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Atomic Layer Deposition of W:Al2O3 Nanocomposite Films
with Tunable Resistivity**

By Anil U. Mane and Jeffrey W. Elam*

Nanocomposite tungsten-aluminum oxide (W:Al2O3) thin films were prepared by atomic layer deposition (ALD) using

tungsten hexafluoride (WF6) and disilane (Si2H6) for the W ALD and trimethyl aluminum (TMA) and H2O for the Al2O3 ALD.

Quartz crystal microbalance (QCM) measurements performed using various W cycle percentages revealed that the W ALD

inhibits the Al2O3 ALD and vice versa. Despite this inhibition, the relationship between W content and W cycle percentage was

close to that predicted by theoretical calculations based on the growth per cycle values of binary compounds. Depth profiling

XPS showed that the (W:Al2O3) films were uniform in composition and contained Al, O, and metallic W as expected, but also

included significant F and C. Cross-sectional TEM revealed the composite film structure to be metallic nanoparticles (�1 nm)

embedded in an amorphous matrix. The resistivity of these composite films could be tuned in the range of 1012–108 V cm by

adjusting the W cycle percentage between 10% and 30%W. These films have applications in electron multipliers as well as

electron and ion optics.
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1. Introduction

Thin film materials comprised of blended conducting and

insulating components have been utilized in a wide variety of

applications including resistive layers for electron multipliers

such as microchannel plates,[1–3] resistive memories,[4–8]

electro-chromic devices,[9–15] biomedical devices,[16–18] and

charge-dissipating coatings on micro-electromechanical

systems (MEMS) devices.[19–23] The physical and electrical

properties of composite thin films can be tailored by

adjusting the relative proportions of the constituent

materials. Amongst the various thin-film deposition pro-

cesses, atomic layer deposition (ALD) is a technique for

growing complex layers in a precisely controlled manner

with many unique advantages.[24] ALD is based on a binary

sequence of self-limiting chemical reactions between

precursor vapors and a solid surface. Because the two

reactions in the binary sequence are performed separately,

the gas phase precursors are never mixed and this eliminates

the possibility of gas phase reactions that can form

particulate contaminants and cause non-self-limiting che-

mical vapor deposition. This strategy yields monolayer-level

thickness and composition control. The self-limiting aspect
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of ALD leads to continuous pinhole-free films, excellent

step coverage, and conformal deposition on very high aspect

ratio structures. ALD processing is also extendible to large

area substrates and batch processing of multiple sub-

strates.[24]

In this study, we synthesized composite thin films by

combining the ALD processes for tungsten (W)[25] and

aluminum oxide (Al2O3).[26] The ALD of W:Al2O3

nanolaminates composed of alternating distinct layers of

these two materials has been explored previously, and these

nanolaminates have been utilized as thermal barrier coat-

ings and X-ray reflection coatings.[27–29] In contrast to this

previous work, our study focused on synthesizing more

thoroughly mixed W:Al2O3 composites in an effort to

achieve unique electrical properties distinct from either

material in their bulk forms. This approach has been

employed previously for the ALD of metal oxide composite

materials including ZnO-Al2O3
[30,31] and Nb2O5-Ta2O5,[32,33]

but to our knowledge this manuscript describes the first

study of precisely controlled metal-metal oxide nano-

composites by ALD.

The motivation for our work is to develop tunable

resistive coatings by ALD for application in microchannel

plate (MCP) electron multipliers in large-area photo-

detectors.[34] We selected the W:Al2O3 system for a number

of reasons. ALD W has a very low electrical resistivity of

r� 10�4 V cm[25] while ALD Al2O3 is an excellent insulator

with a resistivity of r� 1016 V cm.[35] This contrast offers the

potential for an extremely wide range of tunable resistance

values. In addition, ALD Al2O3 has a high breakdown

electric field[35] and this attribute is beneficial in high voltage
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operating devices such as MCPs where the electric fields can

exceed 106 V m�1. Both W and Al2O3 ALD are performed

under similar process conditions including the deposition

temperature, and this simplifies the task of combining these

materials into composite layers. In addition to the wide

variance in electrical properties, W and Al2O3 have very

different physical and chemical properties. As a result, by

modulating the proportion of W in the Al2O3 matrix, we

expect that the optical, mechanical, and electrical properties

of W:Al2O3 composite layers can be broadly adjusted.

