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We report on the electrical properties of polyetystalline NbO; thin film vertical
devices grown on TiN coated SiO,/Si substrates using pulsed laser deposition. First, we
analyzed the thickness and contact size dependences of threshold switching of NbO>
films grown in 10 mTorr Ar/O. mixed growth pressure, where 25.1%/74.9% of
NbO2/Nb,Os surface composition content was estimated by ex-situ x-ray photoelectron
spectroscopy. The threshold switching and'self-sustained current oscillatory behavior
of films with different NbO,/Nb;QOs'composition ratios was measured and analyzed. The
current-voltage measurement“cevealed that the leakage current property in the
insulating state was deminated by trap-charge assisted Poole-Frankel (P-F) conduction
mechanism. All films showed threshold switching behavior in agreement with the
previously‘proposedjoule heating mechanism. The second film was grown in lower (1
mTorr) growth pressure which resulted in a higher (34.2%/65.8%) NbO;/Nb,0s film
surface composition. The film grown in higher growth pressure demonstrated lower off-
state, leakage current, faster switching, and self-sustained oscillations with higher

frequency than the film grown in lower growth pressure.
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l. Introduction

Transition metal oxides demonstrating metal-to-insulator transitions (MIT), such
as VO, and NbO,, are widely studied materials for the use ds selector elements in
resistive random-access memory (RRAM) and in current oscillatory devices.>** VO, has
shown changes on the order of 10° in resistivity afound Twvim = 340 K.! The MIT
temperature of VO3, however, is close to room temperature and can be easily reached by
heat dissipation while used in electronic devicés. NbO,,"on the other hand, has a much
higher MIT temperature (Tmir = 1081 K)*2® making this material a robust candidate for
current threshold switching devices.*?°

Previously reported NbO# thin film_vertical devices have been composed of
amorphous NbO; films.*710-14 Defailedinvestigations on polycrystalline thin film devices,
however, is still lacking. Here;wwe report on the structural and electrical properties of
NbO, polycrystalline“thin filjms grown using PLD on TiN coated SiO/Si substrates, a
platform importantfar thefurther development of electronic devices based on NbO,. This
study is foetised onithe threshold switching and leakage current characteristics of NbO;
vertical devices, mainly after the forming process. We pursued three promising routes for
optimizingthé device performance by (1) varying thickness of the film, (2) varying the size
of topelectrode metallic contacts, and (3) varying Nb*/Nb>* content ratio.

il Experimental details

TiN (11 nm)/SiO2(100nm)/Si wafers, provided by Micron Technology, were used

as substrates for NbO; thin film growth using pulsed laser deposition. A ceramic target of
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Publishing Nb,Os was prepared from Nb,Os powder (99.99%, Sigma-Aldrich). The powder was
pressed into a pellet and sintered for 72 h in air at 1300 °C. The distance between the
target and the substrate was 7.3 cm. The KrF laser energy density at the target was
approximately 2 J/cm? and its pulse repetition rate was 5 Hz. Thegubstrate temperature
was kept at 700 °C. A set of films with different thicknesses was,grown in 10 mTorr O,/Ar
mixed gas atmosphere with 7% O, mass flow. A 1 mTorr gfowth pressure with 7% O, mass
flow was used in order to examine the effects of pogsible oxygen vacancies.

A four-axis goniometer x-ray diffraction (XRD) system with a Cu K, rotating anode
was used for structural characterization of theidepasited films. Out-of-plane (6-268) and
grazing incidence x-ray diffraction (GIXRD).scans were performed. Polycrystalline peaks
of NbO, were verified from the powder diffcaction file PDF# 00-043-1043.2! Film thickness
and surface roughness analysis\wwere performed on x-ray reflectivity (XRR) data obtained
from the same x-ray diffraction system.

The chemicalf{compuosition of the films was analyzed using x-ray photoelectron
spectroscopy (XPS) mieasured in a PHI 5000 VersaProbe spectrometer from Physical
Electronics. The spectra Were calibrated using C 1s peak at 284.8 eV and fitted under the
assumptionef a Shirley-type background. Areas under each curve were compared to
obtain molar ratios between different Nb oxides present in the films.

The current-voltage (/-V) characteristics and current oscillations were measured
using/ probe station tungsten tips (Picoprobe) from GGB Industries Inc. which were
pressed directly on top of the film. The nominal lateral size of the probe station tip used

was ~2 um. The voltage was applied across the thin film at ramp rates of 0.1 V/sec and
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Publishing the output current was measured across an attached serial test resistance of Rs= 51 Q.

