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INTRODUCTION: MeV N+ IMPLANTATION
INTO METALS

1 Introduction

Tribological properties of metals are known to be radically modified
by ion implantation. Research on this subject has been going on since the
initiating work of Dearnaley and Hartley in the early 1970's. I >2 Although
enormous progress has been gained in the understanding of various factors
responsible for the observed improvements, the ion implantation technique
has as yet not found wide application in the metallurgical field, despite the
fact that the ion beam technique offers unique advantages over other, direct
coating techniques. This may be due to one of the most important short-
comings, namely the shallowness of the implanted layer. Most often, ion
energies used for implantation range from a few tens to about 200 keV.
Consequently, the depth over which surface properties are modified does
not exceed roughly 0.2 u,m. For most applications which demand a high
wear resistance one would like to extend this depth beyond 1 u,m. Ion beam
assisted deposition3 could offer this possibility, but suffers from small
dimensional target changes and possibly adhesion problems associated with
coating.

As an alternative, implantations at MeV ion energies could be em-
ployed to deposit foreign atoms in a region almost one order of magnitude



Chapter I

deeper compared to -100 keV implantation. Besides the large benefit in
range, MeV ion implantation offers more unique and profitable possibili-
ties, interesting both from a fundamental and an application perspective.
One of the most important features of MeV ions is the relatively low
nuclear stopping cross section. Sputtering is a phenomenon which is domi-
nated by nuclear energy loss,4 so sputtering yields are expected to drop
significantly when the ion energy is increased from 100 keV to 1 MeV.
This opens new perspectives, especially for heavy ion-target combinations,
since in these cases the maximum concentration to be built up by ion
implantation is primarily limited by sputtering. As a consequence, high
concentration effects, like concentration saturation and blister formation
can now be studied extensively for a large range of ion-target combinations.
Furthermore, since MeV implantation produces deep and buried implant
regions, new surface structures can be formed, on which will be reported in
this thesis.

2 Implantation of 1 MeV N+ into Ti and Fe

Up to now, MeV accelerators have been used hardly for high dose ion
implantation, since low ion currents from such machines limit high concen-
tration doping (>10 at.%) on reasonable time scales. Recently, however, a
newly developed MeV implantation facility has become available at the
FOM-Institute and a research program on MeV implantation in metals was
started. With this implanter ion beams of well over 100 u_A are easily
produced. The set-up is described in detail in Chapter 2 of this thesis.5

The first results of Ti and Fe surfaces irradiated with a high dose of 1
MeV N+ ions were analysed by Rutherford backscattering spectrometry
(RBS),6'7 x-ray diffraction (XRD),8 and hardness6-7 measurements. While
RBS revealed the presence of N in a Gaussian profile centered around the
projected range (~0.7 \im for Fe, ~1.0 fim for Ti), XRD gave evidence for
formation of nitrides. This led to an increase in surface hardness, as is
shown in Fig. 1 for implanted Ti samples. The increase in hardness after
implantation is plotted versus the indenture load of the hardness meter.
Solid points denote our data, whereas the open symbols are taken from
literature9-10 and serve as a reference. All literature data correspond to
implantations in the 35 - 160 keV range. At high loads the probe depth of
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Fig. 1 Comparison of the hardness increase of Ti surfaces after N implantation with MeV or
low energies. Hollow triangles (Ref. 9), hollow circles (Ref. 10), and solid circles denote
the results of low energy implantations. The other symbols refer to MeV implantations.

the hardness indentor exceeds the thickness of the implanted layers by
several microns, resulting in a large contribution of the softer substrate to
the apparent hardness. This explains why the values in Fig. 1 finally de-
crease to zero for high loads. However, as can be inferred from this Figure,
for MeV implantation this effect occurs at much higher loads, hence the
surface hardness is enhanced over a larger depth range than with standard
-100 keV implants. Figure 1 also shows that additional lower energy
implantations (to homogenize the N concentration over the first micron)
have only a minor effect on the hardness.

The results point out that MeV N implantation significantly enhances
the surface hardness. However, the above implantations result in nitride
precipitates embedded in the metal matrix. Although such a microstructure
is indeed beneficial for the hardness of the surface, superior mechanical
properties are expected if a continuous nitride layer is present, extending up
to the surface. Such compound layers have been achieved in Si with ion
beam techniques,11-12 serving for microelectronic applications, but a paral-
lel in metal substrates does not exist. Experience from ion beam synthesis of
S1O2 layers in Si12 shows that it may be possible to nucleate and grow

11
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10 \im

Fig.2 SEM image of an Fe surface after a 1.7xl0l8/cm2 1 MeV N+ implantation.

compound layers inside a substrate simply by high dose implantation into a
sample which is he(d at an elevated temperature.

In a first attempt to fabricate a nitride layer in Fe, we have implanted
N+ at 1 MeV into Fe at a temperature of -100 °C to doses up to 1.5 x 1018

N/cm2.7 However, RBS analysis revealed that for all doses the implanted N
was distributed in a Gaussian profile, thus no plateau in the concentration,
indicative of nitride layer formation, evolved.7 Moreover, the scanning
electron microscopy (SEM) image in Fig. 2 shows that for very high doses
(> 8 x 1017 N/cm2) blisters appear at the surface. It is suggested that these
blisters form when the peak N concentration exceeds 33 at.% which is the
concentration of the nitrogen-richest nitride, £-Fe2N. Instead of out-diffu-
sion to the wings of the N distribution and concomitant nitride growth the
N combines to N2 molecules and precipitates in blisters.

3 This thesis

» In this thesis a novel preparation technique for the fabrication of
•' homogeneous singis-phase nitride layers in iron is presented. This technique
/ consists of a double implantation scheme. First, a N (pre-)implantation, at
' an energy of a few hundred keV and at low substrate temperature, is

12



Introduction: MeV N+ implantation into metals

performed to nucleate nitride particles in the near-surface region. Then the
specimen temperature is raised to 300 °C and N is implanted at 1 MeV such
that the N comes to rest in the Fe substrate at the back side of the pre-
implanted region. At this temperature N rapidly diffuses in the Fe matrix;
hence, if it arrives at a pre-existing nitride particle, this is enabled to grow.
Closed Y-Fe4N layers result which grow at the substrate side for higher N
fluences. Although these layers are buried under the surface, it is expected
that by optimizing the implantation conditions, or even with a combination
of implantation and thermochemical techniques, |im thick surface layers can
be achieved.

This thesis (in particular Chapter 3) aims, first, to present a large body
of experiments with the purpose of establishing the conditions under which
nitride layers in Fe can be fabricated. Further, it addresses the role of phase
formation, precipitation, phase transformation, diffusion, and beam-induced
effects on the formation, growth and stability of y1 layers. Finally, it dis-
cusses these results in terms of the thermodynamics and kinetics of the
experimentally identified processes.
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AN MeV FACILITY FOR MATERIALS RESEARCH

1 Introduction

High energy (MeV) ion implantation in metals and semiconductors has
recently become a new and interesting topic in materials research.16

Compared to the now well-established medium-energy (up to a few hundred
keV) implantation technique, deeper and thicker surface regions can be
modified using high energy ion beams, resulting in novel and unique struc-
tures with new possibilities and technological important applications. Now
that high-current, high-energy accelerators have become available these
new features can readily be explored.

For example, nitrogen, carbon or titanium implantation in metals can
be employed to improve macroscopic surface properties such as hardness,
friction-, wear- and corrosion-resistance.7.8 Changes in these properties
become more pronounced and can be determined more accurately when
thicker layers are modified. Also, MeV implantation can be employed for
ion mixing of multi-layer structures to form micron thick metastable alloy
films.

Moreover, a huge range of applications of MeV ion beams seems to lie
in semiconductor technology.1'2 Through this technique it is possible to
produce buried layer structures several microns beneath the surface having
materials characteristics different from those of the surface. Buried doped
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Chapter 2

layers,3'4 as well as buried insulating5 or conducting layers6 can be fabri-
cated and consequently a whole range of novel device structures can be
developed.

Apart from ion implantation in metals and semiconductors new appli-
cations can be found in ceramic and superconductivity technology. Using
ion implantation in superconducting films, the electrical properties can be
modified locally.^ Also, high-dose, high-energy oxygen ion mixing could
be employed for formation of thick high-rc ceramic oxide films.

Also from a fundamental point of view MeV implantation offers
interesting possibilities. Now that thicker layers can be modified, macro-
scopic analysis techniques can be employed for thorough study of materials
properties of a wide variety of samples. Furthermore, MeV ion implan-
tation offers the possibility to distinguish between nuclear and electronic
effects on processes such HS ion beam assisted solid-phase epitaxial
growth,10 damage formation4 and adhesion of thin films on substrates.''

MeV accelerators have been constructed commercially in various

Fig. 1 Photograph of the accelerator hall. 1) 1 MV accelerator, 2) 2 MV accelerator, 3)
clean room with large-area implantation chamber, 4) UHV system for ion mixing and ion
implantation, 5) RBS analysis chamber, 6) analyzing magnets, 7) gascabinet, 8) integrated
control cabinet for 1 and 2 MV machines.
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An MeV facility for materials research

concepts during the last two decades and have mainly been used for nuclear
reaction and analysis purposes. The use of MeV beams for ion implantation
implies severe demands for the accelerator's technical specifications:

(1) A wide variety of ion species, such as P, As, B, noble gases, O, N,
Si as well as metal species, should be available. Hence, the ion injection
system needs to be compatible with various types of ion source.

(2) For high implantation efficiency, source exchange and servicing
needs to be possible quickly. This requires special facilities for Van de
Graaff t>pe machines where the source is situated in a pressure vessel.

(3) Ion currents of several 100 (lA should be available. This implies
efficient mass analysis of species from the ion source prior to acceleration,
to enhance the acceleration efficiency.

(4) For efficient use of expensive laboratory floor space, the x-ray
background intensity needs to be reduced to such a level that no concrete
shielding is necessary.

In this chapter an MeV facility is described, in which all these re-
quirements are effectively met. It consists of two single-ended Van de
Graaff type accelerators: a high-current 1 MV heavy-ion accelerator used
for ion implantation in metals and semiconductors and a 2 MV accelerator
operated for sample analysis using Rutherford backscattering spectrometry
(RBS), channeling, nuclear reaction analysis (NRA) and particle induced x-
ray emission (PIXE).12

The facility has been designed in close collaboration with High Voltage
Engineering Europa (HVEE). It is based on Van de Graaff technology, but
in addition several new features were developed. The collaboration started
in 1985 and has resulted in a series of publications on various specific
elements under construction.1316 By the end of 1987 the facility was
completed and the first test sequences were finished successfully. It is now
employed for materials research at the FOM-Institute. In this chapter we
give an overview of the total equipment, the new features and the experi-
ences during operation. Figure 1 gives an overview of the complete facility,
situated on an area not larger than 12 x 14 m2.
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Chapter 2

2 The 1 MeV ion implantation facility

The accelerator is a single-ended Van de Graaff type machine with a
high voltage terminal in a pressure vessel containing an insulating gas
mixture of 20% SFs and 80% N2 at a total pressure of 6 bar. The total
current available at 1 MV terminal level for acceleration is 700 |i.A and the
total electrical power available at the terminal for various power supplies is
3 kW. Hereafter the new features will be described.

2.1 Ion sources, source exchange system, and injector

The 1 MV implanter can be operated with three different types of ion
source. A cold cathode Penning source17 can be used for most nonreactive
gases. Because of its high discharge voltage and low operating pressure it is
well suited for the production of multiply charged ions. Ions from chemi-
cally reactive gases can be obtained from a newly developed microwave ion
source.1416 Since the source contains no hot filament, it can be operated
for several hundred hours, during which stable high current beams are
easily generated. A sputter ion source17 is available for generation of
species from solid targets, especially metals.

In order to allow a quick exchange of different source types, a unique
ion source exchange system has been developed.13 It is positioned at the
rear of the high pressure vessel and enables source exchange within min-
utes, without breaking the high pressure in the main vessel. All ion sources
have a dedicated extractor configuration and are fixed to a standard flange
which fits to an accepting flange on the injector end. This flange contains all
electrical connections, the gas feedthrough and vacuum gaskets. In a source
loading chamber, an ion source can be mounted onto a rod after which it
can be transferred to its position on the injector system. Via the main
gashandling system which is described in §2.2. the loading chamber is
connected to both high pressure and vacuum systems.

In the high voltage terminal the source deck is permanently equipped
with power supplies for all three different types of ion source. Because of
the varying and extreme conditions of high pressure, vacuum, sparking,
limited space and limited power available, special attention has been paid to
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Fig. 2 Overview of source deck and injector system. 1) plug-in ion source, 2) gascilinders,
3), 4) and 5) power supplies for microwave-, Penning-, and sputter ion sources, 6)
Einzellens, 7) Wienfilter, 8) acceleration tube.

the development of these supplies. They are well stabilized against external
variations within one tenth of a percent, suitable for telemetry and tele-
control from earth potential and extremely well protected against any
conceivable form of overload during breakdown or arcing of the accelera-
tor. Figure 2 is an overview of the source deck showing the compact
configuration of power supplies for microwave-, Penning- and sputter-
sources as well as the ion source and source gas cylinders. As compactness
is the dominant requirement, all supplies make use of the so-called
switched-mode technique. The available power of 115 V - 400 Hz is first
rectified into a common 300 V dc supply. In every supply this dc voltage is
converted into a 50 kHz square wave. Output voltage or current regulation
is performed by switching the on/off ratio of the square wave. As switching
is done by nearly ideal MOSFET switches, the power dissipation is very low
compared to that of the traditional dissipative series regulation systems.
This enables compact construction without undue heat problems. Although
the requirements for output voltage and current are different, all supplies
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Fig. 3 Schematic overview of the integrated system for source gas and insulating gas, used
for source exchange and gas supply.

are based on the same design and technology and most of the control and
switching circuitry is identical, which facilitates reproduction and mainte-
nance at low cost.

To obtain large ion currents it is necessary to do mass-analysis of
species extracted from the ion source at the terminal level, before accelera-
tion. This enables one to make use of the maximum acceleration current
capacity for the desired ion species. This (coarse) separation is done by
using a Wien filter with a mass-separation capability of ml Am ~ 15. Details
are given in earlier publications in which the complete ion optical design of
the injector system is described.13-14

2.2 Integrated source- and insulating-gas system

Another special feature of this implanter is the integrated system for
handling source gas and insulating gas, used for source exchange and gas
supply. Figure 3 shows a schematic overview of this system. Source gas is
supplied from a gas manifold in a gas cabinet on earth potential which
contains purge facilities and satisfies safety requirements for toxic gases.
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Gas supply into the terminal from earth potential offers the possibility to
subsequently use a large number of different gases without opening the
pressure vessel. From the cabinet small and controllable quantities of gas
can be fed into a reservoir near the ion source. In addition to this multi-use
reservoir, two permanently filled high-pressure gas cylinders are placed
near the ion source (see Fig. 2). Using a gas-selection switch controlled
from earth potential, the proper gas can be supplied to the ion source. To
bridge the voltage difference in the gas tube between source and baseplate
an insulating AI2O3 tube was chosen. During operation of the accelerator
this tube is filled with insulating gas at the tank pressure. Therefore the
source gas system is integrated with the insulating gas system. A complete
gas exchange cycle takes about 30 min for nontoxic gases and somewhat
longer when tubes have to be purged. Also, ion sources can easily be
exchanged with the aid of this gas system.

