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SURFACE MORPHOLOGY, OPTICAL CHARACTERISTICS 
AND ELECTROPHYSICAL PROPERTIES OF Nb2O5 FILMS
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and A. S. Kuzmitskayac

Results are given for a complex study of thin Nb2O5 fi lms deposited in vacuum (p = 2.2 Pa) on quartz and silicon 
substrates using multi-pulse high-frequency laser action (f ~ 10–12 kHz) on a ceramic target with laser power 
density q = 81 MW/cm2. The morphology of these fi lms was studied using atomic force microscopy. Features of the 
transmission spectra were presented. The photoelectrical properties of the Nb2O5/Si structure were analyzed.

Keywords: high-frequency laser action, thin fi lm, transmission and refl ection spectra, current–voltage and farad–
voltage characteristics, spectral sensitivity.

Introduction. Nanostructured metal oxide fi lms are commonly used in microelectronics [1, 2]. Niobium oxide 
(Nb2O5) holds considerable promise for use as a material for electrical and optical applications with exceptional properties 
such as a high refraction index (n = 2.4 at  = 550 nm), high dielectric permeability, stability in air and water, resistance to 
acids and bases, low absorption and high transparency in the UV and visible ranges as well as in the near-IR region from 
380 nm to 9 m [3]. Niobium oxide is a commonly used alternative to TiO2, which absorbs radiation with  < 400 nm. 
Thin Nb2O5 fi lms are excellent materials for use in a wide variety of new applications in microelectronics, including optical 
[4] and solar elements [5], optical UV fi lters, protective optical coatings, electrochromic devices, chemical sensors [6], 
photoelectrodes, high energy density condensers, and shutters [7–9].

Thin Nb2O5 fi lms can be obtained by various procedures including DC/RF plasma magnetronic spraying, ion 
beam spraying (IBS), electron beam evaporation, thermal oxidation, photochemical deposition from the gas phase, plasma-
enhanced chemical vapor deposition (PECVD), spray pyrolysis, sol-gel methods, and pulse laser deposition (PLD) [10–17]. 
Nb2O5/Si photodiode structures obtained by chemical methods have been studied by Georgiev et al. [18] and Salim et al. 
[19, 20]. The photosensitivity of the Nb2O5/Si structure depends on the method of preparation and type of conductivity of 
the silicon substrate. Thus, the study of nanostructured thin Nb2O5 fi lms holds importance for their possible application in 
photodetectors [21].

In the present work, we studied the structural, optical, and photoelectric properties of thin Nb2O5 fi lms obtained by 
multi-pulse high-frequency laser deposition in vacuum onto quartz and silicon substrates [22].

Experiment. Thin Nb2O5 fi lms were obtained by high-frequency laser deposition onto a ceramic target in vacuum 
(p = 2.2 Pa). The experimental laser apparatus with controlled pulse repetition frequency from 5 to 50 kHz consisted of 
a laser radiation source with wavelength  = 1.06 m, an optical system for conveying the laser radiation to the sprayed 
target, a vacuum chamber, and measurement module. The laser pulse repetition frequency was changed by varying the 
level of laser pumping and the optical density of the shutter consisting of irradiated crystalline lithium fl uoride with 

2F  color sites. The duration of the laser pulses at half-height  was about 85 ns. The deposition of the microscopically 
homogeneous thin fi lms was carried out with laser radiation power density q = 81 MW/cm2 and pulse repetition frequency
f ~ 10–12 kHz.
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The surface morphology of the samples was studied using an NT-MDT Spectrum Solver P47-Pro scanning probe 
microscope (manufactured in Russia) in semicontact mode. We used super-sharp contacless whisker-type silicon cantilevers 
with probe circumferential radius <3 nm. The thickness of the Nb2O5 fi lm measured by atomic force microscopy (AFM) 
was ~100 nm. The major roughness parameters were determined at fi ve diff erent points on the sample upon scanning a 
20 × 20-m region. The optical radiation transmission of the thin fi lms in the near-IR spectral region was recorded using a 
Thermo Nicolet Nexus Fourier-transform IR spectrometer at 400–4000 cm–1.

The transverse current–voltage characteristics (CVC) of the Nb2O5/Si structures were measured with an automated 
standard test laser complex using a multi-spectral source of laser radiation (set of laser diodes with  = 405, 450, 520, 
660, 780, 808, 905, 980, and 1064 nm) with a common optical fi ber outlet and calibrated radiation power of ~2 mW. The 
CVC were measured without the action of laser radiation and with laser action at diff erent wavelengths. The farad–voltage 
characteristics (FVC) were measured using an E7-20 RLC immitance meter at signal frequencies 100 kHz and 1 MHz, 
including by the action of laser radiation with  = 520, 660, and 808 nm. All the measurements were carried out at room 
temperature. A tungsten probe was selected as the upper electrode on the Nb2O5 fi lm. InGa eutectic paste was used for 
contact of the silicon substrate with the measurement unit (lower electrode).

