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ABSTRACT

The oxygen partial pressure and the target potential have been

monitored under a range of process conditions during single target dc

magnetron sputtering of Y-Ba-Cu-O. The introduced sputtering gas

consisted in all but one instance of pure argon and hence the oxygen

present in the plasma originated mainly from the target. During the first

hours of sputtering the oxygen partial pressure was of the same

magnitude as the argon pressure (3.0 Pa). As the oxygen was released

from the target and subsequently removed by pumping, the target

potential increased and the film composition became more

stoichiometric. After 30-40 hours of sputtering the target potential and

the oxygen pressure stabilized and the film composition was equal to

that of the stoichiometric target. If an oxygen flow exceeding a critical

level was mixed into the sputtering gas the target potential and the

deposition rate decreased swiftly. This was due to target oxidation,

further manifested in changing plasma and target colors. In some

instances the stabilization after "presputtering" was incomplete and

oscillations in target voltage and oxygen partial pressure were observed.



The fluctuations made it virtually impossible to obtain stoichiometric

films. The oscillative behavior of the sputtering process is tentatively

explained by a target temperature dependent oxygen diffusion.



1. INTRODUCTION

Reproducibility in film stoichiometry has been a major concern in

the fabrication of high Tc superconducting thin films by sputter

deposition. The film composition has frequently been found to deviate

from the target composition, despite the fact that the composition of the

sputtered material flux from the target during stable conditions must be

identical to the target bulk composition due to conservation of matter[l].

Different explanations have been presented for the observed

compositional discrepancy such as resputtering of the growing film[2],

different angle distributions of the different sputtered elements[3] and a

difficulty in obtaining stable target conditions[4], [5].

We earlier found that stoichiometric films can be grown

reproducibly from extensively presputtered YBa2Cu3O6+8 compound

targets in a sputtering gas of pure argon of sufficiently high pressure[4].

The main reason to use pure argon rather than argon-oxygen mixtures

as sputtering gas is that a substantially higher deposition rate is

obtained in the former case. Importantly, as a consequence of the high

deposition rate, the contamination level in the film will be low.

The use of pure argon as sputtering gas does not eliminate all

oxygen in the vacuum chamber. Sufficient amounts of oxygen to form

films of the tetragonal phase (YBa2Cu3O6> is released from the target

during sputtering[6]. However, this oxygen source is not controllable,

which may result in poor reproducibility.



In order to elucidate the effects of oxygen in the sputtering gas we

used extensively presputtered targets and in this manner a small

oxygen outgassing from the target was obtained. Oxygen could then be

introduced into the system in a controlled fashion.

2. EXPERIMENTAL

The high vacuum system, which is described schematically in Figure

1, was pumped by a 360 1/s turbomolecular pump. The base pressure of

the system was 3 x 105 Pa. During sputtering the pump was baffled to

an effective pumping speed of 16 1/s at 3.0 Pa argon pressure.

In all of the experiments pure argon (99,9997 %) was introduced to

a pressure of 3.0 Pa. In the experiments where oxygen was intentionally

introduced in the chamber, a piezoelectric leak-valve was used to get a

good control of the flow. The oxygen flow was calibrated by measuring

the pressure increase as a function of time with the high vacuum valve

shut. The outgassing rate from chamber walls and other surfaces was

subtracted.

Constant sputtering currents ranging from 350 to 750 mA were

used. If nothing else is mentioned, experiments were carried out with a

sputtering current of 750 mA.

In all depositions single crystal (100) MgO substrates were used.

The size of the substrates ranged from 2x2x1 mm to 10x10x1 mm. The

substrates were freshly cleaved. The distance between the target and

the substrate table was 60 mm.



The targets consisted of YBazCusO6+5 ceramic discs, 51 mm in

diameter and 4-6 mm thick. The targets were made following the

conventional sintering and annealing procedure. Starting materials were

powders of CuO, Y2O3 and BaO or BaCC>3. Targets made of BaO were

denser (their density varied between 4.8 and 5.3 g/cm3) than those

made of BaCC>3 (4.2 g/cm3). In this paper the two target types will be

referred to as high-density and low-density targets respectively. The

targets were placed in a dc magnetron source and fixed against the

water cooled copper cathode by means of a clamping ring. No further

action was taken to enhance the target cooling.

