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Influence of Bias-Enhanced Nucleation on Thermal
Conductance Through Chemical Vapor
Deposited Diamond Films

Baratunde A. Cola, Ratnakar Karru, Changrui Cheng, Xianfan Xu, and Timothy S. Fisher

Abstract—This work describes an experimental study of the
cross-plane thermal conductance of plasma-enhanced chemical
vapor deposited (PECVD) diamond films grown as a result of
bias-enhanced nucleation (BEN). The diamond films are grown on
silicon wafers using a two-step process in which a nucleation layer
of amorphous or diamond like (DLC) carbon is first deposited on
the silicon under the influence of a voltage bias. Then, conditions
are adjusted to allow for polycrystalline diamond (PD) growth.
The nucleation layer is essential for seeding diamond growth
on smooth substrates and for optimizing PD properties such as
grain size, orientation, transparency, adhesion, and roughness. A
photoacoustic (PA) technique is employed to measure the thermal
conductivities of and the thermal interface resistances between the
layers in the diamond film structure. The influence of nucleation
layers that are 70, 240, 400, and 650 nm thick on the thermal
conductance of the diamond film structure is characterized. The
thermal conductivity of the nucleation layer exhibits a thickness
dependence for relatively thin layers. For each sample, the thermal
conductivity of the PD is higher than 500 W-m—1K~—! (measure-
ment sensitivity limit). A resistive network for the diamond film
structure is developed. The resistance at the silicon/nucleation
interface is less than 10~°m?-K-W~! (measurement sensitivity
limit), which is of the order of theoretical predictions. The
minimum diamond film structure resistance occurs when the nu-
cleation layer is thinnest. When the nucleation layer is sufficiently
thick, it begins to exhibit bulk behavior, and the resistance at the
nucleation/PD interface dominates the thermal resistance of the
diamond film structure.

Index Terms—Coatings, diamond, microelectronics, photoa-
coustic, plasma-enhanced chemical vapor deposited (PECVD),
thermal interface resistance, thin films.

NOMENCLATURE

a V7f/a, m™1.

B Intermediate coefficient.

f Modulation frequency, s~ *.

I Intensity of laser light, W-m~2.
J Imaginary unity.
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k Thermal conductivity, W-m~'K~1!.

Ak Thermal conductivity uncertainty, W-m~1K=1,

l Thickness, m.

R Thermal interface resistance, m? - K - W1,

AR Thermal interface resistance uncertainty,
m2.K-W—1,

t Time, s.

Greek symbols

Thermal diffusivity, m?-s~*.

Phase shift.

Complex temperature, K.
Reflectivity.

(1+j)a, m~L.

Modulated angular frequency, 2-m-s~ 1.

€ 9 =% R

Subscripts
n Nucleation layer.
n/PD Nucleation and polycrystalline diamond interface.
PD
s/n

T Diamond film structure.

Polycrystalline diamond layer.

Silicon and nucleation interface.

I. INTRODUCTION

ECAUSE of the steady increase in device density of elec-
B tronic circuits and components, driven by improvements
in fabrication technologies, effective and efficient thermal
management is required to alleviate problems that lead to poor
reliability and longevity. Because of its extreme hardness,
mechanical stability, chemical inertness, dielectric strength,
and high thermal conductivity, diamond can be an excellent
packaging material [1]-[7]. The thermal conductance of di-
amond films has been measured in several studies [8]-[13].
The high in-plane and cross-plane thermal conductivities of
diamond make it particularly effective to spread heat away from
hot spots to a heat sink. However, as heat dissipation increases,
the thermal resistance of the nucleation layer and its associated
interfaces will consume a larger portion of the thermal budget.
Despite its obvious advantages as a thermal enhancement mate-
rial, polycrystalline diamond films have not been widely used in
microelectronic components, largely because of difficulties in
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heterogeneous material integration and cost. Here, we consider
the thermal characteristics of a promising material integration
approach involving bias-enhanced nucleation (BEN) [14] of
plasma-enhanced chemical vapor deposited (PECVD) diamond
films.

