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Abstract 

We report the use of  microsecond current pulses to 
transform layered crystalline Ni -Zr  films to amorphous 
alloys. The starting materials were electron-beam- or 
sputter-deposited multilayers with a composition mod- 
ulation wavelength of  34 nm, an average composition of  
Ni63Zr37 and a total thickness of  68Onm. The electrical 
pulses were approximately rectangular and about 3 ms 
in duration, with an intensity of  several hundred am- 
p&es, directly coupling 1.6-3 J of  energy uniformly into 
the film. By monitoring current and voltage, the reac- 
tion and melting of  the sample were observed, and the 
total energy of  the pulse was easily computed. A sharp 
threshold in pulse energy for sample transformation was 
observed. A simple heat flow calculation demonstrated 
that the chemical energy released by the reaction and 
the change in diffusion kinetics as the sample tempera- 
ture exceeded the glass transition temperature of  the 
amorphous alloy are responsible for this sudden onset. 
The maximum temperature estimated from this calcu- 
lation is below the melting point of  the constituents, and 
the cooling rate is 107-108 K s -1 which is in agreement 
with the formation of  amorphous alloys. 

I. Introduction 

The series of International Conferences on Rapidly 
Quenched Metals is among the indications that there 
is much interest and activity in the production of 
metastable phases by rapid quenching. High cooling 
rates (106Ks 1) can be achieved by impinging 
molten material onto a cool heat sink, as in melt spin- 
ning or splat cooling. Alternatively, the surface region 
of a solid can be melted by rapid local heating, result- 
ing in rapid quenching as heat flows from the heated 
surface region to the non-heated bulk. The latter 
method has been performed with laser, electron and 
pulsed ion beam heating, and cooling rates as high as 
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1012K s I have been claimed [1]. We recently intro- 
duced microsecond current pulses as a technique for 
rapid surface heating and have used this technique to 
produce amorphous alloys [2]. A high current density 
(about 107 A cm 2), in the form of rectangular pulses 
of a few microseconds' duration, produces reaction 
and melting in multilayer Ni-Zr  films. The use of an 
insulating substrate (sapphire or oxidized silicon) 
confines the power input to the metal film, resulting in 
sharp thermal gradients and rapid cooling after the 
pulse. 

Electrical pulses have several attractive features for 
rapid thermal treatment of metal films. Since the 
power is applied only to the conductive layer, the 
heated region is well defined and adjustable, with a 
sharp interface between the heated and non-heated 
regions. This is opposed to conventional surface-melt- 
ing techniques where the heated depth is determined 
by the exponential attenuation of the radiation em- 
ployed. The energy is coupled directly to the film (no 
reflection) and is deposited uniformly through the 
depth of the film. Energy deposition is also uniform 
across the area of the film so that large areas can be 
treated. The pulse shape can be manipulated to give 
the desired temporal behavior over several orders of 
magnitude. By monitoring the voltage and current, 
the sample resistance can easily be monitored; so 
phase changes can be directly observed, and energy 
deposited can be easily computed. This provides this 
method with a built-in diagnostic unavailable with 
other techniques. 

The Ni-Zr  system was chosen for this study for a 
variety of reasons. The amorphous phase readily 
forms by conventional liquid quenching over a wide 
composition range, and its properties have been ex- 
tensively studied [3]. Solid state reaction during long- 
time anneals of multilayered Ni-Zr  films also results 
in amorphous phase formation [4], and investigations 
of this process on a fast time scale are of fundamental 
interest in understanding the role of nucleation of the 
competing phases. There is a large negative heat of 
mixing between the constituents and so an atomic 
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scale multilayered structure contains substantial 
chemical energy which can be released by reactions on 
the microsecond time scale. The effect of this chemical 
energy is to produce a self-sustained reaction which is 
triggered by the microsecond current pulses. 

2. Experiment 

Ni-Zr  multilayer samples were prepared by rotat- 
ing the sapphire substrates above shielded electron 
beam evaporation sources in a vacuum system with a 
base pressure below 10 -8 Torr, or by a similar method 
in a dual-source magnetron deposition system with a 
base pressure in the 10 -s  Torr range. The rates were 
feedback controlled and set to produce an average 
composition of Ni63Zr37; the rotary motion was set to 
produce a composition modulation wavelength of 
34 nm. 20 bilayers were deposited, resulting in a total 
thickness of 680 nm. X-ray diffraction was performed 
in thin film Seeman-Bohlin geometry which increased 
the diffraction intensity from the surface layer over 
that observed in conventional scattering geometry. 
The sample orientation and the incident angle were 
chosen to eliminate Bragg peaks from the single-crys- 
tal substrate. The radiation employed was Cu Kcc 
Auger depth profiling was performed on selected sam- 
ples before and after pulsing to determine the degree 
of mixing and the level of impurities. 