2.3 Beam lines

Two beam lines are connected to the 1 MV heavy-ion implanter. The
first comprises a UHV system from HVEE for ion implantation and ion
mixing studies of small (~1 cm2) samples.18 Implantation dose uniformity is
obtained by electrostatical scanning of the beam over the sample surface.
The target chamber contains a HVEE precision goniometer1^ with three axes
of rotation and 3 degrees of translational freedom. It is compatible with a
sample holder suitable for sample exchange using a high-vacuum load-lock
system. An electron gun evaporation unit for multi-layer thin film deposi-
tion is incorporated. In situ sample analysis techniques include reflective
high energy electron diffraction (RHEED), RBS, channeling and NRA,
whereas an x-ray detector for PIXE may be added.

The second beam line is connected to a large-area implantation facility
situated in a class 100 clean room. Using mechanical scanning, batches of up
to seven 10x10 cm2 samples can be implanted. Fast feedback between
current measured on target and scan speed enables good uniformities over
the large area wafers. The acceleration voltage range over which the accel-
erator can be operated to yield stable, high-current ion beams is between
100 kV and more than 1000 kV. To extend this range to lower voltages, a
decelerating lens system was developed for the large-area implantation
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chamber. Using a high voltage (up to 100 kV) power supply, ions can be
decelerated to energies as low as 10 keV before they reach the target.

3 The 2 MV facility for RBS, channeling and NRA

To enable high-throughput RBS analysis, a second accelerator was
installed. It comprises a standard single-ended 2 MV Van de Graaff type
accelerator with a pressure vessel containing an insulating gas mixture of
20% SF6 and 80% N2 at a total pressure of 10 bar. The high voltage
terminal comprises simple power supplies and an RF-type ion source with
two high pressure source-gas cylinders containing He and H2. The new
features of this facility are described hereafter.

3.1 X-ray intensity suppression

One of the main hazards of a standard Van de Graaff accelerator is its
high level of x-ray radiation, x-rays are produced when electrons, gener-
ated from ion-gas or ion-electrode collisions and accelerated towards higher
voltage regions, hit solid material to generate bremsstrahlung. This
problem is solved in both the 1 MV and 2 MV accelerators by positioning a
series of magnets around the central holes in the electrodes in the accelera-
tion tube. The integral magnetic field which is thus created bends the path
of the electrons, such that they are stopped only a few electrodes away from
where they originated. Computer simulation of the electron trajectories was
employed to design a magnet configuration such that the maximum energy
gain of the electrons is below 130 keV.20 Continuous x-ray intensity
monitors indicate that the x-ray dose rate equivalent at 10 cm outside the
vessel wall never exceeds 0.1 mrem/h when the machines are operated, even
when high ion currents (few hundred jiA) are transported.

For the 2 MV accelerator also the influence of the magnetic field on
the ion paths was evaluated. Although the mass difference between electrons
and ions is very large, the magnetic forces have a non negligible effect on
low-mass ion trajectories. This disturbance is of importance as for easy
operation of the accelerator the ion beam should enter the beam line near its
center and parallel to the central axis. In addition, during traversal of the
acceleration tube, the maximum deviation from the central axis should be

22



An MeV facility for materials research
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Fig. 4 Ion trajectory calculation for a H+ beam accelerated to 200 keV in a tube containing
the optimized magnet configuration. The beam deviation from the central axis is represented
in the plane normal to the axis. (+) and (-) denote the clockwise and counterclockwise rota-
tion of the magnetic field in the tube, respectively.

small compared to the radius of the apertures in the electrodes, to prevent
ions from hitting the electrodes. In order to fulfil these requirements the
spatial dependence of the direction of the magnetic field in the acceleration
tube was optimized. Ion trajectories were calculated using computer
simulation and optimization.

In the optimum configuration the acceleration tube is divided into
regions in which the direction of the magnetic field is rotating either
clockwise or counter clockwise around the tube axis. Figure 4 shows the
corresponding calculated beam excursion in the tube for a H+ beam, accel-
erated to 200 keV. Because all ion trajectory deviations scale with a factor
Vl/M.£ with M and E the mass and energy of the ion respectively, a
calculation for a 200 keV H+ (M = 1) beam is a worst case scenario. The
beam enters and leaves the tube on axis, with the exit angle near zero: 0.4
mrad. (The latter conclusion cannot be drawn from Fig. 4, but follows
from the total ion trajectory calculation.)2^ As can be seen, the maximum
off-axis beam deviation is only 3.5 mm, whereas the electrode aperture
radius is 8.5 mm, preventing the ion beam (with maximum beam envelope
radius 2.5 mm)20 to hit electrode material.
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3.2 Ion energy stabilization and operation simplicity

The 2 MV accelerator and the connected RBS facility are characterized
by a high degree of simplicity both in use and setup. Ion energy stabiliza-
tion and ion beam manipulation are controlled with great ease from a
simple control cabinet. For both 1 MV and 2 MV accelerators a high
voltage stabilizer was developed, such that operation essentially requires
control of only two knobs. Actual stabilization can be chosen from three
different modes.

(1) In manual operation, the terminal voltage is set by the charge
which is sprayed onto the belt. The voltage is determined by a balance
between the setting of the belt charge power supply and the current drawn
from the terminal by the column resistance, the emitted ions and a corona
drain circuit. The corona current drain is kept within its electronic control-
lable range of operation by an automated moving of the corona rod.

(2) As soon as enough corona current is flowing, the voltage can be
stabilized by choosing the generating volt meter (GVM) mode. Stabilization
is achieved by feeding back the signal from the GVM and a capacitive pickup
device. Low-frequency voltage variations (up to a few Hz) are counteracted
by controlling the charge rate of the belt, whe-eas correction for higher-
frequency variations (up to a few hundred Hz) is obtained by controlling
the corona current by a triode in the core na drain circuit.

(3) An even higher degree of energy stabilization is achieved by
operating the accelerator in the slit stabilization mode. Once the ion beam is
hitting the energy defining slit behind the analyzing magnet, the system
searches for that particle energy which yields an equal ion current on both
sides of the slit. The acceleration voltage is then determined by the magnetic
field and automatically keeps track when the magnetic field is varied.

The ion optics for this accelerator system are kept very simple as well.
The ion beam is focussed by the acceleration tube at a position in front of
the analyzing magnet, which on its turn images the focal point near the
target. The beam focus can be controlled by simple adjustment of the
extraction voltage. As described in the preceding section the electron
suppressing magnetic field is designed such that the ions leave the tube near
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and parallel to the central axis. Two simple sets of deflection plates suffice
for fine tuning of the beam position.

3.3 Scattering chamber

The 2 MV accelerator is connected to a HVEE scattering chamber for
RBS, channeling, NRA and PIXE. After energy selection in the analyzing
magnet the ion beam passes through two diaphragms for precise angle
selection. He+ currents on target of over 100 nA with an angular spread
less than 0.1° can be obtained. The scattering chamber contains a manipu-
lator and goniometer with four degrees of freedom compatible with a 50
mm diameter sample holder. Backscattering analysis is performed using a
standard Si surface barrier detector, which can be cooled to -20 °C to
obtain an energy resolution as low as 12 keV.
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ION BEAM SYNTHESIS OF NITRIDE
LAYERS IN IRON

1 Introduction

Ion beam synthesis of compound layers in various substrates has gained
the interest of many researchers over the last decade. For example, the
implantation of oxygen and nitrogen in silicon has shown to be a promising
technique for the fabrication of buried oxides and nitrides for silicon on
insulator technology.13 Surprisingly, few studies of similar treatment of
metals have been reported even though uniform buried or surface layers
could be of great importance for a wide range of technological applications.
In particular, nitride formation in or on a metallic surface is known to
strongly improve surface tribological properties through significant reduc-
tion of wear and increase in the surface hardness. For example, titanium
nitride (TiN) is a commonly used, ultra-hard industrial coating for tools
and components.

Often TiN is directly deposited onto the surface. Alternatively, nitride
surface layers on Fe can be achieved bv thermochemical nitriding.4 In this
technique a NH3/H2 gas mixture is pa .,ed over an iron or steel surface held
at a temperature >500 °C. The NH3 dissociates on the hot surface and the
resulting atomic nitrogen reacts with the bulk to form a surface nitride.
Thermal nitriding as well as direct coating have major disadvantages.
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Adhesion problems limit the use of coatings, while the high temperatures
needed for thermal nitriding may induce undesirable deformation of the
substrate. Moreover, thermochemically produced surface layers exhibit a
high degree of porosity, caused by the metastability of the iron nitride with
respect to molecular nitrogen (N2).5 At the high process temperature the
growth of the nitride layer competes with (partial) dissociation of the
nitride causing precipitation of N2 at grain boundaries, leading to the
formation of channels which eventually develop into pores.

Recently, we have been able to synthesize nitride layers in Fe using ion
implantation.6 The maximum temperature in this process is 315 °C and
pore-free stoichiometric nitride layers in Fe result. In this chapter the ion
beam fabrication of buried iron nitride layers and their stability will be
discussed in detail.

As this chapter deals with nitride formation, it is useful to briefly
review the phases which occur in the Fe-N system. There are two terminal
phases: a (ferrite) and y (austenite), in which N can dissolve up to 0.4 and
10.3 at.%, respectively. In addition, three nitrides exist in equilibrium with
these phases: y', e, and £. The y-Fe4N nitride near 20 at.% N exhibits a
narrow composition range which diminishes sharply with decreasing tem-
perature. The £-Fe2Ni_x nitride exists over a much wider composition
region, depending on temperature. At 400 °C for instance, it ranges from
-26 to -33 at.% N. Both y' and e nitrides are commonly observed in N
implantation studies.7"18 The third nitride, rarely detected in ion implanta-
tion studies, is £-Fe2N with an unknown but narrow composition range near

Table 1 Structure and composition of Fe-N solid phases.

Phase

a-Fe
a'-Fe(N)
a"-Fei6N2
Y-Fe
Y-Fe4N
e-Fe2Ni.x
£-Fe2N

Fe sublattice

bcc
bet
bet
fee
fee
hep
orth.

Composition
(at.% N)

0 to 0.4
0to~10
-11.1
0 to 10.3
19.3 to 20.0
-15 to -33
-33.2
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33 at.% N. Finally, there are the metastable a' and a" phases. These have
similar Fe sublattices but differ in their N arrangement. The a' phase can
accommodate up to -10 at.% N, while N in a" is ordered in an Fei6N2
structure. All iron based nitrides are commonly viewed as interstitial solu-
tions with N occupying the octahedral sites between a bcc (a), bet (a1, a"),
fee (y, Y), hep (e), or orthorhombic (£) Fe lattice.19 The structure and
composition of these phases is summarized in Table 1.

Recently, we reported on the formation of uniform buried layers of
Y-Fe4N in an Fe matrix by ion implantation of N into Fe.6 It was shown
that single energy implants do not result in buried nitride layers. Implants
performed at relatively low temperature (<200 °C) result in e nitride
formation, but high doses eventually lead to blistering of the surface due to
N2 bubble formation.20 However, a higher substrate temperature (~300 °C)
during imphntation allows N to rapidly diffuse out of the implanted region.
This suggested a two-step process for formation and growth of buried
nitride layers. First, a medium energy (500 keV), moderate temperature
(<150 °C) implant is used to nucleate nitride particles buried below the
surface. Then, a N implantation at a higher energy (1 MeV) and a higher
temperature (300 °C) is performed to supply the Fe/nitride interface on the
substrate side with N atoms. The higher temperature is required for N
diffusion from the implanted region, through the matrix, to a nitride
precipitate or layer. If the N arrives at the nitride interface it is trapped and
the nitride grows. It was shown that by this double-implant scheme buried
Y-Fe4N layers can be formed and grown.

In this chapter we present a detailed experimental and thermodynamic
analysis of this method for fabrication of y' layers. First we will discuss
experimental conditions under which y layers can be fabricated and address
the role of various processes such as diffusion, precipitation, phase
transformation, and beam-induced effects on the formation, growth, and
stability of y' layers. Then we will discuss the results in terms of the ther-
modynamics and kinetics of the experimentally identified processes.

2 Experimental Procedures

Sample preparation- Specimens ( 1 x 1 cm2) were cut from 2 mm thick

polycrystalline Fe foil (99.99 at.% pure, grain size -100 u.m) and mechani-
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cally and chemically polished to yield clean and optically tlat surfaces with
a minimum of residual lattice deformation. In addition, polished single
crystal Fe(l 11) substrates (5 mm diameter, 3 mm thick, purity 99.94 at.%)
were purchased from Metal Crystal Ltd. Irradiations of 15N+with energies
up to 1 MeV were performed using a 1 MV Van de Graaff-type implanter.
Details of this setup are described in Chapter 2J21I A mass-separated 15N+

beam of approximately 25 (iA and a few mm in width was rastered electro-
statically over a few cm2 to achieve laterally homogeneous implanta-
tions over the specimen surface. For some implantations the molecular
l5N2+ beam was used, in which case the beam intensity was approximately
50 U.A. In order to study beam-induced effects during implantation at high
substrate temperatures some experiments with 1 MeV Ne+ irradiation were
also performed.

During implantation the samples were attached to a copper block with
silver paint to ensure good thermal contact. For low temperature implants,
the copper block was cooled by connecting it to a liquid nitrogen cooled
heat sink via a flexible copper braid. Using this mounting scheme, the
sample surface temperature during a high current 1 MeV implant remained
below ~120 °C as monitored by an optical pyrometer. Higher substrate
temperatures were achieved by heating the copper block from the back by
radiative heating and electron bombardment from a hot filament. Again, the
surface temperature was monitored by a pyrometer and could be controlled
within ±20 °C approximately. During implantation the pressure in the
target chamber was below ~2 x 10-7mbar.

To investigate formation, transformation, and stability of the nitrides,
some implanted specimens were annealed at temperatures between 200 and
470 °C. For most anneals a vacuum furnace with a base pressure of < 2 x
107 mbar was used. Some anneals were performed under flowing Ar gas.
Anneals at 450 °C and 470 °C were done in a rapid thermal annealer (RTA)
for 2 to 10 minutes, under flowing N2 gas.