To ensure the suitability of diamond films in a cooling design,
thermal conductance must be measured, preferably by a nonin-
trusive technique, and the effect of nucleation on thermal per-
formance should be characterized. In this work, a photoacoustic
(PA) technique [15]-[17] is used to measure the thermal conduc-
tivities of and the thermal interface resistances between nucle-
ation and polycrystalline diamond (PD) layers. The thermal con-
ductivities are used in conjunction with measured thicknesses to
calculate the thermal resistance of each layer; these resistances
are summed in series with the interface resistances to determine
the thermal resistance of the diamond film structure.

PECVD has become a popular method to synthesize diamond
films for microelectronic applications because it offers low
sample contamination, relatively low growth temperatures, and
an ability to control the film characteristics [18]. During the
synthesis of such films using PECVD and BEN, the formation
of an amorphous carbon or diamond like carbon (DLC) layer
(nucleation stage) precedes the growth of well faceted diamond
grains (growth stage) [7], [19]. In this study, we examine the
thermal behavior of the products of each stage of the growth
process separately as well as together, with attention given
to the nucleation conditions and time allowed for nucleation.
By examining thermal conductance in this piecewise manner,
we seek to elucidate the factors that contribute to a PECVD
synthesized diamond film’s overall thermal resistance, thereby
allowing more thorough understanding of its thermal perfor-
mance.

II. EXPERIMENTAL METHODS

A. Film Synthesis and Sample Preparation

The films used in this study were synthesized in a SEKI
AX5200S microwave plasma CVD system. A molybdenum
holder concentrates the plasma over silicon substrates
(0.580 mm thick). Substrate pretreatment, such as ultrasonic
scratching with diamond powder, is usually required to deposit
diamond films on silicon surfaces [19]. However, such a treat-
ment is undesirable in applications where surface roughness
needs to be small. BEN is a well established alternative to attain
high nucleation densities on smooth surfaces such as silicon
[19]-[23]. BEN eliminates the need for additional cleaning
steps because it occurs in the deposition chamber under the
same vacuum environment used for diamond film growth. For
this study, a constant DC bias of —250 V was applied during
the nucleation stage [14]. This bias level was found to produce
successful nucleation on silicon in our system [7].

Methane and hydrogen were used as the source gases, and
nucleation was carried out in 300 W plasma for 15, 30, 45, and
60 min. While diamond film synthesis usually occurs at much
higher plasma powers (more than 1 kW), 300 W was used for
nucleation in this study because plasma arching was observed at
both high plasma power and high bias voltage. After nucleation,
the bias was turned off for the growth stage to allow the plasma
power to increase. 1200 W plasma power was used during the
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Fig. 1. (a) Schematic of a typical diamond film grown by PECVD using BEN.
The silicon wafer is 580 pm thick. (b) FESEM of diamond film for 45-min
nucleation time. (c) Higher resolution (6.5 X) FESEM that shows a close up of
the nucleation layer.

growth stage to promote the growth of thick films. A chamber
pressure above 55 torr is required to safely support a plasma
power above 1000 W in our system. The process parameters are
summarized in Table I, and a typical film structure is shown in
Fig. 1. For each nucleation duration, two different samples were
fabricated: a sample consisting of a silicon substrate and a nucle-
ation layer (herein referred to as the “nucleation sample”), and a
sample consisting of a silicon substrate, a nucleation layer, and
a PD film (herein referred to as the “PD growth sample”). Typ-
ical Raman spectra of the nucleation and PD growth samples are
shown in Fig. 2. The low signal to noise ratio and the presence
of a G-band mode in the PD growth samples’ spectra are due to
the simultaneous excitation of the PD and nucleation layers. The
Raman spectra supports field-emission scanning electron micro-
scope (FESEM) observations of an amorphous-like carbon film
in the nucleation layer and diamond growth in the PD layer. As
determined from FESEM, the average particle size in the nu-
cleation layers ranged from 5 to 25 nm; the average increased
with increased nucleation time. Consequently, the average sur-
face roughness of the nucleation layer increased with nucleation
time as well. The average PD grain size ranged from 1 to 3 ym
and slightly increased as the nucleation time increased.

B. Photoacoustic (PA) Technique

The PA technique is one of many proven techniques to mea-
sure thermal conductivity of thin films, and it has recently been
used to measure the thermal resistance of separable interfaces
[17]. The PA technique provides high accuracy [16], yet in com-
parison to other techniques to measure thermal conductance
across thin films and planar interfaces, it is relatively simple to
implement. Reference [15] provides a detailed description of the
technique.