For pulsed /-V measurements, short triangular ramp pulses were applied to the sample
and the output current was measured using a digital oscilloscope.

Contact-size dependent /-V measurements were performédwwith a voltage loop
frequency of 1 Hz using an atomic force microscopy instrument from Asylum equipped
with conducting platinum coated Si cantilever tips. Tép“circular Pt electrodes were
sputtered to 50 nm thickness with diameters ranging from 6.5 pm to 0.1 um using

electron-beam lithography.
lll.  Results and discussion

A. Structural and chemical analysis

Figure 1 shows 0-20 and grazing incidence x-ray diffraction (GIXRD) scans of two
of the NbO; films grown on TiIN/SiO,/Si substrates in 1 and 10 mTorr Ar+0; (~7% O3)
pressures and having thicknesses 43.7 and 33.2 nm, respectively. Both films showed
preferential growth “along (100) and (110) crystallographic planes. Consequently, the
expected (222);peak at 35.2° was not present or perhaps had a very low intensity both in
the out-of-plane and grazing incidence scans. No peaks related to Nb,Os or NbO phases
were observed, The presence of SiO, peaks in the 10 mTorr sample are explained by SiO;
crystallizatien at the growth substrate temperature in an oxygen atmosphere. Note the
absence.of SiO; peaks in the film grown in 1 mTorr pressure due to the lower O, growth
pressure.

Figure 2 shows x-ray reflectivity curves for the samples with the thickness ranging

from 13.7 to 76.4 nm grown into 10 mTorr and a 43.7 nm film grown in 1 mTorr (blue
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Publishing open circles symbol). Fitting (solid curves) to an optical model was performed using GenX

software.?? The bottom TiN layer had a thickness of 11 nm with an interface roughness at
the TiN/NbO; interface of ~0.4 nm. The maximum surface roughness was approximately
1 nm for the 76.4 nm thick film. The best fit was achieved assuming‘an additional top layer
with approximately 2.7 nm thick which is most likely a Nb2Os4ayer formed by oxidation
of NbO, after exposure to the atmosphere. The inset in Fig."2shows a cross-sectional SEM
image of 76.4 nm film. All four layers Si, SiO;, FiN;“and«NbO, are visible with the
corresponding thicknesses agreeing with tHe™ nominal values. It is difficult to
unequivocally ascertain whether the top Nb,Osdayenisvisible in the SEM image.

The molar content of NbO, and Nb,Os«phases was obtained using XPS spectra
taken at the 3d core Nb level. XPS spectra'measured on the films grown in 1 and 10 mTorr
total growth pressures are showa in Rig. 3(a) and 3(b), respectively. The deconvoluted
peak fits for the film grown ink0 mTarr pressure show 3ds/; and 3ds/, peaks from the Nb**
state at 205.6 and 2Q8.3 eV4 respectively, in agreement with previous reports.'®?3 Large
peaks at 207.1 afid 209.8 eVt were observed corresponding to Nb>*, probably due to the
oxidation of the film surface to Nb,Os after exposure to the atmosphere. The shaded
areas mark“the peaks related to Nb* which correspond to the NbO, phase. The
appreximate e¢ontent of NbO; and Nb,Os was calculated using the area covered by 3ds,,
level\peaks and yielded the values of 34.2%/65.8% and 25.1%/74.9% for the films grown
inl and 10 mTorr growth pressures, respectively. Peaks related to Nb,Os were not visible
in XRD or GIXRD spectra in Fig. 1. This suggests that either the Nb,Os top layer was

amorphous or at least polycrystalline. Other authors have reported the estimated
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Publishing thickness of the top Nb,Os layer to be ~2 nm.2* The exact estimation of the oxygen
stoichiometry, however, is difficult via ex-situ measurements due to the possibility of the
film surface oxidation after exposure to the air.

