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Molybdenum oxide films were deposited using modulated pulse power mag-
netron sputtering (MPPMS) from a molybdenum target in a reactive envi-
ronment where the flow rate of oxygen was varied from 0 sccm to 2.00 scem.
By varying the amount of reactive oxygen available during deposition, the
composition of the films ranged from metallic Mo to fully stoichiometric MoOs,
when the molybdenum target became poisoned, due to the formation of a
dielectric surface oxide coating. Film compositions were verified using high
energy resolution x-ray photoelectron spectroscopy. Target poisoning occurred
at an oxygen flow rate of 1.25 sccm and reversed when the flow rate decreased
to about 1.00 sccm. MoO3 films deposited via MPPMS had densities of
3.8 g cm 2, 81% of the density of crystalline «-MoO5 as determined by x-ray
reflectivity (XRR). In addition, XRR and atomic force microscopy data showed
sub-nanometer surface roughness values. From spectroscopic ellipsometry,
the measured refractive index of the MoOs films at 589 nm was 1.97 with
extinction coefficient values <0.02 at wavelengths above the measured
absorption edge of 506 nm (2.45 eV).

Key words: Molybdenum oxide, reactive magnetron sputtering, MPPMS,
XPS, MoO3

INTRODUCTION

Molybdenum Oxide

Molybdenum oxide thin films find use in many
technological areas including catalysis,™ oPtics,G’7
electronics,”®'® and chemical sensing,®® "% to
name a few. The diversity of these applications can
be attributed to the wide range of oxidation states
(0=VI) accommodated by molybdenum?®'® and the
facile manipulation of those states via oxidation or
reduction. In its fully oxidized state (VI), molybde-
num trioxide (MoQOs3) is optically transparent with a

(Received May 28, 2014; accepted April 9, 2015;
published online May 27, 2015)

band gap that ranges from 2.67 eV to 3.12 eV.>%20
MoO3 also exhibits dynamic coloration via reduction
induced by UV irradiation (photochromism),>® charge
injection (electrochromism),®?! or heat treatment
(thermocoloration).?? Additional oxide compounds
formed by molybdenum include the “surface phase”
Mo,05 (Mo(V)), which has no known bulk struc-
ture,>> 2% and MoOy (Mo(IV)), commonly present in
the distorted rutile structure.?® While not as widely
investigated as MoOj3, MoOs is electrically conductive
and has shown significant promise for use as an anode
material within lithium ion batteries.?" "

As a result of the breadth of their technological
applications, several physical vapor deposition
methods for fabricating molybdenum oxide thin
films have been explored. Such methods include, but

3677


http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-015-3790-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-015-3790-9&amp;domain=pdf

3678

are not limited to, spray pyrolysis,>*>* thermal
evaporation,?"?>3¢ pulsed laser deposition,>”° radio
frequency magnetron sputtering,*®*! and reactive
DC magnetron sputtering.®2%37%%43 While all of the
aforementioned techniques are capable of depositing
high quality films when performed under optimal
conditions, studies employing reactive DC mag-
netron sputtering have generated significant interest
due to the industrial scalability of magnetron sput-
tering techniques, as well as the high degree of con-
trol over the oxidation state as a function of reactive
oxygen availability.>?%374243  Previous works of
note include studies performed by Mohamed et al.
demonstrating a comprehensive correlation between
oxygen partial pressure and the resulting crys-
tallinity, chemistry, and optical behavior of molyb-
denum oxide thin films.” While numerous studies
have confirmed that it is possible to obtain high-
quality molybdenum oxide thin films via DC mag-
netron sputtering, the advent of a technique known
as modulated pulse power magnetron sputtering
(MPPMS) has shown promise for further optimiza-
tion. Specifically, the high target power densities,
(~500 W/em?) associated with MPPMS are capable
of achieving a highly metallic deposition flux.***¢
Reports by Hala et al. have indicated that the high
power densities and variable pulse profiles associat-
ed with the MPPMS process are directly correlated to
the reduction in process instability associated with
the formation of a dielectric, or “poisoned” surface
oxide layer, on the sputter target.*® In addition, ion
bombardment associated with MPPMS has been
reported to improve film adhesion, while reducing
surface roughness and providing increases in densi-
ty. 444647 Pinally, a high degree of control over the
magnitude and duration of MPPMS discharge events
has been reported to reduce arcing, limit hysteresis
when sputtering in reactive regimes, and tailor ion-
ization levels of inert, reactive and metallic compo-
nents in the plasma.***¢852 The ability to leverage
ionization levels of both reactive and metallic com-
ponents could be of considerable benefit for control-
ling the chemistry and structure of molybdenum
oxide thin films.

