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Dense, smooth, and high-purity FexCo(1�x) thin films have been grown by chemical vapor deposi-

tion using a coflow of Fe(CO)5 and Co2(CO)8 precursors. High precursor fluxes and precise control

over both the substrate temperature and relative precursor pressures are keys to reproducibly

obtaining high quality films with the desired stoichiometry. Films with the composition

Fe0.55Co0.45 show excellent soft magnetic properties: the saturation magnetization of 2.45 6 0.05 T

approaches the theoretical maximum, and the coercivity is less than 20 Oe. Conformal films have

also been grown successfully in a trench structure with an aspect ratio of 4:1. VC 2015 American
Vacuum Society. [http://dx.doi.org/10.1116/1.4935449]

I. INTRODUCTION

Iron–cobalt alloys are widely used in applications ranging

from magnetic sensors to high-performance transformers

and electrical generators.1,2 These applications stem from

the remarkable properties of such alloys, which have

extremely high saturation magnetizations, low coercivities,

and high Curie temperatures. Alloys with Fe/Co ratios

between 50/50 and 70/30 are particularly useful because

they exhibit saturation magnetizations (Bs) of 2.4 T that are

the highest known among all soft magnetic materials1 that

follow the well-known Slater–Pauling curve.3

FexCo(1�x) thin films are conventionally deposited by

electrodeposition,4 sputter deposition,5 or evaporation.6 In

proposed designs of future magnetic hard drive read-write

heads, the FexCo(1�x) film must have nearly uniform thick-

ness (be conformal) over nonplanar structures such as steps

and trenches with aspect ratios of 2:1 or higher.7–9 Although

electrodeposition can be used to grow conformal layers on

high aspect ratio structures, a conformal conducting seed is

required for void free plating and critical dimension control.

Unfortunately, achieving conformality at these aspect ratios

is difficult using physical vapor deposition (PVD) methods.

One method that often provides highly conformal films is

chemical vapor deposition (CVD).10 There is some prece-

dent for using CVD to deposit FexCo(1�x) films; both single-

source and two-precursor systems have been explored (Table

I).11–14 However, in all these previous studies, the film qual-

ity was invariably poor, the saturation magnetizations (when

measured) were quite low, and no attempt was made to grow

films conformally.

Here, we describe the conformal CVD of FexCo(1�x)

using a coflow of the carbonyl precursors Fe(CO)5 and

Co2(CO)8. Although many growth conditions afford films

with the wrong stoichiometries or with columnar microstruc-

tures that are subject to air oxidation, at appropriate substrate

temperatures and partial pressures (fluxes) of the precursors,

films with near-ideal properties can be deposited reproduci-

bly. Specifically, under optimal conditions, the films are

both dense and smooth, and have saturation magnetizations

of 2.4 T with coercivities below 20 Oe. This process also

affords films with good conformality in trench structures

with aspect ratios up to 4:1.

II. EXPERIMENT

A. Precursors

The molecules Fe(CO)5 and Co2(CO)8 were selected as

precursors because they are commercially available

[Fe(CO)5 from Pressure Chemical Co.; Co2(CO)8 from

Strem Chemical Co.], are free of heteroatoms other than car-

bon and oxygen, and have high vapor pressures at room tem-

perature [21 Torr for Fe(CO)5 and �1 Torr for Co2(CO)8], so

that no carrier gas is needed. Fe(CO)5 was distilled before

use. Commercial samples of Co2(CO)8 typically contain up

to 5 wt. % hexane as a stabilizer; the hexane was removed

under vacuum before use. Purified samples of both precur-

sors were stored and handled under argon. When used in

single-source experiments, these molecules afford high qual-

ity Fe thin films15–18 at 150–500 �C and Co thin films19–24 at

50–400 �C. The growth of FexCo(1�x) films in the present

experiments is facilitated by the broad overlap of the precur-

sor reaction temperatures and the ability to establish a wide

range of partial pressures in the reaction chamber.

B. Apparatus

FexCo(1�x) film growth was carried out at the University

of Illinois using a low pressure, cold-wall CVD process. Thea)Electronic mail: abelson@illinois.edu
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growth chamber is a turbopumped high vacuum chamber with

a base pressure of 10�8 Torr (Fig. 1). The substrate was Ru

(5 nm)/SiO2 (300 nm)/Si, heated by a proportional-integral-

derivative controlled radiative heating box. The substrate tem-

perature was measured by a K-type thermocouple. Initially, the

thermocouple was affixed to the back of the heater box, but we

found that this configuration led to irreproducible film compo-

sition because the temperature control was not sufficiently pre-

cise. More reproducible results were achieved by placing the

thermocouple in direct contact with the substrate surface.

