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Abstract of corresponding article: Atomic layer deposition (ALD) can provide nm-thin films with excellent
conformality on demanding 3D substrates. This also holds for plasma-assisted ALD, provided that the loss of reactive
radicals through surface recombination is sufficiently low. In this work, we determine the surface recombination
probability r of oxygen radicals during plasma ALD of SiO; and TiO; for substrate temperatures from 100 to ~240 °C
and plasma pressures from 12 to 130 mTorr (for SiO2). For both processes the determined values of r are very low,
i.e., ~10*or lower, and decrease with temperature and pressure down to ~10°° within the studied ranges. Accordingly,
deposition on trench structures with aspect ratios (ARs) of <200 is typically not significantly limited by recombination
and obtaining excellent film conformality is relatively facile. For higher AR values, e.g., approaching 1000, the plasma
time needed to reach saturation increases exponentially and becomes increasingly dependent on the process conditions
and corresponding value of r. Similar dependence on process conditions can be present for plasma ALD of other
materials as well, where in certain cases film growth can already be recombination-limited for AR values of ~10.
Radical recombination data and trends as provided by this work are valuable for optimizing plasma ALD throughput
and feasibility for high-AR applications and can also serve as input for modelling of radical recombination

mechanisms.

In this work, we studied film penetration into high-aspect-ratio (AR) structures during plasma-assisted
atomic layer deposition (ALD) of SiO; and TiO;, at different substrate temperatures and plasma pressures.
The film penetration depths were related to the surface recombination probability r of the plasma radicals.
In this document, we provide further details on the analytical model employed. Secondly, we provide
additional experimental information and data, namely: 1) an overview of the measured thickness profiles
used to determine the reported values of r, 2) the determined values of the parameter tsqo,, 3) the method
used to calculate the reported uncertainties, and 4) experimental details regarding the transmission-electron-

microscope image given in the introduction of this work.
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MODELLING: Nomenclature

Here we give an overview of the used parameters and their definition. Note that in this work the provided

equations are used to describe recombination-limited film growth during plasma ALD, in which case the

“reactant” refers to the reactive plasma radicals (e.g., atomic O when growing an oxide).
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Average surface area per adsorption site (m?)

Diffusion coefficient of gas-phase reactant in high-AR structure (m?-s?)
Gap height of lateral-high-aspect-ratio trench (m)

Dimensionless factor used in the correction tsgo, = tsoopianar(1 + f) ()
Length of high-aspect-ratio structure (m)

Number density of gas-phase reactant species (m)

Number density of gas-phase reactant species at entrance of high-aspect-ratio
structure (m=)

Surface coverage with 8 = 1 when being in saturation (0 < 8 < 1)
Half-thickness-penetration-depth of deposited film (m)

Surface recombination probability (0 < r < 1)

Initial sticking probability (0 < sy < 1)

Surface area of high-aspect-ratio structure (m?)

Dosing time of (co-)reactant (s)

Dosing time needed for 50% saturation on a planar substrate (s)

Dosing time needed for 50% saturation, corrected for describing film penetration
into a high-aspect-ratio structure during recombination-limited growth (s)

Average thermal velocity of gas-phase reactant species (m-s?)
Volume of high-aspect-ratio structure (m?)

Distance into high-aspect-ratio structure (m)
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MODELLING: Derivation of the parameter t5 o,

In this work, an analytical relation was derived between the surface recombination probability » and the
half-thickness-penetration-depth PD%* of a film grown by plasma ALD into a high-AR structure. This
relation was derived on the basis of the following reaction-diffusion model, which describes plasma ALD

on a one-dimensional high-AR structure:'2

) 92 1 S
de 1
5 = 2WenAoSo(1 —6) (52)

In the description of a plasma half-cycle, n(z,t) represents the number density of gas-phase reactive
radicals (m), which have an initial sticking probability s, (0 < s, < 1) and a thermal velocity v, (m/s).
Furthermore, t denotes the (plasma) dosing time (s), 6(z,t) the surface coverage (0 < 6 < 1), 4, the
average surface area per adsorption site (m?), z the distance into the high-AR structure (m), D the diffusion

coefficient (m?/s) and S/V the surface to volume ratio of the structure (m™).

