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Precursor-surface interactions
revealed during plasma-enhanced
atomic layer deposition of

metal oxide thin films by in-situ
spectroscopic ellipsometry
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We find that a five-phase (substrate, mixed native oxide and roughness interface layer, metal oxide
thin film layer, surface ligand layer, ambient) model with two-dynamic (metal oxide thin film layer
thickness and surface ligand layer void fraction) parameters (dynamic dual box model) is sufficient

to explain in-situ spectroscopic ellipsometry data measured within and across multiple cycles during
plasma-enhanced atomic layer deposition of metal oxide thin films. We demonstrate our dynamic

dual box model for analysis of in-situ spectroscopic ellipsometry data in the photon energy range of
0.7-3.4 eV measured with time resolution of few seconds over large numbers of cycles during the
growth of titanium oxide (TiO,) and tungsten oxide (WO;) thin films, as examples. We observe cyclic
surface roughening with fast kinetics and subsequent roughness reduction with slow kinetics, upon
cyclic exposure to precursor materials, leading to oscillations of the metal thin film thickness with

small but positive growth per cycle. We explain the cyclic surface roughening by precursor-surface
interactions leading to defect creation, and subsequent surface restructuring. Atomic force microscopic
images before and after growth, x-ray photoelectron spectroscopy, and x-ray diffraction investigations
confirm structural and chemical properties of our thin films. Our proposed dynamic dual box model may
be generally applicable to monitor and control metal oxide growth in atomic layer deposition, and we
include data for SiO, and Al,O; as further examples.

Transition metal oxides (TMOs) are subject of contemporary interest for many applications. A wide range of
interesting electrical, optical, electrochromic, and photocatalytic properties make TMOs attractive for device
applications'®. TMOs are being exploited, for example, as efficient light absorber materials in photo-voltaic
devices”?, as ion-transport, and/or ion-storage materials in rechargeable batteries’, as active materials in switcha-
ble electrochromic optical windows!%'2, in low-earth-orbit protective coatings for all-solid-state electrochromic
surface heat radiation control devices'*!%, in gas sensing devices'>'¢, and in photo-catalysis devices®. TMOs are
often fabricated as thin films, where fabrication conditions critically influence the resulting thin film proper-
ties!”"1°. Various growth processes for the fabrication of TMO thin films have been developed by utilizing phys-
ical vapor deposition (PVD) such as magnetron sputtering?*-??, thermal evaporation®**, and chemical vapor
deposition (CVD)*-%. Thin films deposited by PVD processes are often affected by thickness and composi-
tion non-uniformity. Adhesion failure and non-homogeneous coverage across highly-faceted surfaces are often
reported?-3%. CVD processes enable deposition of highly uniform thin films in the thickness range of nanometers

!Department of Electrical and Computer Engineering, University of Nebraska-Lincoln, Lincoln, Nebraska, 68588,
USA. 2Nebraska Center for Materials and Nanoscience, University of Nebraska-Lincoln, Lincoln, Nebraska, 68588,
USA. 3Department of Physics and Astronomy, University of Nebraska-Lincoln, Lincoln, Nebraska, USA. “Department
of Chemical Engineering, Polytechnic University of Puerto Rico, San Juan, Puerto Rico. °Department of Chemistry,
University of Nebraska - Lincoln, Lincoln, Nebraska, 68588, USA. ®Institutionen for fysik, kemi och biologi (IFM),
Linkopings Universitet, SE-58183, Linkdping, Sweden. ’Leibniz Institut fir Polymerforschung Dresden e.V., D-01005,
Dresden, Germany. ®e-mail: ufuk.kilic@huskers.unl.edy; schubert@engr.unl.edu

SCIENTIFICREPORTS | (2020) 10:10392 | https://doi.org/10.1038/s41598-020-66409-8


https://doi.org/10.1038/s41598-020-66409-8
mailto:ufuk.kilic@huskers.unl.edu
mailto:schubert@engr.unl.edu
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-66409-8&domain=pdf

www.nature.com/scientificreports/

(A) — (8) — (©) = (D)

Precursor A Purge Precursor B Purge
o, . ‘
- °~ - fuoia high
fVoidhigh t
Foiglow = froialow = Sae
L5y NCEO TR e T s 2045 55 50 ®© 000 o .0
tSur tSur
®© 000 o ,0 e0o. o0 e 0. o000 e o000 00
0-0.0.0.0.0.9 e 0000, .0 o0 0 00 .0 e 000000
865 6 e 00 e 0000 0 0 o0 00 0 0 o0 e o000 0 0
® ® 0 0 0 0 o i ee e oo oo . e 0 0 000 @ t, e o 00 0 0 o t
Si Substrate Si Substrate Si Substrate Si Substrate

Figure 1. Schematic presentation of a dual precursor ALD process with surface roughness formation. (A) The
first precursor is exposed to the surface which may already contain defects due to previous incomplete surface
reactions. (B) Fast adsorption may lead to additional defect formation in the near surface region reducing the
TMO layer thickness. (C) The second precursor reacts with the first precursor forming the desired metal oxide
as well as converting the surface again to be susceptible for the first precursor. (D) A slow reaction kinetics for
the second precursor can promote near surface defect reduction, leading to the positive net growth of the TMO
layer. Non-reacted precursor materials are removed during periods with presence of inert purge gases (B,D).
Two characteristic parameters, the TMO layer thickness (,) and the void fraction (fy,;4) of a virtual surface layer
with assumed thickness (tg,, = const.), can be determined from analysis of in-situ spectroscopic ellipsometry
(SE) data. The value of tg,, = const. is determined from the native surface roughness of the substrate prior to
deposition. See also Fig. 3.

to many micrometers®'-**. However, CVD growth processes critically depend on reaction conditions such as
temperature and flux gradients, and conform growth over non-flat surfaces can lead to anisotropic (direction
dependent) growth rates.

Atomic layer deposition (ALD) is a CVD technique, which utilizes systematic and repeated introductions
of gaseous-state precursors to a surface, while exploiting self-limited gas-solid reactions. ALD provides excel-
lent control over layer-by-layer assembly of a desired material®*-*°. ALD is often employed when deposition of
uniform and surface conform thin films are required**’-**. Plasma-enhanced ALD (PEALD) permits deposi-
tion at lower substrate temperatures*!. Physico-chemical conditions at surfaces determine reaction kinetics and
processes, which lead to growth of TMO thin films (Fig. 1). TiO, and WO; have been widely reported in ALD
growth*>*2-3%, Recipes involve the sequential use of a metal precursor (metal-halide, or metal-organic), a purging
mechanism using an inert gas, and an oxygen source (often H,O, Os, or plasma excited O,)*'-**. Use of plasma
results in improved material properties such as high density as well as low-impurity content at lower deposi-
tion temperatures, while the growth per cycle is still comparable with non-plasma ALD processes®. Xie et al.
compared precursors tetrakis(dimethylamido) titanium (TDMAT) and titanium tetraisopropoxide (TTIP) in
combination with either water vapor, H,O plasma, or oxygen plasma®. Balasubramanyam et al. reported use of
(tBuN),(Me,N),W and O, plasma for growth of WOj thin films**. H,O has been used routinely as a precursor
in ALD, for example, for alumina and hafnium oxide***. Liu et al. employed H,O for WO; ALD, and included a
post-deposition oxygen annealing step reducing oxygen deficiencies*. Reinke, Kuzminykh, and Hoffmann studied
the surface kinetics in ALD and determined reaction rate model parameters for TTIP and water*°. It was found
that the TTIP surface reaction is considerably faster than the hydrolytic reaction between water and adsorbed
TTIP. Taking TiO, as example, growth can occur by pyrolysis and/or hydrolysis reactions of the precursor mole-
cules. Adsorbed TTIP species can either desorb or pyrolytically decompose on the substrate. Upon introduction
of H,0, or oxygen plasma*', hydrolytic reactions lead to the desired ALD growth. Purge periods in between pre-
cursor introduction phases remove unaffected precursor molecules. Hydrolysis is limited by available adsorbed
precursor molecules and leads to the desired growth mechanisms, while pyrolysis is limited by the precursor flow
leading to inhomogeneous growth. The balance between hydrolysis and pyrolysis is typically controlled by the
substrate temperature. For TTIP and H,0, at 160 °C, the rate of hydrolysis is insufficient to completely hydrolyze
the adsorbed TTIP molecules. At 260 °C, pyrolysis dominates the TTIP molecule decomposition. At 200 °C, the
hydrolysis rate is increased leading to the reaction of a large fraction of adsorbed TTIP molecules with a total
growth per cycle (GPC) of 0.46 A%, A very similar GPC was reported by Potts et al. for PEALD at 200 °C using
TTIP and oxygen plasma*'.

