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ABSTRACT

Rigorous coupled wave analysis (RCWA) is conducted on in situ spectroscopic ellipsometry data to understand profile evolution during film
deposition inside nanotrenches. Lithographically patterned SiO, nanotrenches are used as test structures. The nanotrenches are 170 nm
wide at the top with a taper angle of 4.5° and are 300 nm in depth. Atomic layer deposition of ZnO is used as a model process where the
thickness (cycles) of the film is varied from 0 (0 cycles) to 46 nm (300 cycles). The analysis predicts transient behavior in deposition affect-
ing film conformality and changes to the trench taper angle. In the process, the aspect ratio varies from 2.05 at the start of the process to
6.67 at the end. The model predicts changes in the refractive index of the ZnO film as a function of thickness. The real and imaginary parts
of the refractive index at a wavelength of 350 nm change from 1.81 to 2.37 and 0.25 to 0.87, respectively. Scanning electron microscopy
cross sections confirm thickness at the top and bottom of the trench to within 13% of those predicted by RCWA. The experimentally mea-
sured conformality degrades as film deposition proceeds from 97.3% at 100 cycles to 91.1% at 300 cycles. These results demonstrate the
potential of using RCWA for continuous and in situ monitoring of growth inside 3D nanostructures.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001937

I. INTRODUCTION cell capacitors,” electrostatic supercapacitors,” battery electrodes,’
and solar cells.”

One of the challenges of depositing ALD films inside high AR
nanostructures is to optimize the process for high conformality.
Deposition in high AR nanostructures can become transport or dif-

Atomic layer deposition (ALD) is a method to deposit highly
conformal thin films using a sequential set of two or more
self-limiting surface reactions.'” These reactions are repeated

cyclically to achieve near monolayer fidelity in film growth.” The fusion limited, causing less conformal films to be deposited.”'"
self-limiting nature of the surface reactions allows for the deposi- Further, for multicomponent/nanolaminate structures, the compo-
tion of highly conformal ALD films inside high aspect ratio (AR) sition of the film stack can alter from the top of the trench to the
structures.”® This defining characteristic of ALD has been  bottom.'” The conformality of the films is an important factor for
exploited to develop 3D nanostructured devices such as DRAM device scalability and reliability and can be difficult to determine in
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trenches and other nonplanar substrates.” Currently, ex situ mea-
surements, such as electron microscopy coupled with elemental
analysis techniques (such as energy dispersive x-ray spectroscopy),
can be used to characterize ALD film uniformity on nonplanar
substrates.” Specialized structures like PillarHall" substrates help to
quantify conformality of various processes.'”'*'> However, there
are no techniques that can monitor film deposition inside 3D
nanostructures in real time.

In situ spectroscopic ellipsometry (SE) is a powerful character-
ization tool that has been extensively used to study the growth of
ALD films in real time on planar substrates.'"'® SE captures the
change in polarization of incident light to determine the thickness
and optical constants of the film being deposited. This is not,
however, the only use of SE. For example, studies such as that of
Hilfiker et al. have used SE to determine the dielectric function of
materials.'>*" Pal et al. and Spencer et al. use SE to study optical
bandgap and electronic band structure.”** Film roughness has
also been studied.”** Kilic et al. used in situ SE to monitor evolu-
tion of surface roughness and individual layer thickness in an ALD
process.”’ Real-time acquisition of the SE data allows one to deter-
mine film thickness and optical constants over time, and, thus,
growth rates and dynamic changes to optical properties of the film
can be obtained, improving understanding of deposition processes.
The key to effectively use SE is to integrate the data acquired with a
physics-based optical model that can accurately describe the polari-
zation response of the film/substrate combination. SE, however,
fails when it comes to nonplanar substrates with complex nano
topologies.