Results and Discussion. AFM images of the surface morphology of the Nb2O5 fi lms deposited by high-frequency 
laser spraying of an oxide ceramic in vacuum onto a quartz substrate are presented in Fig. 1. Atomic force microscopy 
showed that the deposition onto the quartz substrate gives a smooth homogeneous fi lm surface with mean height diff erence 
of 10 nm and root mean-square roughness of 4 nm. Homogeneously arranged particles with density 2 particles/m2 are seen 
on the fi lm surface. The transverse particle size distribution histograms (Fig. 1c) and cross-section profi le along the selected 
line (Fig. 1d) show that the mean lateral particle length is 70 nm and the particle height is 20–30 nm.

Figure 2 gives the AFM images of the surface morphology of the Nb2O5 fi lms deposited onto a silicon substrate. 
The deposition onto the silicon substrate gives a smooth homogeneous fi lm surface with mean height diff erence 21 nm and 
root mean-square roughness of 8 nm. Homogeneously arranged dendrites with branch length 0.5–2.5 m and height ≤25 nm 
were found over the entire fi lm surface.

The transmission (T) of our laser-deposited Nb2O5 fi lm on a quartz substrate in the near-IR spectral region shown 
in Fig. 3a increases from 2% at  = 1000 nm to 22% at  = 2580 nm. The transmission of the unsprayed quartz substrate 
T = 91% in the broad spectral region from  = 424 nm to 1728 nm. The transmission of the Nb2O5 fi lm in the medium IR 
region rises sharply from T = 0.6% at frequency  = 3600 cm–1 to T = 34% at  = 3880 cm–1 (Fig. 3b). In the refl ection 
spectrum, R for the Nb2O5 fi lm on a quartz substrate drops from R = 22.7% at  = 189 nm to the minimal value R = 13.4% at 
 = 384 nm and then increases to R = 19.% at  = 1013 nm.

The transmission of silicon (1) and of laser-deposited Nb2O5 fi lm on a silicon substrate shown in Fig. 4a increases 
sharply from T = 1.4% at  = 997 nm to T = 32% at  = 1200 nm followed by a smooth increase to T = 60% at  = 2980 nm. 
The transmission of the Nb2O5 fi lm in the medium IR region increases from T = 22.8% at frequency  = 403 cm–1 to 
T = 66.9% at  = 2447 cm–1 and then gradually decreases to T = 58.6% at frequency  = 3880 cm–1 (Fig. 4b). Interference 
is observed in the broad frequency range 653–3297 cm–1 due to the thin Nb2O5 fi lm. In the refl ection spectrum, we fi nd 
a drop in the R value of the Nb2O5 fi lm on a silicon substrate (Fig. 4c) from R = 30.4% at  = 192 nm to a minimal 
value of R = 14.4% at  = 368 nm as well as fi ve maxima at  = 288 nm, 2 = 330 nm, 3 = 407 nm,  = 560 nm, and 
5 = 902 nm. 

The measurements of the FVC were carried out for a qualitative evaluation of the separation boundary of the 
structure. The measured high-frequency FVC at signal frequencies 100 kHz and 1 MHz have a shape typical of MOSFET 
structures. At signal frequency 100 kHz, we observed dependence of the FVC on the wavelength of the operating radiation. 
The fi nding of hysteresis in the FVC and its decreasing magnitude with increasing frequency of the measurement signal can 
be related to the existence of an embedded charge due to the presence of rapid surface states on the separation boundary 
and in the oxide including those related to the presence of dendrites. The existence of a maximum in the region of FVC 
capacitance modulation (signal frequency 1 MHz) from 0 to 4 V indicates an intermediate nonstoichiometric silicon oxide. 
Figure 5a shows the FVC of the Nb2O5 structure measured at signal frequency 1 MHz without irradiation and with laser 
irradiation at  = 808 nm. The transition capacitance decreases with increasing reverse voltage. This result is attributed to 
an increase in the width of the depleted region with bias voltage. The existence of maxima and hysteresis in the region of 
capacitance modulation (at voltages from 0 to +20 V) indicates the presence of surface states on the separation boundary 
of the Nb2O5/Si structure, which participate in the charge transfer process. Since the specifi c resistance in an oxide fi lm is 
higher than for the silicon substrate, the leakage current through the Nb2O5/Si structure in the voltage region, corresponding 
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to enrichment of the semiconductor surface region, is a function of the resistance of the oxide fi lm. The decrease in the 
capacitance in the region of negative voltages upon laser irradiation occurs because the rate of generation of free carriers is 
lower than the rate of their leakage through the Nb2O5/Si separation boundary [23]. The existence of an intermediate layer 
of nonstoichiometric silicon oxide and surface states can also account for the photosensitivity of FVC in the IR region at 
 = 808 nm.  