Finally, both Al2O3 and W ALD are well-established

processes used in semiconductor manufacturing and this

bodes well for the eventual scale-up of W:Al2O3 composite

layers.

Al2O3 ALD can be accomplished using alternating

exposures to trimethyl aluminum (TMA) and H2O.[26] W

ALD can be performed using alternating exposures to Si2H6

and WF6.[25] The surface chemistries for the individual half-

reactions of the W and Al2O3 ALD have been examined in

great detail.[36–38] In contrast, the surface chemistry for

W:Al2O3 composite ALD is largely unexplored and is likely

complex due to unique reactions that occur during the

frequent transitions between the two materials. It is well

known that Al2O3 ALD is mediated by surface hydroxyl

(OH) groups,[26] while W ALD occurs via the sacrificial

exchange of Si by W where the surface is partially F-

terminated after both half-reactions.[25] In contrast, the

reaction of TMA with surface F species is unknown, but a

recent publication demonstrated that alternating exposures

to niobium pentafluoride and TMA yielded films composed

of niobium carbide, niobium fluoride, aluminum fluoride,

and amorphous carbon.[39] Similarly, the reactions of Si2H6

and WF6 are modulated by the OH-terminated alumina such

that the ALD W growth per cycle is suppressed for �10

cycles.[37,40]

This study explored the ALD synthesis of W:Al2O3

composite films to evaluate the effect of the ALD process

parameters on the growth, composition, and properties of

the resulting films. We employ in situ quartz crystal
Fig. 1. In situ QCM measurements performed during the ALD of W:Al2O3 composi

show the mass changes resulting from the individual Al2O3 ALD cycles, while the op

35 ng cm�2 and solid line at 930 ng cm�2 indicate the steady-state mass per cycle va
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microbalance (QCM) measurements to perform a phenom-

enological study of the growth behavior of these films.
2. Results and Discussion

2.1. QCM Studies

In-situ QCM measurements were performed to examine

the influence of the W cycle ratio on the growth of the

W:Al2O3 composite layers. We define the W cycle ratio as:

%W¼W/(WþAl2O3)100, where W and Al2O3 are the

relative numbers of TMA/H2O and Si2H6/WF6 cycles

performed, respectively. Figure 1a shows the mass changes

registered for each ALD cycle during the growth of

W:Al2O3 using 4 Al2O3 cycles between each W cycle, or

20% W cycles. The solid circles indicate the Al2O3 ALD

cycles and the open circles represent the W ALD cycles. The

dashed, horizontal line at 35 ng cm�2 indicates the QCM step

size observed during pure Al2O3 ALD. For reference, the

QCM step size observed for pure W ALD is 930 ng cm�2,

which is off-scale in Fig. 1a. The first Al2O3 ALD cycle

immediately following each W cycle is substantially

diminished to an average value of 10 ng cm�2. The Al2O3

growth then increases towards the nominal 35 ng cm�2 value

during the subsequent Al2O3 ALD cycles. Similarly, the W

step size following the 4 ALD Al2O3 cycles is only

170 ng cm�2, significantly below the steady-state value of

930 ng cm�2 for pure W ALD.

Figure 1b shows the in-situ QCM data recorded during

the W:Al2O3 ALD with 50% W cycles using the same

vertical axis scale as Fig. 1a. The results are similar to

the 20% W data in that both the Al2O3 and W growth are

reduced compared to their steady-state values. Finally,

Fig. 1c shows the QCM step size measurements recorded

using 80% W cycles. The solid horizontal line indicates the

QCM step size observed for pure W ALD, 930 ng cm�2.