For a trench with gap height h and width w > h, the surface to volume ratio equals% = % ~ % =

%(see Figure S1). Moreover, in the Knudsen approximation for molecular flow, the diffusion coefficient is

calculatedas D = %Uthh-” Similarly, for a circular pore with diameter d, the surface to volume ratio equals

S d 4 1 . . S 4 S 4
2=""=2Z2and D =-v,,d.*5 From these expressions, i.e., (—) =_, (—) =2 Divench =
V. maz d 3 V/trench  2h° \V/pore d

%vth 2h and Dyope = %vth -d, it is noted that the following equations that have been worked out for

trench structures also hold for circular pores when replacing h by d/2.

L

e In

Figure S1: Geometry of a circular pore and of a trench, where z denotes the distance into the structure.
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The direct relation between PD>°% and r, derived in the main text in this work, is given by

PDSO% 1 t
() = \/?_rln (tso%), where (S3)
4
_ 4In(2) S0
s0% = oy e (1 +0.73 T). (S4)

In this section, we show how Equation (S4) for the parameter ts0, has been obtained. For this, we note that

Equation (S4) can be written as
ts0y = tSO%,planar(l + f)v (85)

where f is a dimensionless factor that has been numerically determined as f = 0.73 - 570 (as explained later

using Figures S2 and S3), and where

41n(2)

t =— S6
50%,planar NoVenAoSo ( )

gives the dosing time needed for 50% saturation on a planar substrate where n = ny. This expression for

ts00,planar 1S found by solving Equation (S2) using 6(0,0) = 0 and tlim 6(0,t) =1, giving
1
0(0,t) =1—exp (_ZnovthAOSO : t). (S7)

Subsequently solving 9(0, t50%,planar) = 1/2, which holds by definition, then gives Equation (S6) for

tSO%,planar-

As indicated by Equation (S5), tsoy,pianar typically cannot be used directly as the parameter tsqo, in

T

o> b

Equation (S3), which describes film penetration during recombination-limited growth where

The reason for this is that, in the initial stage of the growth process, there are still many adsorption sites
available (i.e., 8 = 0) near the entrance of the high-AR structure. In this stage, the loss of gas-phase radicals
through adsorption reactions, described by s, (1 — 8), may still be significant or even dominant compared
to the loss of radicals through surface recombination. Recombination becomes dominant when saturation
is approached (i.e. 8 — 1) in the entrance region that needs to be passed by the radicals to reach the growth
front. As will be shown later, the factor (1 + f) essentially accounts for the delay in film penetration caused
by the additional loss of radicals through adsorption reactions. This is illustrated in Figure S2, where the
scaled penetration depth PD>°%/h is plotted as a function of In(t) (a.u.), as calculated by numerically

solving the full reaction-diffusion model (i.e., Equations (S1) and (S2)) for s, = 10~*and r = 107>,
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Figure S2: Scaled penetration depth PD5°%/h plotted against In(t) (a.u.), calculated for r = 1075 and
so = 10™* by numerically solving the full model (Equations (S1) and (S2), blue curve) and by evaluating
Equations (S3) (red line) and (S8) (gray line). The recombination-limited regime (t = 10 - t5q0, Or higher)
is well described by Equation (S3), where tsq0, is equal to the time where the fitted line intercepts the

horizontal axis.

Figure S2 shows that the film penetration depth initially increases as

PD:)% (©) = 1 ln( ¢ ) (S8)

§(r+50) ts0%,planar
4

In this stage, the surface coverage is still very low throughout the structure such that the gas-phase radical

density decays according to a loss probability » + s,(1 — 8) = r + s,. For higher plasma exposure times,
6 approaches 1 in the region where most radicals are present, such that the radical density decays less

strongly according to r + so(1 — @) =~ r (under the assumption that r is independent on 8). As a result, the

penetration depth increases more quickly with In (t), i.e., with a slope of 1/ %r as given by Equation (S3)

(note that on a linear timescale the increase in penetration depth is still slowing down). This recombination-
limited regime, where the penetration depth is accurately described by Equation (S3), is approximately
reached when t > 10 - t5q0,. In the experiments conducted in this work, tsq, = 0.2 to 0.8 s (see Figure
S11) and plasma exposure times of 3.8 to 120 s were used, such that Equation (S3) could be used to

determine r regardless of the value of s,.
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For the determination of the correction factor for t5q,, We note that tsq0, in Equation (S3) is equal to the