Analysing Techniques- Nitrogen concentration profiles in the im-
planted samples were obtained by either Rutherford backscattering spec-
trometry (RBS), or by nuclear reaction analysis (NRA). RBS spectra of
implanted and virgin samples were taken with 2 MeV He+ ions with the ion
beam at normal incidence, while backscattered He+ ions were detected at a
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scattering angle of 170°. From these spectra N concentration profiles were
calculated as follows. As a result of the presence of implanted N, the
backscattering yield from the implanted sample, H'm, is lower than from
unimplanted Fe, Hun. The ratio of the number of N and Fe atoms,
is obtained from H'm and Hun by the following equation:22-23

(1)

where [£]FcFe arid [£]FCN are the stopping cross section factor for scattering at
Fe and stopping in Fe and N, respectively. Denoting this ratio y, the N
atomic fraction, Xtt, then follows from:

Such analyses of RBS measurements, and also simulation of the spectra,
were performed using the RUMP computer program.24-25

To detect low N concentrations NRA analyses were carried out on
selected samples using the 6 MV Van de Graaff accelerator of the Univer-
sity of Groningen. In one type of experiments the y-ray yield of the
I5N(p,ccy)l2C reaction was measured with a 3" x 3" Nai(Th) scintillation
detector, varying the proton energy in steps of 1 to 10 keV around £ p =
429 keV. At this energy the cross section of the reaction has a sharp reso-
nance with a width of 120 eV.26 In this way the 15N concentration is probed
as a function of depth. In another type of NRA the ao particles from the
15N(p,ceo)12C reaction ( £ a = 4 MeV), using a proton beam at £ p =
1.020 MeV, were measured with a Si-surface barrier detector with a
detector at either 45° or 75° from the surface normal. Around this proton
energy the reaction cross section is relatively constant at the reaction angles
used.27 No deconvolution was performed on the experimental data obtained
with either technique. The N concentrations were obtained by calibrating
the NRA yield of a sample containing a high N concentration using results
from RBS measurements on the same sample.

Phase identification and other structural information of implanted
samples was obtained by x-ray diffraction (XRD). Diffractograms were
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recorded on a Siemens oo-diffractometer (both D500 and F types were
used) with CuKa or CoKa radiation and with a graphite monochromator in
the diffracted beam.

Structural characterization of implanted samples was also carried out
with cross-sectional transmission electron microscopy (XTEM) using a
Philips EM-400 microscope. XTEM samples were prepared by glueing two
implanted surfaces face to face, cutting, mechanically polishing and
dimpling this assembly to a thickness of -50 urn, after which ion milling
(Ar+) resulted in an electron-transparent sample.

3 Results

3.1 Single implants

RBS spectra of Fe before and after implantations with various doses of
N+at 1 MeV and at a substrate temperature of -100 °C are depicted in
Fig. 1. The lower yield in the spectra of the implanted specimens near 0.7
MeV indicates the presence of implanted N. For all ion implantation doses

40

30

D
E

10

—Unimplanted
- - 0 . 6 x 1 0 ' 8 N/cm2

- -0.9x1018 N/cm2

1.2X1018 N/cm2

0.3 0.6 0.9 1.2
Backscattered Energy (MeV)

Fe

1.5

Fig. 1 RBS spectra of Fe before and after implantation with 1 MeV N+ to various doses at a
substrate temperature -100 °C. For the two highest doses blisters were observed.
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Fig. 2 N profiles calculated from RBS spectra after 7 x I017/cm2 1 MeV N implants at
implantation temperatures of 175 °C and 300 °C.

the N distribution is nearly Gaussian, centered at the projected range of 0.7
|im. XRD measurements performed on a specimen implanted with 6 x 1017

N/cm2 reveals the presence of £-Fe2Ni_x nitride particles.28 Blisters appear
at the surface above a dose of 8.5 x 1017 N/cm2.20,28 This indicates lack of
diffusion of implanted N atoms.

N concentration profiles after 7 x 1017 N/cm2 implants at 175 °C and
300 °C, calculated from RBS spectra, are shown in Fig. 2. The implant at
175 °C leads to a similar but slightly broader Gaussian profile compared to
that after implantation at 100 °C (see Fig. 1), indicating that some N diffu-
sion has occurred during implantation. Implantation at 300 °C results in a
profile that extends up to the surface at an almost constant concentration of
<5 at.%. Apparently, during implantation the N atoms rapidly diffuse out
of the implanted region. This is consistent with the high diffusivity of N in
a-Fe at 300 "C, DN= 4.7x10-'° cm2/sec.29 For a typical implantation time
of 1 hour a diffusion length -10 jam is obtained, i.e. much larger than the
range of the N+ ions. An estimate of the amount of N contained in the near
surface region indicates that 50-70% of the implanted N is lost; probably
this portion has diffused deep into the substrate.30 Figure 3 shows a
15N(p,ay)12C analysis of a specimen implanted with 2 x 1017 N/cm2 at
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Fig. 3 N profile obtained with NRA I5N(p,a7)I2C analysis after implantation at 300 °C of
2 x 1017/cm2 1 MeV N.

300 °C. The N concentration (<2 at.%) is highest at the surface and
decreases with depth. For proton energies >570 keV the y-ray yield seems
to level off but this is due to the interference with a weak nuclear resonance
at higher energy and therefore does not reflect the true N concentration.
Nevertheless, the data suggest that in the early stages of the implantation at
300 °C some N diffuses to the surface where it is trapped. This surface peak
then extends into the substrate with increasing N fluence (see Fig. 2). Both
XRD and light microscopy (not shown) give evidence for the presence of
y'-Fe4N near the surface, so the measured N profile is probably from
Y-Fe4N precipitates in this region. The build-up of a surface peak is similar
to results obtained from N implantations performed at lower energies (100
keV) and at high implantation temperatures. 14,16,30-36

Summarizing, at low temperature, while nitride precipitates form near
the projected range, gas bubbles eventually develop at higher doses. At
higher temperatures the implanted N either escapes into the bulk or is
trapped near the surface. Implantation at neither temperature results in the
formation of homogeneous buried nitride layers.
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3.2 Double implants

In this section we demonstrate that homogeneous nitride layers can be
formed by double implants: a low temperature implant to nucleate nitrides
and a second, high temperature implant to diffuse N to the existent nitrides
and grow a layer. In the following we will refer to this sequence as "pre-
implantation" and "hot implantation". Unless otherwise noted pre-implanta-
tions were performed at a temperature < -120 °C while the hot implanta-
tions were carried out at 300±20 °C.

3.2.1 500 keV pre-implantation

Results for double implants are shown in Fig. 4. Pre-implantation of 6
x 1017 N/cm2 at 500 keV results in a Gaussian N profile centered around the
projected range of 0.42 \un. XRD measurements (see the bottom spectrum

0.3

c
o
"o 0.2
D

O

E

500keV pre-implant
-annealed only
-IMeV low dose
-IMeV high dose

0.0
0.8 1.2

Backscattered Energy (MeV)
1.6

Fig. 4 N profiles determined with RBS after pre-implantation of 6.5 x l()17/cm2 5(X) keV
N, followed by 1 MeV N implantation at 300 °C to doses of 1.1 x 10l7/cm2 (low dose) and
4 x l()17/cm2 (high dose). A profile for a part of the sample after pre-implantation and
(only) annealing is also plotted. The inset shows the measured profile after the 1.1 x
10l7/cm2 1 MeV N implant (solid circles) and a simulation of a 0.32 urn thick Fe4N layer
buried 0.26 |im below the surface.
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in Fig. 5, further discussed below) indicate that e has formed, in agreement
with the high N concentrations (>25 at.%) near the peak of the profile.
Subsequent implantation of 1.1 x 1017 N/cm2 at I MeV and a substrate
temperature of -300 °C results in a flat-topped N distribution (dashed line).
The maximum N concentration is constant over a considerable depth range
and is equal to 20 at.% corresponding to stoichiometric Y-Fe4N. Formation
of Y has indeed occurred according to XRD measurements (see Fig. 5, top
curve), indicating that the region with 20 at.% N is homogeneous y. Sharp
transitions to the surrounding Fe matrix are observed, indicating that a y'
layer with well-defined interfaces to oc-Fe has formed. A simulation of this
profile,24-25 plotted in the inset of Fig. 4, shows that the layer is 0.32 (Lim
thick and buried 0.26 u,m below the surface/ No N can be detected at a
depth of ~0.7 jam, the projected range of 1 MeV N in Fe.

After further hot implantation to a total N fluence of 4 x 1017 N/cm2

the layer has grown deeper into the substrate (dash-dot line in Fig. 4).
Apparently, N implanted in the Fe below the nitride layer diffuses through
the a-Fe matrix; if it reaches the nitride layer it is trapped, thus enabling
the layer to grow. No changes are observed at the nitride/Fe interface on
the surface side which indicates that the nitride layer is stable under the
influence of the ion beam and that N does not diffuse quickly through the
nitride layer. From the increase in layer thickness it is calculated that
approximately 80% of the implanted N is trapped in the layer; the other
20% must have diffused deep into the substrate.

The full-drawn line in Fig. 4 represents the N profile measured on a
part of the specimen which was pre-implanted and only heated. It reveals
the same plateau and similar sharp interfaces observed as after hot implants.
Apparently, the transformation from the pre-implanted structure to a y'
layer does not require the presence of the ion beam but can be induced
thermally at -300 °C. This, and other thermally induced changes in micro-
structure, will be discussed in §3.4 and §3.5.

XRD was used to study the sequence of nitride phases formed during
the course of implantation or annealing. This is shown in Fig. 5 which

* No reliable value for the density of Fe4N exists. Therefore an atomic density was taken
which was calculated from the lattice parameter of Y'-Fe4N, as determined by XRD,37

yielding py=0.91x 1()23 atoms/cm3.
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Fig. 5 X-ray diffraction spectra (Cu Ka radiation) showing the evolution of nitride
formation after pre-implantation of 6.5 x 10l7/cm2 500 keV N (bottom curve), followed by
annealing at 315 °C for 1 hour (middle curve), or by 1 MeV N implantation at 300 °C to a
dose of 4 x 1017/cm2 (top curve). The spectra have been offsetted for clarity. The square
root of the x-ray intensity (V/ ) is plotted. Peak positions for the a, e, and y' phases are
indicated above the top axis.

depicts 3 diffractograms from samples first pre-implanted at 500 keV with
6.5 x 1017 N/cm2: (1) as prepared, (2) annealed at 315 °C for 1 hour, and
(3) hot-implanted at 1 MeV to a dose of 4 x 1017 N/cm2. On top of the
Figure diffraction angles for a , e, and y' are indicated.-^8"40 Before
annealing, apart from a-Fe predominantly e-Fe2N].x is detected. After
either annealing at 315 °C or after hot implantation at 1 MeV the e-Fe2N].x

phase has disappeared and Y-Fe4N has formed. The y1 phase has a compo-
sition of 20 at.% N, 5 4 while the average N concentration in the buried
layer, measured with RBS, is also 20 at.%. Hence, it is concluded that this
layer is a closed stoichiometric y1 layer. Furthermore, the contribution of
the y'(22O) reflection relative to that of other y' reflections is much larger
in the hot-implanted sample than in the thermally annealed sample. This
suggests that the layer has developed a texture during growth, as will be
discussed in §3.6.
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surface

100 nm

Fig. 6 Cross-section TEM micrographs obtained after
pre-implantation of 6.5 x l() l 7 /em2 500 keV N,
followed by a 2 x 10l7/cm2 i MeV hot N implant: (a)
bright-field image showing a 0.35 |iin thick nitride layer
buried 0.23 |im below the surface, (b) dark-field image
of a different part of the sample, taken with the dif-
fraction spot arrowed in the diffraction pattern.
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Figure 6(a) shows an XTEM micrograph of the structure obtained after
pre-implantation (500 keV, 6.5 x 1017 N/cm2) and hot implantation (I
MeV, 2 x 1017 N/cm2). Clearly, a well-defined nitride layer can be distin-
guished which is situated 0.23 \\m below the surface and 0.35 \im thick.
Note that the layer boundaries are sharp, indicating that planar growth of
the layer on the substrate side has occurred. Figure 6(b) shows a different
part of the sample in dark field imaging mode (see arrow in the diffraction
pattern). The light regions in the layer must be y, while the dark band in
the middle of the layer arises from remaining e, as indicated by RBS and
XRD measurements on this sample (not shown). Again it is remarkable how
sharp the interfaces with Fe are. This suggests that the e->y transformation
is initiated at these interfaces.

Figure 7 depicts N profiles measured for increasing N fluences at 1
MeV (5 x 1017 to 1.7 x 1018 N/cm2). After a total hot-implanted dose of 5 x
1017 N/cm2 the a/y1 interface has reached the projected range of the 1 MeV
implanted N atoms. For higher doses a higher N concentration (>25 at.%)
develops in the nitride layer at the range of the implanted 1 MeV ions. This

0.3 0.6 0.9 1.2 1.5
Bockscattered Energy (MeV)

Fig. 7 N profiles determined with RBS after high-dose hot implants of 1 MeV N following
a 500 keV N pre-implantation (6.5 x 1017/cm2). The 1 MeV N doses are: 5 x 1017/cm2
(solid squares), \: x 10'7/cm2 (open circles), 1.2 x lO's/cm2 (closed circles), and 1.7 x
lO18/cm2 (open triangles). The projected range of 1 MeV N and the compositions of the y,
E, and t, nitrides are indicated. The solid lines through the data points serve to guide the eye.
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Fig. 8 XRD spectra (Co K a radiation) of samples pre-implanted with 5(X) keV N (6.5 x
1017/cm2) and hot-implanted with 1 MeV N to high doses (indicated in the figure), corre-
sponding to the highest doses of Fig. 7. The top curve is offsetted for clarity.

region expands for even higher fluences, in depth as well as in the direction
of the surface. Note that the transition to the Fe substrate remains abrupt. In
addition, while the front interface also shifts, it remains sharp.

Figure 8 shows results of XRD measurements performed on these
samples. The two spectra are related to the profiles for the two highest
doses in Fig. 7 and show that e has formed and grown. Obviously this
e phase corresponds to the high concentration region observed in Fig. 7.
Apparently, when N is implanted in y to high doses e nucleates within the
y layer, forms a closed layer, and grows at the expense of the y phase.