This study was performed in order to analyze the
effect of systematic changes in the oxygen flow rate
on the structural, chemical, and optical properties of
thin (<60 nm) molybdenum oxide films deposited
using MPPMS. Of particular interest is the poten-
tial application of MoOs (Mo(VI)) in optical inter-
ference coatings where smooth, amorphous, thin,
transparent, variable index materials are desirable.
To our knowledge, there are currently no reports on
the deposition and characterization of MPPMS-
deposited oxides of molybdenum.

MATERIALS AND METHODS
Experimental Conditions

Molybdenum oxide films were deposited within a
stainless steel high-vacuum chamber equipped with
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multiple magnetron sputtering sources. Prior to
deposition, the chamber was evacuated to a base
pressure of at least 4.0 x 107° Pa (3.0 x 107 Torr).
All magnetron guns were retracted and films were
deposited using a single 50-mm source placed 9 cm
from the surface of the substrate. A working pres-
sure of 1.33 Pa (10 mTorr) was maintained
throughout all depositions. Due to the variations in
pressure associated with the use of reactive gas-
ses,?*™°® pumping speed was varied using an auto-
mated conductance controller. The source
material was a 99.99% pure molybdenum target
(K.J. Lesker) magnetically attached to a 50-mm-di-
ameter, unbalanced magnetron source (MeiVac).
Films were deposited on prime grade 50-mm-
diameter (001) p-type silicon wafers (University
Wafer) and also on 25-mm-diameter quartz discs
(Machine Glass Specialists) for the optical trans-
mission measurements, with no bias or external
heating applied to the substrates. The substrates
rotated at 7.7 rpm to reduce anisotropy imparted by
the sputtering process.

Research grade argon (99.999%; Airgas) and
oxygen (99.999%; Wieler Welding) facilitated the
reactive sputtering process. The oxygen flow rate
(fl0,)) and argon flow rate (fia;)) were controlled
using MKS mass flow controllers with a maximum
flow rate of 20.00 & 0.04 sccm. The MPPMS process
used a Zpulser AXIA™ magnetron discharge gen-
erator operated in manual mode with the capacitors
charged to 300 V and a macropulse frequency of
50 Hz. MPPMS is a derivative of the high-power
impulse magnetron sputtering (HIPIMS) technique
introduced by Kouznetsov et al. in 1999.°” Both
techniques utilize high target power densities at
duty cycles <10%.%9°%57:58 Key differences between
the two techniques involve the shape, duration and
magnitudes of the voltage pulses applied to the
cathode. HIPIMS, consisting of square voltage
pulses lasting <200 us, achieves target power den-
sities of the order of 1-3 kW/cm?.4°~*"58 MPPMS, on
the other hand, is slightly less aggressive, utilizing
longer overall pulses (>1 ms) at power densities
approaching 500 W/ecm?.**~*¢ Unlike HIPIMS, the
voltage pulses applied in the MPPMS technique
consist of multiple microsecond-length pulses,
known as “micropulses”, rather than just one
square pulse. Micropulses typically last between
1 us and 15 us and can be varied with high precision
to allow for the user to specify their frequency. The
frequency of the microscale pulse application is
directly related to the magnitude of the longer
(>1 ms) macroscale voltage pulse.*”™° A two-part
pulse was created similar to that specified by Hala
et al.*® The first stage of the pulse generated a low
energy plasma discharge with a duration of 400 us
derived from a 20% micropulse duty cycle, and the
second stage consists of a higher energy plasma
lasting 600 us controlled by micropulses applied at a
54.5% duty cycle with an on time of 12 us and an off
time of 10 us as illustrated in Fig. 1. The total
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Fig. 1. Pulse generation via MPPMS. The thin line represents volt-
age signal on and off time generated by the power supply, the bold
line is the resulting cathode voltage.

macroscale duty cycle for the MPPMS deposition
process was 5%. During depositions, the MPPMS
power supply was operated in constant voltage
mode and normalized to obtain an average power of
80 W at fo,) =0 sccem. Changes in voltage and
current output were analyzed using a Tektronix®
DPO 5204 multi-channel oscilloscope.