Understanding of the complex processes that occur during the cyclic exposure of precursors on the surface is
critically important to enable successful control of the growth. In-situ monitoring of the growth processes by fast
and non-destructive physical methods can enable rapid development of new precursor materials and protocols,
and can reduce efforts to find optimal growth parameters. To follow chemical surface reaction kinetics requires
very fast monitoring capabilities. In-situ monitoring with resolution of few seconds cannot provide such informa-
tion, but can permit real-time analysis of the thin film properties by observation of thickness and surface rough-
ness evolution, for example. Well-known as non-destructive, non-contact, and fast optical characterization
method, spectroscopic ellipsometry (SE) has been widely employed to study thin films and complex-layered
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Figure 2. In-situ experimental (symbols) and best-match model calculated (red solid lines) ellipsometry
data (60: (a); 6A: (b)) of TiO,, and (6¥: (c); 6A: (d)) WO thin films fabricated with 150 and 250 ALD cycles,
respectively. Data are shown relative to U and A values at the begin of the ALD processes, and for example

at selected wavelengths of 400 nm (blue), 550 nm (green), and 700 nm (orange). The insets show examples of
individual cycles for TiO, and WO, thin films.

heterostructures with thickness parameters ranging from fractions of Angstroms to several micrometers®®46:58-63,
Klaus et al. suggested the application of in-situ SE during ALD growth processes®, and accurate thickness moni-
toring was reported for metal nitride thin films*%>% and metal oxide thin films**%’~77, for example. In these pre-
vious reports, in-situ SE data was measured once for every ALD cycle in order to determine the thickness GPC.
Langereis et al. studied various metal oxide thin films, and determined thickness and optical constants also at
half-cycles, after precursor introduction and surface stabilization*. Weber et al. studied hydrogenated amorphous
carbon thin films, and implemented a parameterized model dielectric function approach. The authors reported
deposition rate and discussed possible nucleation mechanisms for the thin film growth’. Kovalgin et al. deter-
mined electrical resistivity and thickness GPC from in-situ SE data model analysis measured in between cycles of
hot-wire assisted ALD (HWALD)”". Rai and Argawal” used in-situ attenuated total reflection Fourier transform
infrared spectroscopy to study reaction mechanisms of TTIP and oxygen in PEALD of TiO ,. Attempts to resolve
the temporal evolution of the optical properties of the growing thin film during growth cycles in ALD using
real-time in-situ SE have not been reported.

In this work, we report on the use of in-situ SE with few-second time resolution to investigate the evolution of
TMO thin film properties during ALD growth processes. The time resolution is sufficient to monitor the changes
of the optical properties of the growing surface in response to the changes of the growth parameters. SiO,, ALO;,
TiO,, and WO; are chosen here as examples. In the Supplementary Material file, the results of both SiO, and
Al,O; ALD processes are shown. We discuss a five-phase (substrate, mixed native oxide and roughness interface
layer, metal oxide thin film layer, surface ligand layer, ambient) model with two-dynamic (metal oxide thin film
layer thickness and surface ligand layer void fraction) parameters (dynamic dual box model). We use this model
and explain the in-situ SE data measured within and in between multiple cycles. We measure in-situ SE data in
the photon energy range of 0.7-3.4 eV with time resolution of approximately 2.5s. We discuss the observation of
cyclic surface roughening and thickness GPC, and we suggest that processes due to precursor-surface interactions
cause cyclic surface roughening and surface restructuring. We suggest use of our dual dynamic box model for
unraveling surface modifications during atomic layer deposition processes leading to novel compounds such as
Sb,Te,, perovskite SnTiOs, and potentially also for nitrides such as AINi and TiN%0-82,

Results

ALD processes were performed as described in the Method section, and XPS, XRD, and AFM investigations (See
Method section) confirmed structure, stoichiometry, and surface roughness after the ALD growth. Representative
XRD, XPS, and AFM data are shown in the Method section. The TMO thin films are polycrystalline with random
texture, and consist of orthorhombic (TiO,) and monoclinic (WOj;) phases.

Figure 2 shows the time (#) evolution of selected SE parameters ¥ (amplitude ratio of the p and s polar-
ized components of the electromagnetic waves reflected from the sample surface) and A (phase difference
between the p and s polarized components of the electromagnetic waves reflected from the sample surface),
presented as changes relative to SE data measured prior to the ALD process start (t=0); 6% =W(t) — U(t=0) and
O0A = A(t) — A(t = 0). Data are shown for 250 cycles of TiO, growth and 150 cycles of WO; growth. Symbols
depict the experimental data, solid lines correspond to the best-match model calculation using our dynamic
dual box model. Data at three representative wavelengths out of all 588 measured wavelengths are shown. We
note an excellent match between experiment and model calculation. We further note that similar match was
obtained for all of the wavelengths investigated. SE parameters 0¥ evolve linearly, except for cyclic modifications,
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Figure 3. Schematic of the dynamic dual box model with the dynamic parameters (red): TMO thin film layer
thickness (t,; x ="TiO,, ‘WOy;’) and surface ligand layer void fraction (fi,;4). The model consists of five phases
(substrate, mixed native oxide and interface roughness layer with thickness t;,,, TMO thin film layer with
thickness t,, surface ligand layer with thickness tg,, ambient). fg,, is obtained from AFM measurements prior
to and after the ALD growth. The dielectric functions of the three layers are calculated as indicated, with the
dielectric functions of the substrate, the native oxide SiO,, and the TMO materials. The substrate is low-doped
(100) oriented silicon.

while parameters A reveal variances with growth time, except for a similar cyclic behavior. It is noted that after
reaching a certain time, parameters §AA diverge for different wavelengths, while parameters 6¥ have each different
slopes for different wavelengths regardless of time. We will explain this behavior below.