Note that the vertical scale in Fig. 1c is �4 times larger than

in Fig. 1a,b. As before, the W ALD is inhibited following the
te films using W cycle ratios of a) 20%, b) 50%, and c) 80%. The solid circles

en circles show the mass changes from the W ALD cycles. The dashed line at

lues for pure Al2O3 and W ALD, respectively.
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single Al2O3 ALD cycle, but increases steadily and

approaches the steady-state value during the subsequent W

ALD cycles. It is interesting to note that the single Al2O3

ALD cycles in Fig. 1c deposit a greater mass than the nominal

35 ng cm�2 value suggesting enhanced growth.

Figure 2 summarizes the in-situ QCM measurements

performed for the W:Al2O3 composite films. The solid

circles plot the average Al2O3 step size and the open circles

show the average W step size. The open triangles in the

upper graph plot the relative W content for the composite

films as determined by X-ray fluorescence (XRF) measure-

ments of films deposited on Si substrates. As before, the

dashed line at 35 ng cm�2 and solid line at 930 ng cm�2

indicate the steady-state mass per cycle values for the Al2O3

and W ALD, respectively. Below 50% W cycles, the average

Al2O3 step size increases with decreasing %W. This

behavior is expected because the average Al2O3 step size

is smallest at 50% W where a single, inhibited Al2O3 ALD

cycle is performed, but increases for multiple, successive

Al2O3 ALD cycles as the Al2O3 ALD approaches the steady

state. The same explanation describes the increase in

average W step size above 50% W. The fact that the

average W step size remains nearly constant below 50% W

suggests that the initial reactions of Si2H6 and WF6 are

independent of the Al2O3 coverage or thickness. In contrast,

the average Al2O3 step size increases above 50% W to

values exceeding 2 times the steady-state ALD Al2O3

growth per cycle, suggesting that the TMA and H2O
Fig. 2. Summary of in situ QCM measurements performed during the ALD of

W:Al2O3 composite films. Left axis plots the average QCM step size from the

Al2O3 (solid circles) and W (open circles) ALD cycles. Right axis plots the

relative W XRF signals measured from W:Al2O3 composite films deposited

on Si substrates (open triangles). The solid and dashed horizontal lines

indicate the steady-state mass per cycle values for pure Al2O3 and W

ALD, respectively, and the solid curves through the data points are intended

to guide the eye.
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reactions are somehow promoted on the thicker or more

continuous W films. As we describe below, we believe these

differences relate to AlF3 formation on the F-terminated W

surfaces. The general behavior of the W XRF signal is

similar to the corresponding W QCM measurements, but

the XRF signals are somewhat lower, especially near the

50% W region.

The composition of the W:Al2O3 composite films can be

estimated from the QCM measurements if one assumes that

the mass deposited by the TMA/H2O and Si2H6/WF6 cycles

correspond to pure Al2O3 and W, respectively. Assuming

densities of 3.5[43] and 16.7[44] g cm�3 for the Al2O3 and W,

respectively, Figure 3a plots the composition expressed

as: mol W/(mol Wþmol Al2O3)�100% versus the W cycle

ratio. The solid line in Fig. 3a shows the rule-of-mixtures

composition that would result if both materials were

deposited at their steady-state values (i.e., no inhibition

or promotion upon transitioning between materials).[30,31]

The dashed line through the experimental data is intended

to guide the eye. The compositions extracted from the QCM

measurements are fairly similar to the rule-of-mixture

values. Evidently the W and Al2O3 inhibition partially

cancel so that the composition, which depends on the ratio,

is not severely perturbed.