B. Film thickness effect on current threshold switching

First, we analyzed I-V characteristics measured on NbOs.films [Fig. 4(a)] with film
thicknesses of 13.7, 33.2 and 76.4 nm grown in 10 mTor¢ total Ar+0O; pressure. The
measurements were taken using the probe stationftungsten tip placed directly on the
surface of the samples as a top electrode and TiN{ayeras.a bottom contact. Pt contacts
were not used for these measurements. Clearthreshold switching in the output current
was observed and the threshold switching voltage (Vi») depended linearly on the film
thickness [Fig. 4(b)]. The linear dependenee of Vi, indicated the bulk portion of the film
took part in the switching, ratherthan the metal-oxide interface. This contrasts with some
other materials, for example“€e;0s,>> which have a resistive switching behavior that is
independent of thedfilm thickness because the metal-oxide interface dominates the
switching. The clicrent measured at constant voltage [0.9 V in Fig. 4(b)], on the other

hand, showed an“exponential decrease with the square root of the film thickness which

meantd ~ exp(ﬁE%), where [ is a constant. This indicated that the current carriers were
eléctrons following Poole-Frankel (P-F) conduction rather than ions. The mobility of the
Ionic Current carriers, in contrast, varies as exp(SE) as reported in Ref. 26.

Prior to observing a threshold switching, a forming pulse was needed,?® requiring
the application of larger electric field magnitudes than those used during normal

operation [dotted curves in Fig. 4(a)]. It is believed that during the electroforming step,
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Publishing an accumulation of defects, such as oxygen vacancies, takes place which creates a

conductive current path, called filaments. Also, dielectric breakdown of the top Nb,Os
layer might take place during forming.?’ The forming voltage dependence on thickness,
however, indicated that the top surface was not the only mechanism responsible for the
forming step. In fact, a forming step was also observed in lategal devices where the top
layer played no role at all because current flowed in-plané-directign. 28

Low voltage (V < Vi) regions of I-V cufves of the samples with different

thicknesses were fitted to ohmic (I ~V), space-chargé-limited (I ~V?), Schottky

[I ~ exp(ﬁV%)] , and Poole-Frankel conduction [F~Vexp(SV'/?)] models. Fig. 4(c)
shows a In(I) vs. V/2 curve (symbolswith*epen-eircles) and the fit for the 33.2 nm film.
For all three thicknesses, the P-F model?>*%esulted in the best fit which suggested that
the high resistance state conductign was due to field-assisted hoping of carriers from
Coulomb trap centers.1? Severakother authors also have claimed that P-F is the dominant
conduction mechanism in crystalline'® as well as in amorphous films3'33 of NbOy.

Our preyvious Study of NbO> lateral devices!®?° demonstrated that the threshold
switching was_triggered by Joule heating produced by current flowing through the
devices. In thedow bias voltage region, the P-F model fit the data well as discussed above.
Aslight increased nonlinearity in current characteristics [above 1V, Fig. 1(c)] was probably
due tothe added contribution of the increased temperature by Joule heating.

C. Top contact size effect on current threshold switching
To construct the clear image of filamentary nature in NbO; devices, the threshold

switching dependence on contact size was investigated using the conducting probe AFM
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Publishing technique. For these measurements, the current compliance was set to 10 LA, the
maximum allowed by the AFM instrument. /-V curves obtained from the 10 mTorr growth
pressure sample using top contact diameters d ranging from 0.1 um to 6.5 um are shown
in Fig. 5(a). Abrupt switching was not visible, especially for the largércontacts, because of
the lower compliance of the current limit. These data, however,/ were acquired after
completion of the forming step [see Fig. 6(b)] and therefore resembled threshold
switching of NbO: film. Further measurements with*higher current compliance are
required to confirm the area dependence of the'threshold.switching.

Leakage currents measured at V = 0:3 V as‘@ function of contact area A are
shown in the Fig. 5(b). The data fitted wellkgn adgg-log scale to two power-law segments
of the form In(I) = nIn(4) + C,qwhere™n s the exponent in the power-law, 4 is the
contact area, and C is a constant. For_larger area contacts with A > 2.8 x107° cm?,
exponent n; = 0.82 + 0.06,%qr I~ d?, whereas for smaller area contacts with 4 <
2.8 x107% cm?, n,& 0.51%4 0.02, or I ~d. Thus, below the critical area of A =
2.8 x1072 cm?Jd,_=/0.6 pm, the dotted line in Fig. 5(b)], the current was proportional
to the diameter rather than the area of the contact. Similar studies on NbO,/TiOx/Nb0O,3*
trilayers had“cevealed that the current depended on the electrode area (I « A), which
implied that the number of carrier traps per unit area, which were responsible for the
oxidewconductivity, was approximately constant. Thus, the parallel current filamentary
pathways were created homogeneously across the area of the contact which could be
explained in term of the ‘Closed Faucet’ type model as discussed by Inoue et al. in Ref. 25.