50%
time where % (tsp9) = % In(1) = 0. The value of t540, can therefore be determined from the intercept

=T
4

of the logarithmic function with the horizontal axis (see Figure S2). Due to the increase in the slope of
PD>°% /h versus In (t), the logarithmic function describing the recombination-limited regime (red line)
intercepts the horizontal axis at a time larger than tsgo, pianar- This intercept gives a fitted value of ¢,
which has been numerically determined for a wide range and combination of values of s, and r (i.e., both

in the range of 10°° to 10%). The corresponding ratios tsge,/tsee, pianar are plotted in Figure S3 against

So/r- A clear linear relation is found, which is fitted as —fs  — 9 40.73 -2 The correction factor for

50%,planar r

tsoo, ISthus given by (1 4+ f) = (1 + 0.73 ~Sr—°) for all combinations of s, and r.
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Figure S3: Ratio tsgy,/ts09,pianar PlOtted against s, /r, where for each datapoint t5oo; p1anar IS calculated
using Equation (S6) and tsqq, is numerically determined as illustrated in Figure S2. For all investigated

values and combinations of s, and 7, tsgo,/ts09,pianar IS iN good approximation equal to 1 + 0.73 - 5 /7.
MODELLING: Influence of parameters other than r

Equations (S3) and (S4) indicate that the slope of PD>°% /h versus In(t) is only dependent on r, which has
been used in this work to experimentally determine values of r for plasma ALD of SiO; and TiO, under
different process conditions. The value of t5q,, Which is determined for instance by sq, A and ny, only

shifts the data horizontally. For example, if tsq, Would be increased by a factor a, the PD>°% /h data would

shift according to In ( tt

a-ts509

) =In (t : ) — In(a) . Similarly, for the slope of the function it does not matter

50%

which time unit is used (e.g. seconds or minutes).
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To illustrate the effect of parameters such as s, and A, two studies are presented in Figures S4 and S5. In
both figures, PD5°% /h versus In(t) is calculated for a surface recombination probability of r = 5- 107>,

as determined to be typical for plasma ALD of SiO, and TiO,. An absolute timescale is given in
In(seconds), where the absolute values depend on the product %novthAO (s'h). This product describes the
number of gas-phase radicals hitting the surface per second per adsorption site. For typical conditions,

%novthAO is expected to lie in the range of 10° up to 10° s,

In Figure S4, s, is varied from 10 up to 102 while keeping all other parameters constant, with %novmz‘lo =

5-10* s It is observed that, for higher values of s,, the PD5°% /h curves shift to lower plasma times up

to the point where t5q0, (i.e., the intercept of the dotted lines with the horizontal axis, calculated using

Equation (S4)) reaches a lower limit of t5q0, = % when 0.73 57" > 1. In the other direction, the
oVth4o

41In(2)

curves start to shift linearly with sy when s, < r, since in that regime tsqo, =
NoVthAoSo

. Moreover, when

so < r, Equation (S3) (dotted lines) is also accurate in the initial stage of the growth process where t <

10 * tso%.

— -5 - 4 _1
r=5-10",1/4 n,v, A, =510" s

—Full rlnodel
-1/2
800 _---In(t/tso,,/n)l(3/4 r

-2 -1 0 1 2 3 4 5 6
In(Plasma Time (s))

Figure S4: Scaled penetration depth PD3°%/h plotted against In(t) (in seconds), calculated for r =
5-107°, 1novthAo = 5-10* st and varied values of s,. For higher values of s, film growth is achieved
4

within shorter plasma steps, up to a lower limit that is determined by r and %novthAO (see Equation (S4)).

The slope of the curves in the recombination-limited growth regime is unaffected, such that Equation (S3)

(corresponding to the dotted lines) can be used to determine r regardless of the value of s,.
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Similarly, in Figure S5 the product%novthA0 is varied from 10° to 10¢ s* while keeping r = 5 - 10~> and
so = 10™* constant. It is observed that the curves shift linearly with %novthAO, where a given film
penetration is reached within shorter plasma steps when %novmz‘lo is higher (i.e., when having a higher

flux of radicals and/or less adsorption sites per unit area). The accuracy of Equation (S3) (dotted lines) is

not influenced by%novthAO .

r=5.10, S =10

—Full model /
800 [FIn(tty g, )-(3/4 1)
/

600} 1.
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Figure S5: Scaled penetration depth PD5°%/h plotted against In(t) (in seconds), calculated for r =
5-1075, 55 - 10~* st and varied values of %novthAO (s™). For higher values of %novthAO film growth is

achieved within shorter plasma steps, while the slope of the curves is unaffected.