3.2.2 200 keV pre-implantation

Figure 9 depicts RBS results obtained on a sample pre-implanted with
400 keV N2 (i.e. 200 keV per N atom) to a dose of 4 x 10'? N/cm2 and then
hot-implanted with 1 MeV N to various doses. Again a plateau at 20 at.% N
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Fig. 9 N profiles measured with RBS obtained after 400 keV N2 pre-implantation (4 x
1017 N/cm2) and subsequent hot implantation of 1 MeV N, to doses of 0.9 x 1017 N/cm2

(open circles), 4 x 1017 N/cm2 (closed squares), and 7 x 1017 N/cm2 (open triangles).

is observed after the hot implants, which indicates the formation of a
Y-Fe4N layer. Indeed, XRD measurements on the same sample (not shown)
demonstrate the presence of this phase. As for the 500 keV pre-
implantation, the RBS profiles show that layer growth takes place in a
planar fashion, while the front interface remains fixed. At the final 1 MeV
dose the y' layer has increased to a thickness of 0.48 (im. These results
prove that the pre-implantation energy is not of crucial importance for the
formation and growth of y' layers. During hot implantation N is able to
diffuse over at least ~0.5 \xm (viz. the distance between the position where
the 1 MeV N+ ion comes to rest and the initial oc/y' boundary) and is
trapped if it reaches the matrix/layer interface. As mentioned in the
previous section this is in accordance with the high diffusivity of N in a-Fe.
The difference between pre-implanted and non-preimplanted samples (see
Fig. 2) indicates that a suitable seed is required to enable formation and
further growth of a y' layer. Clearly, the surface does not act as such a
seed. This issue, in particular the minimum pre-implantation dose at which
y1 layers can be fabricated, will be further dealt with in §3.3.
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Fig. 10 N distributions (RBS) measured after pre-implantation and hot implantation, both
with 1 MeV N. Shown are profiles after pre-implantation (7.5 x 1017 N/cm2), only anneal-
ing at -300 °C, hot implantation to a dose of 3 x I017 N/cm2, and hot implantation to a dose
of 6.5 x

3.2.3 1 MeV pre-implantation

The pre-implantation can also be performed at 1 MeV, the same
energy as that of the hot implantation, as will be shown in this section.
Figure 10 depicts the results of such an experiment. The sample was pre-
implanted to a dose of 7.5 x 1017 N/cm2, resulting in a Gaussian profile
centered around the projected range of 0.70 n,m (black dots). The profile
after only annealing indicates that a buried Y layer has formed (full-drawn
line in Fig. 10). Note that, as for the 500 ke\ pre-implantation, the pre-
implanted and annealed profiles overlap at the substrate side. After hot
implantation to a dose of 3 x 1017 N/cm2 growth of this nitride layer occurs
both towards the surface and deeper into the substrate. This is different
from 200 and 500 keV pre-implantations where during hot implantation N
is deposited in the a-Fe below the pre-implanted region and the layer grows
on one side only. Nitrogen atoms must have diffused through the layer
towards the boundaries, to react with the Fe substrate to form more y'.
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After a dose of 6.5 x 1017 N/cm2, however, a region with higher N con-
centration has developed in the center of the layer, suggesting that e has
nucleated. This implies that this type of growth of a y1 layer is limited in
layer thickness. Probably, when a certain thickness is reached, the im-
planted N atoms cannot diffuse out quickly enough, consequently the N
concentration in the middle of the layer increases, and e nucleates.

3.3 Threshold pre-implantation dose

So far the pre-implantation profiles all exhibited N peak concentrations
well above 20 at.% and a closed y1 layer formed upon annealing at -300 °C.
This layer could then grow during subsequent hot implants. The question
now arises: what is the minimum pre-implantation dose required for
successful formation of a closed y1 layer during hot 1 MeV N implantation?
This was investigated in a series of experiments in which the pre-
implantation dose was varied from 1 x 1017 to 3.5 x 1017 N/cm2 at either
500 keV or 1 MeV.

RBS results for 500 keV pre-implants are depicted in Fig. 1 l(a) and
(b). At a pre-implantation dose of 2.1 x 1017 N/cm2, corresponding to a
peak N concentration of-12 at.%, hot implantation with 1 MeV N results in
a N profile with a plateau at 20 at.%, indicating y' layer formation (Fig.
11 (a)). After pre-implantation to a lower dose (I x I017 N/cm2), corre-
sponding to a peak concentration of-5 at.% N, subsequent hot implantation
leads to much broader profiles (Fig. 11 (b)). No Y layer has formed, so pre-
implantation to only 5 at.% is not sufficient to form a closed y1 layer.

Similar behaviour was observed for I MeV pre-implants (Fig. ll(c)
and (d)). A dose of 3.5 x 1017 N/cm2 leads to formation and growth of a y1

layer during hot implantation with 1 MeV (Fig. 11 (c)), similar to what was
observed in §3.2.3. After pre-implantation with 1.3 x 1017 N/cm2, corre-
sponding to a N peak concentration of -6 at.%, no y1 layer forms upon hot
implantation at 1 MeV (Fig. ll(d)). As for low-dose pre-implantation at
500 keV broad profiles develop, indicating insufficient trapping of N at the
location of the pre-implanted N. It is interesting to note that for both low-
dose cases the pre-implanted N vanishes to an undetectable low level during
thermal annealing at 300 °C, whereas for the high-dose cases a considerable
amount is retained.
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Fig. 11 Effect of pre-implantation dose. N concentration profiles before and after hoi
implantation of 1 MeV N following pre-implantation with 5C0 keV N, (a) and (b), or with I
MeV N, (c) and (d), to various doses ('Low1 and 'High'). Pre-implantation doses are: (a)
2.1 x 1017 (b) 1.0 x 10'7 (c) 3.5 x 1017 (d) 1.3 x 1017 N/cm2. Solid circles represent the
pre-implanted profiles; solid lines are the profiles after only annealing at ~3(X) °C; profiles
after hot 1 MeV N implants are represented by dashed lines 11 x 1017 N/cm2 for (a): 2 x
1017 N/cm2 for (c) and (d)], and dash-dotted lines |4 x 1017 N/cm2 for (a) and (b); 3.5 x
1017 N/cm2 for (c) and (d)|.

Successful formation of a Y layer clearly requires a mimimum pre-
implantation dose, between 1 x 1017 and 2 x 1017 N/cm2 for 500 keV pre-
implantation, and between 1.3 x 1017 and 3.5 x 1017 N/cm2 for 1 MeV pre-
implantation. This suggests that a minimum N peak concentration between
6-12 at.% is necessary. For a better understanding of this threshold it is
necessary to know more about the microstructural development after pre-
implantation and subsequent annealing at temperatures up to the implan-
tation temperature. This is the subject of the next section.
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3.4 Annealing after pre-implantation

In this section experiments will be described in which the micro-
structural evolution after pre-implantation at 500 keV is followed during
thermal annealing at temperatures ranging from 200 to 315 °C and at
various annealing times. Two sets of samples corresponding to different N
doses were prepared: a low dose of 2.5 x 1017 N/cm2, i.e. just above the
threshold dose for y layer formation, and a high dose of 6.5 x 1017 N/cm2,
comparable to the dose used in the experiment of Fig. 4.

3.4.1 Low Dose (2.5 x I©17 N/cm^)

Figure 12 shows XRD data from samples, as-implanted, annealed at
200 "C for 1 hour, 250 °C for 1 hour, and 315 "C for 10 minutes. The
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Fig. 12 XRD spectra (Cu Ka) after 500 keV N pre-implantation to a dose of 2.5 x
1017/cm2: as-implanted and after anneals at 200, 250, and 315 °C. The intensity is
displayed logarithmically (log(/)) to emphasize the low yield portion of the spectra. Spectra
are offsetted for clarity. Shown above the figure are peak positions for the a, y1, e, a", and
a' phases. The peak positions for the a ' phase were calculated with a N concentration of
9.7at.%.41
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spectrum for the as-implanted sample exhibits a structure which differs
from oc-Fe near 2 0 - 4 3 ° , 59°, 70°, and 78°. The large similarity in the
peak shape near 20 = 59° and 78°, particularly the strong tailing towards
higher angles, suggests that these reflections should be identified as a'(002)
and oc'(112). The peak near 70° is probably due to the presence of
e particles, while the yield at 43° can be ascribed to both a' as well as e.
The widths of the oc'(002) and oc'(112) peaks indicate that a wide distribu-
tion of N concentrations within the a' phase exists. The positions of maxi-
mum intensity of the a' reflections match well with a (maximum) N
concentration of 9.7 at.%.41-42

After annealing at 200 °C for 1 hour a narrowing of the a' peaks as
well as a shift to lower angles is observed; these peaks can now be identified
as the oc"-Fei6N2 (004) and (224) reflections respectively.43 Also the e(l 10)
peak changes, which may indicate that a specific N concentration within the
e grains is attained. Comparison to literature data44 on the e lattice param-
eter as a function of N concentration indicates a value of 26 at.%. The peak
near 43° is not sufficiently resolved from the a-Fe(HO) reflection to
determine whether it is from a" or e.

Annealing at 250 °C leads to a marked change in the XRD spectrum.
The appearance of new peaks reveals that y has nucleated. These peaks are
broad, suggesting that only small precipitates have formed. The a" peaks
vanish almost completely, suggesting that a transformation to y has taken
place. This would closely resemble y precipitation from the (intermediate)
a." phase during tempering of nitrogen-martensite.1^ Some residual struc-
ture of the spectrum after the 200 °C anneal can be due to either a" which
is not fully transformed, or to residual e. The diffractogram recorded after
annealing at 315 °C for 10 minutes shows only a and y reflections, all a',
a" and e peaks have disappeared.

Figure 13 shows the N concentration profiles measured after annealing
using 15N(p,oeo)12C analysis. Annealing at 235 °C for 30 minutes leads to
narrowing of the profile as well as an increase of the peak concentration
from 15 to 18 at.%. Further narrowing is observed after subsequent
annealing at 265 °C for 30 minutes. The profile is then stable during the
following anneal at 315 °C for 10 minutes. The narrowing of the N
distribution is accompanied by a loss of -15% of the implanted N as
determined from the integrated yield under the curves. Also note that
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Fig. 13 N profiles after a 2.5 x 1017/cm2 500 keV N implant, determined with NRA
l5N(p,oco)12C: as-implanted and after successive anneals, first at 235 "C (30 min.), then at
265 °C (30 min.), and finally at 315 °C (15 min.).

during the 235 °C anneal a constant N concentration of ~1 at.% is achieved
throughout the Fe overlayer. RBS performed on a sample before and after
annealing at 200 °C for 1 hour revealed a similar narrowing of the profile
and increase in the N peak concentration.

The results in this section are summarized as follows. After low-dose
pre-implantation, a' and e precipitates are distributed throughout the
implanted region. Annealing at <200 °C causes a" nucleation, probably
from a' and at the position of maximum N concentration. Furthermore, the
e precipitates attain a N concentration of ~26 at.%. This is accompanied by
movement of N atoms from the wings of the distribution into the precipitate
layer, along with some N loss to the substrate. At a higher temperature, but
lower than 250 °C, a" transforms to y'. (Part of) the e probably remains
stable at this temperature. At 315 °C y is the only remaining nitride.
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SA.2 High Dose (6.5 x 10«7 N/cm2)

Figure 14 shows XRD spectra taken from implanted samples before and
after annealing at 200 °C (28 hours), 250 °C (I hour), and 315 °C (10
minutes, and 1 hour). All major peaks can be attributed to either a-Fe, or e
and y nitrides. In the as-implanted sample and after annealing up to 250 °C
the e phase is the dominant nitride. Based on the results for the low-dose
samples, the feature near 2& = 60° in the bottom curve suggests traces of a'
in the pre-implanted sample. Similarly, in the diffractogram recorded after
annealing at 200 °C the small shoulder of the £(102) peak, at 2 0 = 58°,
indicates that some a" has formed. After annealing at 315 °C for 10
minutes both y1 and £ are observed, while 1 hour of annealing at 315 °C
leads to only y.

Close inspection of the £ reflections in Fig. 14 reveals that they change
upon annealing. This is enlarged for the £(110) peak in Fig. 15. Upon
annealing a shift of the peak position and a narrowing are observed. In the
absence of strain the centroid of the peak is a measure for the average N
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Fig. 14 XRD spectra (V/, Cu K a ) of samples implanted with 500 keV N to a dose of 6.5 x
1017/cm2: as-implanted and annealed at 200, 250, and 315 °C. Curves have been given an
offset for clarity.
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Fig. 15 Blow-up of the e( i 10) peak of the bottom four spectra of Fig. 14. A concentration
axis for N in £-Fe2Ni-x was calculated from Ref. 44 and plotted above the top axis.

content inside the e phase. From literature data^4 this concentration
dependence was calculated and is shown above the top axis of Fig. 15. It
should be noted that without exact knowledge of the amount of strain and
the distribution of particle sizes it is impossible to accurately calculate the N
content from the measured peak profile. Nevertheless, the as-implanted
structure exhibits a wider angular distribution than after annealing. This
wide distribution, particularly at low angles, i.e. high N concentrations, is
in agreement with the wide concentration range observed by RBS. The
narrowing of the peaks indicates that after annealing a uniform N concen-
tration in E prevails. Assuming that there is no strain,45 the e concentration
equals -26 at.% N for 200 °C and 250 °C, and -25 at.% N after 10 minutes
at 315 °C. Analyses of the e(102) and e(103) peaks yield similar numbers;
the results are summarized in Table 2.

Figure 16(a) shows N concentration profiles obtained from RBS mea-
surements before and after annealing at 250 °C. The as-implanted Gaussian
profile changes noticeably within 1 hr of annealing, but then remains con-
stant after a total of 4 hours at 250 °C. A plateau forms at -26 at.% N and
the profile sharpens at the surface side, but does not change at the substrate
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side. This indicates that no expansion of the layer into the substrate takes
place during thermal treatment. Furthermore, with both RBS and XRD a N
concentration of ~26 at.% is measured after the anneal. XRD reflects the
intrinsic concentration within e crystallites (assuming no strain), while RBS
measures an average concentration in the implanted layer. Since both tech-
niques indicate the same N concentration, the layer is a closed e layer with a
homogeneous N concentration. Annealing at 200 °C revealed similar
behaviour, but with slower kinetics (results not shown): after 1 hour of
annealing no change of the as-implanted profile was detected, whereas after
20 and 28 hours a profile with a maximum N concentration of 26 at.% was
measured, similar to the results at 250 °C. The N concentration in the Fe
overlayer was measured using 15N(p,ao)12C analysis before and after
annealing at 265 °C for 30 minutes, as shown in the inset of Fig. 16(a).
After annealing a constant N concentration of -1 at.% in the overlayer is
detected, indicating that during annealing equilibration of N atoms between
the e layer and the a-Fe surface layer takes place. F'gure 16(b) shows N
profiles before and after annealing at 300 °C for 45 minutes. In this case the
pre-implantation was performed at 300 keV to a dose of 5 x 1017 N/cm2. A
plateau at -25 at.% N and sharp boundaries between the nitride and the
substrate are observed, indicating that e is still present. Therefore, the £
layer is stable up to at least 300 °C.

Completely different behaviour is observed after annealing at 315 °C,
as is shown in Fig. 16(c). After 10 minutes at 315 °C the profile shows a
layer with sharp interfaces with the surrounding matrix. Within the layer

Table 2 N concentration in e measured with XRD and RBS for several anneal tem-
peratures.

Preimplantation
(keV)

500
500
300
500

(N/cm2)

6x10*7
6x1017
5x1017
6x1017

Temperature
(*C)

200
250
300
315

Time
(hr.)

20
1
0.75
0.16

I
e(102)

25±2
25±2

-
25±2

Sf concentration
e(110)

26±1
26±1

25±1

e(103)

26±1
26±1

-
24+1

(at.%)
RBS

26±1
26±1
25±1
25±1
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Fig. 16 N profiles measured by RBS of samples after pre-implantation and following
thermal anneals at (a) 250 °C (1 and 4 hours) (b) 300 °C (45 minutes) (c) 315 °C (10
minutes and 1 hour). Pre-implantations were performed at 500 keV to a dose of 6.5 x 1017

N/cm2 [(a) and (c)J, or 300 keV, to a dose of 5 x 1017 N/cm2 (b).

the N concentration varies between ~20 at.% at the interfaces to ~25 at.% in
the middle of the layer. The XRD spectrum taken from this sample yields a
mixture of e and y' diffraction peaks (see Fig. 14). This suggests that /
nucleates at both e/a-Fe interfaces. This is in perfect agreement with the
XTEM micrograph in Fig. 6(b), which also indicates that the e-»Y transfor-
mation starts at the interfaces. Further annealing for 1 hour at 315 °C
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completely transforms the layer to y1. The measured N concentration is 20
at.% and XRD (see Fig. 14) shows only y1 peaks. Furthermore, during the
transformation the interfaces between the initial layer and the substrate
remain fixed and approximately 20% of the originally implanted N escapes
to the surrounding matrix.