Theory: The sample used for PA measurement can have
a backing layer (0) and N successive layers (1, 2,...,N) on
which the z-coordinate originates from the surface of layer NV
and points outward. The multilayered material is heated by a
modulated laser beam with an intensity of 1/2 -1,(1 4 cos(wt)),
and absorption of the laser beam is allowed in any layer, and
in more than one layer. The backing material (0) and a gas
medium (N + 1) in contact with the surface layer (V) are
considered to be thermally thick. The transient temperature
field in the multilayer sample and gas can be derived by solving
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Fig.2. (a)Raman spectrum for the nucleation layer. The merging of the D-band
and G-band suggests the presence of an amorphous carbon state. (b) Raman
spectrum for the PD layer. The D-band peak near 1320 cm~1 can indicate a
preference for diamond. The peak near 500 cm™ 1 is from silicon.

TABLE I
PROCESS PARAMETERS FOR THE GROWTH OF PECVD DIAMOND FILMS
Parameter Nucleation PD growth
Gas flow rate (sccm)
200:10 200:2
H,: CH,

Plasma power (W) 300 1200

Bias (V) 250 0

Pressure (torr) 15 60

Duration (hr) 0.25,0.5,0.75, 1 10

a set of 1-D heat conduction equations [15], [24]. Details of the
derivation process have been described in [15]. The solution of
the complex temperature distribution f 1 in the gas can be
expressed as

Oni1=(1—p)- Bypre V17t (1)
where By 41 is complex, and is a function of the thermal prop-
erties of the multilayered sample. The general formulation of
By 41 is long and readily available in the literature; thus the
reader is referred to [15]-[17] for its full formulation.

The temperature in the gas layer is related to the phase
shift and the amplitude of the pressure or PA signal using
a thermal piston analogy where the heated gas near the
sample surface pushes the rest of the gas up like a piston

[15]. The phase shift of the PA signal is calculated as
Arg(Byy1) — /4, and the amplitude of the PA signal is
calculated as Abs[(1 — p) - Bn11Po/V2In 1105 11T,], where
T, and P, are the ambient temperature and pressure, respec-
tively.

Experimental Details: The experimental setup is shown
schematically in Fig. 3. A fiber laser is used as the heating
source. An acoustic-optical modulator (AOM) driven by a
function generator modulates the laser power with a sinusoidal
function. For this study, the modulation frequency ranges from
2 to 20 kHz, and the output power of the laser is approximately
350 mW at the modulation mode. The laser beam is reflected
and focused and then directed onto the sample mounted at
the bottom of the PA cell. To promote complete laser power
absorption at the sample surface, 80 nm of titanium is deposited
on the samples. The PA cell is the same as the one used in the
studies of [17]. The acoustic signal is sensed by a microphone
embedded in the side wall of the cell. The signal is transferred
to the lock-in amplifier, where the amplitude and phase are
measured. The phase shift of the acoustic signal is used to
determine thermal properties because it is more stable than the
amplitude signal in the current experimental setup and thus
provides higher measurement precision.

In order to account for delay in the PA response due to the
time needed for the acoustic wave to travel from the sample sur-
face to the microphone, and due to acoustic resonance in the
cell, a silicon wafer (0.580 mm thick) is used as a reference or
calibration sample. 80 nm of titanium is deposited on the sil-
icon reference and test samples at the same time to allow for
similar surface reflectivity and laser absorption. Within the fre-
quency range of this study, the reference sample is thick enough
to be considered a bulk material (much thicker than the thermal
penetration depth, 1/+/7 f/asiticon); therefore the phase shift
is —90°. The calibrated phase shift of the sample, ¢, is calcu-
lated as ¢ = &' — dGiticon reference— 20, Where ¢’ is the measured
phase shift for the sample, and &0, reference 1S the measured
phase shift for the reference. The experimental setup is cali-
brated before each measurement and at each frequency. After
the signal stabilizes, phase-shift data are recorded every 8 s and
averaged every 5 min. In order to determine the drift of the sig-
nals with time, the references are also tested after each sample
measurement.

