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Abstract I ,

Chemical surface cleaning procedures for metals using oxida-

tion/reduction cycles by exposure to oxidizing (02, NO) and reducing

(H2 , NH3 ) gases are summarized and are briefly discussed for iron,

nickel, palladium, copper and silver surfaces. We also present data on

the reduction of gaseous contaminants in a stainless steel UHV system by

flowing nitric oxide through the system during bake-out. lc ,'

Introduction

Preparation of a chemically and structurally defined surface is a

prerequisite for the study of the physical and chemical characteris tics

of clean metal surfaces and for experiments on the interaction of gases

with these metals. Even if the nominal purity of the bulk metals used

to prepare the specimen is of the highest quality, it is unavoidable

that bulk impurities present (in the ppm range) will segregate and en-

rich on the surface during heating cycles in vacuum. Cleaning proce-

dures of the samples, therefore, typically involve cxtended cycles of

ion bombardment and heating in vacuum to deplete the subsurface region

of the specimen from those bulk impurities.

In this communication we summarize alternative cleaning methods for

"Present address: Universittt Heidelbert, Institut fWr Angewandte Physikalische
Chemie, Im Neuenheimer Feld 253, D-6900 Heidelberg, FRG.



% metal surfaces using reactive gases. A comprehensive review of the

preparation of atomically clean surfaces has been given by Musket et al.

/1/, where a compilation of cleaning procedures published before early

1981 can be found. Cleaning procedures involving oxidation/reducticn

cycles by reactive gases have been included in this review. Since then,

some of the reactive gas cleaning procedures have been extended to other

metals and have been refined and more carefully evaluated for some mate-

rials. Examples from our laboratory (Fe, Ni, Pd, Cu, Ag) will be dis-

cussed in this article. A compilation of the reactive gas cleaning

procedures, including those already summarized in ref. 1, is given in

Table 1.

Finally, we will summarize the procedures used to clean vacuum sys-

tems by flowing nitric oxide through the system during bake out.

Before specific metal substrates to which reactive gas cleaning

procedures have been applied are discussed, we want to point out some

general advantages (and disadvantages) using this technique.

The obvious advantage of using reactive gas exposures rather than

ion bombardment is that no surface damages are induced as in the case of

sputtering. For some metals (such as chromium), however, oxygen expo-

. sure to remove contaminants such as carbon or sulfur leads to the forma-

tion of very stable surface oxides which can lead to a reconstructed

surface layer and can only be removed by repolishing the crystal /2/.

A further advantage of oxidative/reductive cleaning of surfaces is

A that due to the presence of the oxidation/reduction agent, a chemical

.. , potential gradient for the segregation of contaminants is induced. That

enhanced segregation is induced by the reactive gases is evident by com-

Sparing the times necessary to deplete the contaminants by oxida-
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tion, reduction cycles (cn Ni and Fe) and the total sputtering time to

achieve the same depletion level of bulk contaminants in the sample /3,.

Gases employed in oxidation/reduction cycles are typically oxygen

and hydrogen. It was found, however, that NO (instead of 02 ) and NH1

(instead of H2 ) are more effective for cleaning of nickel surfaces, ob-

4viously because the dissociation efficiency of these gases (which is a

necessary prerequisite for the surface reaction) is higher than for 02

and H2 molecules. Pressures and temperature have to be adjusted such

that the surface reaction rate in the oxidation and reduction of the

contaminants matches the rate of surface segregation of the bulk impuri-

ties. The exact parameters have to be experimentally determined for

each substrate and might differ for different crystallographic orienta-

tions of single crystal specimens /4,5/.

Iron

Iron is a notoriously difficult metal to clean because of the prob-

lems associated with obtaining samples of low impurity levels in the

bulk. The common impurities are carbon, sulfur, oxygen, nitrogen, phos-

phorus and chlorine. Depletion of these contaminants can be achieved by

prolonged sputtering at elevated temperatures /6/. Caution is neces-

sary, however, to stay below the a-y phase transition temperature of

1183 K of pure iron. Since high levels of bulk impurities lower the

phase transition temperature the sputtering rate has to be high enough

to continuously deplete the selvedge in order to avoid enrichment of the

impurities and subsequent reconstruction of the crystal surface /7/.