Samples were heated by a pulsed discharge circuit 
consisting of a multistage artificial transmission line. 
After the circuit has been charged to the desired 
voltage (4-10 kV), the output pulse was extracted 
through a triggered spark gap switch. A 1.9 f~ resistor 
was connected in series between the pulse generator 
and the sample. A low inductance 8 f~ resistor con- 
nected in parallel with the sample served two pur- 
poses. First, measurement of the current through the 
parallel resistor gave the sample voltage. Second, the 
parallel resistor diverted some of the sample current 
after the sample resistance increased at the melt tran- 
sition. The currents in the sample and parallel resistor 
were inductively measured with current transformers. 
The pulse had a 1.5 ms flat top with a rise time of 
about 0.75 ms. The fiat top in the current pulse re- 
sulted in negligible inductive contribution to the mea- 
surement of sample voltage. In order to distribute the 
pulsed current uniformly, the ends of the sample were 
pressed onto copper tape electrodes on a glass plate. 
The glass plate and sample were mounted in a low 
inductance holder which plugged into the discharge 
circuit. The samples were pulsed in air or in argon at 
atmospheric pressure. Pre-discharge and post- 
discharge resistance were measured with the sample in 
the holder. 

3. Results 

The structure of  the starting material was that of 
the polycrystalline elements, as shown by the X-ray 
diffraction in Fig. l(a). Clearly evident are peaks from 
f.c.c, nickel and h.c.p, zirconium. Pulses with an en- 
ergy of 2.3 J or greater resulted in amorphous phase 
formation. Figure l(b) shows X-ray diffraction for a 
sample pulsed with 2.3 J electrical energy input. The 
nickel and zirconium crystalline peaks are no longer 
evident, and a broad band characteristic of amor- 
phous material has appeared. There is also a weak 
peak which can be attributed to zirconium oxide, 
which Auger depth profiling shows to be confined to 
the top 15 nm of the surface region. Auger depth 
profiling (Fig. 2) also showed that the initial strong 
composition modulation was completely destroyed by 
the pulse. The surface of the sample both before and 
after pulsing is mostly smooth and featureless as seen 
by scanning electron microscopy. However, after 
pulsing, there are some pinholes with smooth rounded 
edges. 

The reaction of the layers can be clearly observed 
in the current and voltage traces during the pulse. 
Shown in Fig. 3 are the current and voltage traces for 
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Fig. 1. Seeman-Bohlin X-ray diffraction for Ni-Zr  samples (a) 
before and (b) after a 2.3 J current pulse. 
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Fig. 2. Auger depth profiles o f  (a) an as-deposited and (b) a 
current-pulsed sample. 
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Fig. 3. Voltage and current traces for current pulses: (a) voltage 
for a 2.9 J pulse; (b) current for a 2.9 J pulse; (c) voltage for a 
2.0 J pulse; (d) current for a 2.0 J pulse. 
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Fig. 4. Volume fraction of the sample remaining crystalline 
after pulse v s .  pulse energy: (3, derived from experimental X- 
ray data; - - ,  results of a model which includes a chemical 
driving term and both Arrhenius and Fulcher-Vogel diffusivity. 
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pulses of 2.0 and 2.9 J. The rapid rise in sample resis- 
tance evident in the traces from the 2.9 J pulse (Figs. 
3(a) and 3(b)) is typical of samples where amorphous 
phase formation is observed. Pulses with an energy of 
2 J or less produced no transition, as shown in Figs. 
3(c) and 3(d). 

The fraction of crystalline material remaining after 
the sample had been pulsed was calculated from the 
integrated X-ray diffraction intensity associated with 
crystalline peaks. Figure 4 shows this fraction plotted 
v s .  pulse energy. A sharp drop occurs between 2 and 
2.3 J, which is where the resistive transition begins to 
appear. An increase of 15% in pulse power in going 
from 2 to 2.3 J results in a decrease in crystalline peak 
intensity from 97% to 4%. 

