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d
ABSTRACT \,}"\

Nickel is evaporated in high vacuum from a calibrated

source, one monolayer at a time, on a clean (111) cupper single
crystal substrate. Excellent order in arrangement of condensed
nickel atoms with the same orientation as the substrate, but

with the lattice spacing of nickel, is observed when the substrate
is maintained at about 200°C during evaporation. Each successive
monolayer grows epitaxially with respect to the layer immediately
below it, always with the lattice spacing of nickel. No more than
three atomic layers contribute appreciably to the diffracted

intensity below about 250eV. The contribution from the first

layer predominates, }ﬂi/




EXPERIMENTAL INVESTIGATIONS IN EPITAXIAL GROWTH OF
CRYSTALLINE LAYERS
by H.E. Farnsworth and C.A. Haque
Brown University
SUMMARY

The object of this investigation was to determine the structure
of an epitaxial layer in the initial stages of one to several
monolayers for the case in which the lattice spacing of the surface
layer differs from that of the supporting substrate by not more than
a few percent, It is known that complete coverage is obtained in
the first monolayers when the lattice spacings differ by less than
0.5 percent and that clumping occurs when the spacings differ by as
much as 13 percent, with the spacing of the surface layer always the
same as that for the same material in bulk form. However, there are
insufficient data at present over a wide range of variables and
under extreme conditions of cleanliness to formulate a general
theory of epitaxy. It is known that one monolayer of surface
contamination can alter the nature of epitaxial growth. Hence, it
is essential to use ultra high vacuum techniques to eliminate
spurious effects of contamination and to obtain an atomically clean
surface initially on which to deposit the epitaxial layer. The
method must be capable of determining the structure of a single
monolayer. The low energy electron diffraction technique satisfies
this requirement and is used in the present investigation. The
materials selected were nickel and copper, since they have the same
lattice structure and their lattice spacings differ by about
2.8 percent, A nickel film was deposited from the vapor onto a
(111) copper crystal surface since the spacing of nickel is less
than that of copper. :

In addition to the above objective, it was possible to obtain
valuable information on the depth of penetration of diffracted
electrons in the case of nickel., It was found that at room tempera-
ture nickel formed in ordered as well as disordered structure
without complete coverage of copper, thus indicating clumping.

With the copper at 200°C excellent order and coverage was obtained
with one or more monolayers. The lattice formed by the nickel
atoms was the same as that of bulk nickel and had the orientation
of the copper. Thus, under these conditions it was possible to
obtain uniform coverage without clumping even though the lattice
constants differ by 2.8 percent. Further tests with other
materials may help in determining the maximum misfit without
clumping., Since the type of atoms involved is also a determining
factor, tests should be made on different combinations of
materials having misfits of the same magnitude.

Observations on nickel deposits of one to seve~r=" monolayers
show that the first monolayer predominates in its conctribution to
the diffraction pattern and that contributions from more than
three monolayers are insignificant in the range below 250V,



INTRODUCTION

Because initial epitaxial growth has been shown to be sensitive
to small amounts of contaminationl, it is important to determine
the conditions which govern this growth under ultra high vacuum
conditions. In addition, a method of structure determination must
be used which can be applied to a single monolayer. It has been
shown that the low energy flgctron diffraction (LEED) technique
satisfies this requirement™*“, Using this technique, it was found
that complete coverage is obtained at room temperature when the
epitaxial layer has essentially the same lattice constant as that
of the substrate, as in the case of silver on gold, where the
lattice constants differ by only about 0,4 percenté. However, in
the case of copper on titaniuml, for which the lattice spacings
differ by about 13 percent, clumping of copper occurs in the initial
stages of deposit, Although the orientation of the copper
crystallites is determined by that of the substrate, the spacing is
always the same as the normal copper spacing. It is, therefore,
important to determine the degree of misfit and other relevant
conditions which are required to produce a clumping or nonclumping
of the epitaxial layer in the initial stages of one monolayer or
less.

This type of investigation also furnishes information on the
number of atomic layers contributing to the electron diffraction
pattern, This information is of value in the interpretation of the
intensity distribution of the diffraction pattern,

In the present investigation, a nickel film has been deposited
on a copper substrate, For this combination the lattices are both
face centered cubic, but the nickel spacing is about 2,8 percent
smaller than that of copper.