In a previous publication we described our results on cleaning an

iron (2111 crystal by reduction in 1 atm of hydrogen at T = 713 - 733 K

/3/. It was found that after 100 hours of hydrogen treatment the con-

I



centration of impurities (C, 0, S) were reduced to a stationary low

level. It was suggested that the remaining contamInation might be

caused by gaseous contaminants present in our preparation chamber. In

view of more recent careful studies by T. J. Vink et al. /4/ on the re-

duction of oxidized Fe(100) by hydrogen it is possible, however, that

the remaining level of contamina ts is due to a higher stability against

reduction by hydrogen. Vink et al. observed, by ellipsometry, that a

thick oxide layer can be reduced in 2 x 10-2 torr of hydrogen at crystal

temperatures of 473 - 643 K, and that oxygen dissolved in the subsurface

region diffuses to the reaction interface and is depleted. However, the

reduction of a single monolayer of oxygen on Fe{100} was not possible

with hydrogen at pressures of up to 10-2 torr and exposures of up to 6 x

107 L. Contrary to their findings on Fe{100 , they observed a complete

reduction of an oxide layer on a Fe{1l0} crystal, emphasizing that the

reaction is face specific /5/. These studies also revealed that the

rate determining step for the reduction process is the activated disso-

ciation of hydrogen on an oxygen site.

The higher stability of a surface oxide, as compared to the bulk

oxide, follow the general observation that surface compounds are more

* stable than the respective bulk compounds. This has been discussed for

the stability of surface nitrides on iron by Ertl, Huber ane Thiele /7/.

Therefore, the final reduction of oxygen on a Fe{100} surface requires a

more reactive agent than molecular H2 , such as acetylene /8/.

Although no studies of iron have been performed on single crystals,

it is suggested that also N2/H2 mixtures might prove to be an effective

reducing agent for ironoxide. In surface science studies on the reduc-

tion of a commercial iron ammonia synthesis catalyst /9/ it has been



fcund that the oxide is reduced to the metal in a NiH2 gas mixture with

a ratio between 1:2 to 1:3 at a pressure of 600 - 700 torr and tempera-

ture between 623 - 673 K. If the reaction is performed in a batch reac-

tor, the ammonia formed will nitride the iron surface and lead to a pro-

tective nitride layer preventing heavy oxidation if the sample is ex-

posed to air. That iron crystals, nitrided by exposure to ammonia, are

protected to some extent from bulk contaminaticn during exposure to air

has been reported previously /3,10/.

It is finally noted that an identical hydrogen treatment (1 atrm,

650 K) on a Fe/Mn single crystal was not successful in removing a stable

surface oxide. Sputtering was necessary to remove the surface oxide

layer /2/.

Nickel

Typical bulk impurities of nickel are 0, S, C. In particular, car-

bon and sulfur turn out to be a persistent contamination segregating

onto the surface when the crystal is heated. As summarized by Musket et

* al., oxygen treatments followed by hydrogen reduction of the remaining

oxide have been applied widely to remove residual carbon. Removal of

*sulfur was achieved by ion bombardment at elevated temperatures /11/.

As described by us previously /3/, sulfur can be oxidized on a Ni(11C)

surface with oxygen (p - 10-7 mbar) at 1000 K. It turn-ed out, however,

that the use of nitric oxide is, by about a factor of 10, more efficient

than the use of molecular oxygen in the removal of sulfur. Nitric oxide

may also be used to remove carbon at T - 600 K, but no comparative stud-

ies have been done with oxygen as an oxidizing agent. Subsequent re-

moval of the oxide can be done by exposure to hydrogen (PH = 10-6 mbar

T > 640 K) /3/ or, alternatively, by ammonia. In reference /12/ we pre-



sented data on the reduction of a surface oxide on a Ni{100, surface

with NH3. About 370 L were sufficient to remove the oxide completely

leaving a c(2x2) nitrogen overlayer. Removal of the nitrogen overlayer

and production of a clean surface is achieved by flashing the crystal to

T - 1000 K /12/. By a comparison to exposures necessary for the removal

of the oxide by hydrogen at T - 670 K, it follows that reduction by NH3

is more efficient.

The reason that NO and NH3 are more effective in oxidation of sul-

fur and reduction of oxygen must be that both gases dissociate more eas-

ily than 02 and H2 on the contaminated nickel surface. The availability

of atomic oxygen and hydrogen are necessary prerequisites for the sur-

face reactions leading to the removal of the impurities. From an in-

spection of the bond energies for NO (630 kJ/mol) and 02 (498 kJ/mol) it

would follow that 02 is more easily dissociated. That H2 dissociates

more easily than NH 3 (NH3 - NH 2 + H) would also follow from a comparison

of the respective bond energies of 436 kJ/mol versus 460 kJ/mol for the

latter. Therefore, the higher activity cannot be related to the disso-

ciation energies of the molecules, but must be caused by a different

catalytic activity of the substrate towards dissociation of NO and NH3

as compared to 02 and H2 .