In order to quantitatively analyze our recorded in-situ SE data, a physically meaningful model must be estab-
lished. We present here a dynamic dual box model (Fig. 3). Within this five-phase (substrate, mixed native oxide
and roughness interface layer, metal oxide thin film layer, surface ligand layer, ambient) model, two-dynamic
(TMO thin film layer thickness and surface ligand layer void fraction) parameters are introduced in order to
best-match model calculate the SE data measured during the ALD processes, from start to end. The substrate is
low-doped (100) oriented silicon with dielectric function, eg;. The dielectric function of the TMO thin film, is
assumed constant during all growth steps, and determined in a different experiment as explained in the Methods
section. The dielectric function of the surface ligand layer, £, ., is approximated by using a linear effective medium
approximation (EMA), where parameter f,, .. represents the unoccupied volume fraction within the top layer tg, ,
and as explained in the Method section. The same EMA is used to calculate the dielectric functions for the mixed
interface layer, ¢, using the fractions and dielectric functions, fSi and eg;, and fSi o, and Esi0, of the substrate and

native oxide, respectively. The interface layer thickness, ¢, is approximated by the thickness of the SiO, layer and
the vertical surface roughness of the substrate, f; , = tsio, T tsur- The substrate surface roughness thickness
parameter (fg,,) and native oxide layer thickness parameter (f,,,) are assumed to remain constant during the ALD
processes. The geometry of the growing surface is not flat to begin with due to the roughness of the substrate. We
determine tg,, from the arithmetic mean value of the vertical roughness of both the untreated substrate surface,
and the as-grown TMO thin film surface obtained from analysis of atomic force microscopy (AFM) images.
Thereby we define a virtual optical box of thickness fg, . with effective dielectric function eg,. The equivalence of
the surface roughness layer obtained from SE data analysis, and the surface roughness determined in AFM image
analysis has been described previously®*3!. Because this surface roughness layer is small compared to the wave-
lengths of the ellipsometric probe beam, the ultra-thin film limit is valid®. In the ultra-thin film limit, the thick-
ness and the dielectric function of a layer cannot be differentiated during the model analysis of SE data. Instead,
the SE data is very sensitive to the product of thickness and effective dielectric function only. Thus, if the thickness
is known or if it can be ascertained from a reasonable argument then the effective dielectric function of such layer
can be monitored very accurately. Because the effective dielectric function follows the linear EMA described by
Rodenhausen and Schubert®, (see also Fig. 3), we thereby introduce the (volume) void fraction parameter, fVoi &
This parameter then reflects the unoccupied volume fraction of the virtual optical box of thickness tg,,. The por-
tion of this layer containing TMO due to the substrate surface geometry defines the upper bound for f,, ... Note
that tg,, is independent of the thickness of the TMO thin film layer, ,.

The best-match model SE data shown in Fig. 2 as a function of time are obtained by only varying t, (x=‘TiO,,
‘WOy’) and f,, ... Figure 4 shows the resulting parameters £, and f,, _, as a function of time. Insets enlarge few
cycle time periods, for better readability. Also shown in Fig. 4 are AFM images after deposition and exposure to
normal ambient, and the average surface roughness, tg ., was determined as 0.89 nm and 2.92 nm for TiO, and
WO, thin films, respectively. Note that we have thereby reduced the time-dependent variations observed in ¥ and
A at 588 wavelengths, i.e., the time-dependent evolution of 1,176 data points into the variations of two parame-
ters versus time only. This noticeable reduction by obtaining a close match between experiment and model, seen
in Fig. 2, is proof for the viability and correctness of our model to describe observed changes in the optical prop-
erties of TMO films during ALD processes. We note further that in our assumption, tg,, is constant and we have
implicitly assumed that the surface roughness due to the precursor-surface interactions does not reach the same
order of magnitude than the topological surface roughness. If this assumption would be incorrect, i.e., if the
precursor-surface interactions would lead to increasing surface roughness, parameter f, .. over many cycles
would approach zero. However, as can be seen in Fig. 4, after initial growth steps, for both processes studied here,

fyoq OScillates about a mean value with a large void fraction of ~70-80%.
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Figure 4. Best-match model calculated TMO thickness parameters (blue, triangle symbols) and surface ligand
layer void fraction parameters (red, square symbols) obtained from the dynamic dual box model and the in-situ
SE data shown in Fig. 2. The insets depict data sets during approximately 6 cycles. AFM images were taken at
the end of the deposition process. The arithmetic mean value of the roughness depth parameters are obtained as
0.89nm and 2.92 nm for TiO, and WO, thin films, respectively, and assumed as constant parameters fg,,.

Discussion

In Fig. 4, a nearly constant and linear evolution of parameter f, is seen versus growth time for both processes.
Both parameters, ¢, and fg,,, reveal a stable, oscillatory behavior with almost constant magnitude, after a time of
initial nucleation phase. The linear increase in ¢, reflects a constant growth rate. The stability of the oscillations
in t, and f;,, are best seen in the insets in Fig. 4. The variation in both parameters can be explained with dynamic
processes occurring on the surface of the TMO thin films. A decrease in fy,;4 indicates reduced (incomplete)
TMO surface coverage. If at the same time the TMO thickness parameter reduces this can be seen as indication
for the propagation of surface defects (disorder) into the previously grown TMO thin film near-surface region,
and which is shown as phases (B) and (C) in Fig. 1. Likewise, an increase in ¢, with an increase in fy,q is indicative
for a surface restructuring (reduction of roughness) and precursor removal from the surface while the TMO film
is growing. If the processes driving these mechanisms are completely cyclic, i.e., not leading to a continuously
increasing roughening of the surface, then a fully cyclic, i.e., recovering void fraction parameter will be seen. This
is the case observed here for both processes. For the TiO, process, fy,q is bound between approximately 58% and
83%, while for the WO, process, the mean of fy,;4 is slightly varying over growth time, but oscillating by approxi-
mately 15%. Figure 5 depicts the evolution of the dynamic dual box model parameters during a single ALD cycle
for both TMO thin films. The top panels depict a single-wavelength example of the measured SE parameters. The
middle panel depicts the resulting parameters for TMO thickness and surface layer void fraction. The bottom row
indicates the ALD phases and exposure time. A direct relationship is revealed between the ALD parameters and
their time dependence with the observed dynamic dual box model parameters. The observed thickness and void
fraction parameters can now be translated into precursor-surface interactions, and which repeat cyclically during
the entire ALD process.

The TiO, process is simpler as it only requires two precursors, oxygen and TTIP. During the introduction
of TTIP within a very short time of 60 ms (phase I), a rapid modification of the thickness and void fraction
is observed. Within about 3 data points, i.e., within approximately 15s, the ellipsometry instruments detects a
reduction of the TMO thickness by approximately 17 A, while the surface void fraction drops to its lowest value
of approximately 58%. This behavior can be understood with a rapid attachment of precursor molecules and
a disruption of the existing thin film surface. Such scenario is depicted schematically in Fig. 1(B). The process
comes to an immediate halt after precursor gas removal in phase II. The surface remains stable during this phase.
The incorporation of oxygen plasma over a period of 30s during phase III leads to recovery of the surface void
parameter to approximately 83%, and an increase of the thickness by approximately 20 A. This process can be
understood by the reaction of the previous precursor to TiO, and a surface reconstruction resulting in a net film
thickness growth. This is indicated by the thickness GPC of approximately 0.34 A in Fig. 5(a) at the end of phase
IV. The total film thickness, which is obtained after 250 ALD cycles, is found as 8.35nm. Therefore, the growth

