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This paper provides a detailed analysis of the deposition of iron by chemical vapor deposition from

the well-known precursor iron pentacarbonyl, Fe(CO)5. The authors show that at a constant temper-

ature (e.g., 300 �C) the growth rate decreases monotonically with time. Growth eventually ceases

altogether at a certain film thickness and cannot restart, even under conditions that are favorable for

nucleation. The authors propose that the reduction in Fe deposition rate observed here and in previ-

ous studies results from surface poisoning: the dissociative chemisorption of CO molecules on the

Fe surface at elevated temperature forms inactive surface species, especially graphitic carbon,

which accumulate on the surface and eventually stop Fe growth. Remarkably, the surface poisoning

effect can be inhibited, so that Fe deposition occurs at a constant rate with no self-limiting growth

behavior, by coflowing NH3 along with the Fe(CO)5 precursor during growth. The adsorbed NH3

inhibits CO chemisorption by displacing CO from the growth surface and inhibiting CO chemisorp-

tion. The resulting Fe films are of high purity, i.e., carbon and nitrogen contents each below 1 at. %.
VC 2016 American Vacuum Society. [http://dx.doi.org/10.1116/1.4961942]

I. INTRODUCTION

Thin films of Fe and Fe-based alloys have numerous

device applications, including FePt for thermally stable

recording media,1 FePb for ferromagnetic shape memory

alloys,2 and FeNi, FeCo, and FeNiCo for use in data storage

or MEMS devices.3 The growth of such films via the chemi-

cal vapor deposition (CVD) process is attractive because of

the ability of CVD to coat three-dimensional or recessed

structures. To date, however, the growth of iron-containing

thin films with useful properties by CVD exhibits anomalous

kinetics. For example, literature reports on Fe CVD from

Fe(CO)5 suggest that the growth rate decreases with increas-

ing substrate temperature from 200 to 450 �C, contrary to the

expectation that thermal activation should increase the

growth rate.4–7 The latter effect has been attributed to etch-

ing of the deposited Fe at higher temperatures by reaction

with byproduct CO molecules.7 However, as we will show

below, this reaction is thermodynamically unfavorable under

the CVD conditions used, and therefore cannot be correct.

We recently reported that FeCo alloys with saturation

magnetizations near the theoretical maximum can be grown

by low temperature CVD from the precursors Fe(CO)5 and

Co2(CO)8.8 We found, however, that the film composition

was unusually sensitive to growth temperature and precur-

sors fluxes: at higher growth temperatures, the Fe content

typically was greatest at the beginning of the deposition but

decreased significantly as the deposition proceeded. These

problems could be solved, but only by strictly confining the

deposition temperatures and pressures to a very small range;

however, the cause of the compositional variation remained

unknown.

In this paper, we describe in detail the unusual tempera-

ture dependence of the growth rate of Fe from Fe(CO)5, and

we propose a mechanistic explanation of the anomalous

behavior based on dynamic surface poisoning due to CO

ligand reactions. We then describe a way to eliminate the

anomalous behavior by coflow of NH3, which suppresses

CO reactions by competitive surface chemistry.

II. EXPERIMENT

Fe thin films were grown in a cold wall, turbopumped

chamber of high vacuum construction8 with pumping speeds

of approximately 22 and 58 l/s for the Fe(CO)5 precursor and

for CO, respectively. The substrate was Ru (5 nm)/SiO2

(300 nm)/Si, of area �1� 1 cm2, placed on a stainless steel

substrate holder, radiatively heated to temperatures of

200–300 �C as measured by a thermocouple attached close

to the substrate on the holder surface. The total area of hot

heater block is approximately 20 cm2. The precursor

Fe(CO)5, which has a relatively high vapor pressure at room

temperature (21 Torr), was cooled to 0 �C in an ice-water

bath and the flux to the chamber was regulated by a needle

valve. Prior to each experiment, precursor was flowed at

high rate for 1 min in order to assure that no contaminants or

byproducts remained in the source container. In selected

experiments, carbon monoxide or NH3 gas was delivered as

a coflow. All fluxes were delivered to the chamber through

separate stainless steel tubes of inner diameter 4.8 mm. The

Fe(CO)5 flux was pointed toward the substrate unless other-

wise specified; the flux of carbon monoxide or NH3 wasa)Electronic mail: abelson@illinois.edu
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pointed to the cold chamber wall. The flows of each molecule

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

substrate) to obtain the desired partial pressures, as measured

with a capacitance manometer mounted away from the sub-

strate position. Fe(CO)5 pressure was 0.10 mTorr in the depo-

sitions, unless otherwise specified. Both Fe(CO)5 and NH3

were distilled before use, the latter from sodium to remove

traces of water. Ex situ compositional analyses were per-

formed using XPS. Film microstructure and thicknesses were

measured by SEM on fracture cross-sections and in selected

cases by Rutherford backscattering spectrometry (RBS).