The W:Al2O3 composite film growth per cycle can also be

extracted from the QCM measurements assuming the bulk

densities listed above, and these results are shown as the

solid circles in Fig. 3b. For comparison, the open circles in

Fig. 3b show the growth per cycle measurements obtained by

ellipsometry for the ALD W:Al2O3 composite films

deposited on Si substrates. For both sets of measurements,

the dashed lines guide the eye. The 5 Å per cycle W growth

rate in Fig. 3b is unusually high for an ALD process, and is

believed to result from >1 ML of Si deposited during the

Si2H6 exposures, perhaps through silylene insertion into Si-

H bonds, followed by the 1:1 replacement of Si by W during

the following WF6 exposure.[29,36,37,40]

The solid line in Fig. 3b shows the rule-of-mixtures values

for the growth per cycle. As expected based on the mutual

inhibition behavior seen in QCM, the growth per cycle

values determined by both QCM and ellipsometry are

significantly below the rule-of-mixtures values, and this

deviation is greatest at 50% where the transitions

between W and Al2O3 ALD cycles occur most frequently.

It is somewhat surprising, however, that the QCM

measurements are lower than the corresponding ellipso-

metry measurements in Fig. 3b. One explanation for this

discrepancy is that the material deposited during the

transitions between W and Al2O3 ALD has a lower density

than expected. In agreement with this idea, X-ray photo-

electron spectroscopy (XPS) measurements (Section 2.2)

reveal that the ALD W:Al2O3 composite films contain AlF3,

and this material has a much lower density of 2.88 g cm�3

compared to W (16.7 g cm�3).

The first TMA/H2O cycle following the W ALD in the

W:Al2O3 composite growth produces only a very small mass
Co. KGaA, Weinheim Chem. Vap. Deposition 2013, 19, 186–193
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Fig. 3. Composition (a) and growth per cycle (b) of W:Al2O3 composite films versus W cycle ratio. Solid circles indicate QCM measurements and open circles show

the growth per cycle measured by ellipsometry for W:Al2O3 composite films deposited on Si. The solid lines show the rule-of-mixture predictions for the

composition and growth per cycle, while the dashed lines are intended to guide the eye.
increase compared to the subsequent cycles. For instance,

only 9 ng cm�2 is deposited during the TMA/H2O cycles in

the 50% W films compared to the steady-state value of

35 ng cm�2 for Al2O3 ALD (Fig. 1b). Close inspection of the

QCM step structure provides a possible explanation for this

behavior. The solid line in Figure 4 shows the QCM mass

versus time during the growth of a composite film using
Fig. 4. In situ QCM measurements recorded during the ALD of W:Al2O3

composite film using 20% W. Solid line shows the QCM data while dashed

lines designate when the indicated ALD precursors were dosed.

Chem. Vap. Deposition 2013, 19, 186–193 � 2013 WILEY-VCH Verlag G
20% W, while the dashed lines denote when the indicated

precursors were dosed. The first and third TMA/H2O

cycles in Fig. 4 demonstrate the expected step shape

for Al2O3 ALD,[41] but the shape for the W cycle and the

Al2O3 cycle that immediately follows are peculiar. In

particular, the Si2H6 exposure has no apparent effect on

the mass, and the mass change from the TMA exposure

following the WF6 exposure is much smaller than expected

for Al2O3 ALD. We know from XPS that the films

contain fluorine (Section 2.2). Moreover, previous studies

demonstrated that alternating exposures to niobium penta-

fluoride (NbF5) and TMA produced films comprised of

NbFx, NbC, C, and AlF3.[39] Consequently, we hypothesize

that the first TMA exposure following WF6 in Fig. 4 might

result in:

WF5
� þAlðCH3Þ3 ! AlF3

� þWC� þ 2C� þ 2 HFþ 7=2 H2

(1)

where the asterisks denote surface species. The net mass

change for this process is only 25 amu compared to 56 amu

for TMA reacting on an Al2O3 surface. Furthermore, the

free energy change for the analogous reaction between

TMA and WF6 is �173 kcal mol�1 at 2008C indicating

thermodynamic favorability.[45] Reaction 1 is highly spec-

ulative, but it is consistent with the results from our study

and with reference.[39] Detailed in situ measurements of the

W:Al2O3 composite film ALD are underway in our

laboratory, including studies of alternative precursor

orderings, to better understand the surface chemistry.
mbH & Co. KGaA, Weinheim www.cvd-journal.de 189
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Fig. 6. XPS measurements of ALD W:Al2O3 composite film deposited using