SCIENTIFICREPORTS | (2020) 10:10392 | https://doi.org/10.1038/s41598-020-66409-8


https://doi.org/10.1038/s41598-020-66409-8

www.nature.com/scientificreports/

(@) 2555 256.0 256.5 257.0 2575 (b) 149.0 149.5 150.0 150.5 151.0 151.5 152.0

0.16} Z “13.4 -17.6
= ;4
) G
i / A 136, addy, //%//// &
= 0.14 Aah u -18.0 B>
> / 1l A {
= /////? 1380 118
= G = =
Foazg 4.0 . el
> P o™ _
w 1420 = - it

0.10] e o -18.82

pe-p. o] R
7%
/% e 14.4
4.80 + + - + + + -19.2
-

475 o Pt % o j 88
— S (A 80 -
£ , A ‘{‘ A
c l yl ry) Yepc!
:4.70 1 75 ? -
b s 484 3
Lass 70 & N s
s =2 AR NN L =
£ 4.60 oF B8y = . e, MM so =
- Gty ’ /. - =

60 -
4.55 ,_ | Lt . '..-‘
- 2 76
1, m 3% P 1 im : WV VI | VI |

= { r_'l 0; (Plasma)

Fo 0, (Plasma) = ofeenn i . IJ L L

.o Treatment <Tv H i | 1o

TBS' ......... = — e %>.____:_ = _.,-_:::Pre(ursnr

£ Iﬁ(ocsnm = ] ((tBUN),(Me M), W)

@ 2ss Shessesdssssuasasail Precursor [ sdunsbobasadnnns Precursor

" 2555 256.0 257.0 257.5 1490 1495 150.0 1505 151.0 1515

2565
Time([min) Time(min)

Figure 5. Evolution of the dynamic dual box model parameters during a single ALD cycle for (a) TiO, and (b)
WO, [Experimental data: ¥ (red, squares); A (blue, triangles); A = 550 nm; best-match model calculated
TMO thickness parameter f, (blue, triangles); best-match model calculated surface layer void fraction
parameter fy.;q (red, squares)]. Overlaid are the ALD deposition phases, indicated by roman numerals (See also
Tables 1 and 2 in Method section). Light-gray areas indicate phases without precursors present. Dark-gray areas
to the left and right indicate neighboring cycles. Horizontal lines indicate the thickness GPC.

Oxygen Argon chamber
TTIP Pulse | Oxygen plasma Pulse | Argon Flow | plasma Flow | pressure
STAGE (s) Flow (sccm) | (s) (sccm) (sccm) (Torr)
I ON(0.06s) 0 OFF 40 200 0.2
1I OFF 0 OFF 40 200 0.15
I OFF 30 ON(30s) 40 200 0.6
v OFF 0 OFF 40 200 0.15
Table 1. TiO, ALD deposition parameters.
Oxygen Oxygen Oxygen Argon Argon chamber
(tBuN),(Me,N),W H,O Pulse | Flow Flow Pulse | plasma Pulse plasma flow | pressure
STAGE | Pulse (s) (s) (sccm) (s) Pulse (s) (sccm) (sccm) (Torr)
I ON(3s) OFF 0 OFF OFF 60 260 0.49
II OFF OFF 0 OFF OFF 60 260 0.37
11 OFF ON(0.1s) 0 OFF OFF 60 260 2.07
v OFF OFF 0 OFF OFF 60 260 1.87
\% OFF OFF 50 ON(15s) OFF 30 100 0.067
VI OFF OFF 50 OFF ON(25s) 30 100 0.064
VII OFF OFF 0 OFF OFF 60 260 0.37

Table 2. WO; ALD deposition parameters.

per cycle obtained from (total film thickness)/(total ALD cycles) is found as 0.334 A/ cycle in excellent agreement
with the GPC found within each cycle. In the Supplementary Material, Table S-3 summarizes the GPC values
for the SiO,, Al,03, WO3, and TiO, ultra thin films studied here with the same agreement noted. Such scenario
is depicted schematically in Fig. 1(B). The process of forming TiO, and restructuring the surface in phase IV is
slower than the TTIP reaction with the surface in phase I. It is noteworthy to mention that the forming of the
TiO, and restructuring of the surface is self-limiting despite the continued presence of the second precursor
during phase IV, and which is the hallmark of an ALD process. The surface remains stable after oxygen plasma
removal until the begin of the next ALD cycle.
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Similar precursor-surface interactions can be observed for the WO; growth in Fig. 5(b). The sequence is
more complex since three precursor materials are involved in the synthesis of this TMO. The introduction of
(tBuN),(Me,N),W in phase I causes a similar reduction in TMO thickness and surface layer void fraction than
observed for the TTIP introduction in the TiO, process. The process is self-limiting and saturates during this
phase. A continued surface restructuring is seen during the subsequent phase II of precursor removal via the
continued decrease in void fraction. The introduction of the second precursor in phase III, H,O, causes further
thickness and void reduction, indicative of continued surface restructuring and precursor surface hybridization.
During the subsequent purging phase IV, the surface begins to react with the attached precursors, and after the
introduction of hydrogen in phases V and VI, a rapid increase in thickness and a recovery of the void parameter
is observed. The thickness increases by approximately 1 A over the value at the begin of the cycle, establishing the
thickness GPC for this process.

During the ALD process, the subsequent exposure of the surface to precursors, separated by purging agents
leads to cyclic surface modifications, and the control of which may play a critical role in the resulting thin film
quality. To the best of our knowledge, unraveling such complex processes have not been attempted previously
by in-situ spectroscopic ellipsometry in ALD or PEALD growth of ultra-thin films*"¢%477, The analysis of the
evolution of the optical properties of ultra-thin films during growth cycles in ALD using in-situ SE as reported
here in our work using the dynamic dual box model may gain further insight into the kinetics of the surface mod-
ifications within individual cycles. Thereby optically monitoring processes using in-situ SE may also help in faster
identifying optimal growth recipes.

Conclusion

In-situ SE permits the time-dependent observation of precursor-surface interactions in PEALD of TMO thin
films, with the capability to resolve the evolution of layer thickness and surface roughness during separate steps
of individual cycles. We introduced a five-phase model with two-dynamic parameters to analyse the ellipsometry
data. The layer model is composed of substrate, mixed native oxide and roughness interface layer, TMO thin film
layer, surface ligand layer, and ambient. Two dynamic parameters, the TMO thin film layer thickness and sur-
face ligand layer void fraction, are sufficient to explain the in-situ SE data. The application of this model reveals
cyclic surface roughening and thickness reduction with fast kinetics and subsequent roughness reduction and
thickness increase with slow kinetics, upon cyclic exposure to precursor materials. We explain this observation
by cyclic defect information and surface precursor interactions with restructuring and net film thickness growth.
Structural, chemical, and surface investigations confirm the composure of our TMO thin films, and corroborate
the findings observed from the in-situ SE analysis. We conclude that PEALD processes for TMO thin films of
TiO, and WOj; occur with subsequent surface roughening and restructuring, and which may be universal for
TMO thin film growth. We further conclude that in-situ SE is a versatile tool which can be used to monitor
precursor-surface interactions, and thereby reveal the processes, which can lead to net thickness growth and/or
reduction.