Alternately, modeling of deposition inside 3D nanostructures
is a valuable approach to predict conformality of ALD processes.
Models are constructed by recognizing that precursor access to sur-
faces inside 3D nanostructures is diffusion controlled.'' Many ana-
lytical models have been developed for describing ALD in holes of
various aspect ratios.”"*® Trenches have also been modeled via
Monte Carlo or Ballistic computation.™* Fewer analytical models
exist for trenches, such as Ylilammi ef al.'’ and Yim et al.,'' model-
ing diffusion in lateral trenches, and Fadeev and Rudenko™ study-
ing flux of particles at the walls of angled trenches as a function of
wall angle. However, these models have not been coupled to in situ
techniques such that they cannot give insight into real-time profile
evolution inside 3D structures.

To overcome the difficulties of optically modeling patterned
structures, the rigorous coupled wave analysis (RCWA) method has
been used.”’™>* The RCWA method is a frequency domain method
that makes use of Fourier harmonics to describe 2D periodic struc-
tures. In principle, SE data captured in situ can be modeled with
the RCWA method to determine the growth rate of the film over
time on a patterned substrate, as well as determine conformality in
real time.” >~

Here, we show the evolution of topology as an ALD ZnO film
is deposited inside a periodic nanotrench pattern, as modeled by
the RCWA method. The model predicts film thickness, AR, and
conformality changes in real time within the trenches as a function
of the deposition time. Comparison of the predicted film thickness
with scanning electron microscope (SEM) cross-sectional images,
which are “snapshots” in time, shows the values to be within 13%
of each other. These results highlight the suitability of using SE
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coupled to RCWA for the study of film deposition inside 3D nano-
structured substrates.

Il. EXPERIMENTAL DETAILS

Patterned SiO, trench coupons of dimensions 25.4 x 25.4 mm?>
were obtained from Onto Innovation and diced by Grinding and
Dicing Services Inc®. The coupons consisted of trenches of SiO, on
Si. A blanket SiO, film was first lithographically patterned and sub-
sequently dry etched to produce parallel lines, much like a diffrac-
tion grating. The cross-sectional schematic of a trench is shown in
Fig. 1(a) and consisted of an opening of 170 nm at the top of the
structure and results in a “chamfer.” The trench narrowed to form
a tapered sidewall with a reduced opening of 122 nm and a gap at
the bottom of 82 nm (also known as, base critical dimension). The
entire structure was 300 nm high and the sidewall was 250 nm
high. The sidewall made an angle, 8 ~ 85.5° with respect to the hor-
izontal. Thus, the taper angle () is defined as 90-84.5=4.5°.
Further, we define the AR of the trench consisting of the tapered
sidewall as sidewall length (L)/opening width (W) 250/122 =2.05.
We note here that the AR for this structure is not high compared
to many reported in the literature® but serves as a platform for the
demonstration of 3D topography evolution monitored using in situ
ellipsometry.

ALD ZnO was deposited using a Fiji Gen2 ALD System from
Veeco®. The ZnO film as deposited was crystalline and in the wurt-
zite structure as confirmed previously.”® The process consisted of
alternate pulses of diethyl zinc (DEZ, Sigma Aldrich,
CAS:557-20-0 > 52 wt. % in hexane) at 60 ms and de-ionized water
(H,0) at 60 ms. The bubblers were kept at room temperature. The
purge time used between pulses was 10s. On a planar substrate,
this recipe gives a growth rate of 0.17 nm/cy with a refractive index
(n) of 1.9 as measured at 633 nm. A total of 300 cycles were con-
ducted to grow the ZnO film which took approximately 90 min.
The temperature of deposition was 200 °C. A base pressure of the
chamber was maintained at 16.67 Pa, whereas the peak pressure
during pulsing was recorded as 27.33 Pa for DEZ and 26.00 Pa for
H,O. SE was used to track the film growth on the patterned
substrate.