Measurements taken from various positions on each film con-

firmed uniform film thickness within 65%.

III. RESULTS AND DISCUSSION

We have carried out a series of studies to better under-

stand the chemical vapor deposition of iron from the car-

bonyl precursor Fe(CO)5. In Subsecs. III A–III F, we provide

experimental evidence concerning (Sec. III A) the growth

rate as a function of temperature, (Sec. III B) the effect of

intentionally added CO, and (Sec. III C) the self-limiting

thickness of the resulting films; we then hypothesize and dis-

cuss (Sec. III D) the mechanism of surface poisoning by dis-

sociative chemisorption of CO and (Sec. III E) the effect of

adding hydrogen; finally we introduce, document, and dis-

cuss (Sec. III F) the elimination of surface poisoning by a

coflow of NH3 during growth.

A. Growth rate and morphology of Fe films versus
temperature

Our initial experiments examined the Fe film thickness

produced from Fe(CO)5 at a constant precursor pressure of

0.10 mTorr and constant growth time of 10 min, but at dif-

ferent growth temperatures. The net thickness divided by

growth time decreased sharply with increasing tempera-

ture, from 120 nm/min at 200 �C to �5 nm/min at 300 �C
(Fig. 1). In addition to the change in average growth rate,

the film morphology changed from sharply faceted and

columnar at 200 �C to featureless and relatively smooth at

300 �C (Fig. 1).

This behavior is consistent with literature reports on Fe

growth from Fe(CO)5 under both atmospheric pressure and

low pressure CVD conditions: Lane et al.,4 Senocq et al.,6

and Low et al.5 observed that the Fe growth rate decreases at

higher temperatures. They attributed this unexpected behav-

ior to an etching reaction in which the byproduct CO reacts

with deposited Fe to reform the Fe carbonyl at elevated

temperature.

We point out, however, that the Gibbs energy change for

the Fe(CO)5 decomposition reaction is �136 kJ/mol at

300 �C,9 so the reverse reaction is extremely unfavorable: in

thermodynamic equilibrium, for 0.10 mTorr of Fe(CO)5 pre-

cursor, it would require >20 atmospheres of CO to drive the

Fe(CO)5 decomposition reaction backward. Consistent with

this value, the industrial synthesis of Fe(CO)5 from Fe and

CO is performed at 150–200 �C under 50–300 atmospheric

pressures of CO.10 The pressures of CO in our experiments,

and in other studies of Fe deposition from Fe(CO)5, are

many orders of magnitude smaller. Hence, etching of Fe by

CO is impossible under typical CVD conditions, and another

factor must be responsible for the decrease in growth rate at

higher temperature.

B. Effect of coflow of carbon monoxide on Fe growth

Although it is thermodynamically impossible for CO to

etch iron under our growth conditions, CO may affect the Fe

deposition in other ways. To explore this possibility, we

added CO to the chamber during growth from 0.03 mTorr

Fe(CO)5 at 200 �C (Fig. 2). Interestingly, the effect of

increasing the partial pressure of CO from 0 to 3 mTorr was

similar to the effect of increasing the substrate temperature

in the absence of added CO: the average growth rate (as cal-

culated from the net thickness divided by the growth time)

decreased. In addition, at the higher CO pressures, the film

microstructure changed from columnar and faceted to dense

and smooth, so that the morphology of a film grown with

3 mTorr coflow of CO at 200 �C is very similar to that seen

FIG. 1. Fe film thickness and morphology (insets) vs substrate temperature at

a precursor pressure of 0.10 mTorr for a constant growth time of 10 min.

