited by RPSD bear great potential to be high 

refractive material for optical interference filters due to 

their low extinction coefficient and wide control range of 

deposition rate. 

 

Fig.5  Refractive index and extinction coefficient at 

wavelength of 650 nm as a function of oxygen flow 

rate 

 

Tab.1 Comparison of deposition rates and optical 

properties of Nb2O5 films deposited by different 

sputtering technologies 

Method IBSD IBSD MSD MSD RPSD

Deposition rate (nm/s) 0.06-0.09 0.05-0.12 0.56-1.66 - 0.03-0.49

Calculated wavelength 

(nm) 
633 633 500 650 650 

Refractive index ~2.3 2.3 2.1-2.3 2.2-2.3 ~2.3 

Extinction coefficient 

(10-4) 
3 2-6 <50 ~3 0.69-4.5

Need post-baking Yes Yes No No No 

Reference [8] [13] [9] [6] This paper

 

In conclusion, a process is presented to prepare low 

loss Nb2O5 films by using remote high density plasma. 

Deposition rate can be controlled flexibly from 0.026 

nm/s to 0.49 nm/s because of the pseudo-independence 

of target current and voltage. For higher rate, different 

deposition rates are obtained by keeping the RF power 

and target bias at a high level and meanwhile changing 

the oxygen flow rate. The lower deposition rate can be 

obtained by working at a low target current and voltage 

and at low pressure. The refractive index can keep stable 

(~2.3), while the extinction coefficient varies from 

4.5×10-4 to 6.9×10-5 at different oxygen flow rates. 
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