An FEI Helios Nanolab 600i dual focused ion beam (FIB)/
scanning electron microscope (SEM) was used to prepare and
image cross sections of the trenches. Prior to preparation and
imaging, the trenches were ex situ coated with permanent marker
to fill in the gaps between trenches to minimize curtaining effects
during subsequent FIB milling”® and then ex situ evaporation
coated with ~75nm of carbon. Preparation of the cross-sectional
faces began with in situ 2KV, 2.7 nA SEM- and subsequent 30kV,
50 pA FIB-assisted Pt deposition to produce a ~1um thick protec-
tive strap. Next, a trench was milled above the Pt strap using a
30KkV, 5.0nA FIB setting with the regular cross-sectional pattern
and 5° of over-tilt to produce the initial cross-sectional face. The
final cross-sectional face was produced by subsequent milling with
30kV, 1.0 and 0.3nA FIB settings using the cleaning cross-
sectional pattern and 2.5° and 0° of over-tilt, respectively.
High-resolution SEM imaging of the cross-sectional faces was per-
formed at 2kV, 11 pA using immersion mode with a positively
biased through-lens detector (secondary + backscattered mode) at a
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FIG. 1. (a) Cross section of SiO, trench showing dimensions of the structure. The pitch is 240 nm. The total height is 300 nm, and the height of the angled sidewall is
250 nm. Given the trench opening is 122 nm, the A.R. is 2.05. (b) Schematic of the ZnO film deposited inside the trench shows the thickness modeled at the top and

bottom using RCWA.

4mm working distance. The stage tilt was set to 52° during
imaging resulting in the cross-sectional faces being tilted 38° rela-
tive to the SEM beam. Dynamic focus was used to compensate for
tilt of the cross-sectional face relative to the SEM beam and all
SEM images were tilt corrected. Image]® was used to analyze all
SEM images.

The film growth was tracked in situ using an M-2000 spectro-
scopic ellipsometer (SE) from J. A. Woollam®. The ellipsometer
light source and detector were attached to a FIJI® Gen2 ALD
system using specialized mounts on 69.85 mm conflat flanges with
quartz windows. The windows are internally purged with 50 SCCM
of argon gas. The angle of incidence and reflection of the light was
69.5°. The ellipsometer acquired data for wavelengths from 271 to
1688 nm in time intervals of ~3's.

The SE data were modeled using the NanoDiffract™ optical
critical dimension software from Onto Innovation. A model was
constructed to measure ZnO conformality over the deposition
time. The base model of the grating, including SiO, base critical
dimension, Si over-etch, @, and SiO, height was constructed for
process time, t =0 and then fixed. The ZnO film was modeled as a
spacer to cover the side wall, a fill to cover the bottom of the
grating, and a top layer to cover the top of the grating. The loca-
tions of the top thickness (t,,) and bottom thickness (po110m) are
shown in Fig. 1(b). The bottom fill is coupled to the bottom side-
wall thickness, and the top layer is coupled to the top sidewall
thickness to prevent discontinuity in the film structure.
Conformality is defined as (100 X tyot0m/tiop)%. The ZnO film was
defined by two Tauc-Lorentz oscillators with the amplitudes left
floating.*” Optical constants were also left floating for the purposes
of this model.

I1l. RESULTS AND DISCUSSION

Representative snapshots of in situ ellipsometry data—i.e.,
changes to polarization intensity (¥) and phase (A), collected at
time t = 0—are shown in Figs. 2(a) and 2(b) for planar Si and SiO,
trench wafers, respectively. We note that the (¥, A) curves shown

in Fig. 2(b) are for the case where the plane of incidence is oriented
perpendicular to the trench, though results from the parallel orien-
tation (not reported here) yield similar results. This is because the
modeling software is able to account for azimuth angle as a param-
eter and compensate for any changes due to different azimuth
angles. Compared to the Si wafer, the (¥, A) curves obtained for
the SiO, trench pattern are markedly different due to a combina-
tion of (1) differences between the optical properties of Si and SiO,
and (2) the periodic features of the trench. Using effective medium
approximation (EMA)*' and modeling the trench as a homoge-
neous mixture of SiO, +air (49% by volume), the effective thick-
ness of the SiO, trench can be modeled as 281.4 + 1.7 nm (details
in the supplementary material)*” which is close to the true height
of the structure shown in Fig. 1. However, information on