FIG. 2. Fe film thickness and morphology vs added CO pressure at a sub-

strate temperature of 200 �C, a precursor pressure of 0.03 mTorr, and a

growth time of 10 min.
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for films grown at 300 �C using the precursor alone. If a sin-

gle mechanism controls both the change in growth rate and

the change in morphology, these results raise the intriguing

possibility that this same mechanism can be activated either

by higher temperatures or by a higher partial pressure of CO.

C. Self-limiting thickness and the instantaneous
growth rate

We now present a series of experiments that shows that

the growth rate of Fe from Fe(CO)5 is not a constant with

time, but rather decreases monotonically over the course of
a deposition run. Consequently, it is somewhat misleading

in this system to report growth rates as the thickness divided

by the growth time, because the derived value is not funda-

mental. Such isochronal experiments can, however, give

general information about the change in average growth rate

as a function of the deposition conditions.

If the growth rate decreases steadily with time, then the

films should reach a limiting thickness and then stop grow-

ing. This is indeed what we see at 300 �C. One Fe film was

grown at 300 �C for 10 min and a precursor pressure of

0.10 mTorr; the final thickness was 50 nm (Fig. 3). A second

Fe film was grown at 300 �C for 30 min at the same partial

pressure was again 50 nm thick, indicating that the film

growth had stopped within the first 10 min. In contrast, at

lower temperatures of 200 or 250 �C, growth continues to

occur (i.e., the films are still becoming thicker) at the 10 min

mark.

Once the films have stopped growing, growth cannot be

reinitiated. This conclusion was reached by growing a film

in two steps: first at 300 �C for 10 min, then at 200 �C for an

additional 10 min. Despite the exposure to precursor at

200 �C, at which temperature film growth should take place,

the resulting film thickness was also 50 nm. This experiment

provides further evidence that the reduction in growth rate at

higher temperatures cannot be the result of a higher desorp-

tion rate of unreacted precursor, as proposed previously by

others. The most reasonable conclusion is that the surface

changes during a deposition run and eventually becomes

unable to sustain growth.

The above results led us to monitor directly the film thick-

ness as a function of time, so as to determine how the instan-

taneous growth rate changes in the course of a deposition

under constant conditions. Films were grown at 300 �C and a

precursor pressure of 0.10 mTorr, and the thickness was

measured by RBS for deposition times varying from 0.5 to

30 min. As we expected, the film growth rate decreases con-

tinuously from over 10 nm/min at the beginning of the run,

to 0 nm/min after �10 min. The film asymptotically

approached a final thickness of 25 nm (Fig. 4). For these

experiments only, the precursor flux was reduced by a factor

of �2.5 relative to the conditions of Fig. 1 by directing the

injection tube toward the cold chamber wall instead of the

substrate. The smaller self-limiting thickness is the result of

the lower precursor flux.

Consistent with the results in Sec. III B, addition of CO

also reduces the self-limiting thickness of the films: At

300 �C and a precursor partial pressure of 0.10 mTorr, a film

grown for 30 min with a coflow of 4 mTorr of CO reached a

limiting thickness of only 15 nm, instead of 50 nm without

added CO.

The results of this section can be summarized as follows.

At a substrate temperature of 300 �C, Fe films grown from

Fe(CO)5 reach a self-limiting thickness and then stop grow-

ing; the limiting thickness is even smaller if CO is coflowed

with the precursor. Interestingly, this self-limiting effect

should provide a means to obtain highly conformal and

smooth coatings in deep features, such as trenches or vias,

provided that the dimensions are large enough that the

FIG. 3. SEM cross-section images of Fe films grown using a precursor pressure of 0.10 mTorr at: (a) 300 �C for 10 min; (b) 300 �C for 10 min then 200 �C for

10 min; and (c) 300 �C for 30 min.

FIG. 4. RBS thicknesses of Fe films grown at a substrate temperature of

300 �C and a precursor pressure of 0.10 mTorr for different lengths of time.
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self-limiting phenomenon occurs. Adding CO to the growth

affords a means to regulate this thickness to smaller values

or to assure conformal coverage in features with very small

dimensions.