500 ALD cycles on Si substrates with 30% W followed by 50 ALD Al2O3

cycles. a) Depth profiling measurements showing Al, O, C, and F in the
2.2. Characterization of Films

A series of ALD W:Al2O3 composite films were prepared

on Si substrates using 30% W with varying numbers of ALD

cycles. The thicknesses for these films determined by

ellipsometry are plotted in Figure 5. Linear least-square

analysis (solid line in Fig. 5) yields an excellent fit with a

growth per cycle of 1.33Å per cycle indicating that the

W:Al2O3 composite film thickness can be controlled

precisely as expected for an ALD process. To examine

the composition and microstructure of the ALD W:Al2O3

composite films, a sample was prepared on Si using 500 ALD

cycles of W:Al2O3 composite with 30% W followed by 50

ALD Al2O3 cycles. XPS depth profiling was performed on

this sample and the results are shown in Figure 6a. After

removing a contamination layer rich in adventitious carbon,

the overall elemental composition of the W:Al2O3 compo-

site layer is uniform across the film thickness. The XPS depth

profiling measurements yielded a sample thickness of 650 Å

in fair agreement with the thickness of 725Å determined by

spectroscopic ellipsometry.

Fig. 6a shows that the composite layer is composed of O,

Al, F, W, and C. Based on the surface chemistries for the

ALD Al2O3 and ALD W in the composite layers, the

presence of F and C is unexpected and likely originates from

the unique chemistry that occurs upon transitioning between

the W and Al2O3 ALD process. As noted above, alternating

cycles of niobium NbF5 and TMA yield films comprised of

NbFx, NbC, C, and AlF3.[39] The W 4f spectral region

(Fig. 6b) shows peaks at 31.8 and 33.8 eV characteristic of

metallic W and only a weak shoulder at �37 eV indicating

minimal WOx.[46–48] From this we conclude that the W is

mostly metallic in the composite films.
Fig. 5. Thickness versus number of ALD cycles for ALD W:Al2O3 composite

films deposited on Si substrates using 30% W, as determined by spectroscopic

ellipsometry.

W:Al2O3 composite film. b) XPS scan through W 4f spectral region showing

peaks at 31.8 and 33.8 eV characteristic of metallic W.
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Next, the microstructure of the W:Al2O3 composite film

with 30% W was evaluated using cross-sectional transmis-

sion electron microscopy (TEM). As seen in Figure 7a, the

film appears dense and continuous and the top surface is

relatively smooth and parallel to the Si substrate surface.

Fig. 7b shows a higher resolution TEM image including

the substrate-film interface. The interface between the Si

substrate and the W:Al2O3 composite film shows an

amorphous region attributed to the Si native oxide and

the initial Al2O3 ALD cycles. More importantly, Fig. 7b

shows that the W:Al2O3 composite film is comprised of 1–

2 nm particles (dark spots) embedded in a lower density

matrix. Close inspection of the particles reveals weak lattice

fringes. Moreover, nanobeam diffraction measurements

acquired from the composite film region (not shown) exhibit

diffuse rings consistent with crystalline nanoparticles. Based

on the XPS measurements, we hypothesize that the

crystalline nanoparticles in Fig. 7b are metallic tungsten.