Methods

Plasma-enhanced atomic layer deposition. PEALD of WO; and TiO, thin films was performed on
silicon substrates using a Fiji F200 (Veeco CNT) instrument. The (100) oriented wafers with native oxide were cut
from low-doped, p-type conductive, B-doped, single crystalline silicon (University Wafers, (100) orientation).
After sample insertion into the reactor, and prior to the main deposition processes, a 300 W oxygen plasma was
applied for 300s in order to remove residual surface contaminants. Subsequently, a stabilization period was imple-
mented to let the sample reach a steady state temperature. For TiO,, during each cycle the temperature of the
Ti(OCH(CHs;),)), (titanium tetraisopropoxide, TTIP) precursor was held at 80 °C while the temperature of the
sample was maintained at 200 °C. At 200 °C, efficient hydrolysis leads to reaction of a large fraction of adsorbed
TTIP molecules®. TiO, was deposited using subsequent exposures of Ti(OC;H), and a 300 W oxygen plasma to
the sample surface with a vacuum purge between each exposure. The cycle parameters are listed in Table 1. For
WO; ALD, during each cycle the temperature of a (tBuN),(Me,N),W precursor was held at 80 °C while the tem-
perature of the sample was maintained at 430 °C. WO; was deposited using subsequent exposures of
(tBuN),(Me,N), W, nanopure H,O (18.3 M), and a 300 W oxygen plasma to the sample surface with a vacuum
purge between each exposure. Pressurized argon was injected into the precursor cylinder in order to transport of
the low volatility tungsten precursor to the sample reactor. The cycle parameters are listed in Table 2.

X-ray diffraction. XRD data are shown in Fig. 6a,b for TiO, and WOs, respectively. Measurements were
performed with a Rigaku SmartLab Diffractometer using Cu-K,, radiation. Observed peaks in the TiO, 26 scan
reveal a polycrsytalline thin film with orthorhombic phase (srilankite)®. For WO, the diffracted intensities reveal
a polycrystalline thin film with monoclinic phase®.

Atomic force microscopy. AFM images were collected from all samples using a multi-mode atomic force
microscope (Bruker-Nanoscope III). Image data were analyzed by using Nanoscope Visualization and Analysis
software. The model surface roughness parameters of the investigated samples were calculated from the image
data, and obtained as R, the average of height deviation taken from the mean image data plane, and as R, the
arithmetic average of the absolute values of the surface height deviations measured from the mean geometric
(flat) surface plane®. The average maximum profile height, derived from the average over all cutoff lengths (i.e.,
sampling lengths), the difference between the highest peak and lowest valley is denoted as R.. The corresponding
R, values are found as 0.89 nm and 2.92 nm for the TiO, and WOj thin films, respectively. We note that while the
substrates for the two processes were taken from the same batch, the TiO, process was conducted immediately
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Figure 6. XRD patterns of (a) TiO, and (b) WO; thin films investigated in this work. Indicated are lattice plane
positions for the orthorhombic (a) and for the monoclinic (b) phases of the polycrystalline TMO thin films.
The black, red, and blue bar plots in (a) indicate the locations of calculated XRD peaks corresponding to the
anatase, rutile and srilankate crystalline forms,respectively. The red bars in the part (b) indicates the calculated
XRD peak locations for WO, materials with monoclinic phase. The star symbol in the part (a) is the indicative
of (100) oriented Si peak.

(@ (b)

250 : il
10 100
T-ILMM i 7
200 ¢ E
-y OKLL 3
g 534 532 530 528 526) < 751
~150 i ; i
g e
7 Ti £ 50 |
§ 100} % { e
£ £
fo) 25} il
50 Elel_nent At (%) Ti. % Element | At (%)
Tip, | 32.8 T, 3&\ _J Wi | 259
: Ous) | 67.2 . . , > ol Ous | 721 . |
I I < 1 &
1200 1000 800, 600 400 200 0 1200 1000 _800 600 400 200 0
Binding Energy (eV) Binding Energy (eV)

Figure 7. XPS spectra of the (a) TiO, (b) WO, PEALD thin films investigated in this work.

after the package was opened, while the WO, process was conducted 11 months later. Hence, we expect that the
surface roughness for the WO; is larger than for the TiO, sample.

X-ray photoelectron spectroscopy. XPS spectra were acquired with a dual anode X-ray source and a
hemispherical angle resolved electron analyzer (detector) inside an ultra-high vacuum (UHV) chamber at
approximately 10~!° Torr. The X-ray source used the Mg-Ka line at 1253.6 eV and data were taken at normal
emission. The XPS data were analyzed utilizing the CASA software package®. The resulting XPS survey spectra
corresponding to the samples fabricated with 250 ALD cycles (TiO,) and 150 ALD cycles (WOj;) are presented
in Fig. 7a,b, respectively. While the insets of Fig. 7a show the spectra for O(1s) and Ti(2p) core levels, the insets
Fig. 7b show O(1s) and W(4f) core levels. We find that only oxygen and tungsten are present in the film, with a
chemical composition of 74.1% and 25.9%, respectively. These values are in good agreement with what is expected
for WO, films.

In-situ spectroscopic ellipsometry.  In-situ SE data were measured with a multiple-wavelength (588 chan-
nels, 0.7-3.4¢eV) ellipsometer with a rotating compensator instrument (M2000 FI, J.A. Woollam Co., Inc.). The
ellipsometer was mounted to the ALD reactor at a fixed angle of incidence of 67.9°. Prior to data acquisition
during the ALD processes the effects of vacuum port windows were determined and used during data analysis for
proper reduction of optical window effects®®. Data were recorded at approximately every 5s during WO; ALD and
at approximately every 3s during TiO, ALD.

Multi-sample data analysis. Precise and accurate values for the TMO dielectric function, e1y;q, are per-
formed retroactively after growth by analyzing selected data sets acquired during the growth. The analysis is based
on the concept of the so-called multiple sample analysis. In this method, sets of SE data from sets of thin film
samples with different thickness values but equal dielectric function are used®®. If a given growth can be assumed
to result in a homogeneous material thin film, then the assumption that the dielectric function of the thin film
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Figure 8. In-situ ellipsometry data ¢ (red symbols) and ¢ (blue symbols) at 15 equally spaced time slices from
the data shown in Fig. 2, and best-match model results (red solid lines) for (a) TiO, and (b) WO; thin films. The
best-match model calculated real (1, blue symbols) and imaginary parts (k, red symbols) of the complex
refractive indices for TiO, and WO; are shown in (c and d), respectively.

during growth is constant can be considered true. Then, sets of in-situ SE data at different growth times represent
valid sets for a multiple sample analysis. SE data that were taken from the in-situ SE data selecting 15 equivalent
cycle times spaced equally within 15 different time slices across the SE data set, and the dielectric functions in the
spectral range of 0.71-3.45 eV were determined. Experimental and best-match model calculated SE data are
shown in Fig. 8, together with the resulting best-match model calculated real (n) and imaginary (k) parts of the
complex refractive indices for TiO, and WO;. Spectra for n and k are then used to calculate the dielectric func-
tion, ey = (11 + ik)%, for the analysis of the time-dependence of the in-situ SE data and the dual dynamic box
model in this work.