Time-averaged optical emission spectroscopy
(OES) allowed qualitative analysis of the relative
concentrations of Ar and Mo species in the plasma
discharge. Optical emission generated during the
deposition process was collected by an external fiber
optic placed directly before a quartz viewport 45 cm
from the plume. Spectra were processed with an
OceanOptics USB 4000 spectrometer using an
integration time of 500 ms and dark correction to
reduce the effects of ambient light prior to plasma
ignition.

Chemical, Optical and Structural
Characterization

Characterization of the structure of these films
used multiple analysis methods. Surface roughness
was quantified using a Veeco Instruments atomic
force microscope (AFM) with a NanoScope® V con-
troller. Five scan regions were selected and scanned
in tapping mode with a scan area of 25 um? To
determine the film thickness and optical dispersion,
in situ spectroscopic ellipsometry (SE) data were
collected throughout the deposition process using a
J.A. Woollam M-2000® VI ellipsometer that oper-
ated in the 371-1678 nm wavelength range. Surface
roughness (AFM) and thickness (ellipsometry)
measurements were verified with x-ray reflectivity
(XRR) (Rigaku SmartLab®). Crystallinity was
measured with grazing incidence x-ray diffraction
(GIXRD) (Rigaku SmartLab®) using an incidence
angle of 0.35°, a resolution of 0.01°, and a detector
angle of 20. The x-ray source, Cu Ko (1.5418 A), was
operated at 40 kV and 44 mA. Optical transmission

and reflectivity data were measured with a Perkin-
Elmer ® Lambda 1050 UV/Vis/NIR spectropho-
tometer with an integrating sphere attachment.
Transmission and reflectivity values were used in
the calculation of the optical bandgap, E,.

Surface analysis via x-ray photoelectron spec-
troscopy (XPS) was employed in order to analyze the
composition and chemistry of the films. All scans
were collected using a Physical Electronics 5700
XPS with a monochromatic aluminum x-ray source
at a photon energy of 1486.7 eV. Survey scans were
taken at an analyzer pass energy of 187.85 eV,
while high resolution scans used a pass energy of
29.35 eV. Survey scans were taken for binding
energies from 0 eV to 1400 eV, while high energy
resolution scans capturing the molybdenum 3d
doublet, were acquired from 220 eV to 245 eV. For
convenience, all spectra were energy calibrated with
respect to the adventitious carbon 1 s transition at a
binding energy of 284.6 eV. Fitting of the XPS
spectra employed the CasaXPS 2.3.16 software
package.”” Parameters including full width at half-
maximum peak height, location of peak center and
peak area were determined after using a Shirley
background subtraction. A mixed Gaussian—Lor-
entzian line shape was used for the peak fitting.

RESULTS AND DISCUSSION

Reactive Magnetron Sputtering
of Molybdenum Oxide

As the oxygen flow rates varied, the changes in the
voltage and current evolved from the plasma dis-
charge were monitored. An average power of 80 W
with fiar) = 20 scem and f(o,) =0 operating at
1.33 Pa (10 mTorr) yielded an average power of
1600 W per pulse. The average power per pulse is
calculated by dividing the total average power of
80 W by the 5% duty cycle. The oxygen flow rates
used for deposition were selected by measuring the
onset of target poisoning, wherein the entire target
surface is coated with molybdenum—oxygen com-
pounds. The transition from a metallic target sur-
face to an oxidized target surface is accompanied by
a precig)itous drop in both current and deposition
rate.?>°*¢0 Power levels were plotted as a function of
oxygen flow rate, which was increased from
0.00 scem to 2.00 sccm, at intervals of 0.25 scem
(Fig. 2). The total flow rate ranged between 20 sccm
and 22 sccm depending on the amount of oxygen
added to the chamber. In order to maintain a work-
ing pressure of 1.33 Pa (10 mTorr) under different
flow rates, the pumping speed varied between 50 L/s
and 60 L/s. Pumping speeds were calculated using
the method outlined by Dushman.®! A dwell period
of 90 s was used at each flow rate prior to recording
the voltage and current. Upon fully poisoning the
target at f(o,) = 2.00 and f(ar) = 20.00 sccm, fio,) was
then reduced to zero at increments of 0.25 scem.
Reduction of f(o,) was performed in order to analyze
the change in oxygen content required to remove the
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Fig. 2. Power output as a function of increasing (solid circles) and
decreasing (open circles) oxygen flow rates for MPPMS.