These tungsten nanoparticles might form through the

sintering of W atoms upon reduction of WFx surface species
Co. KGaA, Weinheim Chem. Vap. Deposition 2013, 19, 186–193
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Fig. 7. Cross-sectional TEM image of ALD W:Al2O3 composite film depos-

ited on Si substrates with 30% W. a) Low resolution image showing Si

substrate and composite film; b) higher resolution image showing nanocrys-

tals embedded in amorphous matrix.
by the TMA. The role of TMA as a reducing agent is

unexpected, but we believe this to be true for the following

reasons: 1) The microstructure and properties of the

W:Al2O3 composite films are practically identical with

and without the Si2H6; and 2) in situ infrared (IR)

measurements reveal an increase in the broadband IR

absorbance (i.e., the conductivity) of the W:Al2O3 compo-

site films when TMA follows a WF6 exposure. We will

elaborate on these findings in a future publication focusing

on the mechanism for the W:Al2O3 composite film ALD.
Fig. 8. Resistivity of ALD W:Al2O3 composites as a function of % W for films

deposited on comb chips (solid circles) and capillary glass arrays (open

circles). Solid line shows exponential fit to the resistivity data.
2.3. Electrical Resistivity

A series of ALD W:Al2O3 composite films was prepared

on comb chips and capillary glass arrays with various %W

values using 500 ALD cycles and the sheet resistance was
Chem. Vap. Deposition 2013, 19, 186–193 � 2013 WILEY-VCH Verlag G
determined using current-voltage measurements. Using the

film thicknesses determined from spectroscopic ellipsome-

try, and the known geometry of the capillary glass arrays, the

resistivity was calculated and these values are plotted in

Figure 8. A wide span of resistivity was observed ranging

from �1012 at 10% W to �108 at 30% W with the resistivity

decreasing approximately exponentially with increasing

%W cycles as demonstrated by the solid line in Fig. 8

showing an exponential decay fit to the data. The resistivity

values deduced from the comb chips (solid circles) and

capillary glass arrays (open circles) are in good agreement

demonstrating that the thickness and composition of the

ALD W:Al2O3 composite films are uniform in the high

aspect ratio (60:1) capillary pores.

The exponential relationship between resistivity and

% W cycles shown in Fig. 8 can be rationalized based on

the microstructure of the composite films. The TEM and

XPS measurements revealed that the composite films are

comprised of metallic W nanoparticles embedded in an

insulating Al2O3 (and AlF3) matrix. If the conductivity

depends on tunneling between the W nanoparticle sheets,

then the linear relationship between ALD Al2O3 cycles

and W nanoparticle sheet spacing would generate the

exponential behavior in Fig. 8. Additional studies are

underway to elucidate the transport mechanism in these

ALD W:Al2O3 composite films.

We observed that the ALD W:Al2O3 composite film

resistivity was nearly constant over a broad range of fields

from 104–108 V m�1, consistent with Ohmic behavior.

Furthermore, no breakdown was observed for any of the

films even at the highest fields of 108 V m�1. These qualities,
mbH & Co. KGaA, Weinheim www.cvd-journal.de 191
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combined with the ability to tune the resistivity over a broad

range as shown in Fig. 8, and the capability to coat high

aspect ratio substrates, make the ALD W:Al2O3 composite

films excellent candidates to serve as tunable resistance

coatings in electron amplifying devices such as MCPs. In

future publications we will elaborate on the synthesis,

characterization, and testing of MCPs prepared using these

W:Al2O3 composite films.
3. Conclusions

Nanocomposite tungsten-aluminum oxide (W:Al2O3)

thin films with tunable resistivity were prepared by ALD.

We first investigated the growth of these materials using in

situ QCM measurements to study the effect of the W cycle

ratio on the growth per cycle and the W content of the films.