In summary, after high-dose pre-implantation, annealing at T < 300 °C
for sufficiently long time transforms the as-implanted structure into a
closed and stable e layer with sharp transition regions to the surrounding
substrate and a uniform N concentration of ~26 at.%. At T = 315 °C the
e layer transforms into a closed y layer without a shift of the nitride/a-Fe
interfaces. Approximately 20% of the nitrogen originally contained in the
e layer is thereby lost to the substrate.

3.5 Beam-induced effects, Ne bombardment

During growth of a y' layer with a 1 MeV hot implant the N beam
obviously serves to supply the N atoms necessary for growth of the layer.
However, during pure thermal transformation of e to y' at 315 "C no
expansion of the nitride layer takes place even though 'excess' N is liberated
by the phase transformation and escapes from the nitride layer. This
suggests that beam-induced effects, such as defect production, enable nitride
layer growth under hot N implantation. In this section we want to focus on
this possible influence and describe an experiment in which transitions in
pre-implanted samples under hot Ne irradiation were studied. Ne has a
similar mass as N and can therefore simulate the beam-induced effects,
particularly the defect generation, of N irradiation.

An Fe sample was pre-implanted at 300 keV, to a dose of 5 x 1017

N/cm2. The sample was then heated to 300 °C and part of it was irradiated
with 1 MeV Ne+ to a dose of 5 x 1016/cm2. The beam conditions were
chosen such that, according to TRIM46 simulations, the defect production
was equivalent to that during 1 MeV N implantation.

N distributions are plotted in Fig. 17, vrth the black dots showing the
as-implanted N profile. The dashed line depicts the N profile measured on
an unirradiated, but annealed, part of the sample and indicates that the pre-
implanted structure has transformed into an e layer with a constant N
concentration of -25 at.%. The N profile measured on the Ne+ irradiated
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part of the sample (full-drawn line) indicates that a y1 layer has formed,
because the maximum N concentration is reduced to 20 at.%. Thus, the Ne
bombardment affects the stability of the e layer. Furthermore, while the
back interface of the y' layer coincides with that of the e layer, the front
interface has moved approximately 17 nm closer to the surface.

The sample was then annealed at 350 °C for 1 hour to transform the e
phase in the unirradiated area also into y. The resulting N distribution is
plotted in Fig. 17 as the dash-dotted line. The N concentration of 20 at.%
indeed indicates formation of a y layer while the interfaces of the y' layer
are positioned at the same depth as for the original e layer. This is in
accordance with the results in §3.4, even though a higher annealing
temperature was applied here.

Apparently, the Ne beam has two effects. First, it affects the stability
of the e phase. Second, while thermally induced y formation takes place
within the e layer, the presence of the ion beam allows 'excess' N to react
with cc-Fe to grow the y layer on the surface side. This suggests that beam-
induced defects play an important role. As will be discussed later the Fe
mobility in a-Fe during thermal annealing probably is limited, therefore
only a transformation within the nitride layer is allowed. Beam-induced
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Fig. 17 N profiles determined with RBS after various anneal treatments following pre-im-
plantation of 300 keV N (5 x 1017/cm2): as-implanted, annealed at 300 °C under 1 MeV Ne
irradiation, only annealed at 300 °C, and annealed at 350 °C following the anneal at 300 °C.
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pig. 18 Random and channeling (<111>) RBS spectra, and N profile, of single crystal
Fe(l 11) pre-implanted with 500 keV N, to a dose of 6.5 x 1017 N/cm2.

defects, however, possibly enhance the Fe mobility, thus enabling Fe atoms
outside the nitride layer, viz. in the oc-Fe surface layer, to take place in the
formation of Y-Fe4N.

3.6 Single crystal Fe substrates

The experiments described so far were performed with /w/vcrystalline
Fe substrates. In order to investigate any crystallographic effects on the
fdmation and growth of buried y' layers an experiment was performed
using an Fe(l 11) single crystal substrate. The use of a single crystal sub-
strate has the additional advantage that RBS in channeling configuration can
be used as an alternative experimental technique for structure determina-
tion. For appropriate comparison with earlier experiments the following
sequence of treatments was used: (1) pre-implantation with 6.5 x 1017/cm2

500 keV N, (2) annealing for 30 minutes at 300 °C, and (3) hot implanta-
tion of 4 x 10'7/cm2 1 MeV N. After each step RBS spectra in a random
direction and in channeling condition along the <111> direction were taken.

Figure 18 shows random and channeling RBS spectra of the pre-
implanted crystal, a random spectrum of a virgin Fe po/ycrystal, and the N
concentration profile determined from the random spectra. Two contri-
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Fig. 19 Random and channeling (<111>) RBS spectra, and N profile, of the pre-implanted
Fe crystal of Fig. 1£, after annealing at 300 °C for 1 hour.

butions to the N profile are observed. In addition to a Gaussian distribution
with a peak N concentration of ~18 at.%, centered around the projected
range, N is also observed near the surface with a maximum concentration
of -10 at.%. This N cannot be in solution in Fe since the N solubility in a-
Fe is much too low (<0.001 at.% at 100 °C)47 to account for the observed
10 at.%. This may suggest that the surface region has transformed to the a'
phase, which does exist with N concentrations up to -10 at.%.41 This is
supported by the channeling spectrum which reveals a considerable chan-
neling effect in this surface layer, with a minimum yield as low as 15%.
Channeling in an a1 layer can be understood from the fact that formation of
a' merely requires a distortion of the a-Fe bcc lattice along the principal
<100> axes, which may maintain or only slightly modify the channeling
direction. More channeling studies are needed to resolve this in more detail.
Figure 19 shows the RBS results after annealing at 300 °C for 30 minutes.
The N near the surface has moved from the surface region and has accu-
mulated in the deeper nitride layer. The peak N concentration of ~23 at.%
suggests that this layer contains e. The channeling spectrum reveals a
minimum yield of 15% in the surface layer which is now a-Fe again. A
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Fig. 20 Random and channeling (<111>) RBS spectra, and N profile, of the pre-implanted
and annealed Fe crystal of Figs. 18 and 19, after subsequent hot implantation of 4 x
1017/cm2 1 MeV N.

minor channeling effect is also observed in the nitride region, which could
indicate the presence of some ordered nitride particles.

Results after the subsequent hot N implantation at 1 MeV are plotted in
Fig. 20. A y layer has formed and grown as indicated by the maximum N
concentration of 20 at.% (see also XRD results below), similar to implan-
tations in /wfycrystalline substrates. It is important to note that the chan-
neling yield reaches a maximum at the position of the front interface but
decreases deeper into the nitride layer. This suggests the development of a
unique orientation of the y layer during growth. Note that also for an Fe
po/jcrystal development of y' texture during layer growth was suggested
(see Fig. 5). The y orientation was investigated further with XRD. In Fig.
21 an XRD spectrum of the Fe(l 11) crystal after the hot implant at 1 MeV is
shown. The Fe(222) peak is outside the plotted 2 0 range, but should appear
at 2 0 = 137°. Furthermore, only the y(110) and the y'(220) reflections are
detected. Other y peaks are absent, hence the y layer must exhibit a unique
(110) texture. Note that this is similar to the texture developed during
growth in a po/ycrystal (see Fig. 5). The (110) texture for y was quantified
for both the Fe(lll) and a /jo/^crystalline substrate by measuring the
y'(220) reflection as a function of the sample tilt angle co. Results are
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Fig. 21 XRD spectrum of single crystal Fe( 111) after pre-implantation (500 keV, 6.5 x
1017 N/cm2) and hot implantation (1 MeV, 4 x 1017 N/cm2). The inset depicts the intensity
of the Y(220) peak (20=70.0°) versus the sample tilt angle, eo, of the single crystal and of a
pre-implanted (300 keV, 5 x 1017 N/cm2) and hot-implanted (1 MeV, 5 x 1017 N/cm2)
polycrysial. In addition, a similar a scan of the Fe(222) intensity is shown, reflecting the
instrumental resolution. The a>scans are shifted horizontally for clarity.

plotted in the inset of Fig. 21. For both samples the y'(220) intensity is
sharply peaked around GJ=O, with a full width at half maximum (Aft>) of
2.3" for the single-crystal and 5° for the /w/ycrystalline substrate. For the
Fe(l 11) substrate this agrees well with the RBS channeling effect in the
nitride layer. It is concluded that the Y(110) planes in both substrates are
predominantly oriented parallel to the surface, i.e. the plane of growth.

It is conceivable that the preferred y orientation in Fe( 111) is caused
by the substrate. Therefore, to check if such a substrate influence does also
occur in the /?o/)<crystal, A<y was measured for the Fe(200) and Fe(110)
reflections yielding A<a=9° and A«=14°, respectively. This indicates much
less texture for poly-Fe, suggesting that the texture of y' which develops
during growth is not imposed by the substrate; instead it must be caused by
the growth mechanism.
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3.7 Thermal stability of y' layers

Even though y1 layers can be fabricated by implantation and annealing
and can be grown by implantation at an elevated temperature, they are still
metastable. A more stable configuration is that in which all implanted N is
dissolved in the thick a-Fe substrate, hence the y' layer is expected to
decompose. The decomposition of y1 was investigated by subjecting buried
y' layer structures to anneals at various temperatures between 350 and
470 "C.

Figure 22 compares N profiles of different y' layers before and after
annealing at 350 °C (23 hours), 377 °C (5 hours), 420 °C (40 minutes), and
450 °C (10 minutes). In all cas ihe back a/y* interface retreats during
annealing, but remains relatively flat. This Indicates that the y' layer
decomposes at the interface while liberated N dissolves into the substrate.
Only the back interface moves while the front interface remains fixed. This
is probably because the Fe overlayer is already saturated with N atoms in

0.8 1.2 0.8 1.2

Backscattered Energy (MeV)

Fig. 22 N profiles determined with RBS of y1 layers before (solid lines) and after (open
circles) annealing at various temperatures and times (indicated in the Figure), showing the
decomposition of the Y layer at the bottom interface.
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Fig. 23 Arrhenius plot of the rate of Y decomposition (see Fig. 22 and Table 3). The rate is
expressed as the number of N atoms/cm^ dissolved into the substrate per hour. The solid
line is a least squares fit through the data points and has a slope equivalent to an activation
energy of 2.3±0.1 eV.

solution (see Fig. 16(a)), thus no driving force for decomposition of the
nitride exists at the front interface.

The dissociation rate is strongly dependent on the annealing temper-
ature, as follows from the different time scales compared to the (similar}
interface shift during each anneal. For each anneal the number of N
atoms/cm2, originating from the y1 layer and dissolved into the substrate,
was calculated from the N profiles. Values, averaged over a number of
samples for different anneals, are summarized in Table 3. The error in
these numbers is typically 10%. For all anneal temperatures represented in
Table 3 the rate of Y decomposition was calculated, assuming a linear time
dependence (see below). In Fig. 23 these rates are depicted in an Arrhenius
plot. All data points fall near a straight line with a slope which is equivalent
to an activation energy of 2.3+0.1 eV. This is a much larger value than the
activation energy which would follow from a N diffusion controlled
mechanism (0.76 eV)29,47 an(j suggests that a slow interfacial mechanism
controls the decomposition of the y' nitride. This is corroborated by a
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Table 3 Measured and calculated numbers of N atoms lost from y layers after anneals at
various temperatures and times. The calculated numbers are based on a N diffusion-limited
mechanism fory decomposition.

Temperature
CO

350
355
377
400
400
420
450

450 (RTA)
470 (RTA)

Time
(hr.)

23
15
5
1.15
2.15
0.70
0.12
0.16
0.04

N atoms/cm2 (xlO17)
measured

0.58
0.52
0.48
0.60
1.21
1.76
0.82
2.30
0.74

calculated

13.5
12.2
11.3
8.7
11.8
10.8
6.9
8.0
5.6

calculation of the number of dissolved N atoms/cm2 assuming that the rate
c." nitride dissociation is controlled purely by the diffusion of N away from
the interface.29-47 These numbers are represented in the last column of
Table 3 and show that for all anneal treatments the measured values are
roughly one order of magnitude lower than expected from the diffusion
limited model. Hence, this supports the idea that a slower mechanism,
taking place at the a/y interface, is rate limiting. Moreover, the values for
1.15 and 2.15 hours of annealing at 400 °C in Table 3 are more consistent
with a linear dissociation rate than with a Vt dependence, which vould
follow from a diffusion controlled mechanism.

Hence, there are three arguments which suggest that the y1 decompo-
sition rate is controlled by a slow process at the interface: a high activation
energy (2.3 eV), slower kinetics than predicted from a diffusion limited
mechanism, and a non Vt dependence. Perhaps this process is related to the
(probably slow) Y~>a lattice transformation taking place at the interface,
for which the Fe atoms have to rearrange from an fee to a bec matrix.
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Fig. 24 Y(2(X)) and Y(220) XRD peaks before and after anneals at 450 °C (10 min) and
470 °C (2.5 min) of a sample containing a thick y layer.

With XRD the change in y' texture during dissolution of the nitride
layer was investigated. Figure 24 depicts the two most pronounced y'
reflections, (200) and (220), prior to, and following, anneals at 450 °C (10
minutes) and 470 °C (2.5 minutes). In the as-prepared condition (top
curves, note the different intensity scales) the (220) peak is dominant
indicating the observed preferential (110) texture for grown y1 layers (see
Figs. 5 and 21). After annealing the intensity of the (220) peak has dropped
significantly whereas the (200) peak has stayed approximately constant.
This must be due to the disappearance of approximately 80% of the layer
which was grown by the hot implant. Thus, it is this part which is respon-
sible for the observed (110) texture of grown layers, which supports the
earlier suggestion that <110> is the preferred direction of growth.
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4 Discussion

4.1 Summary of the results

In the following the sequence of phase transformations, detailed in the
preceding sections, is summarized using the series of illustrations in
Fig. 25. The microstructure which results from pre-implantation depends
on the pre-implantation dose (Fig. 25A). A low-dose implantation (2.5 x
1017 N/cm2 at 500 keV) leads to a region of a' in which perhaps small e
crystallites with N concentration -25 at.% are embedded. After a high dose
(6.5 x 1017 N/cm2 at 500 keV) pre-implant e is the dominant phase and
probably forms a closed layer with varying N concentration. Some a1 is
still present, probably on either side of the layer and possibly containing
small isolated e precipitates. Because of the asymmetry of the implanted
profile a thicker a' region is expected on the surface side of the e layer.
During annealing of the 'low-dose' sample at 200 °C (Fig. 25B) a"
nucleates and perhaps even forms a closed layer. As suggested by many
studies the oc'->a" transformation merely requires a reordering of N atoms
s?nce the Fe sublattices are very similar.19,43,48 in N-implanted Fe such
formation of a" precipitates from a', during 150 °C annealing, has been
shown previously by Nakajima and Okamoto.49-50 The e precipitates
remain in the a" layer but attain a N concentration of 26 at.% as indicated
by XRD. In the 'high-dose' sample N distributes uniformly over the e layer
at a concentration of 26 at.%. The a' phase disappears by forming either a
(and releasing N) or a".