The characteristic intensity distribution of diffracted beams
was obtained as a function of the voltage of incident low energy
electrons for an atomically clean surface of Cu(lll). Nickel was
evaporated from a calibrated source, one monolayer at a time, on
the atomically clean surface of Cu(lll), and immediate LEED observa-—
tions were made of the nickel-copper surface,

The results reported here concern:

(a) the growth and structure of nickel thin films on a
Cu(1l1ll) substrate:

(b) the penetration of electrons in a nickel-copper system
as a function of the energy of the incident electrons.

EXPERIMENTAL PROCEDURE AND RESULTS

The nickel film was deposited from the vapor obtained by
heating a high purity nickel slug below the melting point in ultra
high vacuum, A tungsten filament was mounted behind the nickel
slug to permit heating by electron bombardment, A moiybdenum box
enclosed the filament and nickel slug with a 2mm opening opposite
the front face of the slug and at a distance of 3mm. One end of a
Pt - Pt 13 percent Rhthermocouple was imbedded in one side of the
nickel slug. This geometry or the evaporator ensured a uniform
rate of evaporation from unit area of the flat nickel face.,
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The calibration of the evaporator was made in an auxiliary
vacuum system in which nickel was deposited from the vapor onto
18mm x 18mm flat glass microscope slideg. The residual ambient
pressure dgring evaporation was 5 x 10" “Torr. Careful cleaning
procedures™ were used for the slides. Blank slides, on which no
deposits were made, were used to check on outgassing and other
effects that would cause errors when the weights of the deposits
of nickel were evaluated, All slides were weighed initially prior
to evaporation and after nickel deposition in a Mettler's micro--
balance with a sensitivity of 1 _ugm., The weights deposited were
10 _ugms and above, and were recorded as a function of the time of
evaporation, at a fixed temperature of 1204°C of the nickel slug.
This temperature of 1204°C was selected after previous tests in
which nickel was evaporated at different temperatures. The time
required to deposit one monolayer of nickel was 14 minutes. This
was determined by extrapolating the linear relationship between
time and weight of deposit at the evaporating temperature of 1204°cC.

The Cu(lll) single crystal was mechanically polished and etched
chemically in a solution of 32 percent HNO3 at 70°C. X-ray
diffraction patterns were subsequently observed to confirm the (111)
orientation, prior to inserting the crystal in the diffraction tube.

A sketch of the diffraction tube, block diagram of the entire
experimen&al system and the experimental procedures are delineated
elsewhere”, The only addition being the calibrated nickel
evaporator which was inserted as a side arm so that the direction
of deposit was 30° from the normal to the crystal Surface. Vacuum
techniques for obtaining pressures around 2 x 10719 rorr were used,
During the calibration of the nickel evaporator, each glass slide
was placed 5cm from the evaporating surface, This distance was
maintained for the Cu(lll) whenever it was sub jected to nickel
evaporation. The evaporator assembly was well outgassed and the
evaporating surface was always maintained at the operating tempera-
ture of 1204°C for sometime, before exposing the Cu(1lll) crystal to
nickel evaporation.

The Cu(111) crystal was subjected to LEED investigations at a
pressure of 5 x 10~ Y Torr. Initially, no sharp beams were observed,.
The crystal was slowly heated to about 800°C and on cooling it to
room temperature, LEED measurements indicated the presence of charac-
teristic diffraction beams, The crystal was then argon ion bombarded
at 300V and 20 pamp for 15 minute intervals, each bombarding interval
being followed by annealing at 300°C for 30 minutes, Fig, 1 shows
the usual colatitude angle (©) against primary voltage (V) and
intensity (I) against V data obtained for the 10 beam in the (110)
azimuth after the above treatment. The open circles in Fig, 1
represent experimental © vs V points which fall well along the
theoretical surface grating lines., The Cu(lll) surface as such was
considered atomically clean. The theoretical surface grating curves
were plotted from usual calculations®™, for a lattice constant
a = 3,61 A for copper.