The composition of the as-deposited films was determined by

Energy Dispersive X-ray analysis, EDX with a LINK ZAF 4/FLS program

for quantitative analysis. Yttrium, copper and barium fluoride or

polished YBazCu305+5 bulk samples were used as standards. The oxygen

fraction was estimated from the difference between 100 % and the

metal fractions. The metal composition was determined with an

accuracy of ± 2% (of the total weight percentage). The error in the

oxygen determination was estimated to ± 3% for compositions close to

stoichiometric. For other compositions no estimate of the error in the

oxygen measurement was done. In addition, the oxygen content and its

depth distribution was evaluated by a nuclear scattering resonance,

confirming the accuracy stated above[7].

Determination of the deposition rate was made with an Inficon

oscillating quartz crystal sensor located at the substrate position. The

method gives a good measure of the relative deposition rates, but due to

density and compositional variations in the film, the error in the

absolute deposition rate is estimated to ± 20%.



The partial pressures were monitored with a quadrupole mass-

spectrometer of type VG Instruments QX 200. During sputtering the

mass spectrometer was baffled and differentially pumped. The oxygen

partial pressure was monitored by the m/e=16 and the m/e=32 peaks.

A linear dependence of ihe two peak amplitudes was found as could be

expected. A calibration of the absolute partial pressure of oxygen was

done by introducing known oxygen pressures into the chamber. By

subsequent controlled introduction of argon, a sensitivity factor of the

oxygen relative to argon was found.

3. RESULTS

The film composition varies substantially during sputtering from a

fresh target. This is illustrated in Figure 2, which is based on films

obtained from a low-density target. The composition of the films is

initially strongly off-stoichiometric, with yttrium and copper surplus

and a large barium deficit. After an extensive presputtering, 30-40

hours, the deposit obtains the composition of the target. The

presputtering time is dependent on different process parameters like

the sputtering current and the oxygen content of the sputtering gas.

Simultaneously with the compositional convergence oxygen is

degassed from the target as is shown in Figure 3. The oxygen partial

pressure varies more than two orders of magnitude during the

presputtering. A peak value is observed after a few minutes of

sputtering. After peaking, the oxygen partial pressure decreases and

stabilizes after more than 10 hours at a low level, approximately 5 x 1 0 3



Pu for low-density targets. High-density targets behave fundamentally

in the same manner, although the pressure rise is more pronounced and

the final pressure is lower. Concurrently with the varying oxygen partial

pressure the target voltage changes as is also shown in Figure 3. The

final target voltage varies between the individual targets and the target

types. If subjected to a constant sputtering current of 750 mA, high-

density targets reach 160-180 V, while low-density targets stabilize at

130-145 V.

The presputtering behavior is very much dependent on the

sputtering current. In Figure 4 the target voltage vs. time is shown for

three different sputtering currents. The current levels 350 and 500 mA

are not sufficient to yield stable target voltages or deposits with the

correct composition. A sputtering current of 750 mA is sufficient in

order to stabilize the target voltage and obtain stoichiometric films

reproducibly. Sputtering currents considerably larger than 750 mA

results in severe discharge problems and partial target melting.

In presputtered targets a voltage instability is often observed. The

instability is manifested in the form of oscillations with a period of

about 2 h. For low-density targets the peak-to-peak voltage variation is

rarely above 2 V, but for high-density targets the peak-to-peak

variation is around and sometimes above 10 V. The oscillations can be

initiated or enhanced by small changes in the sputtering geometry, for

instance, the opening of the shutter as is shown in Figure 5. Associated

with the voltage oscillations there is an fluctuating oxygen partial

pressure. The two oscillations have the same period (2 h), but there is a

significant phase difference. A peak in the oxygen partial pressure

precede a peak in the target voltage by 40 minutes, or lags it by 80
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minutes depending on which voltage peak is considered. The oscillations

in both the target voltage and the oxygen partial pressure.are damped

significantly by the controlled introduction of a small oxygen flow.