(a) : . . . : . s
354
—_ F170 —~
2 304 amdd“/'“ ?
gzs — e
2 ] 150 &
= 20 =
= 140 <
154
el 130
400 600 800 1000 1200 1400 1600
b Wavelength (nm)
( ) 80 T - 350

T
AR [ 300

T T
- 250
% 60- .
s Sio; 200
;.., 50 - - 150
100
T 404
> - 50
30+ Lo
20 --50
-100

.
400 600 800 1000 1200 1400 1600
Wavelength (nm)

A (degrees)

FIG. 2. (a) Polarization data (w, A) as obtained on a planar Si substrate and
(b) on a substrate with SiO, trench structures where the incident beam is per-
pendicular to the grating pattern.
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topological features of the trench cannot be gleaned from this
approach. Thus, the EMA model yields limited information related
to the 3D structure and dimensions of the trench. Further, during
deposition, real-time changes to the trench structure, film thickness
at the top and bottom of the trench, AR and conformality of the
process cannot be obtained.

In contrast to the traditional SE approach, the RCWA
approach generates real-time topology data of the deposited film
inside 3D nanotrenches. ONTO’s NanoDiffract® software is able to
accomplish this directly from the above (¥, A) curves. The Mueller
matrix components’” and the fitting of these data as a function of
time are provided in the supplementary material.”’” The resulting
output is shown in Fig. 3(a) with the modeled film thickness at the
top (ti0p) and bottom (tye0m) Of the trench given as a function of
ALD cycles.

Based on Fig. 3(a), we divide the deposition into three observ-
able stages. In stage I (i.e., 0-125 ALD cycles), the process appears
to be highly conformal with no observable difference between t,,,
and tpos0m. This is not surprising, since the AR of the given struc-
ture is not high. In stage II (i.e., 125-225 ALD cycles), beginning at
50 min (i.e., tp ~ 22 0M), tyo0, deviates with conformality drop-
ping to 79%. Subsequently, f,10m recovers with a faster growth rate
compared to t;, until at the end of stage II, t;,, and tpozom thick-
nesses are nearly the same again. In stage III (i.e., 225-300 ALD
cycles), ty,p and tyop0m are nearly equal. This point of convergence
for t,, and tyouom is labeled as “critical thickness,” t..;; =46 nm.
The trends observed and the importance of t,,;, will be described in
the geometrical modeling section. At the end of 300 cycles of ALD,
the t,,, and tyos0m are both predicted to be ~48 nm. Thus, RCWA
provides a real-time description of the changes to 3D topology
during deposition inside the nanotrenches.

Because of the dynamic changes recorded to t,, and ty¢tom
the taper angle and AR can be modeled. In Fig. 3(b), the taper
angle o is shown as a function of ALD cycles. As expected, o
begins at 4.5° at the start of deposition. However, a appears to
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oscillate, increasing to 5.2° at the end of stage I, then dropping to
2.7° at the end of stage II before recovering to 4.8° at the end of
deposition. We note that from an experimental verification point of
view, such minute changes to taper angle can be difficult to
measure and, therefore, verify. Nonetheless, the oscillation in @ can
provide insights into the deposition process when compared with
previously published model predictions.”” Figure 3(c) shows the
extracted AR due to deposition. Based on the t,, and tyosoms the
time-dependent AR is given by AR = L t’”"””'" . The AR of the struc-
ture increases as deposition proceeds varylng from 2.05 at the start
to 6.67 at the end of the deposition (i.e., 300 cycles) of the ALD
ZnO inside the trench.