The measured and calibrated phase shift of the acoustic signal
is used in conjunction with the general PA model of [15] to es-
timate the thermal interface resistance between the silicon sub-
strate and nucleation layer, R, /n» and between the nucleation
layer and the PD layer, R, pp, and the thermal conductivities
of the nucleation layer, k,,, and the PD layer, kpp. In order to
estimate theses four quantities, the nucleation samples are mea-
sured and the two unknowns, R, /n and k,,, are obtained. Then
the PD growth samples are measured with R, /,, and k, input
as known values, and the remaining two unknowns, R,, /pp and
kpp, are estimated. The sample measurement procedure is il-
lustrated in Fig. 4. For each measurement set, the unknowns are
solved by fitting the PA model to the experimental data using
a least-squares algorithm where trial values of the unknown
thermal properties are used to calculate the phase shift of the PA
signal at each experimental frequency. The sum of the square
of the difference between calculated and experimental values
of phase shift is calculated. The trial R and k values for which
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Fig. 3. Schematic diagram of the photoacoustic apparatus.
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Fig. 4. In the first measurement set the nucleation sample is measured, and R, /,, and k,, are determined. These measured values are then used in the second
measurement set (PD growth sample) to determine R, /pp and kpp. The sample layer labeling used in the PA model is presented for each measurement set as

well.

the least square is obtained are taken as the property values. The
piecewise examination of the diamond film structures allows for
each measurement set to have only two unknowns (R and k) that
are uncoupled in the governing equations, thereby allowing the
least-squares fits to be unique.

Experimental uncertainty is primarily determined by the un-
certainty in thickness measurements, and for the PD growth
samples, the uncertainty in the k,, and R,/,, measurements as
well. The effects of uncertainties associated with other ‘known’
material properties used in the PA model, uncertainty associated
with laser energy drift, and uncertainty associated with phase

shift measurements were negligible in comparison. Uncertainty
in the measured thermal properties is determined by finding the
range of the property values that result from changing the nucle-
ation and PD layer thicknesses, and (for the PD growth samples)
k. and R, within their uncertainty range in the PA model.
The PA signal is primarily influenced by the sample layers or
interfaces that are the most resistive to heat flow. Consequently,
there are limits on the magnitudes of property values that can be
sensed with the technique. These limitations are determined by
experimental error and/or by varying the desired property in the
PA model to conditions where further changes in the property
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Fig. 5. Thicknesses of the nucleation layer and PD as a function of nucleation
time. PD growth is shown to be independent of nucleation time, and is the same
thickness for each case. The measurement error, as given in Table II, is less than
the size of the data point markers.

produce a negligible change in the calculated phase shift. Ex-
perimental uncertainty is sufficiently large in this study that the
sensitivity limits are determined by it alone. If the thermal con-
ductivity uncertainty for a layer is Ak, then the smallest measur-
able thermal interface resistance for that layer is approximately
I- Ak /K2, Similarly, if the uncertainty of the interface resistance
is AR, then the largest measurable thermal conductivity for that
layer is approximately 1/AR.

III. RESULTS AND DISCUSSION

The thermal resistances of PECVD-via-BEN diamond films
were measured on samples with nucleation times of 15, 30, 45,
and 60 min. First, only nucleation was performed, and the layer
formed in each case was analyzed. Then, on new samples, nu-
cleation followed by 10 h of PD growth forms the diamond
film structure. The thicknesses of the nucleation layer and the
diamond film structure were measured from FESEM images,
and the resulting data are presented in Table II. The PD layer
thickness is determined by identifying the boundary between
nucleation and PD in the diamond film structure FESEM image.
For each case, the location of this boundary coincided with the
measured thickness of the nucleation layer (without PD), thus
corroborating this result. The amount of PD grown is approxi-
mately the same for each nucleation time, as shown in Fig. 5.
Fig. 6 shows that the nucleation layer retains its pre-PD growth
thickness after the PD is grown, verifying an important assump-
tion in our analysis. A thermal resistance network for the dia-
mond film structure is presented in Fig. 7. The thermal resis-
tance of the nucleation and PD layers are given as R,, = [, /k,,
and Rpp = lpp/kpp, respectively.