These measurements revealed that the W ALD inhibits the

Al2O3 ALD and vice versa. Next, W:Al2O3 composite films

were deposited on Si substrates and evaluated using

spectroscopic ellipsometry, and these measurements agreed

fairly well with the in situ QCM measurements. Depth

profiling XPS showed that the films were uniform in

composition and comprised of Al, O, and W as expected, but

also included F and C. These finding, when combined with

the QCM measurements, suggest that the TMA reduces

the adsorbed WFx species to form AlF3 and metallic W. We

intend to follow this initial paper with more detailed studies

aimed at achieving a better understanding of the mechanism

of W:Al2O3 ALD. Cross-sectional TEM revealed that the

composite films consist of metal nanoparticles embedded in

an amorphous matrix. The resistivity of these composite

films can be tuned in the range of 1012� 108 V cm by

adjusting the W cycle ratio between 10 and 30% W. These

ALD films have application as functional coatings in

electron multipliers and as charge drain coatings on

insulating components in electron and ion optics.
4. Experimental

The W, Al2O3, and W:Al2O3 composite depositions were carried out at
2008C in a hot walled viscous flow ALD reactor described previously.[41] This
reactor was equipped with a QCM that facilitated in-situ studies of the ALD
processes. The TMA (97%, Aldrich), deionized H2O, Si2H6 (99.998%,
Aldrich) and WF6 (99.8%, Aldrich) precursors were maintained at room
temperature. The ultrahigh purity N2 carrier gas flow was set to 300 sccm,
which provided a base pressure of 1.0 Torr in the ALD reaction chamber as
measured by a heated Baratron pressure gauge (MKS model 629B). The
W:Al2O3 composite films were deposited on n-type Si(100) substrates. Prior
to ALD, the substrates were cleaned using a 10 min ultrasonic treatment in
acetone. For the Al2O3 ALD, the precursors TMA and H2O were alternately
pulsed in the continuously flowing N2 carrier flow with the timing sequence: 1s
TMA dose-5 s N2 purge-1 s H2O dose-5 s N2 purge. The TMA and H2O partial
pressures during the dosing were 0.2 Torr and 0.3 Torr, respectively. Similarly,
the W ALD used alternating exposures to WF6 and Si2H6 with the timing
sequence: 1 s Si2H6 dose-5 s N2 purge-1 s WF6 dose-5 s N2 purge, with partial
pressures of 0.25 Torr and 0.05 Torr for the Si2H6 and WF6, respectively.
These conditions for the Al2O3 and W ALD provided self-limiting growth as
verified by in situ QCM measurements.

An in situ QCM study was performed to examine the W:Al2O3 composite
ALD using different ALD cycle ratios. The QCM measurements typically
192 www.cvd-journal.de � 2013 WILEY-VCH Verlag GmbH &
used longer N2 purge times of 10 s to allow the QCM signal to stabilize after
each precursor exposure. The thicknesses of W:Al2O3 layers on Si were
determined by ex situ spectroscopic ellipsometry using a Cauchy model
(Alpha-SE, J. A. Woollam Co.). TEM analysis was performed by Evans
Analytical Group (EAG, Sunnyvale, CA). TEM samples were prepared using
the in situ FIB lift out technique on an FEI Strata Dual Beam FIB/SEM. The
samples were capped with a protective layer of carbon prior to FIB milling.
The samples were imaged with a FEI Tecnai TF-20 FEG/TEM operated at
200kV in bright-field (BF) TEM mode, high-resolution (HR) TEM mode, and
nanobeam diffraction (NBD) mode. The composition of the W:Al2O3

composite layers was determined by depth profiling XPS (Evans Analytical
Group). The relative W content in the W:Al2O3 composite films was
determined using XRF (Oxford ED2000).

The resistance of the W:Al2O3 layers was determined by performing
current-voltage (I–V) measurements using a Keithley Model 6487 current-
voltage source. To facilitate I–V measurements on these highly resistive
coatings, the films were deposited on insulating substrates with lithographi-
cally patterned comb structures comprised of interdigitated Au electrodes
with a 2mm spacing. These comb structures provided an effective contact area
of 80000 squares, and an equivalent boost in current compared to a
conventional four-point probe measurements.[42] Additional I–V measure-
ments were performed on W:Al2O3 layers deposited on high aspect ratio
(60:1) borosilicate glass capillary arrays with 20 mm pores fabricated by
Incom, Inc. (Charlton, MA). These capillary arrays were coated on both sides
with 100 nm evaporated Ni-Cr to provide a low resistance electrical contact.
These substrates were used to evaluate the suitability of the W:Al2O3

composite ALD process for MCP fabrication.
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