oxide layer from the target. As Fig. 2 illustrates, a
measureable degree of hysteresis exists between the
flow rates required to poison the target and those
necessary to recover the metallic target surface. At
f(0,) < 0.75 sccm, the plasma flux acts as a getter,
reacting with all of the oxygen within the chamber;
however, once f(o,) exceeds 0.75 sccm, the excess
oxygen that is not reacting within the deposition flux
begins to adsorb onto the chamber surfaces, includ-
ing the surface of the target.

Compound formation on the target surface, in this
case oxidation, leads to a reduction in the net power
achieved by the plasma discharge. At values of
f0,) 2 1.25 sccm the power evolved is no longer
affected by the changing oxygen flow, indicating
that the target surface has fully reacted. As shown
in Fig. 2, it is evident that the initial drop in power
occurs at fio,) = 0.75 scem. Figure 2 demonstrates
that the power output for the MPPMS technique
drops precipitously at a f(o,) = 1.00 sccm. The rapid
loss of power, coinciding with decreased current, is a
result of several factors. First, the introduction of
oxygen within the chamber reduces the number of
free electrons within the plasma as a result of the
formation of oxygen ions.®® Additional losses in
current are likely brought on by the inhibition of
ion-induced secondary electron emission (ISEE)
associated with comSpound formation on the target
surface.16:49-562:56.62.63 While documentation of the
Ar*-induced emission of secondary electrons for
oxidized molybdenum is limited, studies by Depla
et al. on the ISEE of Nb, Ta, and Re, have indicated
significant reductions in secondary electron emis-
sion as a result of surface oxidation.’® Reduction of
the number of secondary electrons emitted leads
to a net decrease in electron density near the sur-
face of the cathode, resulting in the occurrence of
fewer ionization events responsible for sputter-
ing 5%:5456:64.65 Thys surface oxidation appears to
be the main factor in the decrease in current, and,
subsequently, deposition rate. The ISEE is a func-
tion of the ion energy, therefore it will be dependent
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Fig. 3. Optical emission spectra obtained for MPPMS plasmas. Data
were collected during MoO, depositions using oxygen flow rates of
0.00 sccm (top) and 2.00 sccm (bottom) and 20 sccm Ar for both.
The saturation in the upper spectrum is a result of the collection time
(500 ms) used to accommodate optical emission intensity.

upon the voltage applied to the cathode.*®**%2 Note
that instantaneous cathode voltage levels for films
deposited at 0 < f(o,) < 2 sccm range from 550 volts
to 610 volts.

Optical Emission Spectroscopy

Additional analysis of the effect of oxygen flow on
power output and plasma discharge was conducted
using OES. Figure 3 contains the optical emission
spectra of Ar and Mo whenf(q,) = 0.0 sccm and f(a,) =
20 scem as well as the spectra at f(o,) = 2.0 sccm and
fiar) = 20 sccm. Under these conditions, the relative
concentrations of both excited argon (Ar I, 650-875
nm) and molybdenum peaks (Mo I, 300-610 nm) of
the plasmas differ significantly. As a result of the
high power density experienced by the target during
MPPMS, the plasma appears highly metallic in
character, with a relatively small contribution from
Ar-related optical emission. Further, the high target
power density associated with MPPMS has the
potential to cause target atom ionization,>*4*7-48:66
as evinced by peaks shorter than 280 nm attributed
to singly ionized molybdenum (Mo II).?* These same
peaks are not readily detectable in the optical emis-
sion attributed to the poisoned Mo target at f(o,) =
2.0 sccm. In the poisoned regime (fo,) > 1.25 sccm)
the magnitude of the optical emission signal from Mo
is greatly reduced. As expected, target oxidation and
subsequent current reduction drastically reduces
molybdenum photoemission within the plasma.