On the other hand, if ] «x A™ withn < 1 (e.g., n = 0.3 in Ref. 34 for a low resistance
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Publishing state), the current was not uniform across the contact area. In our case, n = 0.5, which

may indicate that electrode edges were the regions which dominate low-field conduction,
in which case the current was proportional to the contact’s circumference and therefore
I < d < AY?, A transformation to n ~1 for diameters d > 0.6 withen corresponds to
the diminished influence of the contact edge in larger electrodés. Other reports'?34
consisted of modifying the bottom electrodes, and so they.could _have encountered an
additional effect due to different film growth mode jn"the resistive switching layer.

In any case, the dependence of currént' on “eantact size is of technological
importance. In Si-based FinFET devices, for ‘example, reduction in device dimension
results in increased leakage current duesto the'quantum tunneling of the electrons
between the gates. In the case of ¢he Nb@; device, however, lowering the lateral device
dimension not only increases ‘the _device density but also lowers the leakage current.
Using the smallest contact size (i.e5.AFM tip), the leakage current measured at Vi, ~ 1.6
V was I, ~ 107 A Which Ts,an order of magnitude lower than reported elsewhere to
date.5'11'13

D. Effects of Nb>*/Nb* content

We alsg investigated the effect of O,/Ar total pressure on the /-V characteristics.
I-eharacteristics measured on two films grown in 1 and 10 mTorr growth pressure [Fig.
6(a)]"weré compared using the top contact with a diameter of 0.3 um. For currents
measlred at the same voltage, for example at 0.2 V, the film grown in lower growth
pressure (1 mTorr) had a current that was an order of magnitude higher than the one

measured on the film grown in higher growth pressure (10 mTorr). The larger content of
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Publishing insulating Nb,Os was likely responsible for lower leakage current in the film grown in a
higher oxygen pressure. On the other hand, a larger defect density, such as O-vacancies,
might be responsible for increased leakage current for the film grown in a lower growth
pressure. Partial overlap of Coulomb potential wells with increaSed trap density helps
lower the barrier height in the P-F model increasing the conduttivity. The bulk film region
might have a small amount of conducting NbO or metallic'Nb which might be the origin
of larger leakage current. It is not possible to estimaté exact bulk film stoichiometry using
ex-situ XPS measurements because of the surfagésensitive nature of XPS. NbO or metallic
Nb on the surface of the film would probably“ee easily oxidized to NbO; or Nb2Os upon
exposure to the atmosphere.

Forming pulses for the filmgrownia 10 mTorr measured using 0.3 um and 6.5 pum
contacts are shown in Fig. 6(b)\Fhese\measurements indicated that the forming voltage
also depended on the contactsize..The larger diameter top contacts required a smaller
voltage during the eléctroforming step, in agreement with Ref. 12.

We also,éempared the threshold switching behavior of these films. Figure 7(a)
shows a circuit diaggram for pulsed IV measurements. Triangular voltage pulses with
different pulse widths (t) were applied across the films and the output current was
measurediacross a test resistor Rs. A non-linear current switching characteristic was
ebseryed for pulse widths 7 < 10 ps. Output pulses for both samples for 7 < 10 s are
plotted in Fig. 7(b) and 7(d). The device from the film grown in 1 mTorr had a smaller turn-
on voltage Vyy = 1.5V and a smaller current ON/OFF ratio (~ 5) than the one for the

device from the film grown in 10 mTorr pressure, Vo = 2 V and a ratio ~ 10. This can be

10
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Publishing axplained by the more insulating character of the film grown in 10 mTorr. In addition, the

device made from the film grown in 10 mTorr had more abrupt ON- and OFF-switching.
An enlarged view of an output current pulse measured on the film grown in 10 mTorr
growth pressure is shown in Fig. 7(c). The typical OFF-to-ON switehing time (7on) was
found to be 25 ns, which is fast enough for a current selection_element in many RRAM
device prototypes.3 This result held true for 4 other samples grown using similar growth
conditions. ON/OFF switching times for the film grown ita_1 mTorr [Fig. 7(b)] were
approximately twice as long as the ON/OFF tighes measured for the films grown in 10
mTorr pressure. Here, the switching time is egnsidered only for the extremely sharp
region [the shaded region in Fig. 7(c)]. Thus, the device from the film with lower NbO;
content (grown in 10 mTorr pressure) can provide the better performance if used in a
current switching element. Intekastingly, a current overshoot was observed in case of the
film grown in 10 mTorr growth pressure [Fig. 7(c) and (d)], which was not observed for
one grown in 1 mTonf [Fig. %(b)]. The current overshoot is likely caused by the switching
time Ton being shartef than'the associated capacitance (Cy) discharge time (~ RoyCp).*®
The fact that.no overshoot seems to happen for films grown in 1 mTorr pressure is further
proof of a slower switching behavior.