A summary of resistances for the diamond film structure is
shown in Table III, and the data trend is illustrated in Fig. 8.
As discussed in detail later, the large jump in resistance from
a nucleation layer thickness of 400 to 650 nm is due to poor
bonding of the PD to the 650 nm-thick nucleation layer. R, /,, is
the first resistance encountered by heat flowing from silicon to a
diamond film as shown in Fig. 7. This resistance is the result of
acoustic mismatch and imperfect interfacial contact, and theo-
retical modeling by Zeng and Chen suggest that it is very small,
on the order of 10~9m?2-K-W~! [25]. For the samples in this
study, R, /n 18 less than the smallest resistance that can be sensed

Titanium

Nucleation layer

Silicon

Silicon

(b)
Fig. 6. FESEM of nucleation layer without (a), and with (b) PD growth for a
nucleation time of 45 min. In each case, the nucleation layer is approximately

400 nm thick. The top layer in (a) is titanium, which is deposited for the purpose
of laser energy absorption.

Rr

W

Rs/n Rn/PD

R,
(/k)
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Fig. 7. Thermal circuit for diamond films synthesized by PECVD using BEN.
R is the thermal resistance of the entire diamond film structure.

TABLE II
THICKNESS AS A FUNCTION OF NUCLEATION TIME FOR THE NUCLEATION
LAYER AND DIAMOND FILM STRUCTURE. UNCERTAINTY IN
THE THICKNESS MEASUREMENTS IS ESTIMATED FROM THE
PRECISION OF THE SCALE BARS IN FESEM IMAGES

Diamond film

Nucleation time Nucleation structure
(min.) thickness (um)  thickness*
(um)
15 0.07 £0.01 5.80+0.02
30 0.24 +0.02 6.00 +0.02
45 0.40 £0.02 6.20 £ 0.02
60 0.65 +0.02 6.50 £0.02

* 10 hour growth after nucleation

with our experimental technique. These sensitivity minima are
all on the order of 10~ 9m?.K-W1; therefore, we conclude that
the nucleation layer is in good contact with the silicon substrate,
and R, /, is predicted relatively well by the modeling of Zeng
and Chen. The next resistive path in the diamond film network
is R,. Each R,, value is calculated from the k,, measurements
for the different nucleation samples. A thickness dependence
of the nucleation layer’s thermal conductivity is apparent for
relatively thin layers, causing a nonlinear relationship between
l, and R, as illustrated in Fig. 8. As the layer becomes suffi-
ciently thick, k,, converges to a consistent value, and R,, begins
to display a linear relationship with respect to [,, as expected.
This trend can be explained by the change in the structure of
the nucleation layer with increased thickness. The nucleation
layer is more discontinuous and has smaller particle sizes (e.g.,
more grain boundaries and voids) near its interface with the sil-
icon substrate than in the section of the layer that accumulates
with increasing thickness. Thus, as the nucleation layer becomes
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TABLE III
RESISTANCE COMPONENTS OF DIAMOND FILMS SYNTHESIZED BY PECVD USING BEN. UNCERTAINTY IN THE RESISTANCE VALUES IS THE RESULT OF
UNCERTAINTY IN THE THICKNESS AND k,, MEASUREMENTS. R /,, AND Rpp ARE BELOW THE MEASUREMENT SENSITIVITY

51

Nucleation PD Diamond film structure
Nucleation time Ry, R, R, Rpp R,
(min.) 10" MKW (107m®KW")  (10"m’KW") (10" m’K W) 107 m*K W
15 <0.04 0.17 £ 0.04 0.63 +0.06 <0.12 ~0.9
30 <0.05 0.45+0.05 0.98 £0.09 <0.12 ~15
45 <0.05 0.48 +0.05 1.11+£0.11 <0.12 ~1.7
60 <0.06 0.74 + 0.06 5.18+0.12 <0.12 ~6.0
7 i ! € F
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%' 2 o Fig. 9. (a) Nucleation/PD interface after 45 min of nucleation. The nucleation
2 ol « layer and the PD layer appear well connected. (b) Nucleation/PD interface after
1 : & . 60 min of nucleation. Stress-induced voids are present at the nucleation/PD in-
PO * terface.
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Fig. 8. Dominate resistance components, I2,, and R, ,pp, of the diamond
films’ thermal resistance, R, as a function of nucleation layer thickness. The
measurement error, as given in Table III, is less than the size of the data point
markers.

thicker, the more continuous section with larger particles (away
from the interface) grows thicker and has a greater influence
on the measured k,,, and eventually dominates thermal trans-
port across this layer. The measured k,, values are larger than
the room-temperature thermal conductivity value of amorphous
carbon, 1.60 W-m~1K~! [26]; therefore, it is reasonable to as-
sume that the carbon in the nucleation layer is DLC, which con-
tains higher crystal order than amorphous carbon.