X-ray Photoelectron Spectroscopy

XPS analysis was used to determine the composi-
tion and chemistry of MPPMS deposited samples that
were fabricated at fo, = 0.00 sccm, 0.75 scem,
1.00 scem, 1.25 scem, and 2.00 scem. For each spe-
cimen, a survey spectrum (Fig. 4) and high resolution
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Fig. 4. Survey spectrum of fully stoichiometric MoO3 deposited at an

oxygen flow rate of 2.00 sccm O, and 20.00 sccm Ar at 1.33 Pa
(10 mTorr).

spectrum (Fig. 5) were obtained. Chemical analysis
using XPS indicated that the oxidation state and
associated stoichiometry of the as-grown films was
highly sensitive to the oxygen flow rate. Survey scans
of representative films (fo,) = 0.00 sccm to 2.00
scem) were acquired in order to quantify the presence
of various elements within the films. Peak shapes and
binding energies (Mo 3d) of high resolution scans
were used to determine stoichiometry. All films
analyzed via XPS were exposed to atmosphere prior
to measurement since the growth and analysis
chambers were separate. As a consequence of envi-
ronmental exposure, all the films analyzed contain
23-30 at.% of adventitious carbon on their respective
surfaces. Note that spectra were calibrated with
respect to the carbon 1 s transition with a binding
energy of 284.6 eV.

High energy resolution XPS yielded detailed
information regarding the oxidation state of the
molybdenum. The presence of oxidation state Mo®*
was indicative of the compound MoOjs, while the
presence of Mo®*" and Mo** was associated with sub-
stoichiometric comopounds including Mo20O5 and
MoO, (Table I).2:20:21:4367.68-71  pyrthermore, at
fi0,) < 1.00 sccm, metallic Mo was also present. It is
highly likely that small quantities of additional sub-
oxides were present within the films; however, their
presence was indistinguishable from the uncer-
tainty inherent in the peak fitting process. In the
case of multiple doublets resulting from the pres-
ence of different oxidation states, the doublet spac-
ing (3.13 eV)’° and peak area ratios were kept
constant during peak fitting. The area of the 3ds.
peak was constrained to be 1.5 times that of the
peak associated with the 3dge transition.”®"® In
order to account for the asymmetry inherent in the
3d transition for metallic Mo, 3d transitions from an
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Fig. 5. High resolution XPS spectra of the Mo 3d transitions for
depositions at flow rates of 0.00 sccm, 0.75 sccm, 1.00 sccm,
1.25 sccm, and 2.00 sccm O,. Spectra are offset for clarity and peak
assignments are given.

experimentally obtained Mo reference were mea-
sured and subsequently used to perform fits. Films
deposited at fo,) = 0.00 sccm and 0.75 sccm were
found to be mostly metallic in character, and the
presence of the Mo®* and Mo** oxidation states was
the result of environmental exposure, as subsequent
analysis after 1 min of ion beam sputtering pro-
duced spectra consistent with that of metallic
molybdenum. Interrogation of the valence state as a
function of f(o,) demonstrates the flexibility of the
MPPMS process, indicating the ability to selectively
control the presence of Moy;O5 (Mo(V)) within an
MoO3; (Mo(VI)) matrix. However, with regard to the
various oxides of molybdenum, pure MoOj is the
preferred chemical constituent within optical coat-
ings due to its transparent, dielectric behavior.
While Mo,0O5 (Mo(V)) and MoO, (Mo(IV)) have very
interesting electronic properties, the onset of the
deposition of transparent MoOjs is of particular
interest within this study. According to data
obtained from high resolution spectra, molybdenum
trioxide films were only obtainable at oxygen partial
pressures at or above the threshold for target poi-
soning, corresponding to f(o,) = 1.25 sccm.

Spectroscopic Ellipsometry

Analysis of data collected from in situ SE provided
values for the thickness and the real (n) and ima-
ginary (k) components of the refractive index. To
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Table I. Experimentally determined binding energies (eV) for various oxidation states of molybdenum

Measured binding Reference values
energy (eV) (eV)
Compound Valence state 3ds/s 3d5/o 3ds/e 3d5/o Reference
MoO; VI 235.72 232.59 235.70 232.51 27
Mo,05 A% 234.69 231.56 234.36 231.17 27
MoO, v 232.64 229.51 231.8 228.7 65
Mo 0 231.38 228.25 231.13 228.00 65

obtain these values, the raw amplitude (/) and phase
difference (A) data collected by the ellipsometer were
fit with a general oscillator model containing a
Cauchy layer; a model commonly used for high
energy bandgap materials such as molybdenum tri-
oxide, due to the minimal absorption (¢ ~ 0) as well
as exponential decay of the refractive index (n) as a
function of decreasing photon energy.”? The optical
constants of films deposited in the poisoned regime
(fio,) > 1.00 sccm) were modeled using a general
osciflator model with two Tauc-Lorentz oscillators to
account for the free-carrier absorption associated
with substoichiometric molybdenum oxide com-
pounds, Moy,O5, M0oOy, and metallic Mo and their
respective oxidation states, V, IV, and 0. Film
thicknesses were also determined as well as the
deposition rates. Those values are given in Table II.