At higher temperatures, but still lower than 300 °C (Fig. 25C), XRD
indicates that y precipitates from a" in the sample implanted to a low dose.
This is in agreement with previous studies which have shown the a"-»y
transformation at these temperatures although the precise mechanism of the
transformation was not fully understood.'9 The e layer in the 'high-dose'
sample does not change. XRD indicates that a" disappears, as in the 'low-
dose' sample. Although y' may form from a", this was not detected by
XRD.
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low dose (2.5x10"N/cm2) high dose (6.5x10" N/cm2)

(E) growth

(A) preimplantation A a' §

200 °C

(B)

250-
300 °C

(C)

315 °C

(D)

,3s
ii

-TO-
1 MeV

Fig. 25 Schematic of phase formation after pre-implantation (500 keV N), and phase
transformation after subsequent annealing, and hot 1 MeV N implantation. N profiles are
also indicated. Details are explained in the text.
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At 315 °C (Fig. 25D) the e phase disappears from the low-dose im-
planted sample, possibly by transforming to y\ The implanted region now
consists only of small Y precipitates in the cc-Fe matrix. In the 'high-dose'
sample y1 nucleates at both e/a interfaces. The y' grows into the e layer
while N, liberated by the e to y1 transformation, diffuses into the a and is
lost. A closed Y layer results after the e phase is completely consumed.

If 1 MeV N is implanted through such Y layers, with the substrate held
at -300 °C (Fig. 25E), the N can reach the interface, and the Y layer grows.
Growth of this layer requires the presence of the ion beam since it is not
observed thermally. During growth a (110) orientation of the layer de-
velops. This is related most probably to the growth mechanism, not the
substrate orientation or texture. In the 'low-dose' samples the Y precipitates
grow during hot 1 MeV N implantation. Once the y1 crystallites have
coalesced to form a closed layer, further growth is similar to the 'high-
dose' samples.

The observed microstructural changes raise several important
questions:
(1) Why does the transformation from e to Y occur above 300 °C?
(2) During low temperature annealing (<300 °C) of 'high-dose' samples,

why does the e layer not dissolve, but remain at a N concentration of
-26 at.%?

(3) What mechanism governs growth of the Y during hot implantation?
Implanted N might dissolve into the bulk by fast diffusion as is seen
during hot single implants.

We will discuss these questions below.

4.2 Thermodynamic stability of y'

We shall concentrate first on the thermodynamics of the Fe~N system.
Analytical expressions to calculate the difference in Gibbs free energies,
AG, of the a, e, y, and Y phases, relative to standard states of oc-Fe and N?
gas, were obtained from Ref. 51 and are listed in Appendix A. To demon-
strate their validity we reconstructed the Fe-N phase diagram using the AG
functions and a general computer program52 to find the common tan-
gents.53 The result is shown in Fig. 26 along with measured e, y, and y'
phase boundary data as compiled in Ref. 54. The three special points, (y <->
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a + y') at 592 "C, (e o y + y') at 650 °C, and (e <-> y1) at 680 °C, are
reproduced accurately. However, the exact position of the e boundary above
~450 °C is not reproduced as accurately as the other boundaries; this is due
to problems in constructing proper thermodynamic models of the y1 and e
phases (see Ref. 51 and Appendix A for further discussion).

An intriguing result in the calculated phase diagram is that y' is
predicted to become unstable below -310 °C through a eutectoid transfor-
mation to a + e. Published phase diagrams, such as Ref. 54, indicate that y1

is stable to lower temperatures, even though there are no published data on
the stability of y1 below -350 °C.54 The eutectoid predicted by our calcula-
tion could be caused by an unphysical extrapolation of the AG's to low
temperatures. Therefore, in Fig. 27 the calculated difference in free energy
(Af->B in the inset) between the y' curve and the a -e tie-line at the y'
composition, is plotted versus temperature. If the free ene/gy curve of y1 is
below the oc-e tie-line, hence negative values in Fig. 27, y" is a thermo-
dynamically stable phase. The solid part of the curve covers the tempera-
ture range of the data used by Ref. 51 to determine the free energy expres-
sions for the phase;, (the crossing at -630 °C is for y' <-> a + e, not the
'equilibrium' y ' o e transformation which occurs at 680 °C). The dashed
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Fig. 26 Calculated Fe-N phase diagram (solid line) along with several measured phase
boundaries taken from Ref. 54. The calculation is performed according to a formalism
described in Appendix A and is based on the work of Kunze.51
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Fig.27 Calculated difference in Gibbs free energy versus temperature between y and a+e
at the y composition (arrow A<->B), showing the predicted eutectoid at 310 °C.

line in Fig. 27 represents the extrapolation to lower temperatures, showing
the eutectoid at -310 °C. Already at 475 °C, within the region of valid AC
data, the stability of y starts to decrease. This suggests that -f should indeed
become unstable eventually. The extrapolated temperature range of 40
degrees, starting from 350 °C, is reasonably small compared to the range of
valid AG, thus we predict that y becomes thermodynamically unstable at
-310 °C.

This is remarkable since it was shown above that an ion beam synthe-
sized e layer is stable during thermal anneals at temperatures up to 300 °C.
At 315 °C, however, e transforms to 7'. The thermodynamic calculations
shown here strongly suggest that this has a thermodynamic origin: / is not
a stable phase below 310 °C, and thus cannot be formed from e at these
temperatures. Further discussion on the transformation of e to y' follows
below. With regard to the predicted eutectoid it is also interesting to note
that y is not observed in pre-implanted samples (which have not received a
thermal treatment), neither for the implants at 500 keV studied above, nor
for implants performed at lower energies.715 '17.49 '50 Whether or not y'
formation is controlled by kinetics during pre-implantation, the above
calculations indicate that thermodynamically y is not a likely phase to form.
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One may wonder why there is no further experimental support for the
predicted eutectoid reported in literature. First, it is expected that the
y'->a+e eutectoid decomposition is strongly limited by kinetic factors, and
therefore difficult to observe, for the Y->a transformation is shown above
to be a very slow process (£a=2.3 eV). On the other hand, our experiments
indicate that the e->y' transformation above the eutectoid temperature is
kinetically achievable. Even so, in 'normal' thermochemically produced
thick e layers, in equilibrium with N-saturated a, the £->Y transformation
is not possible without also the ct->Y transformation (from the N liberated
by £-»Y). However, the a->Y process is also kinetically limited at tempera-
tures only slightly above 310 °C, as will be discussed below, and this
suggests the second reason why the eutectoid could not be observed earlier.
On the contrary, by ion beam synthesis metastable e layers in wnsaturated a
are produced. At the eutectoid temperature these can transform to y'
without the necessity for the a->y transformation so that the eutectoid is
revealed.

4.3 Thermal anneals of £

The Y phase does not form during thermal annealing of £ below
300 °C, probably because Y >s not stable at these temperatures. Moreover,
the compositions of the e phase resulting from these anneals are not the
equilibrium thermodynamic values expected from the calculated oc-£ phase
boundary. (Note that since Y is not found in these layers the Y-e boundary,
which can in principal be calculated from the free energy functions, still
does not enter into consideration). If a and E were in true thermodynamic
equilibrium then the chemical potentials of both Fe and N would be equal in
the two phases. Since N diffuses very quickly in a,29 N can easily redis-
tribute in response to any chemical potential differences. Fe atoms are
essentially immobile at these anneal temperatures" so true thermodynamic
equilibrium between a and £ may be very difficult to realize in practice.

Figure 28 compares the N concentration in thermally annealed £, as
derived from XRD and RBS analyses, with the calculated £ phase boundary.

* This is illustrated by the extremely low diffusion coefficient of Fe in its sublattice. For ot-
Fe for example, the diffusion coefficient at 250°C, extrapolated from higher temperature
data," is only 2.3 x 10"24 cm2/sec.
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Fig. 28 Equilibrium and non-equilibrium e phase boundaries. Solid points denote N
concentrations i.. £ measured in this work (see Fig. 16 and Table 2). open circles are
measured data of the e phase boundary and are taken from Ref. 54, the dashed line is the
calculated phase boundary (redrawn from Fig. 26), and the solid lines are calculated non-
equilibrium phase boundaries (explained in text).

These values are similar to the equilibrium concentrations in e measured at
higher temperatures (>350 °C).54 However, if y' indeed becomes unstable
below ~300 °C, then the e phase boundary should shift towards higher N
concentrations because e is then in equilibrium with a rather than y'.
Although the calculated e-y1 boundary lies -1 at.% beyond experimental
phase boundary data,-1*4 the calculated equilibrium e-a boundary is some 3
at.% off the measured values. This suggests that the e layers formed during
the thermal anneals are indeed metastable, limited by kinetic factors.

Estimates of non-equilibrium e-a phase boundaries can be obtained
from the thermodynamic equations assuming that (1) the N redistributes so
that its chemical potential in a and e is the same, (2) the number of Fe
atoms in the e phase does not change (no Fe mobility), and (3) the number
of Fe atoms in the a phase is determined by the N diffusion length (the
amount of a that the N can redistribute into). The solid lines in Fig. 28,
representing the non-equilibrium a-e phase boundaries, were calculated
using these constraints on the free energy functions used above and
assuming three different N diffusion lengths of 2, 20, and 200 jam. The
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estimated diffusion length is ~20 u.m, and the experimental data do fall near
this line. This supports the idea that thermal annealing below 300 °C, of ion
beam synthesized e, does not result in the true equilibrium concentration of
N in e because the equilibration process is limited by a low Fe mobility
which precludes the transformation of e to a. This low Fe mobility might
also preclude a transformation from e to y at these temperatures if y v ere
a stable phase (although the structure of Fe in y' and e is very similar).
Even so, the above non-equilibrium model for the N concentration in the e
would still apply because e-a would still be the relevant non-equilibrium
boundary whether Y formation is ruled out by thermodynamics or kinetics.

4.4 Transformation of e to y'

Thermal annealing at 315 °C of an ion beam synthesized e layer results
in the formation of a closed y layer. This thermal transformation occurs
without measurable movement of the nitride interfaces relative to the a.
This is not surprising because the e/a interface is also not observed to move
during anneals at temperatures (<300 °C) at which Y does not form. The y
apparently nucleates at the interfaces and grows into the e layer. However,
in the presence of a N+ or Ne+ ion beam this transformation is accompanied
by growth of the nitride. Using models similar to those in the previous
section we can explain both phenomena.

In the previous section it was argued that by assuming limited Fe
mobility the e layers that formed were non-equilibrium. Moreover, it was
shown that the non-equilibrium N concentrations in e could still be under-
stood within a thermodynamic framework. Now we also have to consider
the formation of the Y phase. Figure 29(A) outlines three possible schemes
for the £ to y' layer transformation. In scheme 1, N liberated by the trans-
formation from e to Y results solely in growth of y at the y/a interfaces (a
and b) while the N concentration in the a substrate (X\) does not change.
For scheme 2 all excess N dissolves into the surrounding a matrix
(resulting in a concentration XT) anc^ t n e nitride interfaces stay at rest.
Finally in 3 the y layer is in 'equilibrium' with the a, with the N concen-
tration in some thickness of a equal to the equilibrium value, %y For all
three schemes the M concentration in the Fe top layer is assumed to become
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in equilibrium with the nitride layer (#3), as suggested by experiment.
Table 4 summarizes the mobilities of N and Fe required in the various
phases for these schemes to occur. In Fig. 29(B) the non-equilibrium
thermodynamic driving forces corresponding to these three schemes are
indicated schematically as arrows. They all start on a line representing e
with unsaturated a and point at different lines corresponding to y with a
with different N concentrations.

(A)

(l) (2) (3)

K- a
4

T
1

(B)

xy'-

Xi

- T
Xl

-

Atomic Percent N
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Fig. 29 Three schemes for the e to y layer transformation: (A) schematic of the schemes
showing possible ways in which N liberated by the e to y' transformation can be
redistributed (further explained in text) (B) schematic of the corresponding thennodynamic
driving forces (plotted as arrows). The AC curve for a is plotted enlarged for clarity.
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From the previous section it is apparent that N is mobile in both a and
e, but that Fe in e is not mobile enough to result in shrinkage of the e and
concomitant growth of a. Analogously, the experimental data indicate that
the e-»Y transformation during purely thermal anneals at 315 °C is limited
by mobility of Fe in both a and y1. Hence, scheme 2 applies to the pure
thermal transformation, even though for scheme lb and 3 a larger driving
force exists. Note that the diffusivity of N in a is fast enough so that (part
of) the N in the Y layer could dissolve into the a if shrinkage of the back
interface were possible.

Under a Ne+ beam, however, movement of the front interface is
observed. Because the diffusivity of N in the bulk a is very fast the equi-
librium cc-Y solubility is not easily reached, and even the equilibrium value
would still not promote growth of the nitride. However, the Fe surface
layer is of limited thickness and is probably quickly filled to the equi-
librium N solubility. Hence a driving force for growth of y' at the front
interface exists, and scheme 3 applies for the case where the Ne+ beam is
on. This further supports the idea that the transformation is controlled by
Fe mobility: the ion beam enhances the Fe mobility (by generating defects),
hence the oc->Y transformation is kinetically allowed. At the front interface
this leads to growth of Y» at the back interface N diffusion is still too fast
for the N concentration in a to reach the a-yf equilibrium value, and the
interface does not move.

I.

it

Table 4 The required mobility of N and Fe atoms for the £ to y' layer transformation
according to the three schemes of Fig. 28.

scheme 1
scheme 2
scheme 3

N mobility
a e y'

+ + +

Fe mobility
a e y'

: : ;
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4.5 Growth of y1 layers

From the previous section it follows that for growth of y1 to occur
th .̂re must be a supersaturation of N at the phase boundary in addition to
mobility of Fe to enable the a->Y transition. This will be shown below to
happen for high-dose, high-energy, hot N implants.

We simulated the growth of y1 during implantation using a model
incorporating the experimental parameters. The simulation calculated the
diffusion of N in the a layer beneath an initial nitride layer using a Crank -
Nicoison algorithm.56 The extremely high diffusivity of N in a (4.7 x 1010

cm?/sec)29 required small time steps and large space steps for stability of
the algorithm. In each time step an incremental amount of N was
'implanted' with a Gaussian profile in the layer and then allowed to diffuse.
Diffusion out of the back of the total simulated layer was approximated by a
Gaussian diffusion profile. For the thickness (16 u,m) modeled here this
diffusion was minimal. At the a/y' interface, if the N concentration in a,
Xa, was below the equilibrium concentration, then the interface was treated
as a perfect reflector. Above the equilibrium N concentration the a/y'
interface was instead pinned at this equilibrium value, and the nitride thus
acted as a N sink. The thickness of the Y layer was then incremented to
account for y1 growth caused by N addition (through either direct implan-
tation or in-diffusion from the a). The model parameters used in the
calculations presented here are listed in Table 5.