The examples given in Figures S4 and S5 illustrate that parameters that could be dependent on the precursor,
such as the number of adsorption sites per unit surface area (1/4,), do not influence the slope of PD>°% /h
versus In(t) and thus the determination of r. The used precursor could influence the value of r itself, but
only when the properties of the saturated surface during plasma exposure (e.g., any residual hydrogen and
carbon content) depend on the precursor. This is because the value of r determined in our method
corresponds to the saturated surface for plasma exposure, while the value of r corresponding to the
precursor-terminated surface is expected to play a minor role. To illustrate this, Figure S6 gives PD>°% /h

curves that are calculated using a coverage-dependent recombination probability, where
r="1g=o (1 —0)+15-1 6. (S9)
Such a coverage-dependent recombination probability has been observed for instance for ozone during

ALD of ZnO, where the value of r was lower on the precursor-terminated surface (6 = 0).°
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In Figure S6, the value of r corresponding to the saturated surface (6 = 1) is the same as in Figures S4 and
S5, namely ry—; = 5 - 1075, while the value of 7y, is varied from 5 - 10~7 to 5 - 10~*. To clearly illustrate
the influence of a coverage-dependent recombination probability, the value of s, = 105 is chosen to be
lower than ry_,. When ry_, is lower than ry_,, for example when rg_,/19=; = 0.01 or 0.1, it is observed

that film growth propagates relatively rapidly in the initial stage and slows down when PD5%%/h ~

In(10) / % ro=1 Or higher. At that point, most radicals recombine on the saturated surface, such that rg_,

becomes dominant. The other way around, film penetration is delayed when ry_, is higher than ry_, but
in all cases the slope of PD%9%/ h versus In(t) is eventually only determined by the value of rg—;. The
value of rg_; (corresponding to the saturated surface) is therefore determined in our method, which is

expected to be relatively independent of the used precursor.

—£105 « =105 —105 o1
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Figure S6: Scaled penetration depth PD5°%/h plotted against In(t) (in seconds), calculated using a
coverage-dependent value of r, where (68 = 1) = ry—, = 5- 107° is the same as in Figures S4 and S5.
The initial value of r can accelerate (rg—q < 19=1) Or delay (rg—q > r9=1) film penetration, but the

eventual slope of the curves is only determined by the value of  corresponding to the saturated surface.

Finally, it should be noted that, while the value of s, does not influence the determination of r, it does
influence the shape of the coverage profile (and consequently the thickness profile). This is illustrated in
Figure S7. For higher values of s, the radicals are more likely to react (e.g., participate in ligand removal)
directly at the profile front where unreacted adsorption sites are still available. As a consequence, the profile

becomes sharper for higher values of s,.’
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Figure S7: Coverage profiles for various values of s,, a fixed value of r = 5 - 107>, and a plasma time of

34 s with lnovthAo = 5-10* s™. For higher values of s,, the profile front becomes sharper and the film
4

penetrates deeper, up to a limit that is determined by r, t and %novthAO (see Equations (S3) and (S4)).

The shape of the coverage profile thus contains information on the value of s,y. For example, the thickness
profiles measured in this work (see Figures S9 and S10) are best described using an s, of 10° to 107
However, the profile also becomes sharper for higher values of r (see Figure S8), which is caused by a
more rapid decay in radical density. This makes it difficult to accurately determine an effective value of s,.
Finally, Figure S8 also illustrates that the value of  has a dominant impact on the film penetration depth,

making it a key parameter for optimizing film conformality during plasma ALD on high-AR structures.

!
S, =10 .