D. Hypothesis: Surface poisoning slows Fe growth

It is well established that a reduction in the density of

active surface sites can diminish the growth rate in CVD,

e.g., due to dopant segregation11–14 in silicon CVD. Here,

we propose that the self-limited deposition of Fe in the cur-

rent CVD process is likewise due to a decrease in the density

of active surface sites caused by a second chemical reaction,

which slowly but steadily poisons the surface. This hypothe-

sis draws on known reaction chemistry for Fe surfaces, and

is the CVD equivalent of the poisoning effect known to

occur in many catalytic processes.15

The productive reaction in the current CVD process is the

decomposition of adsorbed Fe(CO)5 precursor, which yields

Fe and adsorbed CO on the film surface16,17

FeðCOÞ5ðadsÞ ! Feþ 5COðadsÞ: (1)

The adsorption, dissociation, and reaction of CO on Fe surfa-

ces have been investigated for decades, especially in studies

of the Fischer–Tropsch (F-T) process that synthesizes hydro-

carbons from CO and H2.15 These results are directly rele-

vant to our findings. Specifically, it is well established that

CO can physisorb onto clean iron surfaces. In a subsequent

step, the physisorbed CO may desorb intact [the reverse of

Eq. (2)] or undergo dissociative chemisorption to carbon and

oxygen atoms18–20

COðgÞ ! COðadsÞ; (2)

COðadsÞ ! CðadsÞ þ OðadsÞ: (3)

The products in Eq. (3) are chemically active and react by

means of several competitive channels. One of these is chan-

nels is reaction to form iron oxides and carbides,15 another is

reaction of oxygen atoms with CO(ads) to form CO2(g), and

a third is conversion of carbon atoms to graphitic carbon

deposits on the surface

CðadsÞ þ xCðadsÞ ! Cgraphitic: (4)

The formation rate of graphitic carbon on iron increases

sharply with temperature; an activation energy of 27 kcal/

mol was reported for carbon deposition between 285 and

338 �C.21 In F-T catalysis, the accumulation of graphitic car-

bon eventually blocks active surface sites, which reduces

and ultimately shuts down the catalytic activity of the iron

substrate. Although F-T synthesis has mostly been per-

formed using Fe powders, smooth Fe surfaces exhibit the

same effect: the catalytic reduction of carbon monoxide over

Fe at 260 �C slows down and eventually stops owing to the

accumulation of graphitic carbon.18

Similarly, we propose that the accumulation of graphitic

carbon by reaction (4) slows and eventually stops deposition

of additional Fe in the present CVD process by blocking the

active sites for Fe growth. Although we do not know whether

these active sites are the same as those that are active for

F-T catalysis, the outcome—poisoning of the surface so that

it is inert toward further reaction—is the same.

In Fe CVD, C(ads) as well as iron oxides and carbides

can potentially be buried by subsequent Fe film deposition (a

pathway that is not operative in F-T synthesis). If the forma-

tion rate of poisons such as inactive carbon is relatively low,

it might be possible to bury the carbon atoms quickly enough

that the growth rate is reduced but not stopped. At a high for-

mation rate of inactive carbon, however, i.e., at high temper-

ature or with a large flux of CO from the gas phase, the

buried carbon will saturate and then segregate onto the film

surface,22,23 similar to the carbon segregation mechanism of

graphene formation.24–26 As carbon builds up on the surface,

fewer active sites remain available for precursor adsorption

and reaction, and film growth slows and eventually stops. It

has also been reported that carbon atoms migrate and prefer-

entially segregate on specific facets,23 which is consistent

with the disappearance of facets we see when the Fe deposi-

tions are conducted at higher temperatures (Fig. 1) or in the

presence of excess CO (Fig. 2).

Ex situ XPS analysis of our Fe films shows that only small

amounts of carbon are present on the fully poisoned Fe sam-

ple surface grown at 300 �C; the amount is similar to what

would be expected from exposure to the atmosphere during

sample transfer. After 5 s of Arþ plasma sputtering to

remove surface carbon contamination, XPS detected a very

small carbon peak slightly above the noise level, consistent

with a low equilibrium solubility (less than 0.02%) of car-

bon27 at the growth temperature (Fig. 5). Precise measure-

ment of the carbon content on the film surface prior to air

exposure would require in situ angle resolved XPS (Ref. 28)

which was not available in this work.