Oxygen flows of the order of a few percent or less mixed into the

sputtering gas does not greatly affect the deposition rate or the cathode

voltage of a presputtered target. This is shown in Figures 6 a and b,

which are based on data from a "presputtered" high-density target. For

small oxygen flows the target voltage and the deposition rate is found to

decrease slightly with increasing oxygen flow. When the oxygen flow

exceed a critical level, 0.75 Pa 1/s (2 % of the total sputtering gas flow)

drastic drops in both the target voltage and the deposition rate are

observed. If the supercritical oxygen flow is reduced to a level below

the critical level, the oxidized target surface will slowly be sputter-

cleaned and both target voltage and deposition rate will return to their

original values. The time to reestablish the original ta»£et conditions

varies, but it could extend to several hours if the preceding target

oxidation has been extensive.

The oxidative state of the target surface determine other properties

of the plasma. A change in the color of the plasma is evident upon the

introduction of oxygen in an argon sputtering atmosphere. Sputtering in

pure argon with a presputtered target gives a green plasma, while

sputtering in an oxygen containing atmosphere yields a plasma with an

intense white glow. In ref. [8] a strong green line at 554 nm was

identified as a Ba-line in rf-sputtering of Y-Ba-Cu-O. The intensity of

this line was reduced by a factor of five subsequent to the introduction

of 2% oxygen in the plasma. We also observe that the green color of the

plasma disappears abruptly at the critical oxygen flow, concurrently



with the decrease in the deposition rate and the target voltage. In

addition to the color of the plasma, the color of the target surface is

changed upon oxidation. The oxidized target surface is greyish in color

while a thoroughly presputtered target exhibits a purple-like color.

A typical film grown from a fully presputtered low-density target

on a MgO substrate exhibits a resistive transition at Tc = 87 K and a

transition width of less than 2 K. X-ray diffractograms show that the

orientation of the c-axis is perpendicular to the substrate. Scanning

electron micrographs reveal that the strongly oriented grains are

typically 10 \xm in diameter which is larger than the film thickness by a

factor of 10. These films were post-annealed. Films grown in situ at

elevated temperatures (600- 850°C) without external oxygen in the

plasma and subsequently cooled in an oxygen atmosphere, crystallize

and their XRD patterns show peaks from the orthorhombic phase

YBa2Cu3O6+5- These films were superconducting with Tc up to 82 K (on

SrTiO3).

4. DISCUSSION

The swift decrease in the deposition rate and the drastic change in

cathode voltage at a critical level of reactive gas flow is a well known

phenomenon in sputtering. It has been observed in reactive sputter

deposition of oxide [9] as well as nitride compounds [10] and has also

been successfully modeled [11]. The reason for the drastic changes in

the sputtering conditions at the critical gas flow is a sudden alteration of

the oxidative state of the target surface or more precisely the target

erosion zone. During sputtering parts of the target act as an oxygen
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source and under some circumstances as a strongly temperature

dependent getter pump, adding to the gettering capacity of the deposit.

As long as the oxygen reaction rate with the target is less than the

oxygen sputtering rate, no large change in the gas pressure, the cathode

voltage or the deposition rate will occur. When the oxygen flow exceeds

the total gettering and the pumping rate, the oxygen partial pressure

will increase in the plasma. The surplus gas reacts with the active target

surface, thereby profoundly changing the sputtering process. The

deposition rate decreases and less oxygen is gettered. The amount of

surplus gas available for target reaction subsequently increases,

depressing the deposition rate ever further. This avalanche process is

known as target poisoning.

At the critical oxygen flow, the process is drastically changed in a

number of ways. The sputtering yield is generally quite different in

metals and metal compounds [12]. The yield of secondary electrons

formed by incident Ar ions is usually significantly increased as a

metallic surface becomes oxidized. The target surface might be

amenable to negative ion formation.