When a monolayer of nickel was evaporated from the calibrated
source, on the clean surface of Cu(lll) at room temperature and at
a pressure of 2 x 107 Torr, immediate LEED investigations of the
surface indicated ordered as well as disordered condensation of the
monolayer of nickel atoms, Some diffracted beams had sharp peaks
with nickel spacings, some were original copper beams, some were
diffuse with large half-widths in wavelength and some were missing,
thus indicating that complete coverage was not obtained., This was
true for at least three monolayers, which was the maximum number
deposited under these conditions,

Excellent order in arrangement of condensed nickel atoms with
the same orientation as the substrate was observed when the substrate
Cu(1lll) was maintained at a temperature of about 200°C. The lattice
spacing was that of bulk nickel. Five monolayers of nickel were
evaporated on the Cu(lll) crystal, one monolayer at a time, and the
intensities of the diffracted beams were recorded as a function of
the primary voltage after each monolayer deposition., Each successive
monolayer grows epitaxialily with respect to the layer immediately
below it, always with the nickel spacing,

Fig. 2 shows © vs V and I vs V characteristics for one monolayer
of nickel on Cu(lll). Similarly Fig. 3 is for two monolayers of
nickel on Cu(lll) and Fig. 4 for three monolayers. Fig. 5 is the
I vs V characteristic for Ni(1ll) taken from previous work in this
laboratory® for the 10 beam.

DISCUSSION

From the I vs V data, after one monoclayer of nickel was
deposited with the crystal at room temperature, it appears that the
nickel condenses in islands or clumps, some of which are ordered,
with the same orientation as the substrate copper but with nickel
spacings., The presence of beams characteristic of copper indicates
regions where no nickel remains. The diffuse beams with large half-
widths and the missing beams are probably due to disordered
condensation,

It is seen from the theoretical surface grating curves of Fig, 2
that the resolution in V between Cu and Ni varies from 2 volts at
large colatitude angles to about 12 volts at small colatitude angles.
This of course is due to the small 2.8 percent mismatch in the
lattice constants of Cu and Ni. The difference in V becomes more
proncunced for the 20 and 20 beams in the (110) azimuth and also
for the 21 beam in the (112) azimuth. The experimental points of
6 vs V plots for all these beams led to the conclusion that the
epitaxial nickel film always has the nickel spicing. This is in
agreement with previcus observaticns on copper~. Although the
concept of an epitaxial temperature appegrs to be characteristic of
this system, this is not true in general”.

Information on electron penetration is obtainable from a
comparison of the I vs V data from Figures 4,3 and 2 w.th that of
Fig, 5. It is apparent that the penetration is a function of the
energy of the incident electrons. The fine structure seen in Fig, 5
attributed to steps and stacking faults® is only partly observable




in Fig. 4. This does not mean that the nickel condenses with no
defects, 1In this experimental setup it was not possible to sweep
over all colatitude angles, Hence, it is probable that the fine
structure could not always be observed,

The I vs V data of Fig. 4 obtained after three monolayers were
deposited compares very well with those of Fig. 5 up to a primary
voltage of 190 volts, It can be inferred from this that more than
90 percent of the diffracted eiectrons of energy up to 190eV come
from the first three monolayers., For two monolayers, as seen in
Fig.. 3, the intensity curve starts to deviate from that of Fig, 4
at an incident energy of about 140eV. Most of the diffracted
electrons below 140eV appear to come from the first two monolayers,
Similarly, from Fig., 1, the deviation in intensity curve when
compared to that in Fig. 2 begins at about 90 volts, Hence, below
this value most of the diffracted electrons appear to come from the
surface monolavyer,

CONCLUSION

LEED is well suited for studies of the structure and growth of
thin metallic films, Detailed observations of the initial growth of
films of a monolayer or less by the LEED method can furnish signi-
ficant information for theoretical problems concerning epitaxy.

For the Ni-Cu system, the contribution from the surface
monolayer predominates in the low energy range., Between 190 and
242 volts, the difference in intensity curves indicates that there
is no appreciable contribution from more than three monolayers.
This information is important in an interpretation of intensity
distribution data,
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