Figure 30 shows the evolution of the N profiles calculated by the
simulation. For N doses below 8 x I015 N/cm2, %a remains below the
equilibrium value (3.3 x 1O2 at.%) so no N diffuses into the y1. Beyond the
ion range (0.7 }i.m) N rapidly diffuses into the bulk. By 2 x 1016 N/cm2, xa

at the a/y interface has exceeded the equilibrium value and incorporation
into the y layer has started, although the peak N concentration (at -0.7 p.m)
continues to rise. At 1 x 1017 N/cm2 the a/y interface has moved signifi-
cantly (38 nm) and the N concentration profile has reached its peak.
Continuing the simulation to 2 x I017 N/cm2 shows that the y' has grown
some 90 nm and that the peak N concentration has started to decline as the
nitride diffusion sink nears the implantation depth. In addition, on the
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3.5x10

1.50

Fig. 30 Numerically simulated N profiles during 1 MeV N implantation at a substrate
temperature of 300 °C as function of N dose, indicated as number of N atoms/cm2. At zero
dose the nitride interface is located at a depth of 0.5 |am and moves into the substrate for
higher doses. Only the N concentration in the Fe substrate is plotted.

Table 5 Parameters used for calculation of profiles in Fig. 30.

N+ Range
N+ Straggle
N+ Dose Rate
Diffusivity of N in a
Original V Thickness
N Concentration in y1

Equilibrium y/cc Concentration
Finite Element Thickness
Total Simulated Depth

700 nma
100 nma

4xl013N/cn/' 'sec
4.7 x 10"10 cm^/secb
500 nm
20 at.%
3.3 x 10-2at.%c
20 nm
8-16 |im

Determined experimentally
Reference 29
Reference 47. Experimental values at -350 °C vary between ~3 x
10"2 and ~6 x 10"2 at.%. The exact value does not greatly affect
the general results.
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substrate side the diffusion profile is flattening out, reducing the amount of
N removed from the implanted region into the bulk.

The simulations demonstrate that, in spite of the high diffusivity,
implanting N into the a behind the y layer leads to efficient transport of N
to the cx/y interface. Figure 31 shows the N added to the litride through
both diffusion from the a substrate and by direct implantation. Once Xa a t

the interface exceeds the equilibrium concentration (requiring a N fluence
of ~9 x 1015 N/cm2) the incremental efficiency of the process starts to
increase and reaches 95%. The total simulated efficiency for a 5 X 1017

N/cm2 implant is greater than 80%. This is in good agreement with the
experiments which also result in about 80% of the implanted N being
incorporated in the nitride layer.

Initially almost all of the y' growth is caused by N diffusion to the
interface, but as the layer nears the implanted N range, the directly im-
planted amount rapidly increases. The implanted portion causes growth of
the layer, but it is also expected that the N concentration in the near inter-
face region of the y layer increases rapidly with N dose, due to the slow
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Fig. 31 Simulated number of N atoms/cm2 incorporated in the nitride layer versus the
'implanted' N dose. The total number consists of a part which is diffused to the nitride layer
and a part wh;ch is directly implanted in the layer. The solid line is a least squares fit
through the points for doses >1.5 x 1017 N/cm2 and indicates that 95% of the 'implanted'
N is incorporated in the layer.
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Fig. 32 Peak atomic fraction of N (maximum of N profiles such as in Fig. 30) as a function
of 'implanted' N dose.

diffusion characteristics of N in y'-Fe4N.37,57 However, this was not
modeled here. Eventually, the y' will be supersaturated with N and a
driving force for e formation exists. Formation of £ was indeed observed
experimentally, when the nitride interface reached the peak of the implant
profile, hence the N concentration near the interface in y1 was at maximum.
Nucleation of e is probably facilitated by the presence of the interface
which can serve as a heterogeneous nucleation site for e. In this respect it is
interesting to recall that if the whole profile is implanted in the middle of
the y' layer (§3.2.3) e formation only takes place when a critical nitride
thickness is achieved. This suggests that a higher supersaturation is required
to nucleate e in the middle of the y1 layer than if a nucleation site in the
form of an interface is present.

Finally, Fig. 32 shows the calculated peak N concentration in the a
substrate as a function of N dose. As shown in Fig. 30 the peak level ini-
tially rises quickly, but above a dose of 1 x 1017 N/cm2 begins to decline
slowly as most of the implanted N diffuses to the approaching nitride sink.
The granularity in the simulation data is a result of the computer calcula-
tion. The maximum supersaturation above the equilibrium oc/Y concentra-
tion during the growth is -4%, or xa = 3.4 x 1O2 at.%. Apparently, this is
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below the concentrations required to nucleate either y or £ in a. For, if any
nitride nuclei would form in the implanted region, they would also act as
sinks and start to grow, which is not observed experimentally. The rapid
diffusion of N and the presence of the growing layer (viz. N sink) ensure
that nitride precipitation during the second implant is very unlikely.

In principle, this type of layer growth is not limited to Fe-N.
However, the success of similar compound layer growth in other systems is
expected to depend on the peak supersaturation of the implanted species
during hot implantation. If this is higher than the required supersaturation
for compound nucleation (under the irradiation conditions) layer growth
ceases and compound formation in the implanted region will occur instead.
Even so, the peak supersaturation may be tuned by the implantation condi-
tions, as it is influenced by parameters such as the implantation flux, the
diffusivity and solubility of the implanted species (both dependent on
temperature), and the initial distance between the compound interface and
the depth of the implant profile. How critical the growth depends on these
parameters needs to be investigated, and is an interesting subject for future
study.

5 Conclusions

Using a double implantation scheme uniform single phase y' layers
have been fabricated buried below an Fe surface. First, a pre-implantation
at low substrate temperature (~100 °C) is required to nucleate nitrides.
Subsequent 1 MeV implantation at 300 °C leads to the formation and
growth of a y'-Fe4N nitride layer at the position of the pre-implanted N
atoms. Growth of this nitride layer proceeds by diffusion of the N through
either the a matrix (if implanted behind the layer) or the layer itself (if
implanted inside the layer).

Thermal as well as beam-induced effects control the formation and
growth of y layers. Both phase formation during pre-implantation and pure
thermal phase transformations can be understood from a thermodynamic
perspective. The experimental results and thermodynamic calculations
suggest that below 310 °C y is not a stable phase. Even so, annealing after
pre-implantation, between 200 and 315 °C, results in non-equilibrium
structures. This can be explained by the concept that N is mobile during
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annealing and can respond to any chemical potential gradient, while Fe is
essentially immobile and can only transform from the e hep sublattice to the
Y fee sublattice above 310 °C where Y is a thermodynamically stable phase.

During hot implantation a N concentration profile develops which
drives implanted N to the nitride interface. Beam-induced defects enable the
interface to move. The reordering Fe atoms at the moving interface arrange
in (110) Y planes which indicates a preferred direction of growth.

At temperatures >350 °C the Y layers decompose at the back interface.
This is controlled by a slow reordering mechanism at the interface, charac-
terized by an activation energy of 2.3 eV.
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Appendix A: Calculation of Gibbs free energies

In this appendix the analytical expressions used to calculate the Gibbs
free energies for the a, y, y, and e phases are presented. Knowledge of the
free energies of these phases allows the extrapolation of the Fe-N phase
diagram to temperatures lower than 300 °C, the lowest temperature in the
phase diagram from the Bulletin of Alloy Phase Diagrams.54 In addition
they can be used to study metastable structures such as buried nitride layers
in an a-Fe matrix. The expressions are based on a thermodynamic model
for interstitial solid solutions. For a thorough description of this model see
Ref. 51 or Ref. 58. Recently, a compilation of thermodynamic measure-
ments on the Fe-N system has been presented by Kunze^l and has been
fitted to this thermodynamic model following earlier work of Hillert and
Jarl.59

In many cases the free energy of a binary solution of A and B atoms
can be described in terms of the free energies of pure A, pure B, and
AGmix, the change in Gibbs free energy caused by the mixing. For the Fe-N
solid phases this is not possible, because the Fe and N atoms distribute on
different sublattices. In this case the molar free energy (G) should be calcu-
lated from the chemical potential (/u) of Fe and N as:

(Al)

where XN is the atomic fraction of N.
From the work of Kunze for each of the a, y, y', and e phases

expressions can be derived for pi of Fe and N. In these expressions, which
will be given below, jUFe is taken relative to the molar free energy of pure
a-Fe (GFCCI) and jUN is taken relative to k/N2> the free energy of 1 mole of
N atoms in N2 gas with pressure p Pa. For a prediction of phase equilibria
it is sufficient to know the difference between G and the free energy of oc-
Fe and N2 gas (AG), which follows from:

(A2)

78



Ion beam synthesis of nitride layers in iron

We now list the expressions we used for [i^ and jUFe in the a, y, and e
phases and give an expression for AG for y, all of which are derived from
the work of Kunze.

»The solution ofN in a-Fe

J"N,CX = ^GN2+30745+103.27

+ RT In f - ^— I - RT In (Vp) J/mol (A3)
[34Xnj

( 3 4 . ^
/*Fe,o = GFc.a + 3 RT In ^ ^ i J/mol (A4)

with /? the gas constant (8.314 J'K^mol1) and T the absolute temperature.
Using A3 and A4, AGa can now be calculated from Al and A2.

'The solution of N in y-Fe

J"N,Y = \GN2- 54300 + 366.1 T- 30.629T\nT

-53300 ~^r-RTin^p) J/mol (A5)
IX

Fc,y = GfFc.tt + 7715-1.437r +6.4x10-4 7"2-1.15

1550.8 f^l4 + 68.925 (~t° + 15.508 f^j

I-XN J [I
J/mol (A6)

!/ for 7<rc> where Tc = 1043 K is the Curie temperature of Fe.
• From A5 and A6, AGy can be calculated using Al and A2.
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*The free energy of the £ phase

The £ phase is the most difficult phase to describe. This is because of
the ordering of N on its sublattice around the compositions Fe3N and
Fe2N,44 an effect which was not taken into account in the thermodynamic
model. Even so, reasonable fits of the model to the measured data were
obtained by Kunze, from which jUN and /zFe were derived as:

,e = |GN 2+3752 + 10.1 T+ 10.785 TlnT +

- 2 ~ r ( L 0 + 3L, Y ~ | - R T l n O / p ) J/mol (A7)

1-JCN ^ 1-XN J

= GFe,a + 15409 - 42.283 T + 6.4x1 O

+ 3.847 TlnT + 1550.8 \~f + 68.925 (~-

J/mol (A8)

with

Lo = - 193600 + 137.07 J/mol (A9)
Li = 128466 - 122.3 T J/mol (A 10)

From A7 through A10 AGe can now be calculated, using Al and A2.

The ordering of N on its sublattice will probably result in a broader curve
of G versus composition which may move the predicted e+y'/e phase
boundary to somewhat lower N concentrations, leading to a better fit to the
measured boundary (see Fig, 26 in main text).
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*The free energy of formation of the y phase

The y phase exhibits a small variation in composition, largest near
650 °C where the phase field ranges from approximately 19.3 to 19.8 at.%.
The thermodynamic analysis will not be significantly affected if this small
variation is neglected, and in Ref. 51 the y phase is treated as a stoichio-
metric compound Fe4.iN. For this composition AGy, relative to cc-Fe and
N2 gas of/? Pa, was derived as:

AGy = 14850- 126.17 7+5.145x10-4 72+ 18.371 T\nT

+ 1246.7^]*+ 55.41 ̂ J ° + 1.2467

-0.196/?Tln(V/?) J/mol (All)

This is the free energy for one composition only. To be able to numerically
calculate common tangents to curves of AG versus N atomic fraction, but
maintain a narrow phase field, we have added a sharp parabolic function of
JtN, AGmjx = 5 X 1 0 6 ( X N - 0 . 1 9 6 ) 2 J/mol, to this expression, and for the
calculations presented in the main text we have used the sum, AGy*:

*
AGy = AGy + AGmix (A 12)

As an example, Fig. A1 (a) shows curves of AG versus composition for
the a, y, y, and e phases at 400 °C and p^2 = 0.1 MPa. The solid part of the
curves covers the composition range of the measured thermodynamic data
used in Ref. 51 and the dashed part represents extrapolation to other
compositions. The calculation indicates that y and e are not stable at this
temperature and pressure because their AG's are larger than zero.
Decomposition of y and e into a-Fe and N2 should occur, but this is kineti-
cally limited by N2 precipitation, hence these nitrides are metastable. Even
so, construction of tie-lines to the curves predicts a-7' and y'-e equilibria,
in accordance with the phase diagram.

Choosing a different N2 pressure does not affect the difference
between the AG curves, and for better graphical representation of the AG's
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12

Atomic Fraction N
o.O 0.1 0.2 0.3 0.4

(o)

T = 400°C

= 0.1 MPa

T = 400°C

> 0.7GPa

0.0 0.1 0.2 0.3
Atomic Fraction N

0.4

Fig. Al Calculated Gibbs free energies of the a, y, y1, and e phases versus atomic fraction
of N at 400 °C, relative to the free energy of a-Fe and N2 gas of (a) 0.1 MPa and (b) 0.7
GPa.

it is better to refer to N2 gas with a higher pressure. This is shown in Fig.
Al(b), which depicts a calculation of AG at 400 °C for/?N2 = 0.7 GPa. It is
interesting to note that the calculation reveals that there are only small
differences between the free energies of the different phases. At the
composition of Fe4.|N for instance, the free energy difference between the e
and y phases is <1 kJ/mol.
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SUMMARY

This thesis describes the formation and growth of pore-free nitride
layers in iron using 1 MeV nitrogen implantation. To date such homoge-
neous nitride layers in iron have not been achieved using ion beams, even
though such structures could strongly improve the surface mechanical
properties. Surface nitride layers on iron can be obtained by thermochemi-
cal surface treatments, but these layers suffer from porosity. This is due to
the metastability of the nitride phases combined with the high process
temperature (>500 °C) needed to grow a surface layer. In the work of this
thesis the temperature used to fabricate nitride layers is only 300 °C and
pore-free structures result. Chapter 1 introduces the use of 1 MeV nitrogen
ion beams in the field of ion implantation in metals and describes further
motivation for the research of this thesis.

Chapter 2 describes an MeV ion beam facility for materials research
with which a wide range of experiments, using ion beams, can be per-
formed. It consists of two Van de Graaff type accelerators, one for ion
implantation with energies up to 1 MeV and one for analysis using
Rutherford backscattering and channeling. The new features of this facility
include an ion-source exchange system, an integrated gas-handling system
and a low x-ray background intensity.