The estimated refractive index (n) and extinction coefficient
(k), determined at 350 nm, of ALD ZnO are shown in Fig. 3(d). A
wavelength of 350 nm is used, as the extinction coefficient is
nonzero at this wavelength (i.e., finite absorbance) and drops off to
zero for photon energies less than the band gap of ZnO (i.e., wave-
length > ~ 360 nm)." Both n and k are considered as location inde-
pendent constants for the purpose of RCWA, but are time
dependent, i.e, n and k vary during deposition. The estimated n
starts low (~1.81) at low thickness and then steadily increases to a
final value of 2.37, in line with reported values in the literature.””™*
The low value of n at the beginning of the deposition could be
related to the island-like nucleation that is often observed during
ALD ZnO on dielectric surfaces.”® The k varies from 0.25 to 0.87,
which is close to reported values."’

To verify model predictions, cross-sectional SEM images
were obtained for ALD processes at 0, 100, 200, and 300
cycles. Thickness comparison results of this analysis are shown in
Fig. 4(a). At 100 cycles, while the model predicts a tiop of 16.5 nm,
we find that #,,, observed is 15.0 + 1.4 nm. Similarly, #;¢0r, at 100
cycles from the model is 18.2 nm, and from SEM cross sections is
14.6 £ 1.1 nm (experimental conformality 97.3%). At 200 cycles,
the t,,, predicted from the model is 35.6 nm, whereas the thickness
measured is 28.8 + 3.0 nm. The f,4,,, predicted from the model is
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FIG. 3. (a) Thickness at top and bottom of the trench as a function of ALD cycles. (b) The taper angle “o” as a function of ALD cycles. (c) The A.R. varies from 2.05 to
6.67 as deposition proceeds. (d) Refractive index “n” (left axis) and extinction coefficient “k” (right axis) at 350 nm as a function of top thickness. Symbols indicate model
data points, solid lines serve as mere guide for the eye, and dashed lines demarcate stages of deposition.
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FIG. 4. (a) ALD ZnO thickness as a function of ALD cycles. Data are compiled
from the model for top and bottom and compared to the measured top and
bottom thickness from SEM cross sections. The error bars represent the stan-
dard deviation of eight individual measurements in the SEM cross sections. The
dotted line represents the nominal growth rate of 0.17 nmicycle on a planar
susbtrate. (b)-(e) SEM cross sections and corresponding model cross sections
from RCWA are shown for 0, 100, 200, and 300 ALD cycles. Scale bar in
(b)—(e) represents 300 nm.

29.0 nm and from SEM cross sections is 27.6 + 2.5 nm (experimen-
tal conformality 95.8%). Lastly, at 300 cycles, the t,, from the
model is 47.3 nm, whereas the thickness observed is 56.1 + 5.4 nm
(experimental conformality 91.1%). Since the sidewalls have
merged at the bottom, we report t,,,, measured at the top of the
seam formed. The model tpyu0, is 48.1 nm and from SEM cross
sections is 51.1 + 1.8 nm. Overall, the film thickness from RCWA
and SEM cross sections are within an average of 13% of each other.
The seam height from the model is 91 nm and the average seam
height measured inside ten trenches is 173.3 + 18 nm.

In Fig. 4(b), SEM cross section and model cross section are
shown for the undeposited (i.e., 0 cycle) trench. While the dimen-
sions of the SiO, trench match well, the chamfer is not obvious in
the cross-sectional SEM. This difference in cross-sectional profiles
could yield differences between measured and predicted thickness
as indicated in the above paragraph. In Figs. 4(c)-4(e), 100, 200,
and 300 cycle cross-sectional SEM images and model cross sections
are shown, respectively. The visual similarity between SEM and
model cross sections is evident.