The Fe(CO)5 precursor reservoir was held at 0 �C in an

ice-water bath, and the flux of Fe(CO)5 was regulated by a

needle valve. In order to obtain enough flux of Co2(CO)8, no

needle valve was used. Instead, the Co2(CO)8 precursor res-

ervoir was immersed in a water bath regulated during growth

to within 60.5 �C. The bath temperature was chosen in the

range of 23–26 �C depending on the desired flux; over this

temperature range, the absolute flux of Co2(CO)8 increases

by a factor of 2.

The precursor fluxes were delivered to the chamber

through separate stainless steel tubes. The flows of each pre-

cursor were adjusted separately before film growth (i.e., with

a cold substrate) to obtain the desired background pressures

in the chamber, as measured with a capacitance manometer

mounted away from the substrate position. We point out,

however, that gases exiting dosing tubes have significant

forward-directed velocities, and therefore, when pointing to-

ward the substrate at near normal incidence, the fluxes im-

pinging on the substrate were larger than those that would be

calculated from the background pressures. We took advant-

age of this fact to investigate film growth at two different

fluxes (but the same background pressure). Under “low flux”

conditions, dosing tubes pointed away from the substrate so

that local precursor fluxes on the substrate surface were the

same as the background fluxes in the chamber [Fig. 1(a)]. In

selected “high flux” experiments, dosing tubes pointed to-

ward the substrate at near normal incidence, the distance

between the end of each tube and the substrate surface was

TABLE I. Reports on CVD growth of FexCo(1�x) alloy thin films. ND, not detected; NR, not reported; and Cp, cyclopentadienyl.

Precursor Fe content x Tsubstrate (�C) Impurities (at. %) Saturation magnetization (emu/g) Coercivity (Oe) References

CpFeCo(CO)6 0.55 300–350 C: 0.05, O: ND NR NR 11

0.24 50a C: 4, O: 8 30.5 NR 12

HFeCo3(CO)12 0.50 300–350 C: ND, O: ND 102 NR 11

0.24 200 C: 2–3, O: 5 NR NR 13

0.54 50a NR NR NR 12

CpFe2Co(CO)9 0.46 50a NR NR NR 12

Fe(CO)5Co(CO)3NO 0.50 50a C:< 1, O: 5–10 24.2 NR 14

Fe(CO)5Co2(CO)8 0.12–0.40 50a NR NR NR 14

0.55 230 C: ND, O: 1 244b, (2.45 T) <20 This work

aPhoto-CVD.
bAssuming bulk Fe0.55Co0.45 density.

FIG. 1. Turbopumped high vacuum chamber for cold wall CVD: (a) “Low flux condition” setup and (b) “high flux condition” setup.

061521-2 Zhang et al.: Iron–cobalt alloy thin films with high saturation magnetizations grown 061521-2

J. Vac. Sci. Technol. A, Vol. 33, No. 6, Nov/Dec 2015



65 mm. A collimator was added to further enhance the par-

tial precursor fluxes above the substrate. The collimator con-

sisted of a 20 mm i.d. aluminum tube, which was mounted

on the ends of the gas delivery tubes and which extended

closer to the substrate, so that the distance between the end

of the collimator and the substrate surface was only 40 mm

[Fig. 1(b)]. No magnetic field was applied to the substrate

during growth.

To facilitate ex situ analysis, selected FexCo(1�x) films

were capped before they were removed from the growth

chamber with a layer of CVD grown HfB2—a high-

performance diffusion barrier—to eliminate oxidation upon

air exposure.25 Compositional analyses were performed

using Auger electron spectroscopy. Film microstructure and

thicknesses were measured by SEM on fracture cross-

sections and by TEM on FIB-prepared cross-sections.