Metallic-rich  films deposited at fo, < 1.25
exhibit characteristically higher n and % values
than fully oxidized samples deposited in the poi-
soned regime (f(p,) > 1.00), similar to that described
by He and Yao.” As shown in Fig. 6a, in the visible
to near IR spectral range (371-1678 nm), the index
(n) of the metallic samples spans from a minimum of
2.1 at 381 nm to 3.7 at 760 nm. At wavelengths
>1200 nm, the index fluctuates slightly around a
value of n = 2.5. The MoO3 films prepared in the
poisoned target regime have the same index as the
metallic films at A = 371 nm; however, the index
gradually decreases to a constant value of 1.86
starting at 800 nm and remains nearly invariant
out through 1678 nm. Additionally, those films have
negligible extinction coefficients (k< 1 x 107%) at
energies below the onset of the absorption edge
located at 506 nm (Fig. 6b). In contrast, the % of films
fabricated in the non-poisoned regime, increase
monotonically from 3.1 to 7.5 with wavelength. Films
deposited in the transition region between the
metallic and poisoned regime (f(o,) < 1.25 sccm),
exhibit optical dispersion that falls between that of
the MoO3 and metallic films.

A plot of the refractive index and extinction
coefficients as a function of f(o,) at wavelengths of
632 nm, 900 nm and 1200 nm (Fig. 7) illustrates
the effect of oxygen flow rate on the optical proper-
ties of the films. As the partial pressure of oxygen
increases, the optical constants begin to change
as a result of the transition between metallic
and dielectric character. XPS measurements, as

Table II. Thickness (d) and deposition rate (s) for
molybdenum oxide films deposited at varying
oxygen flow rates (f(o,))

f0,) (sccm) d (nm) ¢ (nm/min)
0.00 24.0 24
0.75 28.0 19
1.00 51.6 13
1.25 51.8 11
2.00 53.3 7

fiar = 20 scem.

Refractive Index (n)

20 kN ’ i

=~

N e s e R T e T R L W 7 e

T M L] M ] v ] M T v T

TSI ()

6.0 |
45t
3.0 F .

15 F e

Extinction Coefficient (k)

00 b= e e

400 600 800 1000 1200 1400 1600
Wavelength (nm)

Fig. 6. Refractive index, n (a) and extinction coefficient, k (b) for
MoO, films deposited at oxygen flow rates of 0.00 sccm (solid line),
0.75 sccm (dashed line), 1 sccm (dotted line), 1.25 (dash-dot line)
and 2.00 sccm (dash-dot-dot line).



Molybdenum Oxides Deposited by Modulated Pulse Power Magnetron Sputtering: 3683

Stoichiometry as a Function of Process Parameters

3.6 T T T T L
G
33F 4

3.0 E

27 o E

24f -
21} kﬂ 4

18} 0]

Refractive Index (n)

N w » o
T
[[
1

1+ 4

Extinction Coefficient (k)

O ! ! (A e m——

0.0 0.5 1.0 1.5 2.0
O, Flow Rate (sccm)
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the eye.

mentioned previously, show a clear effect on com-
pound formation as a function of oxygen flow rate.
Comparison of XPS data and optical measurements
allows for the optical properties to be directly cor-
related to the compounds present within each film.
At f0,) = 0.00 sccm and f(s,) = 20.00 sccm, the films
are metallic in nature, with trace amounts of sur-
face oxide compounds, MoO3 MoyO5 and MoOg. An
increase in oxygen flow to a rate of 1.00 sccm rep-
resents the onset of oxide formation on the sput-
tering target surface resulting in a noticeable
decrease in both refractive index and extinction
coefficient for the grown films. The drop in both
refractive index and extinction coefficient is the di-
rect result of the formation of MoO3 (Mo(VI)) as well
as the reduced species MosO5 (Mo(V)). Formation of
Mo505 can be associated with a marked increase in
both n and %, as shown in Figs. 6 and 7. Based on
the data shown in Fig. 5, it is evident that values of
f0,) = 1.25 scem or higher are necessary to form
MoOs films without the presence of absorbing sub-
stoichiometric molybdenum-oxide compounds.