We seek to explain the above results by understanding the
interaction of the various growth fronts inside the SiO, trench. By
advancing the ALD growth fronts in a direction normal to the dep-
osition surface, changes to the trench structure can be visualized.*
The advancing growth front at the bottom of the trench is used to
determine the “pinch-off” region when the three surfaces, i.e., the
bottom and two sidewalls, merge. The thickness at pinch-off is
defined as f;. The concept is shown schematically in Fig. 5(a).
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The pinch-off point “O” is equidistant from the projection of the

three surfaces RD, DE, and ES on a 2D plane. The three surfaces

form tangents to the circle shown with center at O and radius, t,,.
From triangle STE, we get

tano = ET/TS = (W,—W})/2.h, (1)

where W, and W, are the width of the trench at the top and
bottom, respectively, and h is the height. From triangle OPB, we
get

sina = OB/OP = t.;/(tyir + %), (2)

where x is the distance inside the Si substrate where the tangents
meet. Finally, from triangle AEP,

tana = AE/AP = W;/2x. (3)

Thus, the three unknowns, ¢, X, and a can be numerically
solved using the above three equations.

In Fig. 5(b), we show the schematic of the growth fronts as
individual layers. At the point of convergence “O,” the bottom
front ceases to exist and growth proceeds via deposition on the
sidewalls only. In Fig. 5(c), the variation of ¢, is shown as a func-
tion of various top (Y axis) and bottom (X axis) gaps. For the
current case, a top gap of 122 nm and a bottom gap of 82 nm yield
a t,iy of 44nm. When compared to Fig. 3(a), t.,; obtained via
RCWA (ie., 46 nm) is reasonably close to the value obtained via
geometrical modeling.

During stage I (0-125 cycles), when the thickness is low and
the AR is not significantly impacted, the ALD process is highly
conformal as determined by RCWA (>95%) and by SEM cross sec-
tions (97.3%). In stage II (125-225 cycles), the RCWA model pre-
dicts tyorom to first decrease and a loss in conformality to 79% is
observed. However, according to the SEM cross section in Fig. 4(d)
at 200 cycles, the deposition maintains a conformality of 95.8%.
This discrepancy in conformality could be related to the absence of
a chamfer, as indicated by cross-sectional SEM images of the unde-
posited nanotrench structure. In stage III (225-300 cycles), addi-
tional deposition causes the growth rate of t,,4,,, to recover. The
RCWA predicts >100% conformality while SEM cross sections
show the conformality to be 91.1%. Thus, while SEM cross sections
are discretized snapshots in time, RCWA provides a quasicontinu-
ous and temporal evolution of the 3D nanostructure as deposition
proceeds. While differences in thickness predicted by RCWA and
SEM cross sections exist, we note that these thicknesses are within
an average of 13% of each other.

The idea of conformality >100% is counter intuitive but can
be explained as an artifact of the RCWA approach. As stated
before, tpos0m is coupled to the bottom sidewall thickness. Thus, as
the three growth fronts in Fig. 5(b) merge, the bottom surface
ceases to exist. Any growth along the vertical direction is deter-
mined by deposition on the sidewalls which make an angle a with
respect to the vertical axis. The increment in the film thickness
along the vertical direction (At)) is given by Af) =t p/sin o
where, t4;p is the growth rate/cycle for the ALD process on a
planar surface. As previously noted, the RCWA constraints require
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FIG. 5. (a) Geometrical model shows the point of convergence where the three growth fronts at the trench bottom meet at point “O” when the film thickness reaches t..
(b) The point of convergence “O” is shown inside a trench as individual growth fronts merge. At point “O,” the bottom front ceases to exist. (c) The t; is plotted as a func-
tion of top and bottom gap of the trench. For the present study, the top and bottom width are 122 and 82 nm, respectively, and t. is 44 nm.

that fp,0m De coupled to At ie., the growth rate along the vertical
direction. This implies that #,00,; can see an apparent increase in
the growth rate if the sidewalls are relatively close to each.