The reason for the high catalytic activity of NO and NH3 follows

from an inspection of the possible reaction mechanisms leading to dis-

sociation. If dissociation would occur by impact from the gas phase,

the bond strength argument mentioned above would suggest that 02 and H2

vare more reactive. However, if dissociation occurs via a molecular pre-

cursor of the respective gases, the residence time of the molecules on

the surface (and therefore their stationary coverage under reaction con-



ditions) will determine the overall rate of dissociation. it is wetl
..

established from adsorption studies that both NO and NH3 are much more

strongly adsorbed than 02 and H2 . and therefore their residence time

(which can be calculated from the Frenkel equation) will be sia-

nificantly longer leading to a higher dissociation probability. A de-

9tailed discussion of the kinetics of dissociation via a molecular pre-

cursor state can be found elsewhere. /13/ In the context of the present

paper, we would like to point out that the choice for the gaseous oxida-

tion/reduction agent used in chemical cleaning procedures of surfaces

cannot only be based on the dissociation energy of the gaseous molecule,

but must also consider the adsorption energy of the molecular reaction

gases on the surfaces to be cleaned.

Palladium

In palladium, the most persistent bulk impurity is carbon which

will consistently segregate to the surface at T - 500 K. The detection

* of carbon impurities by Auger Electron Spectroscopy commonly available

in UHV systems is complicated due to the overlap of the Pd M4 ,5 N2 ,3

N4,5 signal with the carbon Auger signal at 272 eV. In a recent LEED

/14/ and TPD /15/ study, it was reported that even Ar-ion bombardment at

T - 1000 K for 400 hours was not sufficient to remove the carbon com-

pletely as evidenced by LEED I(E) curves and TPD experiment of CO. Only

after extensive oxidation/reduction cycles (using 02 and CO) was a car-

bon free surface obtained. /14/ This clean surface was observed to un-

dergo a phase transition at T - 250 K which was not detectable on the

contaminated surface. /14/

Copper and Silver

A copper {11} was cleaned by heating to 800 K in 1.3 mbar of 02
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"r.r'- 2 mnutes to remove carbon and sulfur. The remaining surface oxygen

was subsecuently reduced by heating in 3 mbar of H2 at 800 K for about

the same time. This cycle was repeated 5-7 times and resulted in a car-

'-on and sulfur free surface as judged from the XPS spectra. Occasion-

ally some residual oxygen persisted after this treatment, especially af-

tez the crystal was e-posed to more extensive oxygen treatment to pro-

. duce Ci:O and Cu20 surface species /16/. This residual oxygen was re-

moved by argon ion sputtering (1 keV, 850 K).

A polycrystalline silver sample was effectively cleaned of carbon

contamination by cycles involving exposure to 0.5 nbar of oxygen at 673

- K for about three minutes followed by flashing to 90,0 K /17/.

NO Treatment of Stainless Steel Vacuum Chambers

We finally discuss our results by flowing nitric oxide through a

stainless steel vacuum chamber during bake-out in order to reduce the

background carbon monoxide and hydrogen pressure. Those procedures were

first applied by J. Pritchard (Queen Mary College, University of London)

to achieve vacuum conditions suitable to maintain an impurity free sur-

face for the time necessary to record infrared reflection absorption

spectra of weakly chemisorbed molecules. A recipe for treating a

'clean" vacuum system, i.e. a UHV chamber used for adsorption studies

only, was described in reference 3. In this procedure, nitric oxide is

flown at a pressure of -5 x 10- 7 mbar through the system during the fi-

nal stages of bake-out (T - 470 K). As monitored by a mass spectrome-

ter, kept at lower temperatures, initially no nitric oxide but high lev-

4ls of nitrogen, water, and carbon dioxide are detected. The appearance

and continuous increase of the m/e = 30 signal (typically 30-180 min)

indicates that most of the carbon and hydrogen containing contaminants

9., '



nave been remov.ed from the walls of the vacuum chamber, and the nitric

oxide flow is terminated. More important than achieving an excellent

*base pressure, the mentioned NO treatment reduces the displacement of

contaminants from the walls during long exposures of adsorption gases,

in particular, when adsorption isotherms or isobars are recorded. This

.rocedure has been applied successfully by other groups /18/.