0.8}
< 0.6F

-
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Figure S8: Coverage profiles for various values of r, a fixed value of s, = 10™*, and a plasma time of 17
swith lnovthAo = 5-10*s™. For higher values of r, the profile front becomes sharper and the penetration
4

depth of the film strongly reduces (see Equation (S3)).
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EXPERIMENTAL: Measured thickness profiles at different plasma exposure times

The values of r and t5q, reported in this work were determined by measuring the thickness profiles of SiO.

and TiO; films deposited into lateral-high-aspect-ratio (LHAR) trench structures, using different plasma

exposure times. An overview of these thickness profiles is given below, for the different temperature

setpoints (Figure S9) and plasma pressures (Figure S10) investigated. The distance at which the thickness

has decreased to 50% of its value at the entrance of the LHAR structure corresponds to the half-thickness-

penetration-depth PD3°%. The measured values of PD5°% /h, where h is the cavity height of the LHAR

structure, are provided in the main article and have been used to calculate the values of  and t5go.
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Figure S9: Normalized thickness profiles of SiO, and TiO; films grown by plasma ALD on LHAR cavity

structures, using 50 mTorr plasma pressure, temperature setpoints of 100, 200 or 300 °C and plasma

exposure times of 3.8, 12, 21, 38 or 120 seconds per cycle.
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Figure S10: Normalized thickness profiles of SiO- films grown by plasma ALD on LHAR cavity structures,
using a temperature setpoint of 200 °C, plasma pressures of 12, 50 or 90 or 130 mTorr and plasma exposure

times of 3.8, 12, 21, 38 or 120 seconds per cycle.

EXPERIMENTAL: Determined values of r and &5,

In Table S1, we provide an overview of the values of r and tsq, that are determined using the PD>°% /h
data corresponding to the thickness profiles plotted in Figures S9 and S10. The values of r and tsgq,
combined have been used to calculate the saturation times ¢, for trenches with different ARs (see Equation
(S18) later in this document). To graphically illustrate the influence of substrate temperature and plasma

pressure, the determined values of t50, are also plotted in Figure S11.
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Table S1: Values of r and tsq¢, determined for plasma ALD of SiO; and TiO; at different substrate
temperatures and plasma pressures. The substrate temperatures of 100, 180 and 240 °C correspond to table
temperature setpoints of 100, 200 and 300 °C and have an uncertainty of approximately 15 °C. The plasma

pressure has an uncertainty of approximately 5 mTorr.

Material | Substrate Plasma | r x 10° ts09 (S)
temperature | pressure | Best fit | Uncertainty | Best fit | Uncertainty
(°C) (mTorr) range range
SiO; 100 50 9 5-23 0.22 0.11-0.32
SiO; 180 50 6 5-8 0.26 0.19-0.34
SiO; 240 50 3 2-5 0.71 0.38-1.03
TiO; 100 50 4 3-6 0.80 0.45-1.15
TiO; 180 50 4 2-5 0.57 0.20-0.95
TiO; 240 50 <1
SiO; 180 12 24 7-70 0.49 0.1-1
SiO; 180 50 6 5-8 0.26 0.19-0.34
SiO; 180 90 2.3 1.8-2.8 0.43 0.29-0.57
SiO; 180 130 2 1-6 0.43 0.1-1

15/ —0—Si0, AtsomTor A) | 45| —0—SiO,  At180°Cc B)|
—o—TiO,
© 1.0} { 1.0}
S
" os| / | os}
006700 150 200 250 300 ~°0 25 50 75 100 125 150
Substrate temperature (°C) Plasma pressure (mTorr)

Figure S11: Determined values of t5q, for the SiO, and TiO; depositions carried out at different substrate

temperatures (A), and for the SiO> depositions carried out at different plasma pressures (B).
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EXPERIMENTAL: Calculation of the given uncertainties

e Uncertainties of r and t5qo,

In this section, we describe how the uncertainties of the reported values of r, t5q0, and ts, have been
calculated. For this, we first note that the values of  and ts, have been determined by fitting the PD5°% /h

data using a linear function y = ax + b, where each datapoint i has a coordinate (x;, y;) given by
x; = In(t;), and (S10)
y; = PD;**/h. (S11)

The coefficients a and b of the linear fits have been calculated using the least squares method, where

_ NXEx;yi—Zx{ZY; 812

- NZx?—(Zx)? ' ( )
Zx-ZEy-—Zx-):x-y-

b — i 5 5 | At 13

NEx?—(Zx)? ' (S13)

and N is the number of datapoints. Subsequently, the values of r and t5, follow directly from the values

of a and b. This is because a = % and a In(tsqe,) + b = 0 (see Equation (S3)), such that