Transmission Measurements and Bandgap
Calculation

Spectral transmission and reflectance measure-
ments were collected in order to quantify the optical
bandgap of films deposited with the different oxygen
flow rates. To determine the bandgap, the absorp-
tion coefficient, o, was first determined using the
measured spectral transmission and reflectivity.
The bandgap (E,) was calculated using the following
relationship?7:

ahv = B(hv — Eg)" (D)

where the exponent, n, varies based on the band-to-
band transitions accommodated by a given material,

Table III. Bandgaps for films deposited at varying
flow rates

O, flow rate (sccm) E; (eV)

1.00 2.12

1.25 2.45

2.00 2.74

1.0 |- -

E 08} -
£
P
(7]
g

£ 0.6 |- -
=)
=
)
14

0w 04} -
=
14

0.2 -
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0.0 0.5 1.0 1.5 2.0

O2 Flow Rate (sccm)

Fig. 8. Surface roughness as a function of oxygen flow rate as
determined by AFM. Lines are to guide the eye.

B is a constant (set equal to 1 in this case) and Av is
the photon energy. For molybdenum oxides, the
exponent is 2, due to their intrinsic ability to facilitate
indirect-allowed band-to-band transitions.®%7%7*
A Tauc plot was then generated, wherein (ohv)Y2
(eVY2 em~Y2) was plotted as a function of photon
energy, hv (eV). The optical bandgap (E,) was de-
termined by extrapolating the linear portion of the
plotted data to the corresponding photon energy
where (ohv)"2 is equal to zero.

The bandgaps listed in Table III indicate that E,
increases as a function of increasing oxygen flow. As
shown in the high resolution XPS spectra (Fig. 5),
the oxidation state associated with both depositions
at fio,) = 1.25 scem and 2.00 sccm is 6+, indicative
of fully stoichiometric MoOs. Differences in E, can
potentially be attributed to the reduction of defects
associated with the formation of the fully stoichio-
metric compound. Furthermore, the lower bandgap
associated with the film deposited at f, = 1.00
sccm was shown to contain substoichiometric MosO5
compounds associated with the presence of the 5+
valence state. The occurrence of the 5+ oxidation
state was found via XPS analysis, as illustrated in
Fig. 5. Absorption attributed to the 5+ oxidation
state is likely the result of charge transfer between
the molybdenum and oxygen species.?""® The pres-
ence of the further changes in bandgap is likely due
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to the formation of oxygen inclusions within the
film. The bandgap of 2.74, obtained for the MoO;
film deposited at f(o,) = 2.00 sccm, falls within the
range of 2.67-2. 76 as estabhshed by Miyata and
Akiyoshi for amorphous MoOs.

Structural Characterization

Results of both atomic force microscopy (AFM)
and XRR analyses indicate the presence of sub-
nanometer roughness for all films deposited.
Although roughness values are low, there is a dis-
cernible difference in surface morphology for dif-
ferent oxygen flow rates. This is illustrated in
Fig. 8, in which the root mean squared roughness,
as determined by AFM, increases with oxygen flow
rate, from 0.2 nm at f, =0.00 to a maximum

10.0 nm
0.0nm

0.8um"

10.0nm
0.0nm

0.8um

(b)

10.0nm
0.0nm

0.8um~

0.6~

0.4 02

(c)
Fig. 9. AFM composite images showing surface roughness and

morphology of films deposited at oxygen flow rates of 0.00 (a), 1.00
(b), and 2.00 sccm (c). Images are of a 1-um? area.
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value of 0.9 nm at f,) = 1.00 sccm. The marked
increase in surface roughness with the onset of
target poisoning is likely a direct result of repeated
interruption of local epitaxy induced by the forma-
tion of a surface oxide layer, leading to continuous
renucleation within the growing film.”®"" AFM
composite images shown in Fig. 9 of three of the
films provide visualization of this effect on surface
morphology.