Wealso note that films grown in pressures greater than 10 mTorr had a significant
amount of the insulating Nb,Os phase and no threshold switching behavior was observed.
Asgratiual appearance of Nb,Os phase for the epitaxial films grown above 10 mTorr was

demonstrated using x-ray diffraction in our previous work.'®

11
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E. Self-sustained current oscillations

Finally, we discuss self-sustained current oscillations in our vertical devices. Figure
8(a) shows the connection diagram. The sample was connected in series to a load resistor
(R;) of 10 kQ and a sensing resistor (Rs) of 51 Q; the latter was used to measure the
current. The sample is shown as a switchable resistor connected to a parallel capacitor,
representing the intrinsic capacitance of the insulating (QFF)state, A low-frequency input
voltage (Vin) with a triangular or rectangular wave shape'was agplied and the output signal
(i.e. current, lout) was measured across Rs.

Figure 8(b) shows a current response after a tridngular voltage pulse was applied.
Current oscillations were observed only“within_the range of the input voltage 2V <
Vin < 5V/(red, dotted line in zoomed view of Fig. 8(b)]. These oscillations are produced
as a result of a thermally induced negative differential resistance.*3”3® After the film
material temperature increases due.to the Joule heating, the current keeps on rising even
while the input voltage is decreasing. The device current is highly unstable in this region
so that by choqsing appropriate circuit parameters, such as R; and V;,, self-sustained
current oscillations,can be induced.3®

Figure 8(c) shows the output current characteristics of the film grown in 1 mTorr
and measured by applying a rectangular pulse with ~ 9 us pulse width and 4.4 V in
amplitude. Before applying V;,,, the NbO; device was in its initial high resistance state, so
the associated capacitor was charged when the voltage was applied. The increase in
current caused it to switch to the low resistance state, resulting in a discharge of the

capacitor. During this step, the largest voltage V;,, drop occurred across R; and so the film

12
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Publishing turned itself insulating when the sample voltage was reduced. A rapid repetition of the
process provided oscillations in the output current.

Highly stable oscillations were obtained during positive and negative cycles of the
input voltage. Oscillations lasted over 48 hours (10! cycles) with 5% fluctuation in
frequency and 33% fluctuation in amplitude, which is the mest stable oscillator so far
reported for NbO>. This exceptional stability is likely assottated Wwith the polycrystallinity
of our films, but a direct comparison between polycrystalline and amorphous films is
missing.

The peak-to-peak amplitude (,,,) of curgent gscillations was about 1.1 mA. A Fast
Fourier Transform (FFT) of the signal showed that'the fundamental frequency was at 11
MHz [Fig. 8(c)] for an input voltage of 4.5\/. The presence of higher order harmonics is
predicted by parallel filamentarymodel. These harmonics originate from a stochastic
resonance produced by interal naise-induced perturbation added to the system.*° In
terms of the paralle! filamentary model, each filament acts as an individual but
intrinsically coupled (most probably via thermal coupling) oscillator.

We studied.the dependence of the oscillation frequency on input voltage in films
grown at 1 and 10 mTorr total growth pressures, i.e. in films with different NbO,-content
(Fig-9). A'elosér view of oscillations is shown in the inset to Fig. 9 with similar frequencies
of ~14. MHz for both films. Aside from the main frequency oscillations, other harmonics
werepresent.

For the film grown in 1 mTorr, the range of Vi, where oscillations were observed

was found to be between 2.5 V to 4.8 V, in agreement with the study on the same film

13
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Publishing under triangular pulse application [Fig. 8(b)]. The oscillation frequency f, . increased with

increasing input voltage amplitude V;,, until V;;, = 4 V. So, for this film, the frequency
could be tuned from 6.7 MHz to 13.6 MHz. Upon further increase of V;;,, f,sc Started to
decrease and oscillations disappeared. A similar trend in freqdeacy variation: linear
increment followed by a saturated region has been reported‘ia polycrystalline thin film
devices.* For the film grown in 10 mTorr, the frequency ifcreasedlinearly with increasing
Vin and no saturation region existed. The range of ¥/}, resulting in stable oscillations for
the film was higher, between 4 V and 7.5 V and the frequéncy could be tuned from 10
MHz to 18 MHz. Because of the higher Nb,0Os eontent;the film grown in 10 mTorr had a
higher threshold voltage and thus a largerwangefV;,, which produced oscillations. Thus,
the range of V;,, over which oscillations were produced was enlarged by using films with

different contents of NbO,.