The total sputtering current, J can be separated into three parts,

J = W + Je- + Jo- (1)

where JAT* is the current carried by positive argon ions accelerated

towards the target, Jc- consist of secondary electrons generated at the

target surface under argon ion impact and Jo is the current comprised

of negative oxygen ions leaving the target surface.
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During the first few minutes of sputtering from a fresh target, large

amounts of oxygen is released. The oxygen current Jo- is large, if, as

expected, a significant fraction of the oxygen leaving the target surface

is ionized. Ionized oxygen has been observed to leave the metal oxide

target in other sputtering systems like ZnO [13]. After a few minutes,

when the oxygen partial pressure peaks at 0.8 Pa, the amount of oxygen

released from the target is 2.1 x 1018 atoms per second, assuming a

pumping rate of 16 Is*1, a gas temperature of 300 K and a target

temperature of 900 K. With a completely ionized beam of O this outflow

correspond to a current of 340 mA (the total current J=750 mA). The

large partial pressure of oxygen also ensures that the target surface is

efficiently oxidized, and since the secondary electron yield is large the

electron current, Je- is substantial. During the initial presputtering a

large fraction of the total current is thus carried by oxygen ions and

electrons from the target. The magnitude of the oxygen and electron

currents explains the very low deposition rate during the first hours of

sputtering [4] and that the target is visually not eroded during these

hours.

Jo and Je are quite substantial in another situation, namely when

supercritical oxygen flows are introduced in the vacuum vessel (Fig. 6).

This is a significant reason for the observed five-fold reduction in the

deposition rate at the critical oxygen flow. In addition to the reduction

in JAr+, the energy of each ion is reduced due to the decrease in target

voltage. The reduced ion energy will lower the sputtering yield of the

target, and be an additional factor in the drop in the deposition rate.

Furthermore the sputtering yields of a metal and its oxide are in general

different and Y-Ba-Cu-0 is not likely to be an exception. This factor will
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enhance or dilute the previously mentioned effect of the reduced ion

energy.

In steady-state the amount of oxygen sputtered from the target can

be estimated from the average target erosion rate, the erosion zone area,

the target density and the known target oxygen content. The amount

pumped away by the turbomolecular pump can be evaluated from the

pumping speed and the oxygen partial pressure. These calculations show

that only a small fraction of the oxygen sputtered is pumped away from

the system. Most of the oxygen leaving the target in steady-state is thus

getter pumped by the growing film, the substrate holder, the chamber

walls, or possibly the target itself.

The target gettering action is likely to be a significant factor for the

different behavior of the two target types. The higher "asymptotic"

oxygen partial pressure found in the low-density case, requires a higher

equilibrium target oxygen concentration. This is true provided that a

higher target oxygen concentration corresponds to a higher oxygen

partial pressure, which is the normal thermodynamic behavior. Higher

oxygen concentration in a presputtered low-density target is supported

by the lower target voltage observed and the ensuing lower target

temperature. Additionally a high sputtering voltage is normally

correlated to a metallic target surface! 14], a fact which suggest that the

"presputtered" high-density target is more metallic and hence contain

less oxygen.

A thermodynamic analysis of the Y-Ba-Cu-0 system has recently

been done [15]. The superconducting compound YBa2Cu3Oö+6 is unstable

at high temperatures and low oxygen partial pressures. The lower
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operating temperature and the higher equilibrium oxygen partial

pressure in a low-density target will make it thermodynamically much

more stable than the high-density counterpart. Apparently the latter

has been operated close to the decomposition limit.