Magnetic hysteresis loops were measured at Seagate

Technology on a carefully calibrated vibrating sample mag-

netometer (Princeton MicroMag 3900). FexCo(1�x) samples

of dimensions (5� 5) cm2 were used to measure the easy

and hard axes hysteresis loops with magnetic field oriented

in the film plane. The magnetic field was swept between

61 T in steps of 2 Oe until full saturation was achieved. The

magnetic moment was then normalized to the total volume

of FexCo(1�x) thin films, calculated from the sample area

measured by high resolution optical microscope and film

thickness measured by cross sectional TEM (Fig. 4), which

were performed at Seagate. The sum of errors arising from

contributions of area, thickness, and VSM is estimated to be

60.05 T.

III. RESULTS AND DISCUSSION

Depositions of FexCo(1�x) films from the carbonyl precur-

sors Fe(CO)5 and Co2(CO)8 were carried out on Ru (5 nm)/

SiO2 (300 nm)/Si substrates at temperatures less than 250 �C
to stay within the thermal budget for device fabrication. The

Ru seed layer was employed to facilitate initial nucleation

and promote soft magnetic properties of deposited

FexCo(1�x) film.26 Because the depositions involve two dif-

ferent precursors with different volatilities and film deposi-

tion rates, an important issue is how the film composition

varies with the substrate temperature and precursor partial

pressures. We investigated two different flux conditions, one

at low fluxes and the other at high fluxes. Note that our CVD

system operates in the low pressure regime (<0.1 mTorr) for

both low and high flux growth; therefore, gas-phase colli-

sions are minimal and only surface reactions need to be

considered.

A. Low flux conditions

One series of films was deposited at a substrate tempera-

ture of 210 �C, a constant Co2(CO)8 background pressure of

0.06 mTorr, and Fe(CO)5 background pressures ranging up

to 0.24 mTorr. We refer to these as “low flux” conditions.

For Fe(CO)5 pressures between 0.14 and 0.24 mTorr, the

fraction of iron in the FexCo(1�x) films increases slightly

with increasing Fe(CO)5 pressure, from x¼ 0.72 at 0.15

mTorr to x¼ 0.78 at 0.24 mTorr [Fig. 2(b)]. However, these

Fe-rich films have a columnar microstructure (Fig. 2) with

an oxygen content of �10 at. %; capping experiments (see

Sec. II) show that the oxygen arises by diffusion of oxygen

or water molecules into the intercolumn void spaces after the

films are taken into air.

Because the films described in the previous paragraph

were iron-rich relative to the desired content of x¼ 0.5–0.7, a

smaller Fe(CO)5 pressure of 0.11 mTorr was investigated.

The microstructure is now dense [Fig. 2(a)] and the oxygen

content low, <1 at. %. Surprisingly, however, the Fe content

is very low: x¼ 0.36 near the surface (Fig. 2). The composi-

tion is not constant with depth and is Co-rich near the surface

but Fe-rich near the substrate interface (Fig. 3). This result

indicates that the deposition kinetics under low flux conditions

FIG. 2. Plot shows pressure dependence of Fe content under low flux growth

conditions. Inserted cross-sectional images show microstructures for films

deposited on Ru-coated SiO2 substrate at 210 �C from (a) 0.11 mTorr of

Fe(CO)5 and 0.06 mTorr of Co2(CO)8, or (b) 0.15 mTorr of Fe(CO)5 and

0.06 mTorr of Co2(CO)8. The open, faceted microstructure of (b) indicates

the instability of growth at higher Fe fluxes.

FIG. 3. (Color online) Auger sputter depth profile of a film deposited on Ru-

coated SiO2 substrate at 210 �C under low flux conditions from 0.11 mTorr

of Fe(CO)5 and 0.06 mTorr of Co2(CO)8. Carbon content (not shown) is

below the detection limit. Hafnium and boron in the HfB2 capping layer

(sputtering times up to 25 s), silicon in the substrate, and ruthenium in the

seed layer are not shown for simplicity.
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is a complex, nonlinear function of the precursor pressures.

The compositional gradient was not due to variations in the

precursor fluxes, which were verified to be constant.

Numerous additional film deposition studies (not shown) at

Co2(CO)8 pressures of 0.01–0.08 mTorr, Fe(CO)5 pressures of

0.04–0.29 mTorr, and substrate temperatures of 200–250 �C
all exhibited the same features: films with x< 0.5 had a dense

microstructure but variable composition across the film thick-

ness, and those with x> 0.7 had a columnar microstructure

and high oxygen content. Under these low flux conditions, the

growth of dense, smooth, and compositionally uniform films

within the target range x¼ 0.5–0.7 was elusive.

In thin film deposition, increased surface roughness and

columnar microstructures tend to be seen when high spots

(peaks) in the surface topography intercept more of the inci-

dent flux than neighboring low spots (valleys).27 The surface

will be smoother, and the formation of columns averted,

when the sticking coefficient of the precursor is reduced;

under these conditions, the precursor flux redistributes

(homogenizes) because precursor molecules that fail to stick

on the high spots in the topography can subsequently arrive

in the valleys. In CVD, the sticking coefficient can in many

cases be reduced through the use of higher precursor fluxes.