Figure 5b shows the CVC of the Nb2O5/p-Si structure. The dark CVC have virtually symmetric shape. At bias 
voltage less than +12 V, we observe a recombination current since the generated electron–hole pairs recombine and do 
not contribute to the overall current. When the bias voltage is greater than +12 V, there is a rapid exponential increase 
in the current with increasing applied voltage, which corresponds to a diff usion current. The reverse current increases 
with increasing applied voltage, which suggests the existence of defects on the surface of the separation boundary of the 
Nb2O5/Si structure. For the Nb2O5/p-Si heterojunction, the barrier decreases upon forward bias (e.g., reverse bias applied 
onto the Nb2O5 fi lm) with increasing applied bias and the current begins to increase rapidly. In the case of the reverse bias of 
the junction, in contrast, the barrier increases and greater current is observed at voltages greater than 3 V [24]. A photoeff ect 
is observed upon the action of laser irradiation in the region of negative voltages applied to the Nb2O5 fi lm. The shape of 
the current–voltage curve for the Nb2O5/p-Si structure upon laser irradiation can be attributed to the existence of a broad 
depleted layer and a large length of diff usion of the nonbasic charge carriers in the p-type substrate such that the photons in 
this region are absorbed and the generated electron–hole pair separates with high effi  ciency, creating a photocurrent. The 
current–voltage measurements were used to calculate the spectral sensitivity of the Nb2O5/Si structure at bias voltage –20 V 

S = (Iph  Id)/P,

where Iph is the photocurrent induced by laser irradiation at wavelength , Id is the dark current of the structure, and P is 
the laser output at wavelength .

Fig. 1. Surface morphology of an Nb2O5 fi lm on a quartz substrate: a, b) two-dimensional 
AFM image, c) histogram for the lateral particle length distribution, d) profi le along the 
cross section along the selected line in Fig. 1b.
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This gave the spectral sensitivity of the Nb2O5/p-Si structure at bias voltage –20 V (Fig. 5c). The plot for the 
spectral sensitivity of the Nb2O5/p-Si structure shows a maximum in the near-IR of ~66 mA/W at  = 808 nm. The 
photosensitivity in the region  < 660 nm can be a consequence of absorption in the thin Nb2O5 fi lm and is related to the 

Fig. 2. Surface morphology of an Nb2O5 fi lm on a silicon surface: a, b) two-dimensional 
AFM image, c) three-dimensional AFM image, d) profi le of the cross section along the 
selected line in Fig. 2a.

Fig. 3. Transmission spectra of quartz (1) and the laser-deposited Nb2O5 fi lm on a quartz 
substrate (2) in the visible and near-IR (a) and medium IR regions (b); refl ection spectra 
of quartz (1) and laser-deposited Nb2O5 fi lm on a quartz substrate (2) in the visible and 
near-IR regions (c).
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width of the band gap of the oxide. The high photosensitivity in the near-IR region may suggest that the photons absorbed 
by the silicon substrate are transformed into photocurrents more effi  ciently than photons absorbed by the thin oxide 
fi lm [25].

Fig. 4. Transmission spectra of silicon (1) and of a laser-deposited Nb2O5 fi lm on a 
silicon substrate (2) in the visible and near-IR (a) and medium IR regions (b); refl ection 
spectra of the silicon substrate (1) and of the laser-deposited Nb2O5 fi lm on a silicon 
substrate (2) in the visible and near-IR regions (c).

Fig. 5. Farad–voltage (a) and current–voltage characteristics (b) as well as the spectral 
sensitivity of the Nb2O5/Si structure at U = –20 V (c).
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Conclusions. High-frequency laser spraying was used to obtain nanostructured Nb2O5 fi lms on silicon substrates 
with mean height diff erence 21 nm and root mean-square roughness 8 nm. Homogeneously arranged dendrites were found 
on the fi lm surface. The transmission of the laser-deposited Nb2O5 fi lm on a silicon substrate in the near-IR region sharply 
increases from 1.4% at  = 997 nm to 32% at  = 1200 nm, A photoeff ect is induced by laser irradiation in the negative 
voltage region. The Nb2O5/p-Si structure upon forward bias of –20 V has photosensitivity to radiation with  = 450–980 nm, 
while a sensitivity maximum at ~65 mA/W is observed in the near-IR region (808 nm), which suggests the feasibility of 
using these structures in photodetectors.
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