Received: 1 February 2020; Accepted: 15 May 2020;
Published: 25 June 2020

References
1. Kortz, C., Hein, A., Ciobanu, M., Walder, L. & Oesterschulze, E. Complementary hybrid electrodes for high contrast electrochromic
devices with fast response. Nature communications 10, 1-7 (2019).
2. Katase, T., Onozato, T., Hirono, M., Mizuno, T. & Ohta, H. A transparent electrochromic metal-insulator switching device with
three-terminal transistor geometry. Scientific reports 6, 25819 (2016).
3. Ping, Y., Rocca, D. & Galli, G. Optical properties of tungsten trioxide from first-principles calculations. Phy. Rev. B 87, 165203
(2013).
4. Liu, R. et al. Water splitting by tungsten oxide prepared by atomic layer deposition and decorated with an oxygen-evolving catalyst.
Angewandte Chemie 123, 519-522 (2011).
5. Bulja, S., Kopf, R, Tate, A. & Hu, T. High frequency dielectric characteristics of electrochromic, wo 3 and nio films with linbo 3
electrolyte. Scientific reports 6, 28839 (2016).
6. Zheng, Y. et al. Urea-assisted synthesis of ultra-thin hexagonal tungsten trioxide photocatalyst sheets. J. Mater. Sci. 50, 8111-8119
(2015).
7. Sivula, K. & Van De Krol, R. Semiconducting materials for photoelectrochemical energy conversion. Nature Reviews Materials 1,
15010 (2016).
8. Ou, J. Z. et al. Anodic formation of a thick three-dimensional nanoporous wo 3 film and its photocatalytic property. Electrochem.
Commun. 27, 128-132 (2013).
9. Poizot, P, Laruelle, S., Grugeon, S., Dupont, L. & Tarascon, J. Nano-sized transition-metal oxides as negative-electrode materials for
lithium-ion batteries. Nature 407, 496 (2000).
10. Lee, S.-H. et al. Crystalline wo3 nanoparticles for highly improved electrochromic applications. Adv. Mater. 18, 763-766 (2006).
11. Grangyist, C. G. Electrochromic tungsten oxide films: review of progress 1993-1998. Sol. Energy Mater. Sol. Cells 60, 201-262
(2000).
12. Franke, E., Trimble, C., Hale, J., Schubert, M. & Woollam, J. A. All-solid state electrochromic device for emittance modulation in the
infrared spectral region. Appl. Phys. Lett. 77, 930-932 (2000).
13. Franke, E., Neumann, H., Schubert, M., Trimble, C. L. & Woollam, J. A. Low-orbit-environment protective coating for all-solid-state
electrochromic surface heat radiation control devices. Surf. Coat. Techn. 151-152, 285-288 (2002).
14. Franke, E., Trimble, C. L., Hale, J. S., Schubert, M. & Woollam, J. A. Infrared switching electrochromic devices based on tungsten
oxide. J. Appl. Phys. 88, 5777-5784 (2000).
15. Zhuiykov, S. Morphology and sensing characteristics of nanostructured ruo 2 electrodes for integrated water quality monitoring
sensors. Electrochem. Commun. 10, 839-843 (2008).

SCIENTIFICREPORTS | (2020) 10:10392 | https://doi.org/10.1038/s41598-020-66409-8


https://doi.org/10.1038/s41598-020-66409-8

www.nature.com/scientificreports/

16.

17.

18.

19.

21.

22.

23.

24.

25.

26.
27.

28.

29

33.
34.
35.
36.
37.
38.
39.
40.
41.

42.
43.

44.

45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.

58.
. Schubert, M. Infrared ellipsometry on semiconductor layer structures: phonons, plasmons, and polaritons. 209 (Springer Science &

Kim, S., Park, S., Park, S. & Lee, C. Acetone sensing of au and pd-decorated wo 3 nanorod sensors. Sens. Actuators, B 209, 180-185
(2015).

Zhuiykov, S. & Kats, E. Atomically thin two-dimensional materials for functional electrodes of electrochemical devices. Ionics 19,
825-865 (2013).

Liu, J., Zhong, M., Li, J., Pan, A. & Zhu, X. Few-layer wo 3 nanosheets for high-performance uv-photodetectors. Mater. Lett. 148,
184-187 (2015).

Labidi, A. et al. Impedance spectroscopy on wo 3 gas sensor. Sens. Actuators, B 106, 713-718 (2005).

. Sberveglieri, G., Depero, L., Groppelli, S. & Nelli, P. Wo3 sputtered thin films for nox monitoring. Sens. Actuators, B 26, 89-92
(1995).
Depero, L. et al. Structural studies of tungsten-titanium oxide thin films. J. Solid State Chem. 121, 379-387 (1996).

Moulzolf, S. C., Ding, S.-a & Lad, R. J. Stoichiometry and microstructure effects on tungsten oxide chemiresistive films. Sens.
Actuators, B77,375-382 (2001).

Lee, D.-S., Lim, J.-W.,, Lee, S.-M., Huh, J.-S. & Lee, D.-D. Fabrication and characterization of micro-gas sensor for nitrogen oxides
gas detection. Sens. Actuators, B 64, 31-36 (2000).

Cantalini, C. et al. No2 sensitivity of wo3 thin film obtained by high vacuum thermal evaporation. Sens. Actuators, B 31, 81-87
(1996).

Cross, W. B. & Parkin, I. P. Aerosol assisted chemical vapour deposition of tungsten oxide films from polyoxotungstate precursors:
active photocatalysts. Chem. Commun. 14, 1696-1697 (2003).

O’brien, M. et al. Transition metal dichalcogenide growth via close proximity precursor supply. Scientific reports 4, 7374 (2014).
Chakrapani, V., Brier, M., Puntambekar, A. & DiGiovanni, T. Modulation of stoichiometry, morphology and composition of
transition metal oxide nanostructures through hot wire chemical vapor deposition. J. Mater. Res. 31, 17-27 (2016).

Othman, M., Bushroa, A. & Abdullah, W. N. R. Evaluation techniques and improvements of adhesion strength for tin coating in tool
applications: a review. J. Adhes. Sci. Technol. 29, 569-591 (2015).

. Laugier, M. Adhesion and toughness of protective coatings. J. Vac. Sci. Technol. A 5, 67-69 (1987).
30.
31
32.

Green, M. & Levy, R. Chemical vapor deposition of metals for integrated circuit applications. JOM 37, 63-71 (1985).

Pinna, N. & Knez, M. Atomic layer deposition of nanostructured materials. John Wiley & Sons (2012).

Palgrave, R. G. & Parkin, I. P. Chemical vapour deposition of titanium chalcogenides and pnictides and tungsten oxide thin films.
New J. Chem. 30, 505-514 (2006).

Sivula, K., Formal, F. L. & Gratzel, M. Wo3-fe203 photoanodes for water splitting: A host scaffold, guest absorber approach. Chem.
Mat 21, 2862-2867 (2009).

Puurunen, R. L. Surface chemistry of atomic layer deposition: A case study for the trimethylaluminum/water process. J. Appl. Phys.
97,9 (2005).

Chen, Y. W. et al. Atomic layer-deposited tunnel oxide stabilizes silicon photoanodes for water oxidation. Nature materials 10,
539-544 (2011).

Detavernier, C., Dendooven, ], Sree, S. P., Ludwig, K. F. & Martens, J. A. Tailoring nanoporous materials by atomic layer deposition.
Chem. Soc. Rev. 40, 5242-5253 (2011).

Charles, L. IV et al. Atomic layer deposition of tungsten (iii) oxide thin films from w2 (nme2) 6 and water: precursor-based control
of oxidation state in the thin film material. . Am. Chem. Soc. 128, 9638-9639 (2006).

Schmidt, D., Schubert, E. & Schubert, M. Optical properties of cobalt slanted columnar thin films passivated by atomic layer
deposition. Appl. Phys. Lett. 100, 011912 (2012).

Albrecht, O. et al. Experimental evidence for an angular dependent transition of magnetization reversal modes in magnetic
nanotubes. J. Appl. Phys. 109, 093910 (2011).

Cao, K., Zhu, Q., Shan, B. & Chen, R. Controlled synthesis of pd/pt core shell nanoparticles using area-selective atomic layer
deposition. Scientific reports 5, 8470 (2015).