The other stability problem discussed in this paper, the target

potential and oxygen partial pressure oscillations can be interpreted in

terms of variations in the oxygen partial pressure and a target

temperature dependent oxygen outflow. For a qualitative explanation

assume a disturbance that temporary increases the target potential. It

will, under constant current conditions, increase the power delivered to

the magnetron, and hence after a time delay the temperature of the

target. Since the target temperature and oxygen diffusion are correlated,

the target oxygen mobility will increase and more oxygen will be

released into the chamber thereby increasing the oxygen partial

pressure in the system. The oxygen outgassing originate from

sufficiently hot target surfaces and not only from the erosion zone. The

increase in oxygen partial pressure will be a driving force for the

reduction in the target potential, which follows from the target voltage

dependence on the oxygen flow for subcritical oxygen flows, as seen in

Figure 6a. The voltage reduction will in turn decrease the target

temperature. As the target temperature is decreased, the getter

pumping rate of the target is increased which will reduce the total

oxygen outflow of the target, and possibly result in a net oxygen

gettering. The oxygen pressure in the chamber will now be reduced and

subsequently the target potential will increase according to the

previously discussed connection between oxygen pressure and target

potential. The oscillation has now materialized.
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The existence and magnitude of target voltage oscillations are

dependent on the time delay in the oxygen pumping and the oxygen

outflow response on a change in the target voltage and their

interrelation. A reduction in the pumping speed of the turbomolecular

pump will likely enhance the voltage oscillations since the relative

importance of the target oxygen pumping is increased, provided that the

oxygen partial pressure does not reach a level sufficiently high for

target poisoning onset.

The oscillations in the target voltage and the oxygen partial

pressure can be to eliminated by adding a small flow of oxygen into the

sputtering gas. There are several other conceivable ways to alleviate the

instability problem. An increase in the pumping speed of the

turbomolecular pump would diminish the relative importance of any

target gettering, and hence the stability of rhe process would increase. If

the target current is reduced the power dissipated in the target will be

reduced and hence the oxygen outdiffusion. During presputtering with

target currents of 350 and 500 mA we found it impossible to obtain

films with a stoichiometric composition, and the target voltage did in

neither case reach a stable level during the lifetime of the target.

Apparently, a sufficient degassing of the target is only obtained for a

sputtering current in the neighborhood of 750 mA.

5. CONCLUSIONS
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In this paper we have shown that it is possible to grow

stoichiometric films of YBa2Cu3O6+8 from a presputtered low-density

stoichiometric target without adding oxygen to the sputtering gas.

During presputtering a significant amount of oxygen was released from

the target. An instability in the sputtering process, in the form of

oscillations in the target voltage and the oxygen partial pressure was

observed for high-density targets and a sputtering gas flow of pure

argon. These fluctuations were tentatively explained by an oxygen flow

dependent on target temperature. The instability could be eliminated by

an addition of small amounts of oxygen to the sputtering gas. Oxygen

flows exceeding a critical value caused a quick oxidation of a

presputtered target surface. Below the critical flow the influence of the

oxygen on the process was minor.
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8. FIGURE CAPTIONS

Figure 1. A schematic description of the vacuum system used. The mass

spectrometer was differentially pumped (not shown).

Figure 2. The film composition as a function of total sputtering time. The

composition of films grown after presputtering is identical to that of the

target (indicated by the dashed lines). Lines connecting different data

points are "guide-to-the-eye". The target is of low-density type.

Figure 3. The partial pressure of oxygen and the target potential during

presputtering. The final level of the oxygen partial pressure is about

5 x l O 3 Pa for low-density targets (shown) and 1x10-3 Pa for high-

density targets. The corresponding stable target voltage is 135 V for

low-density targets (shown). High-density targets do not in general

stabilize, but the ultimate voltage level is frequently in the

neighbourhood of 170 V.

Figure 4. The target voltage during the initial sputtering for three

different target currents. A stable target voltage and stoichiometric

films are only obtained at 750 mA. All targets are of high-density type.

Figure 5. The target voltage and the oxygen partial pressure as functions

of time for a presputtered high-density target after exposure to

atmosphere. The oscillations observed in this case are initialized by the

voltage rise induced by the opening of the shutter (indicated by arrow).

Figure 6. The cathode voltage (a) and the deposition rate (b) as functions

of the oxygen flow. A presputtered high-density target and a sputtering
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current of 500 mA are used. Oxidation of the target surface occur at an

oxygen flow of 2 % of the total gas flow. Above this critical flow the

target surface is oxidized. The lines connecting the points are "guide-to-

the-eye".
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