As presented in Table III and illustrated in Fig. 8, R, pp
most significantly affects the thermal performance of the
diamond film structure. R, /pp decreases with decreasing nu-
cleation layer thickness because of reduced growth or thermal
stresses at the nucleation/PD interface. We postulate that when
the nucleation layer becomes sufficiently thick, the thermal
stresses generated at its interface with the PD weakens the
bond between the nucleation layer and the PD and may cause
the section of the nucleation layer near the PD interface to
break into clusters, creating voids. This adverse effect may
be exacerbated by the fact that the surface roughness of the
nucleation layer increases as the nucleation layer thickens.
This weakening of the nucleation/PD interfacial bond impedes
thermal transport across the interface. To further demonstrate
this point, the PD growth samples were cut in half after testing
and their cross-sections were imaged with a field-emission
scanning electron microscope. As illustrated in Fig. 9, the
thickest nucleation layer (60 min nucleation time) resulted in
the formation of large voids in the nucleation/PD interface;
such voids will impede thermal transport across the interface.

Additionally, for 60 min of nucleation, the PD layer’s adhesion
was very poor as evidenced by easy peeling of the diamond
layer from the substrate (due most likely to increased stress
concentration at the discrete contact points).

Rpp is the final resistive component of the diamond film
structure. Each Rpp value is determined from the measured
kpp for the different PD growth samples. For each sample,
kpp is measured to be above the largest thermal conductivity
that can be sensed with our experimental technique (approxi-
mately 500 W-m~*K~1!). Because each PD layer is approxi-
mately 5.8 um thick and has an average grain size between 1 and
3 um, kpp is expected to be near 103W-m 'K~ [8], which is
consistent with the results of this study. For each sample (since
Ipp is constant for each nucleation layer sample), Rpp is below
approximately 10~8m?-K-W~! and has a negligible effect on
the overall thermal resistance of the diamond film structure, R.

The minimum conduction resistance of the diamond film
structure occurs when the nucleation layer is thinnest because
of reduced thermal stress between the nucleation and PD layer.
We also note that the quality, hence thermal conductivity, of
PD is expected to increase with increasing nucleation layer
thickness or “seeding grain” size (the nucleation layer surface
asperities may be view as the seeding grains) due to the for-
mation of larger, more continuous PD columns that promote a
decrease in phonon-grain boundary scattering [1], [8]. How-
ever, as shown in this work, increased PD thermal conductivity,
via increased nucleation layer thickness, would be entirely
offset by increases in both R,, and R, /pp to produce a larger
overall thermal resistance (Rr).

IV. CONCLUSION

The thermal resistances of PECVD diamond films grown
from BEN layers have been measured for nucleation times of
15, 30, 45, and 60 min. An experimental technique, using PA
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measurements, has been employed to measure the resistive
components of the diamond film structure. The resistance at
the silicon/nucleation boundary and the intrinsic resistance
of the PD layer were measured to have a negligible effect on
the diamond film structures’ resistance. For each nucleation
sample, the dominant resistances in the thermal network are
the intrinsic resistance of the nucleation layer and the nucle-
ation/PD interface resistance.

In general, this study shows that the thermal resistance of
PECVD diamond films grown from BEN strongly depends on
the structure of the nucleation layer and the quality of the nu-
cleation/PD interface. The thermal conductivity of the nucle-
ation layer is measured to be higher than that of amorphous
carbon and exhibits a thickness dependence for relatively thin
layers, while it converges to a consistent value when the layer
is sufficiently thick. Under the conditions of this study, smaller
nucleation times and consequentially thinner nucleation layer
thicknesses result in lower diamond film structure resistances.
As the nucleation layer thickens, the nucleation/PD interface re-
sistance, which dominates the overall resistance of the diamond
film, increases because of poor interfacial bonding.

In this study, the voltage bias, plasma conditions, and gas flow
ratios are the same for each case. Further work is recommended
to investigate the effects of these parameters on the structure
of the nucleation layer and its boundaries. The only substrate
used in this study is silicon. Diamond films grown by PECVD
using BEN on other relevant substrates remain to be explored.
Finally, the PD layers grown in this study are all approximately
5.8 pm thick, the effect of PD layers of different thicknesses on
the nucleation/PD interface resistance is suggested for further
study.
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