Mechanistically, this occurs when a large fraction of the re-

active surface sites become blocked by adsorbed precursor

or byproduct species, such that subsequently arriving mole-

cules find no strong binding (chemisorption) sites and

bounce off.28 We therefore investigated the growth of

FexCo(1�x) films at higher precursor fluxes.

B. High flux conditions

As mentioned above, high flux conditions were estab-

lished by pointing the precursor fluxes normal to the

substrate and attaching a collimator to the ends of the dosing

tubes. The modified setup does not change the background

pressures measured remotely in the chamber, but forward-

directed gas streams and the reduced distance between the

substrate and collimator greatly increase precursor fluxes on

the substrate surface. Meanwhile, the use of a gas collimator

with a diameter of 20 mm, comparable to the substrate

dimension, affords reasonably uniform fluxes on the sub-

strate surface.

Precursor fluxes under high and low flux condition were

estimated experimentally using conditions such that the

growth rate was kinetically limited by the flux, and therefore

proportional to the flux. Pure Fe films were grown at 200 �C
with Fe(CO)5 background pressure of 0.1 mTorr at both high

flux and low flux conditions; the growth rate ratio was 3.5.

Therefore, we conclude that the precursor flux was approxi-

mately 3.5 times larger in the high flux condition.

At the higher fluxes generated by the collimators,

FexCo(1�x) films grown at 230 �C are of very high quality:

they are dense, noncolumnar, low in oxygen and carbon (<1

at. %), and compositionally homogeneous. With Co2(CO)8

background pressures of 0.05–0.07 mTorr and Fe(CO)5

background pressures of 0.07–0.17 mTorr, the films can be

obtained reproducibly with iron contents between x¼ 0.42

and x¼ 0.76. For example, 340 nm thick films (Fig. 4) with

x¼ 0.55 can be grown in 6 min at 230 �C with an Fe(CO)5

background pressure of 0.14 mTorr and a Co2(CO)8 back-

ground pressure of 0.05 mTorr. This film has a Fe to Co ratio

that is constant with depth (Fig. 5), an oxygen content of

only �1 at. %, and a carbon content below the detection

limit of �1 at. %. X-ray analysis indicates a polycrystalline

structure, with a lattice constant consistent with bulk values

for this composition.1 (See supplementary material in Ref.

29.) Magnetic hysteresis loops measured at room tempera-

ture show that the film has a coercivity between 13 and

20 Oe (depending on the in-plane direction), consistent with

FIG. 4. Cross-sectional bright field TEM image of Fe0.55Co0.45, grown on

Ru-coated SiO2 substrate at 230 �C under high flux conditions from 0.14

mTorr of Fe(CO)5 and 0.05 mTorr of Co2(CO)8. The average thickness is

336 nm. The morphology is dense, free of voids, and exhibits crystallo-

graphic columns perpendicular to the substrate, as expected for a deposited

metal film. Dark contrast at the top and bottom is due to the HfB2 cap and

the Ru seed layer, respectively.

FIG. 5. (Color online) Auger sputter depth profile of Fe0.55Co0.45, grown on

Ru-coated SiO2 substrate at 230 �C under high flux conditions from 0.14

mTorr of Fe(CO)5 and 0.05 mTorr of Co2(CO)8. Carbon content (not shown)

is below the detection limit. Hafnium and boron in the HfB2 capping layer

(sputtering times up to 150 s), silicon in the substrate, and ruthenium in the

seed layer are not shown for simplicity.
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the low impurity concentrations, and a saturation magnetiza-

tion of 2.45 6 0.05 T, the highest value possible in the Fe-Co

system (Fig. 6). The coercivities are comparable with those

of high quality PVD-grown films of similar composition and

thickness5 and can be further reduced by postdeposition

annealing in the presence of an in-plane field30 or using dif-

ferent seed layers.5,31 The saturation magnetization of

2.45 6 0.05 T seen for films with a composition Fe0.55Co0.45

is essentially equal to the well-known Slater–Pauling maxi-

mum Bs, which in bulk samples is seen at a composition of

Fe0.65Co0.35.