IV. Conclusions

In conclusiens we have studied structural and electric properties of NbO; films
grown on FiN_coated SiO,/Si substrate using different growth pressures. 8 — 26 and
grazing'incidence x-ray diffractometry verified the polycrystalline growth of NbO,. The
thfeshold switching voltage depended on the thickness of the sample and the off-state
leakage.current was described by the Poole-Frenkel conduction mechanism. The
threshold switching behavior of the device depended on the contact size, with a
dependence on the diameter of the contact for small contacts and on the area for large

contacts. The off-state leakage current could be reduced by increasing film thickness

14
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Publishing and/or decreasing the lateral size of the device. Pulsed /-V measurements performed on
these samples showed a current switching time of ~25 ns. Highly stable self-oscillatory
current behavior was demonstrated where the oscillation frequency was tuned in the
range of 6.7 to 13.6 MHz for the film grown in 1 mTorr and 10/ 8 MHz for the film

grown in 10 mTorr pressure. The presence of higher harm igcan be explained by

parallel conducting filaments thermally coupled to each gt \
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Figure 1: X-ray diffraction spectra. 8-20 M blue curves) and grazing incidence x-
ray diffraction (GIXRD) (red and gre «%&) patterns of NbO; films grown in 1 (green
and blue curves) and 10 mTorr (red.an ‘;%m'ves) total pressure. Sharp peaks denoted
by ‘@’ and ‘0’ are from (100) Si an SiOg, respectively. The dotted lines indicate the

bulk peak positions from PDF#000-4 043. The grazing incidence angle was & = 3°.
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%@ure 2: X-ray reflectivity (XRR) data (open circles) for NbO; films with the corresponding

its (solid lines). All films were grown in 10 mTorr total pressure, except the 43.7 nm film
grown in ImTorr total pressure. Inset figure shows the cross-sectional SEM image of the
76.4 nm thin film.
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Figure 3: X-ray photoelectron spectroscopy (XPS) data for Nb 3ds,, and Nbs/; spectra of
films growh in Torr (a) and 10 mTorr (b) growth pressures with deconvoluted peak
fitst Fhe shaded areas are the contribution from the Nb** valency state. The molar content
of \NbO,/N\b,0s, estimated using areas covered by 3ds,, level speaks, was found as
34.2%/65:8% and 25.1%/74.9% for the film grown in 1 and 10 mTorr, respectively.
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Figure 5: Contact size dependent /-V. (a) I—chrvfs‘r'neas using conducting probe AFM
at RT in the air for the film grown in 10 mTor ss‘ﬂ)e using different electrode sizes
(inset: SEM image of the top electrodes). (b) rent.measured at 0.3 V vs. top contact
t

area A. Solid lines represent linear fits o log-lag scale to the current loc A", where A
is the area of the top electrode, and n isgﬂ%x ent.
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igur§6: (@) I-V curves obtained from the films grown in 1 mTorr and 10 mTorr films using
0.3“pum contacts. (b) Two of the forming pulses for the film grown in 10 mTorr with
contacts 6.5 and 0.3 um. Arrows indicate the direction of voltage sweep.
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Figure 7: ul%easurement. (a) Circuit diagram. (b), (d) Pulsed input (right scale)

and output eurrent characteristics obtained from films grown in 1 and 10 mTorr films,
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Figure 8: Self-sustained current oscillations obtained from the film grown in 1 mTorr
pressure.4a) Schematic diagram for a current oscillator. (b) Current oscillations produced
by a tfilangular pulse field. The zoomed figure showed the range of input voltage
contributing for oscillation was 2 Vto 5 V. (c) Self-sustained current oscillations measured
frgm the film grown in 1 mTorr growth pressure using a rectangular pulse field with Fast
Fourier Transform (FFT) showing fundamental frequency at 11 MHz.
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Figure 9; @versusfof films grown in 1 and 10 mTorr pressures. Inset figure shows

zoomegd view of current oscillations with similar frequency about 11 MHz measured on
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