As a limiting case, consider the sidewall in the present trench
structures, where ft4p=0.17nm, «a=45° and, therefore,
At; =2.17 nm. Such vertical growth rates are not realizable since
tarp may not be 0.17 nm/cycle inside few nanometer wide openings
left in the closing sidewalls. Nonetheless, RCWA model interprets
increased tyouom rates as Af; in the later part of stage II as the
tapered sidewalls close the seam and can be considered an artifact
of the modeling approach.

We now explain the oscillatory features in the time-dependent
a shown in Fig. 3(b). Fadeev and Rudenko have modeled the
effect of o on changes to precursor flux approaching: (i) the trench
sidewalls and (ii) the trench bottom, as a function of AR Small
changes to o (modeled for +1°) affect the sidewall flux, fractional
area coverage, and, therefore, film thickness, especially as AR
increases. For the nanotrenches studied in this work, « is 4.5° and,
therefore, we expect these effects to be accentuated even though
our AR is relatively low. We propose that the oscillations in & point
to dynamic changes to the taper angle where an initial a of 4.5°
causes a sufficient flux of precursors to reach the bottom region of
the trench resulting in a near conformal film (stage I). As the AR
increases, unreacted precursor molecules experience longer resi-
dence times at the bottom of the trenches. This leads to a thickness
gain in tyou,m exceeding t,, and, therefore, an increase in & (end of
stage T). According to Fadeev and Rudenko™ model, increase in &
leads to a lowering of the flux reaching the bottom of the trench,
which in turn leads to a decrease of a. This corresponds to stage II
of the deposition profile and the oscillation perpetuates in time.
Therefore, the temporal instability in o could be a result of the
interplay between o and the precursor flux reaching the bottom of

the nanotrench, given that these two parameters are inversely
coupled to each other. The effect amplifies at higher AR The sur-
prising aspect of the RCWA is that while the AR monotonically
increases with thickness (i.e., as expected), o shows the subtle oscil-
latory behavior otherwise not predicted by current models. The
oscillation is expected to be observed until the sidewalls merge.

Optimizing ALD processes for demanding 3D nanostruc-
tures is challenging. Currently, ALD processes are run in the
over-saturation limit to ensure high conformality of films.
Process feedback on 3D nanostructures is obtained via ex situ
techniques only. This makes process development inefficient.
The availability of an in situ approach to monitor deposition inside
periodic 3D nanostructures addresses this challenge. We note that
our results have implications beyond monitoring ALD growth.
Thus, plasma-enhanced ALD, chemical and physical vapor deposi-
tion techniques may benefit from this approach as well.

IV. CONCLUSIONS

We have shown that in situ SE data modeled via RCWA can
be used to obtain real-time dynamics of film growth inside periodic
3D nanotrenches. An ALD ZnO film was used as a model process
to demonstrate this approach. Silicon substrates with patterned
SiO, nanotrenches, 250 nm deep and a taper resulting in a trench
122 nm wide at the top and 82nm at the bottom, were used for
deposition. The beginning AR was 2.05. As the deposition pro-
ceeded, RCWA tracked variations to ZnO thickness at the bottom
and top of the trenches, conformality, AR, and the optical con-
stants (n, k). The optical constants are in line with published
values. The in situ data modeled using RCWA showed a transient
loss of film conformality as the sidewall growth fronts approach
each other, likely due to transport limited deposition. A more
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subtle effect is seen in the sidewall taper angle, which appears to
oscillate as deposition proceeds. The conformality is restored when
the fronts of the sidewall begin to merge at the bottom of the
trench at a film thickness of ~46 nm. A geometric model of the
growth fronts at the bottom of the trench can explain the thickness
variability over time. In contrast to the RCWA predictions of thick-
ness, SEM cross sections obtained at three discrete time intervals
showed film thickness to be within 13% of the predicted values.
Film conformality appeared to monotonically decrease with
increasing film thickness. The RCWA technique can provide in situ
monitoring of growth behavior inside periodic 3D nanostructures,
otherwise difficult to obtain via current ex situ techniques.
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