2

r =

4

3a2’ and (514)
b

ts09 = €Xp (— E)' (S15)

The reported uncertainties of r and t5q0, are based on the uncertainties S, and S;, of the fitted coefficients

a and b, which are calculated as

— ’ NSy
Sq = NER =z and (S16)
_ , SFEx}

Here, S, denotes the uncertainty of the y values, so of the values of PD>%% /h. In this work, the uncertainty

of PD5°% /h was mainly governed by the width of the front of the measured thickness profile, where a sharp
front gives a more accurate value of PD>°%/h. For the SiO, data, the uncertainty of PD>°% /h has been

estimated as Sy, =40 and for the TiO, data as Sy, = 60.
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e Uncertainty of calculated saturation times t,,;

The plasma exposure time needed to reach saturation on a high-AR structure, called t,,;, was calculated as

tsat = tsou exp( ErAR). (S18)

The uncertainty in tg,, can therefore be calculated using the aforementioned uncertainties in tsqo, and 7.
For instance, a minimum or maximum value of t,,; could be estimated using the minimum or maximum
values of tsy, and r within their uncertainty intervals. However, in this way the uncertainty in tg,; is
strongly overestimated, since the uncertainties of 5y, and r are not independent. For example, for a lower
value of tsq0, the measured PD5°% /h data can only be described using a higher value of r, and vice versa.
A more representative uncertainty range of t;,, has been calculated using a potential systematic
measurement offset Ay in the linear function y = ax + b fitted through the PD5°%/h data. This potential

offset has been estimated as

1 t 1 t

= (m(—t ) ()
ET ts0%,min ET t50%,max
4

4

— 1 In(ts509,max) ~1n(ts0%,min) (819)
\/3_ 2 '
=T
4
where t5g0, min @Nd ts00, max are the minimum and maximum values of 5o, Within its uncertainty interval.

50%
In our model, the saturation time t,,; corresponds to the time where y = %(t) = AR. Therefore, an

offset Ay increases or reduces the saturation time according to

3

tsat,min = ts09 €XP < ’ZT(AR - Ay)2>, and (SZO)
3

tsat;max = ts00 €XP < ZT(AR + Ay)2>- (821)

Equations (S20) and (S21) have thus been used to calculate the upper limits (54 max) and lower limits

(tsatmin) Of the values of t,,, reported in this work.
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EXPERIMENTAL: Details TEM image

In the fabrication of semiconductor logic and memory devices, plasma ALD of SiO; and TiO; have been
reported to be used for gap-filling of electrical isolation regions.®*° The challenging nature of gap-filling
was demonstrated in the introduction of this work, using a cross-sectional transmission electron microscope
(TEM) image of a SiO; film grown by plasma ALD on vertically-oriented trench nanostructures. Here, we

provide additional experimental information on the provided TEM image.

First of all, the coupon containing the vertical trench structures, having different aspect ratios in the range
of approximately 1 to 10,*'? was prepared and provided by Lam Research. The TEM image of the
structures was measured using a JEOL ARM 200F TEM in bright-field mode (BF-TEM). For this, the
processed coupon was protected by a spin-on epoxy layer and the TEM sample was subsequently prepared
by a standard focused ion beam (FIB) lift-out scheme. The displayed SiO; film was grown by SiH>(NEt)2
and O plasma, using 250 ALD cycles. For the purpose of visualizing the starting surface, first a ~5 nm
thick layer of Al,Os; was grown by Al(CHs); and H»O, using 50 ALD cycles. Both films were deposited at
a temperature setpoint of 200 °C, using a FlexAL ALD tool of Oxford Instruments. The O, plasma half-
cycles were carried out using 15 mTorr plasma pressure, 200 W ICP power, 5 s plasma exposure, and 15
W substrate biasing, giving a high mean ion energy of approximately 130 eV.®® These plasma conditions
were not optimized for achieving a high film conformality. Specifically, for plasma ALD of SiO, the GPC
reduces under the influence of ions,*'* which mostly affects the growth on surfaces undergoing ion
impingement (e.g., the planar bottom and top surfaces rather than the vertical sidewalls).!! This effect was
relatively pronounced in this case study, because of the high ion energy dose provided.!* Nevertheless, a

seamless gap-fill was still observed, similar to depositions done without substrate biasing.
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