Potts, S. E., Profijt, H. B., Roelofs, R. & Kessels, W. M. Room-temperature ald of metal oxide thin films by energy-enhanced ald.
Chem. Vap. Deposition 19, 125-133 (2013).

Justh, N. et al. Photocatalytic hollow tio 2 and zno nanospheres prepared by atomic layer deposition. Scientific reports 7, 1-9 (2017).
Aarik, J., Aidla, A. & Uustare, T. Atomic-layer growth of tio2-ii thin films. Philosophical Magazine Letters 73, 115-119, https://doi.
org/10.1080/095008396180911 (1996).

Rosental, A. et al. Atomic-layer-deposited tio2 dielectric coatings. In Krumins, A., Millers, D. K., Sternberg, A. & Spigulis, J. (eds)
Optical inorganic dielectric materials and devices, vol. 2967, 245-250, https://doi.org/10.1117/12.266545 (SPIE, Bellingham, WA
98227-0010, 1997).

Lim, J. W, Yun, S. J. & Lee, J. H. Characteristics of tio2 films prepared by ald with and without plasma. Electrochemical and Solid-
State Letters 7, F73-F76, https://doi.org/10.1149/1.1805502 (2004).

Langereis, E. et al. In situ spectroscopic ellipsometry as a versatile tool for studying atomic layer deposition. Journal of Physics D:
Applied Physics 42, 073001, https://doi.org/10.1088/0022-3727/42/7/073001 (2009).

Marichy, C., Bechelany, M. & Pinna, N. Atomic layer deposition of nanostructured materials for energy and environmental
applications. Advanced Materials 24, 1017-1032, https://doi.org/10.1002/adma.201104129 (2012).

Meng, X., Yang, X. & Sun, X. Emerging applications of atomic layer deposition for lithium-ion battery studies. Advanced Materials
24, 3589-3615, https://doi.org/10.1002/adma.201200397 (2012).

Reinke, M., Kuzminykh, Y. & Hoffmann, P. Low temperature chemical vapor deposition using atomic layer deposition chemistry.
Chem. Mat. 27, 1604-1611, https://doi.org/10.1021/cm504216p (2015).

Reinke, M., Kuzminykh, Y. & Hoffmann, P. Surface reaction kinetics of titanium isopropoxide and water in atomic layer deposition.
J. Phys. Chem. C 120, 4337-4344, https://doi.org/10.1021/acs.jpcc.5b10529 (2015).

Tallarida, M., Friedrich, D., Stadter, M., Michling, M. & Schmeisser, D. Growth of tio2 with thermal and plasma enhanced atomic
layer deposition. Journal of nanoscience and nanotechnology 11, 8049-8053 (2011).

Jeong, H. Y., Lee, J. Y., Ryu, M.-K. & Choi, S.-Y. Bipolar resistive switching in amorphous titanium oxide thin film. physica status
solidi (RRL)-Rapid Research Letters 4,28-30 (2010).

Atanasov, S. E., Kalanyan, B. & Parsons, G. N. Inherent substrate-dependent growth initiation and selective-area atomic layer
deposition of tio2 using “water-free” metal-halide/metal alkoxide reactants. J. Vac. Sci. Technol. A 34,01A148 (2016).
Balasubramanyam, S. et al. Plasma-enhanced atomic layer deposition of tungsten oxide thin films using (tbun) 2 (me2n) 2w and 02
plasma. J. Vac. Sci. Technol. A 36,01B103 (2018).

Xie, Q. et al. Growth kinetics and crystallization behavior of tio2 films prepared by plasma enhanced atomic layer deposition. Journal
of The Electrochemical Society 155, H688-H692 (2008).

Zheng, L. et al. Improvement of A1203 films on graphene grown by atomic layer deposition with Pre-H2O treatment. ACS applied
materials & interfaces 6,7014-7019 (2014).

Zheng, L. et al. Controlled direct growth of A1203-doped HfO2 films on graphene by H20-based atomic layer deposition. Physical
Chemistry Chemical Physics 17, 3179-3185 (2015).

Fujiwara, H. Spectroscopic ellipsometry: principles and applications (John Wiley & Sons, 2007).

Business Media, 2004).

SCIENTIFICREPORTS | (2020) 10:10392 | https://doi.org/10.1038/s41598-020-66409-8


https://doi.org/10.1038/s41598-020-66409-8
https://doi.org/10.1080/095008396180911
https://doi.org/10.1080/095008396180911
https://doi.org/10.1117/12.266545
https://doi.org/10.1149/1.1805502
https://doi.org/10.1088/0022-3727/42/7/073001
https://doi.org/10.1002/adma.201104129
https://doi.org/10.1002/adma.201200397
https://doi.org/10.1021/cm504216p
https://doi.org/10.1021/acs.jpcc.5b10529

www.nature.com/scientificreports/

60. Knaut, M., Junige, M., Albert, M. & Bartha, J. W. In-situ real-time ellipsometric investigations during the atomic layer deposition of
ruthenium: A process development from [(ethylcyclopentadienyl)(pyrrolyl) ruthenium] and molecular oxygen. J. Vac. Sci.
Technol.-A 30, 01A151 (2012).

61. Jarrendahl, K. & Arwin, H. Multiple sample analysis of spectroscopic ellipsometry data of semi-transparent films. Thin Solid Films
313,114-118 (1998).

62. Schubert, M. Generalized ellipsometry and complex optical systems. Thin Solid Films 313, 323-332 (1998).

63. Schmidt, D., Schubert, E. & Schubert, M. Generalized ellipsometry determination of non-reciprocity in chiral silicon sculptured
thin films. Phys. Status Solidi A 205, 748-751 (2008).

64. Klaus, J., Ott, A, Johnson, J. & George, S. Atomic layer controlled growth of sio 2 films using binary reaction sequence chemistry.
Appl. Phys. Lett. 70, 1092-1094 (1997).

65. Knapas, K. & Ritala, M. In situ studies on reaction mechanisms in atomic layer deposition. Crit. Rev. Solid State Mater. Sci. 38,
167-202 (2013).

66. Lee, S. W. et al. Influences of metal, non-metal precursors, and substrates on atomic layer deposition processes for the growth of
selected functional electronic materials. Coord. Chem. Rev. 257, 3154-3176 (2013).

67. Leick, N. et al. In situ spectroscopic ellipsometry during atomic layer deposition of pt, ru and pd. J. Phys. D: Appl. Phys. 49, 115504
(2016).

68. Nelson-Fitzpatrick, N. et al. Atomic layer deposition of tin for the fabrication of nanomechanical resonators. J. Vac. Sci. Technol. A
31, 021503 (2013).

69. Libera, J. A., Hryn, J. N. & Elam, J. W. Indium oxide atomic layer deposition facilitated by the synergy between oxygen and water.
Chem. Mater. 23,2150-2158 (2011).

70. Roodenko, K., Park, S., Kwon, J., Wielunski, L. & Chabal, Y. J. Characterization of ru thin-film conductivity upon atomic layer
deposition on h-passivated si (111). J. Appl. Phys. 112, 113517 (2012).

71. Lyzwa, E. et al. In situ monitoring of atomic layer epitaxy via optical ellipsometry. Journal of Physics D: Applied Physics 51, 125306
(2018).