C. Temperature dependence

The stoichiometry of the films grown under high flux con-

ditions is reproducible, provided that the growth temperature

is very precisely controlled. Temperature variations of sev-

eral degrees (or more) are typical in vacuum deposition proc-

esses because IR radiative coupling between the heater and

the substrate is weak. In addition, because this is a CVD pro-

cess, metal may be deposited on the emitting and receiving

surfaces within the heater enclosure during successive film

growths, which shifts the emissivity values. We found that

these small temperature variations caused large changes in

film stoichiometry: three films grown at the same nominal

temperature of 230 �C (measured using the original thermo-

couple location) were dense and compositionally homogene-

ous, but had iron contents that were 0.48, 0.55, and 0.62.

This variability probably reflects the strong dependence of

the rate of deposition of iron from the Fe(CO)5 precursor,

which is known to decrease with increasing temperature.32,33

We performed one test experiment in which the nominal

substrate temperature was decreased in stages during film

growth. The Fe concentration was observed to increase, con-

sistent with the reported trend.

Reproducible film stoichiometries can be obtained by

affixing the thermocouple directly to the substrate. Under

these conditions of more precise temperature control, tripli-

cate repetition at 230 �C under the same growth conditions

afforded films with consistent compositions: the iron content

was 0.55, 0.53, and 0.53.

Not surprisingly, in view of the results above, the width

of the temperature window for obtaining high-quality films

is rather narrow. For the precursor fluxes that give the high-

FIG. 6. (Color online) Magnetic properties of Fe0.55Co0.45 film grown on Ru-

coated SiO2 substrate at 230 �C under high flux conditions from 0.14 mTorr

of Fe(CO)5 and 0.05 mTorr of Co2(CO)8. The two magnetization loops were

taken along two orthogonal in-plane directions. The magnetization is

obtained by normalizing the moment to the total volume of the FeCo film.

The average saturation value of the two field directions is 2.45 T.

FIG. 7. Cross-sectional SEM image of FeCo film grown at 230 �C under high

flux conditions from 0.14 mTorr of Fe(CO)5 and 0.05 mTorr of Co2(CO)8 in

Ru-coated SiO2 trench structures, aspect ratios are labeled at the trench bot-

tom; (a) and (b): variable trench structures exhibit good film conformality

for aspect ratio below �4 and onset of pinch-off for aspect ratios above �4;

(a) and (b) are from the same cross section, displayed here in two pieces for

clarity; (c) in an aspect ratio of 3:1, modest thickness variations are due to

the directionality of the incident flux.
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moment Fe0.55Co0.45 films at 230 �C, we find the following.

At 210 �C, the films are columnar, are richer in Fe, and have

an oxygen content of 10 at. % after air exposure. At 235 �C,

the films are dense and relatively smooth, but are richer in

Co near the surface and are compositionally nonhomogene-

ous. All of these properties are similar to those seen for the

films grown under low flux conditions.

D. Conformal growth in trench structures

Under the optimal growth conditions described above

[high flux conditions, substrate temperature of 230 �C,

Fe(CO)5 background pressure of 0.14 mTorr, and Co2(CO)8

background pressure of 0.05 mTorr], the films were grown

in trenches with progressively higher aspect ratios (Fig. 7).

For AR� 4, the conformality is good with uniform sidewall

thickness [Fig. 7(a)]; whereas for AR> 4, the lower side-

walls are coated uniformly but pinch-off effects are apparent.

In a trench with an aspect ratio of 3:1, the sidewall thickness

is greater on the right than on the left [Fig. 7(c)]. This asym-

metry is attributed to a slight off-normal angle of incidence

for the forward-directed precursor flux, in combination with

an effective sticking coefficient that we estimate to be

�0.1–0.3; the latter is low enough to afford conformality,

but high enough that asymmetry in the incident flux still

matters. Note that the bottom coverage (defined as ratio of

film thickness at bottom to that at top) is approximately

66%, which is significantly higher than that can be achieved

by standard PVD methods.

IV. CONCLUSION

We demonstrate a process to grow dense, smooth, and

high-purity FexCo(1�x) thin films by CVD using a coflow of

the precursors Fe(CO)5 and Co2(CO)8 at a substrate tempera-

ture of 230 �C. Successful growth requires relatively high

precursor fluxes above the substrate and precise control of

substrate temperature. At a composition x¼ 0.55, the coer-

civity is <20 Oe, and the saturation magnetization attains

the theoretical maximum of 2.45 6 0.05 T. Conformality

was good: in trench structure of aspect ratio �4, film thick-

ness is uniform on the trench walls and bottom.
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