The data presented below were taken in a stainless steel UHV system

used to measure, by a Knudsen cell method, the vapor pressures of 4-

aminophenyl ether (ODA) and 1,2,4,5 Benzenetetracarboxylic anhydride

(PMDA). As a result of those experiments, the vacuum chamber was heav-

ily contaminated with carbonous residues providing a steady supply

-(during the time of our cleaning procedures) of carbon and oxygen as

well as hydrogen from the fragmented organic molecules. The partial

pressure of selected gases were continuously monitored with a mass spec-

trometer (amu 1-300) interfaced to a computer during bake-out with and

without flowing NO through the system which was pumped with a 360 1/s

turbomolecular pump. Nitric oxide with the nominal purity of 99.0%

(Matheson Gas Products) was used for the experiments.

In Fig. 1, we plotted selected data for the intensity of selected

masses for (i) residual gases during bake out of the vacuum chamber at

453 K, (ii) with a NO pressure of 4.7xi0 -7 mbar flowing through the sys-

tem, (iii) 52 hours later with NO at 4.7xi0 -7 mbar and (iv) after in-

creasing the NO partial pressure to 3.3x10-6 mbar 8 min later.

During regular bake-out of the vacuum chamber at 453 K the typical

gas background of a hot stainless steel chamber (CO, C02 , H20, CH4 , .. )

was observed. Upon introduction of nitric oxide to the system, an addi-

tional source of oxygen is provided leading to an enhancement of oxi-

a 0'

Oi



4:4

datlon reactions on t'e walls. -his can "e seer" ycmpa::n toe r.,.-

sLtiCs before and after introductlon of NO at PNO 4-1x0- rrbar to thc

hot system in Fig. I. A cormparison of the intensities shows that the
!-hydroqen partial pressure (amu 2) :s only marginaliy affected, whereas

drastic increases in amu 14-18 and, in particular, in the 02 partial

pressure (amu 44) .s detected. Peaks at amu 28 and 30 are due to N2 , Cc

and NC, and those at 14, 15 and 16 to N and doubly ionized N2 , Co and

NO, respectively. It is straightforward to associate the increase in

amu 18 and 17 with the production of water. (Note that the ratios of

amu 18/17 are almost identical with and without NO when the semi-loga-

*z rithmic scale is considered.) Peak at amu 16 is associated with the

Iproduction of methane and oxygen resulting from the fragmentation of NO

in the mass spectrometer. A closer inspection of the peak ratios re-

veals that CO2 is the predominant reaction product resulting from the

reaction of NO with the walls of the chamber. The mass spectra indicate

that the following reaction occurs on the hot walls.

1. NO + CO - IN2 + CO2

CO (63%)
2. 2NO + C - N2  CO2  J
3. NO + C - IN + CO (20%)

2

4. NO + 2H - N + H20 (17%)
2

Spectra taken 52 hours after introduction of NO show a pronounced

decrease in reaction products, indicating a depletion of contaminants.

However, increasing the NO pressure by an order of magnitude (to 3.3x10

6T bar) again enhances the wall reactions. From such pressure jump ex-

periments, the approximate probabilities of reaction I + 2, 3 and 4 oc-

cjrrLnq as given above were calculated, normalized to a NO consumption

Lg



of I00'%. Clearly, the predominant wall reaction produces CC-, cther

from adsorbed CO or carbonous residues on the walls. Less piobable are

* the reactions producing CC or H-O, but it should be remembered that

these data were taken in a heavily contaminated UHV system and might not

reflect the reaction probabilities in systems with a different history.

Also, in "clean" vacuum systems, a short NO treatment (30 min - 2 hrs)

results in a tpical reducticn of residual gases by a factor of -2,

whereas for heavily contaminated systems the improvement in final vacuum

*. conditions requires an accordingly longer treatment. We finally note

that a NO treatment is more effective than a treatment with pure 02,

presuir ily due to the same reasons as have been discussed in the context

of ohemical cleaning for residual surfaces.

Summary

We briefly reviewed chemical cleaning procedures for metal surfaces

used subsequently in surface science studies and included more recent

results from our laboratory. The procedure to improve vacuum conditions

by flowing nitric oxide through the hot vacuum chamber during bake out

has been summarized and the reactions taking place on the walls of the

system have been qualitatively discussed.
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