Chapter 3 presents a detailed investigation of the formation, growth
and stability of homogeneous Y-Fe4N layers in iron using nitrogen implan-
tation. First it is shown that single 1 MeV nitrogen implants do not result in
growth of nitride layers (§3.1). At low substrate temperature (<175 °C)
implantation results in nitride formation, but eventually, higher doses lead
to blistering of the surface. At high implantation temperature (300 °C),
however, nitrogen diffusively escapes from the implanted region. Closed y-
Fe4N layers are obtained using double implants (§3.2 and §3.3). First, a
low temperature (-100 °C) pre-implant is used to nucleate nitride particles
close to the surface; second, a higher temperature (300 °C) 1 MeV hot-
implant follows to form the Y phase and grow a closed y layer by diffusion
of nitrogen through the iron substrate to the y interface. The transforma-
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tion from the pre-implanted structure to y1 and subsequent growth of a y1

layer during hot implantation is unraveled in pure thermal transformations
(§3.4) and beam-induced effects (§3.5). After high dose pre-implantation an
e-Fe2Ni-x nitride layer forms during annealing at 200 °C to 300 °C. At 315
°C this layer transforms to a y' layer. The influence of the ion beam is to
enhance the mobility of iron atoms such that during this transformation the
miride/substrate interfaces are allowed to shift. A strong y1 texture develops
during growth of the layer. Comparison between y* layers synthesized in a
single crystal Fe( 111) substrate and a polycrystalline iron substrate suggests
that this texture is caused by the y1 growth mechanism, resulting in a pre-
ferred direction of growth (§3.6). The thermal stability of y' layers is
characterized by a high activation energy (2.3 eV, §3.7). This suggests that
the decomposition of y1 is controlled by a slow interfacial mechanism for
reordering of iron atoms from the fee (y1) to the bec (a) lattice.

These results are summarized (§4.1) and discussed within the frame-
work of a thermodynamic analysis of the iron-nitrogen system. An intrigu-
ing result of this analysis is that the y1 phase is predicted to be unstable at
temperatures below 310 °C (§4.2). This is in perfect agreement with the
experimental results which show that y' does only form from the e phase
above this temperature. Non-equilibrium e layers and the (thermal) trans-
formation of an e to a y1 layer can also be described by the thernxjdynamic
model, using the constraint that iron atoms are immobile, such that the
nitride/substrate interfaces cannot shift (§4.3 and §4.4). Finally, the growth
of a y layer during hot implantation is simulated, assuming that beam-
induced defects enhance the iron mobility which enables the y'/substrate
interface to move. The calculation shows an efficient mass transport of
implanted nitrogen to the growing nitride, in good agreement with the
experimental results.



SAMENVATTING

Dit proefschrift beschrijft de vorming en groei van porievrije
nitridelagen in ijzer met behulp van 1 MeV stikstof implantatie. Dergelijke
lagen werden tot nu toe nog niet gemaakt met ionenbundels, hoewel zulke
Strukturen in sterke mate de mechanische eigenshappen van het oppervlak
kunnen verbeteren. Nitridelagen op het oppervlak van ijzer kunnen wel
verkregen worden door thermochemische oppervlaktebehandelbgen, maar
deze lagen zijn poreus. Dit is een gevoig van het feit dat de nitriden
metastabiel zijn, gekombineerd met de ho«e temperatuur van het
nitreerproces (>500 °C) die nodig is voor de groei van een oppervlaktelaag.
In het werk vooi dit proefschrift is een temperatuur van slechts 300 °C
gebruikt voor het maken van nitridelagen, hetgeen leidt tot porievrije
Strukturen. Hoofdstuk 1 introduceert het gebruik van 1 MeV stikstof
ionenbundels voor ionenimplantatie in metaien en beschrijft de verdere
motivatie voor het onderzoek van dit proefschrift.

Hoofdstuk 2 behandelt een installatie waarmee materialenonderzoek
met MeV ionenbundels kan worden verricht. De opstelling bestaat uit twee
Van de Graaff versnellers; één voor ionenimplantatie met energieën tot 1
MeV, en één voor analyse met behulp van Rutherford verstrooiing. De
nieuwe kenmerken van de opstelling zijn een ionenbron wisselsysteem, een
geïntegreerd systeem voor gasbehandeling en een laag niveau van
Röntgenstraling.

In Hoofdstuk 3 wordt een gedetailleerd onderzoek beschreven van de
vorming, groei en stabiliteit van y'-Fe4N lagen in ijzer met behulp van
stikstofimplantatie. Eerst wordt aangetoond dat enkelvoudige, 1 MeV
stikstof implantaties niet leiden tot de groei van nitridelagen (§3.1). Tijdens
implantatie bij lage substraattemperatuur (<175 °C) vormt zich weliswaar
nitride, maar bij hoge stikstofdoses ontstaan er blaren op het oppervlak.
Tijdens implantatie bij een hoge temperatuur (300 °C) ontsnapt het stikstof
evenwel door diffusie uit het de geïmplanteerde zone. Gesloten Y'-Fe4N
lagen kunnen wèl verkregen worden door een dubbele implantatie (§3.2 and
§3.3). Eerst wordt een lage temperatuur (-100 °C) pre-implantatie gebruikt

89



om nitride partikels vlak onder het oppervlak te nukleëren. Dan volgt een
hoge temperatuur (300 °C) 'hete' implantatie om de y fase te vormen en
een gesloten y' laag te groeien door diffusie van stikstof door het
ijzersubstraat naar het y grensvlak. De transformatie van de struktuu«- naar
Y na pre-implantatie en de daaropvolgende groei van een y laag gedurende
'hete' implantatie kan ontrafeld worden in puur thermische transformaties
(§3.4) en bundel-geïnduceerde effekten (§3.5). Na een hoge dosis pre-
implantatie vormt tijdens warmtebehandeling tussen 200 °C en 300 °C een
e-Fe2Ni-x nitridelaag. Bij 315 °C transformeert deze laag naar een y laag.
De ionenbundel beïnvloedt deze transformatie door de beweeglijkheid van
de ijzeratomen te vergroten, zodat tijdens de transformatie de grensvlakken
tussen nitride en substraat kunnen verschuiven. Gedurende de groei
ontwikkelt de y laag een sterke textuur. De vergelijking tussen gegroeide y
lagen in een mono-kristallijn Fe(l l l ) substraat en een poly-kristallijn
ijzersubstraat suggereert dat deze textuur veroorzaakt wordt door het y'
groei mechanisme, hetgeen resulteert in een voorkeursrichting voor de
groei (§3.6). De thermische stabiliteit van y' lagen kan gekarakteriseerd
worden door een hoge aktiveringsenergie (2.3 eV, §3.7). Dit doet
vermoeden dat de dekompositie van y' gekontroleerd wordt door een
langzaam proces aan het grensvlak waarbij ijzeratomen herrangschikken
van een fcc (y) naar een bcc (oc) rooster.

Deze resultaten worden samengevat (§4.1) en bediskussiëerd binnen
het raamwerk van een thermodynamische analyse van het ijzer-stikstof
systeem. Een intrigerend resultaat van deze analyse is dat de y' fase
voorpeld wordt onstabiel te zijn beneden 310 °C (§4.2). Dit komt perfekt
overeen met de experimentele resultaten die aangeven dat de y fase alleen
ontstaat uit e boven deze temperatuur. Ook niet-evenwichts e lagen en de
(thermische) transformatie van een e laag naar een y' laag kunnen
beschreven worden met dit thermodynamische model met de bepaling erbij
dat ijzeratomen immobiel zijn, zodat de nitride/substraat grensvlakken niet
kunnen verschuiven (§4.3 en §4.4). Tenslotte is de groei van een y' laag
tijdens 'hete' implantatie gesimuleerd, aannemende dat bundel-geïnduceerde
defekten de mobiliteit van ijzeratomen vergroten waardoor het y/substraat
grensvlak kan bewegen. De berekening geeft een efficiënt massatransport
van geïmplanteerd stikstof naar de groeiende nitridelaag aan, hetgeen in
goede overeenstemming is met het experiment.
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NAWOORD

Bedankt, iedereen die op enigerlei wijze aan dit proefschrift heeft
meegedacht, -geschreven, of -geholpen.
In het bijzonder geldt dit voor Frans Saris, die met zijn nooit aflatende
enthousiasme het onderzoek altijd een positieve kant uit wist te sturen. Ik
zal nooit het moment vergeten waarop het idee voor Hoofdstuk 3 'geboren'
werd.
Er is veel mogelijk op het AMOLF, niet in de laatste plaats door de accurate
steun van technici Simon Doorn, Johan Derks en Jan ter Beek, dankzij wie
de gecompliceerde versneller-apparatuur bleef draaien.
It was a great pleasure to work together with Carmen Perez (University of
Madrid) who visited us for a year. It is amazing how fast Carmen, as a
theoretician, acquainted herself with two large and complicated accelera-
tors.
Jon Custer, Dik Boerma, Liesbeth de Wit, jullie hebben zeer aktief mee-
geëperimenteerd en meegedacht aan het onderwerp van dit proefschrift. Ik
ben jullie daarvoor zeer erkentelijk.
Dit proefschrift is het resultaat van een zeer vruchtbare samenwerking met
de TUD. Prof. Eric Mittemeijer, Niek van der Pers, en de heren De Keijser
en Colijn, ik wil jullie elk hartelijk danken voor de eigen wijze waarop
jullie aan dit werk hebben bijgedragen. Veel heb ik geleerd van de
diepgaande discussies die we hebben gevoerd naar aanleiding van al die
rapporten van Niek of de nieuwste microscoop opnamen van Pieter Colijn.
Een aantal malen heb ik gebruik gemaakt van de Röntgen-apparatuur van de
UvA, waarvoor ik Bert Moleman en Willem Moolhuyzen erkentelijk ben.
Toen AMOLF nog niet beschikte over een RBS faciliteit konden we voor RBS
metingen terecht bij de RUU, waar Flip van der Vliet en Aart Venenbos
klaar stonden om een bundel te maken.

Tenslotte, het was een waar genoegen om op het AMOLF te vertoeven. Met
name het leven, eerst in de 'keet', later op kamer 31, was een groot plezier.
Albert, Sjoerd, en Freerk, bedankt.

91



CURRICULUM VITAE

Op 23 augustus 1961 ben ik geboren te Leiden. Na het behalen van het
VWO diploma aan het Streeklyceum te Ede begon ik in september 1979 aan
de studie Natuurkunde aan de Rijksuniversiteit Utrecht. In december 1982
legde ik het kandidaatsexamen natuurkunde af, met bijvak muziekweten-
schappen.

Tijdens de doctoraalopleiding experimentele natuurkunde heb ik een
stage doorlopen in de vakgroep 'Moleculaire Fysica' van de Landbouw
Universiteit te Wageningen, waarbij ik de fluorescentie van geïsoleerde
pigment eiwitten uit bladgroenkorrels bestudeerde. Daarna verrichtte ik
mijn afstudeeronderzoek onder leiding van Prof. dr. F.W. Saris en dr.
J.F.M. Westendorp op het FOM-Instituut voor Atoom- en Molecuulfysica
(AMOLF) te Amsterdam. Onderwerp van studie was het vormen van amorfe
metaal-legeringen door middel van een reaktie in de vaste stof. In juni 1986
behaalde ik het doctoraal examen experimentele natuurkunde met bijvakken
wiskunde en capita selecta uit de natuurkunde. Vanaf augustus 1986 ben ik
in de groep van Prof. dr. F.W. Saris werkzaam geweest als weten-
schappelijk medewerker. Gedurende die tijd heb ik onderzoek gedaan naar
de vorming van metastabiele oppervlakte-lagen in metalen. Een gedeelte
van de resultaten van dat werk is beschreven in dit proefschrift.

93



PUBLICATIONS

This thesis is based on the following publications:

Chapter 2: A. Polman, A.M. Vredenberg, W.H. Urbanus, P.J. van
Deenen, S. Doom, J. Derks, J. ter Beek, H. Alberda, H. Krop,
I. Attema, E. de Haas, H. Kersten, S. Roorda, R.
Schreutelkamp, J.G. Bannenberg, and F.W. Saris, Nucí.
Instrum. Methods B37/38 (1989) 935.

Chapter 3: A.M. Vredenberg, C.M. Pérez-Martin, D.O. Boerma, J.S.
Custer, L. de Wit, F.W. Saris, N.M. van der Pers, Th.H. de
Keijser, and E.J. Mittemeijer, to be published.

Other publications relating to this work:

Evidence for a Nudeation Barrier in the Amorphous Phase Formation by
Solid-State Reaction of Ni and Single-Crystal Zr, A.M. Vredenberg, J.F.M.
Westendorp, F.W. Saris, N.M. van der Pers, Th.H. de Keijser and E.J.
Mittemeijer, J. Mat. Res. 1 (1986) 774.

Metastable Alloy Formation by Ion Beam Mixing, F.W. Saris, J.F.M.
Westendorp and A.M. Vredenberg, Mat. Res. Soc. Symp. Proc. 51 (1986)
405.

MeV Ion Implantation of N into Tifor Surface Hardening, F.2. Cui, A.M.
Vredenberg and F.W. Saris, Appi. Phys. Lett 53 (1988) 2152.

Structure and Magnetism of Metastable Bi-Fe Alloy Films, F.2. Cui, A.M.
Vredenberg, R. de Reus, F.W. Saris and H.J.G. Draaisma, J. Less-Comm.
Met. 145(1988) 621.

Microstructure and Hardness of Ti and Fe Surfaces after MeV Nitrogen
Implantation, A.M. Vredenberg, F.Z. Cui, T.W. Saris, N.M. van der Pers
and P.F. Colijn, Mat. Sc. & Eng. A115 (1989) 297.

MeV lonenimplantatie in Metalen, A.M. Vredenberg, S. Doorn and F.W.
Saris, NEVACblad 2 (1990) 67.

94



Residual Stress in and Microstructure of Fe and Ti Surface Layers after I
MeV N+ Implantation at High Dose, A.M. Vredenberg, F.W. Saris, N.M.
van der Pers, P.F. Colijn, Th.H. de Keijser and E.J. Mittemeijer Mat. Res.
Soc. Symp. Proc. 157 (1990) 853.

A New Magnetic Multilayer System: Iron-Bismuth, F.Z. Cui, Y.D. Fan, Y.
Wang, A.M. Vredenberg, H.J.G. Draaisma and R. Xu, J. Appl. Phys. 68
(1990) 1.

Effects of Ion Implantation on the Mechanical Properties of Silicon Nitride
Ceramics, S.D. Peteves, H. Jensen, G. Sorensen and A.M. Vredenberg,
Proc. of the 7th CIMTEC - World Ceramics Congress '90 (in press).

Use of the Effective Heat of Formation Rule for Predicting Phase
Formation Sequence in Al-Ni Systems, R. Pretorius, R. de Reus, A.M.
Vredenberg and F.W. Saris, Mat. Lett. 9 (1990) 494.

Critical Temperatures for Radiation Enhanced Diffusion and Metastable
Alloy Formation during Ion Beam Mixing, R.de Reus, A.M. Vredenberg,
A.C. Voorrips, H.C. Tissink and F.W. Saris. Nucl. Instr. and Meth. B53
(1991) 24.

Prediction of Phase Formation Sequence and Phase Stability in Binary
Metal-Aluminium Thin-Film Systems using the Effective Heat of Formation
Rule, R. Pretorius, A.M. Vredenberg, F.W. Saris and R. de Reus (accepted
for publication in J. Appl. Phys.)

Ion Beam Synthesis of Thick Buried Y-Fe4N Nitride Layers in an Fe
Matrix, A.M. Vredenberg, F.W. Saris, N.M. van der Pers, Th.H. de Keijser
and E.J. Mittemeijer, in preparation.

95



Ontwerp omslag: Marianne Oelers

96