FIG. 5. Ex situ XPS of Fe film grown at 300 �C using a precursor pressure of

0.10 mTorr. Film was sputtered by Ar plasma for 5 s to remove surface car-

bon contamination. The peak at 529 eV is oxygen peak due to air exposure;

however, after 5 min of Ar plasma sputtering, this peak cannot be resolved,

corresponding to a detection limit of <1 at. %. The very small peak at

285 eV (inset) corresponds to a carbon incorporation less than 1 at. %.
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The poisoning effect of carbon explains why previous

workers found that the iron growth rate from Fe(CO)5 slows

considerably as the temperature is increased to about 300 �C.

In one of these earlier studies, Lane et al.7 investigated how

the iron deposition rate was affected by coflowing the olefin

pentamethylcyclopentadiene with the Fe(CO)5, using hydro-

gen as a carrier. At 200 �C, the growth rate decreased almost

linearly with the amount of olefin added; in retrospect, this

observation is consistent with the olefin providing carbon

atoms that poison the surface. At 300 �C and above, addition

of olefin increased the amount of deposition (the growth rate

is nearly zero without it). In Lane’s study, however, film

composition was not investigated, and the results could be

explained if the pentamethylcyclopentadiene pyrolyzes at

the higher temperatures. In other words, the apparent

increase in iron deposition rate may actually have reflected

deposition (or codeposition) of carbon.

Mechanistically different adsorbate-related effects on Fe

growth from Fe(CO)5 have been described. Below room

temperature, Zaera17,29 showed that byproduct CO remains

intact on the surface and stops Fe growth by inhibiting

adsorption of additional Fe(CO)5. Above room temperature,

the adsorbed CO can be displaced by incoming Fe(CO)5

molecules and continuous Fe deposition then occurs. At ele-

vated temperature, Carlton and Oxley showed that higher

pressures of CO (20 Torr) can suppress the Fe deposition

rate from Fe(CO)5; the explanation to the inhibition effect

was that carbon monoxide bonds to the iron surface

strongly.30

E. Effect of hydrogen on Fe growth

In principle, the addition of hydrogen could suppress the

formation of inactive carbon by removing surface carbon in

the form of volatile hydrocarbons. We introduced a coflow

of 4 mTorr H2 with 0.10 mTorr Fe(CO)5 at growth tempera-

tures from 200 to 300 �C. Interestingly, the growth rate was

not affected by the added H2. This result is consistent with

studies of the F-T process in the same temperature range: the

Fe catalyst becomes deactivated due to carbon deposits even

in the presence of H2. Similarly, in literature reports of Fe

CVD, the phenomenon of a decreasing growth rate was

observed even when 500 sccm of H2 (Ref. 5) or one atmo-

spheric pressure of H2 (Ref. 4) was coflowed with the

Fe(CO)5 precursor. Evidently, either the surface population

of H atoms, or the rate at which the surface C atoms react

with H atoms on the Fe surface, is negligible under the con-

ditions involved.

F. Elimination of poisoning using NH3 coflow

If there were a way to inhibit the dissociative chemisorp-

tion of carbon monoxide, reaction (3), then it would be pos-

sible to eliminate the poisoning effect. Even if the inhibition

effect is not 100% efficient, any residual carbon atoms could

be consumed by formation of bulk iron carbide, or buried by

subsequently deposited iron, so that the inactivating effect of

graphitic carbon would be avoided.

We have found that addition of ammonia to the deposi-

tion process has exactly this effect on the CVD of Fe from

Fe(CO)5. Specifically, for Fe films grown from 0.10 mTorr

of Fe(CO)5 in the presence of a coflow of 4 mTorr NH3, the

growth rate (which is flux-limited under these conditions) is

essentially constant between 200 and 300 �C (Fig. 6); in

other words, the poisoning effect seen at 300 �C when iron is

deposited from Fe(CO)5 in the absence of ammonia has been

almost completely eliminated.

Note that the growth rate with coflow of NH3 at 200 �C is

smaller than the (initial) growth rate without dosing gas. This

may be due to scattering by NH3 molecules of the forward-

directed precursor flux away from the substrate surface. This

hypothesis was supported by varying the NH3 pressure during

Fe growth at 300 �C (Fig. 7). For partial pressures <0.5 mTorr,

the poisoning effect is not totally eliminated: the film growth

begins with a dense layer, then tall features emerge, and the

overall thickness is lower than for growth with greater pres-

sures of NH3. The highest growth rate occurs for a NH3 pres-

sure of 0.5 mTorr, where the growth rate is 17 times higher

FIG. 6. Fe film thickness and morphology (insets) vs substrate temperature

with a coflow of 4 mTorr NH3, a precursor pressure of 0.1 mTorr, and a

growth time of 10 min.