72. Beyene, H., Weber, J., Verheijen, M., Van de Sanden, M. & Creatore, M. Real time in situ spectroscopic ellipsometry of the growth
and plasmonic properties of au nanoparticles on sio 2. Nano Research 5, 513-520 (2012).

73. Jiang, X., Wang, H., Qi, J. & Willis, B. G. In-situ spectroscopic ellipsometry study of copper selective-area atomic layer deposition on
palladium. J. Vac. Sci. Technol. A 32,041513 (2014).

74. Junige, M., Geidel, M., Knaut, M., Albert, M. & Bartha, J. W. Monitoring atomic layer deposition processes in situ and in real-time
by spectroscopic ellipsometry. Semiconductor Conference Dresden (SCD), 2011 1-4 (2011).

75. Kovalgin, A. Y. et al. Hot-wire assisted ald: A study powered by in situ spectroscopic ellipsometry. Advanced materials interfaces 4,
1700058 (2017).

76. Avila, J. R. et al. Real-time observation of atomic layer deposition inhibition: Metal oxide growth on self-assembled alkanethiols.
ACS applied materials & interfaces 6, 11891-11898 (2014).

77. Cianci, E., Nazzari, D., Seguini, G. & Perego, M. Trimethylaluminum diffusion in pmma thin films during sequential infiltration
synthesis: In situ dynamic spectroscopic ellipsometric investigation. Advanced Materials Interfaces 5, 1801016 (2018).

78. Weber, J., Hansen, T., Van de Sanden, M. & Engeln, R. B-spline parametrization of the dielectric function applied to spectroscopic
ellipsometry on amorphous carbon. Journal of Applied Physics 106, 123503 (2009).

79. Rai, V. R. & Agarwal, S. Surface reaction mechanisms during plasma-assisted atomic layer deposition of titanium dioxide. The
Journal of Physical Chemistry C 113, 12962-12965 (2009).

80. Zheng, L. et al. Direct growth of sb 2 te 3 on graphene by atomic layer deposition. RSC Advances 5, 40007-40011 (2015).

81. Zheng, L. et al. Semiconductor-like nanofilms assembled with aln and tin laminations for nearly ideal graphene-based
heterojunction devices. Journal of Materials Chemistry C 4, 11067-11073 (2016).

82. Chung, H. K. et al. Investigation of phases and chemical states of tin titanate films grown by atomic layer deposition. J. Vac. Sci.
Technol. A 38, 012404 (2020).

83. Fang, S., Chen, W,, Yamanaka, T. & Helms, C. Influence of interface roughness on silicon oxide thickness measured by ellipsometry.
J. Electrochem. Soc. 144, 1.231-1.233 (1997).

84. Petrik, P. et al. Comparative study of surface roughness measured on polysilicon using spectroscopic ellipsometry and atomic force
microscopy. Thin Solid Films 315, 186-191 (1998).

85. Rodenhausen, K. & Schubert, M. Virtual separation approach to study porous ultra-thin films by combined spectroscopic
ellipsometry and quartz crystal microbalance methods. Thin Solid Films 519, 2772-2776, https://doi.org/10.1016/j.ts£.2010.11.079,
5th International Conference on Spectroscopic Ellipsometry (ICSE-V) (2011).

86. Ren, R,, Yang, Z. & Shaw, L. Polymorphic transformation and powder characteristics of tio2 during high energy milling. Journal of
materials science 35, 6015-6026 (2000).

87. Kilic, U. et al. Critical-point model dielectric function analysis of wo3 thin films deposited by atomic layer deposition techniques.
Journal of Applied Physics 124, 1-6 (2018).

88. Oraby, S. E. & Alaskari, A. M. Atomic force microscopy (afm) topographical surface characterization of multilayer-coated and
uncoated carbide inserts. Int. . Mech. Aerosp. Ind. Mechatron Manuf. Eng., 4 33, 38 (2010).

89. Fairley, N. Casaxps: spectrum processing software for xps, aes and sims. Version 2, 13 (2005).

Acknowledgements

This work was supported in part by the National Science Foundation (NSF) through the Nebraska Materials
Research Science and Engineering Center (MRSEC) award DMR-1420645, and awards CMMI 1337856, and
DMR 1808715. This work was partly supported by Air Force Research Office award FA9550-18-1-0360, and by
American Chemical Society award ACS PRF 59374-ND5. The authors further acknowledge financial support by
the University of Nebraska-Lincoln, the J. A. Woollam Co., Inc., and the J. A. Woollam Foundation.

Author contributions

UK. and D.S. performed ALD depositions of Al,Os, SiO,, TiO,, and WOj; thin films. U.K. took AFM images,
collected in-situ SE data and designed the dynamic dual box model for in-situ SE data analysis. A.M. and G.M.
contributed to the SE data analysis. S.V. and UK. performed XRD analysis. S.G. and UK. performed XPS analysis.
N.I. and M.L. made contributions to the discussions over the experimental results. The manuscript was edited and
approved by all authors. E.S. and M.S. supervised the project.

Competing interests
The authors declare no competing interests.

SCIENTIFICREPORTS | (2020) 10:10392 | https://doi.org/10.1038/s41598-020-66409-8


https://doi.org/10.1038/s41598-020-66409-8
https://doi.org/10.1016/j.tsf.2010.11.079

www.nature.com/scientificreports/

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-66409-8.

Correspondence and requests for materials should be addressed to UK. or M.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

o | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS | (2020) 10:10392 | https://doi.org/10.1038/s41598-020-66409-8


https://doi.org/10.1038/s41598-020-66409-8
https://doi.org/10.1038/s41598-020-66409-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Precursor-surface interactions revealed during plasma-enhanced atomic layer deposition of metal oxide thin films by in-situ ...
	Results

	Discussion

	Conclusion

	Methods

	Plasma-enhanced atomic layer deposition. 
	X-ray diffraction. 
	Atomic force microscopy. 
	X-ray photoelectron spectroscopy. 
	In-situ spectroscopic ellipsometry. 
	Multi-sample data analysis. 

	Acknowledgements

	Figure 1 Schematic presentation of a dual precursor ALD process with surface roughness formation.
	Figure 2 In-situ experimental (symbols) and best-match model calculated (red solid lines) ellipsometry data (δΨ: (a) δΔ: (b)) of TiO2, and (δΨ: (c) δΔ: (d)) WO3 thin films fabricated with 150 and 250 ALD cycles, respectively.
	Figure 3 Schematic of the dynamic dual box model with the dynamic parameters (red): TMO thin film layer thickness (tx x = ‘TiO2’, ‘WO3’) and surface ligand layer void fraction (fVoid).
	Figure 4 Best-match model calculated TMO thickness parameters (blue, triangle symbols) and surface ligand layer void fraction parameters (red, square symbols) obtained from the dynamic dual box model and the in-situ SE data shown in Fig.
	Figure 5 Evolution of the dynamic dual box model parameters during a single ALD cycle for (a) TiO2 and (b) WO3 [Experimental data: δΨ (red, squares) δΔ (blue, triangles) nm best-match model calculated TMO thickness parameter tx (blue, triangles) best-matc
	Figure 6 XRD patterns of (a) TiO2 and (b) WO3 thin films investigated in this work.
	Figure 7 XPS spectra of the (a) TiO2 (b) WO3 PEALD thin films investigated in this work.
	Figure 8 In-situ ellipsometry data (red symbols) and δ (blue symbols) at 15 equally spaced time slices from the data shown in Fig.
	Table 1 TiO2 ALD deposition parameters.
	Table 2 WO3 ALD deposition parameters.