4. Discussion 

Several physical phenomena are occurring as the 
sample heats during the pulse. Extrapolation of low 
temperature data [4] reveals that solid state formation 
of an amorphous alloy will begin to occur on the 
microsecond time scale at a temperature of about 
1000 K, well below the melting point of the con- 
stituents. This reaction will release the substantial 
heat of mixing which will cause a further temperature 
increase, resulting in a self-sustained reaction. Fur- 
thermore the diffusion kinetics in the reacted amor- 
phous product will change in nature as the glass 
transition temperature Tg of the amorphous phase is 
exceeded. Diffusion in the solid state follows an 
Arrhenius form while diffusivity in liquid metals fol- 
lows the Fulcher-Vogel form: 

( D = D o exp T --- (1) 

In equilibrium, the cross-over between these two 
regimes will occur at Tg, which for amorphous Ni-Zr  
depends on composition and is between 600 and 
850 K [3]. In conditions of rapid heating, the cross- 
over temperature will occur when the atomic jump 
frequency becomes comparable with the time scale of 
the experiment [5]. Using the diffusivity from low 
temperature solid state reaction studies [4], we find a 
cross-over temperature of 900 K. 

In order to gain insight into the temporal behavior 
of the sample temperature during these pulses, and to 
understand the effects of the exothermic reaction be- 
tween the constituents and the change in diffusion 
kinetics above Tg, a simple heat flow calculation was 
performed. We used the Green function solution to 
the heat diffusion equation to find temperature as a 
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function of position and time: 

1 
T(x, t) = {4rca2(t - -  7 ) } 1 / 2  

0 - - c ~  

- ( x  - 

x exp ~aS~-_ ~ j J t G  7) d~ dz (2) 

where a is the thermal diffusivity (taken to be that of 
the substrate) and f ( x ,  t) is the thermal driving func- 
tion, which is the power (both electrical and chemical) 
divided by the heat capacity of the film. The magni- 
tude of the chemical energy term was calculated by the 
method of Miedema [6] to be 1.3 J, which is a substan- 
tial fraction of the electrical pulse energy of about 2 J. 
The rate of chemical energy release is proportional to 
the growth rate of the interfacial alloy. This was cal- 
culated using the layer growth law 

d = (4Dt)1/2 (3) 

For temperatures below the diffusion cross-over 
temperature, the diffusivity D followed an Arrhenius 
form with a pre-factor and activation energy taken 
from solid state reaction data [4]. Above the cross- 
over temperature the Fulcher-Vogel form (eqn. (1)) 
was used for the diffusivity, with rough estimates for 
the parameters selected in a manner similar to that 
used by Spaepen and Lin [7]. The thermal diffusivity 
of the substrate was used as an adjustable parameter 
so that the model calculation produced reaction at the 
observed pulse input energy. The value found in this 
manner (0.036cm 2 s -1) is in good agreement with 
published data for this temperature range [8]. Further 
details of this model have been previously published 

[21. 
For pulses with energy greater than 2.3 J, this 

model predicts a sharp rise in sample temperature be- 
cause of the influence of chemical energy. This is rem- 
iniscent of the sharp rise in sample resistance observed 
in these pulses (Fig. 3). This sharp rise is not observed 
in either the model or the sample resistance with lower 
pulse energies. It is also not observed in the model 
calculation without incorporating the chemical term. 
The self-sustained reaction produces a sharp 
threshold in pulse energy for transformation as shown 
in Fig. 4, where the fraction remaining crystalline is 
plotted vs. pulse energy for the model calculation both 
with and without the chemical driving term. Also 
shown are the results of the model for the case where 
the diffusivity follows an Arrhenius form throughout 
the temperature range, and we see that the sharp 
threshold in pulse energy for transformation is not 
observed. The reaction temperatures predicted by this 
model are around 1000 K; so this is not, strictly 

speaking, a solid state reaction since the amorphous 
phase is above Tg. Since the reaction temperatures 
predicted are below the melting point of the Zr-Ni 
crystalline phases [3], the transformation is taking 
place with the product in an undercooled liquid state. 
An estimate of the cooling rate can be calculated from 
this model by dividing the temperature drop from the 
melting point to Tg by the time that it took the sample 
to cool over this range. This is about 107-10 s K s - i ,  
which is in good agreement with the observation of 
amorphous phase formation. The heating rate found 
from this calculation is about 4 × 108 K s-L 

5. Conclusions 

Electric current pulses offer the ability to treat films 
thermally on a microsecond time scale. This technique 
has several advantages over conventional techniques 
including a built-in diagnostic which allows calcula- 
tion of deposited energy and sample resistance. We 
have used this technique to produce amorphous Ni-  
Zr from layered crystalline film. A simple model cal- 
culation demonstrates the role of chemical energy 
which in this system induces a self-sustained reaction. 
The transformation from layered crystalline elements 
to amorphous alloy does not involve melting of the 
constituents but occurs above the glass transition tem- 
perature of the amorphous alloy and below the melt- 
ing point of the crystalline phases. 
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