From the XRR data, the density of the films was
determined from the total reflection or critical edge,
film thickness was calculated from the period of the
oscillations in the spectrum and surface roughness
values were determined based on the rate of signal
decay as a function of the detector angle (20). All
calculations were performed using the Rigaku
GlobalFit software package. Analysis of XRR
data used a three-layer model consisting of silicon
substrate, native silicon oxide layer, and the as-
deposited film provided. Table IV contains the sur-
face roughness, density and thickness as deter-
mined by XRR for all films. Since XRR interrogates
a large lateral area compared with AFM, the
roughness values are smaller. In addition to reflec-
tivity measurements, GIXRD was performed on all
samples. As illustrated in Fig. 10, GIXRD analysis

T T T v T v ! v ' ’ ]
: 2.00 sccm O Si0, (003) 3
: 1.25scem O, :
s E
E‘ : 1.00 sccm O, :
= ]
c %M
Q r :
s [ 3
£ Mo (110) 9
F 0.75sccm O, A Mo (200) Mo (211) 3
- ~
: 0.00 sccm O, J \ A :
o, 1 N 1 N 1 N J* 1 L
20 30 40 50 60 70 80

20 (degrees)

Fig. 10. Grazing incidence x-ray diffraction (GIXRD) spectra of
MoO, films deposited at varying oxygen flow rates. Peak assign-
ments: body-centered cubic molybdenum: 0 = 48.8° (110), 0 = 58.9°
(200) and 0 = 74.1° (211); silicon dioxide: 0 = 50.8° (003).

Table IV. List of parameters as determined by x-ray reflectivity analysis

0O, flow rate (sccm) Density (g/cm®)

% of bulk density «-MoO3

Surface roughness (nm) Thickness (nm)

0.00 9.7 -
0.75 9.8 -
1.00 4.2 89.0
1.25 3.8 80.6
2.00 3.8 80.6

0.7 24.0
0.8 28.0
0.6 51.6
0.8 51.8
0.9 53.3

The bulk density of a-MoQj is 4.71 g/cm?®.%”
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was able to show that the degree of crystallinity
present within the films varied dramatically as a
function of oxygen content. Films deposited at flow
rates of 0.00 sccm and 0.75 scecm O, demonstrated
significant crystalline character, with peaks char-
acteristic of body-centered cubic molybdenum lo-
cated at 60 =48.8° (110), 0 =58.9° (200) and
0 =74.1° (211). At higher oxygen flow rates coin-
ciding with the onset of formation of molybdenum
oxides, the films are shown to be amorphous. Sharp
crystalline peaks around 0 = 50.8° present within
those spectra are the result of x-ray interaction with
the native oxide layer on the (100) silicon sub-
strate.*®

CONCLUSIONS

Deposition using MPPMS within the poisoned
regime (fo,) > 1.25 sccm) allowed for the fabrication
of amorphous, transparent MoO3; with bandgaps of
2.45 and 2.74 eV at flow rates of 1.25 sccm and 2.00
scem Oy, respectively. SE studies of these films
indicated negligible values for the extinction coeffi-
cient (k) at energies below 2.45 eV. Fully stoichio-
metric MoOs films, as verified by XPS analysis, were
only obtained from sputter depositions where the
target surface was fully poisoned. Films deposited
at flow rates of 0.00 sccm and 0.75 scem O, were
shown to have higher densities, corresponding to
elemental molybdenum (10.18 g/cm®)® and crys-
talline structure associated with body center cubic
Mo. Correspondingly, these films were the only
specimens that possessed 3d transitions associated
with Mo® (3ds, = 226.9 eV). Films deposited within
the transition region, at 1.00 sccem O,, consisted
largely of mixed Mo®" and Mo®* oxidation states,
corresponding to MoO3; and Mo,O5 compounds. The
presence of the Mo,O5 compound is associated with
increased absorption and a net reduction of the
optical bandgap to 2.12 eV. AFM and XRR analysis
concluded that the surface roughness values were
below 1 nm for all films, with roughness values
increasing alongside oxygen partial pressure until
reaching a maximum value at 1.00 sccm O,. Based
on measurements of density, absorption, and che-
mical state, it can be concluded that films deposited
at oxygen flow rates at and below fo,) = 0.75 sccm
are metallic in nature, while films deposited at and
above f(o,) = 1.00 sccm were shown to be insulating.
The identification of the metal-dielectric transition
provides a useful process—property relationship for
increased understanding of the MPPMS deposition
conditions needed to fabricate highly dense, trans-
parent MoO3 thin films with average surface
roughness values below 1 nm.
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