FIG. 7. Fe film thickness and morphology (insets) vs NH3 pressure at a sub-

strate temperature of 300 �C, a precursor pressure of 0.1 mTorr, and a

growth time of 10 min.
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than when using the precursor alone. For NH3 pressures of

1 mTorr and above, the growth rate is slightly reduced, which

may also be due to increased gas phase scattering.

The added ammonia does not detectibly change the com-

position of the films. The amount of nitrogen in the depos-

ited film is below the XPS detection limit of �1 at. % (data

not shown). This result is consistent with studies of NH3 on

Fe surfaces: above 100 �C, ammonia reacts to form chemi-

sorbed N and H atoms, which at higher temperatures desorb

as N2 and H2.31,32 Evidently, under our growth conditions,

either the rate of NH3 decomposition is low or N removal is

facile. At these levels, incorporation of N is known to have a

little negative effect on the electrical conductivity and soft

magnetic properties of Fe.33

The morphology of the deposited Fe films deposited in the

presence of ammonia varies considerably with temperature

(Fig. 6). This is, however, the expected result for Fe growth on

a clean surface: very similar morphologies have been reported

for physical vapor deposition of Fe.34,35 We can interpret our

results in terms of Thornton’s zone diagram, which uses the

homologous temperature (T/Tmelt) as a key parameter.36,37

Films grown at 200 �C have a typical “zone 1” morphology

with domed tops separated by voided boundaries. As tempera-

ture increases above 250 �C (T/Tmelt¼ 0.29), the increased sur-

face diffusion of Fe atoms results in a “zone 2” morphology

with denser columns and a smoother surface, consistent with

the predicted transition to zone 2 around T/Tmelt� 0.3.

We believe that the ammonia in our CVD experiments

counteracts the poisoning effect by one of two mechanisms:

it either displaces the adsorbed CO before it can dissocia-

tively chemisorb or blocks the sites necessary for CO chemi-

sorption (or both). Strong evidence in support of this

hypothesis comes from a study by Rochester et al.38 who

used infrared spectroscopy to evaluate the competitive

adsorption, dissociation, and reaction of CO and NH3 on

SiO2-supported Fe catalyst particles at temperatures between

25 and 400 �C. Although carried out primarily using a dosing

protocol (rather than a continuous feed), and in the absence

of Fe growth, this study revealed the ability of NH3 both to

block CO adsorption and to displace previously adsorbed

CO. Thus, whereas CO binds readily to Fe surfaces at both

atop and bridge sites at room temperature, no CO binds if

the surface is first exposed to NH3 followed by CO. When an

Fe surface is exposed to a mixture of both 75 Torr of NH3

and 75 Torr of CO between 25 and 350 �C, FTIR bands due

to adsorbed NHx species and the cyanate group, –NCO, can

be seen. When this surface is subsequently exposed to vac-

uum at 217 �C, the intensity of the latter band is reduced by

97%. A similar study of CO and NH3 on a Pd surface indi-

cated that –NCO groups can be removed from the surface by

reacting with surface hydrogen atoms (generated by dissoci-

ation of ammonia) to form gas phase HNCO.39 This latter

reaction pathway plausibly can also occur on iron.

IV. CONCLUSIONS

The present results show that the growth rate of Fe from

Fe(CO)5 is reduced by elevated substrate temperature and

coflow of carbon monoxide, and that the films reach a self-

limiting thickness when they are grown at such higher tem-

peratures. These effects most likely result from a surface

poisoning effect in which the dissociative chemisorption of

carbon monoxide forms inactive surface species that slow

down and eventually stop Fe growth by blocking sites neces-

sary for the CVD reaction to take place.

The present results also show that adding a coflow of

NH3 during growth eliminates the surface poisoning effect,

resulting in high-purity Fe films with stable growth rates

between 200 and 300 �C. We attribute this result to the abil-

ity of NH3 to block CO adsorption and to displace adsorbed

CO from the growth surface.
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