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The use of positrons to probe thin-film pseudomorphism is presented. The first use of reemitted-
positron spectroscopy to determine critical thicknesses, volume expansions, and residual lattice strains
for epitaxial Ni films on Cu(100), (110), and (111) substrates is explored. The effects of the substrate
surface orientation and annealing of the film are systematically investigated. The positron deformation
potential of Ni, which calibrates the spectroscopy, is separately determined by thermal expansion and by
pseudomorphic expansion. The two results agree but are inconsistent with theory.

PACS numbers: 68.55.Jk, 68.35.Rh, 71.60.+z

There is a great deal of interest in understanding the
epitaxial growth of thin-film overlayers that strain to
conform (up to some critical thickness) with the lattice
spacing of a crystalline substrate.! Such pseudomorphic
growth affects the magnetic characteristics of ferromag-
netic films? and the stability of periodic multilayer sys-
tems.? In this Letter, the first use of positron emission?
from, and tunneling through, thin pseudomorphic Ni
films deposited on low-index faces of Cu substrates is de-
scribed. Using the technique of reemitted-positron spec-
troscopy (RPS)> the energy and rate of reemitted posi-
trons from a Ni-on-Cu sample is compared with positron
spectra of the respective bulk samples. Strained growth
of the Ni overlayer coherent with the Cu substrate (the
bulk lattice mismatch is 2.57%) produces a volume ex-
pansion, or dilatation AV/V, with respect to bulk Ni
which results in an energy shift of the positron state in
the Ni film. The positron deformation potential
Ejf=VQE/oV, which we determine separately in a
thermal expansion experiment,® calibrates the volume
expansion for an observed energy shift of the Ni peak in
the RPS spectrum. To our knowledge, this technique is
the only direct probe of volume deformation in thin
films. It is one of the few techniques’ that is sensitive to
lattice strain normal to the film’s surface. Subsequent
energy shifts in the positron state as the Cu-supported
Ni film undergoes a coherent-incoherent transition at a
critical thickness abruptly alter the characteristics of
positron tunneling through the film from the Cu sub-
strate. As a result, the critical thickness, A., for strained,
coherent growth (above which misfit dislocations absorb
most of the strain energy) can be observed in most cases
along with the residual strain in the lattice.

Under a variety of sample preparation conditions we
have attempted to determine, or set limits on, critical
thicknesses, the pseudomorphic volume expansion, and
the residual lattice strain for Ni films on Cu(100),
(110), and (111). In addition, positron energy-level
shifts induced by pseudomorphic expansion can be used
with simple elastic theory to independently determine the
positron deformation potential of Ni without the

temperature-dependent ambiguities®® of the thermal ex-
pansion technique. The two methods yield values of E;
that are in agreement, but are 50% larger in magnitude
than recent theoretical predictions. ®’

The technique of RPS was presented in Ref. 5. The
energy spectrum of positrons reemitted from a multilay-
er target in which the positrons have been implanted and
thermalized is measured. Peaks appear in this spectrum
corresponding to positrons that have thermalized in
different material layers. The peak energy is dependent
upon the sum of the electron and positron chemical po-
tentials (u ~+u ) of the material in which the positron
thermalizes and is therefore independent of surface con-
tamination or overlayer coverage. The key feature for
the present work is that the peak depends sensitively on
sample temperature. It is assumed® that this dependence
is due almost entirely to thermal volume expansion (i.e.,
lattice vibration can be neglected). Thus a shift in the
peak energy from the bulk position indicates deforma-
tion, or strain, in the lattice volume. The energy shift
per unit volume dilatation is given by E;".

All sample preparation and RPS measurements are
performed in a UHV surface analysis chamber. Thick
(1-2 mm), well oriented (1°), Cu crystal substrates are
cleaned by cyclic sputtering and annealing. Ni is eva-
porated onto the room-temperature substrates at a rate
of 1-10 A/min (and pressure < 10 ~° Torr) using a Ni
foil-wrapped W filament. The only observed contam-
inant, CO, ranged from less than 1% to a maximum of
5%, depending on the condition of the evaporator. Epi-
taxial growth is monitored by LEED and the Ni over-
layer thickness is determined by quantitative analysis of
the Auger peak ratios.'® An overall systematic error of
+20% is estimated for all length scales determined in
this fashion. The RPS spectrum and the total yield of
reemitted positrons are measured as a function of Ni film
thickness at room temperature either with or without a
preceding flash anneal to 200°C. Since annealing pro-
duced no change in the Auger ratios for Ni-Cu(100) and
Ni-Cu(111) and side-by-side Ni evaporations on these
crystals produced the same Auger ratios, we assume the
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growth is effectively layer-by-layer without interdiffusion s Lo, T T L
alloying. Annealing reduces the apparent Ni thickness s pe B ae & ° Cu (111)?
on Cu(110) and will be discussed later. Most of the data a ° () :
are acquired at an incident positron beam energy of 4 - a
keV (mean implantation depth'!' in Cu of ~400-A> Ni
film thickness). A beam energy of 1 keV (mean depth
~50 A) was used to emphasize reemission from the film
itself.

For RPS spectra acquired with bulk crystal targets of
Ni or Cu, the Ni peak is 520 & 10 meV higher in energy
than the Cu peak.’ Thus an unstrained Ni overlayer
presents a barrier against reemission for thermalized
positrons in the Cu substrate. Any reemission would re-
quire tunneling through this barrier. However, pseu-
domorphic growth of a Ni film coherent with the Cu
substrate lattice produces a Ni lattice expanded by
2.57% in the surface plane that should be accompanied
with a concommitant contraction in the surface normal
direction, which depends on the crystal orientation. Us-
ing the elastic constants of bulk Ni,'? the pseudomorphi- —
cally strained volume expansion, AV/V, of the film is cal- 108 & -
culated to be 2.2%, 3.45%, and 3.75% for Ni on ;m"”%' ey Cu (110)
Cu(100), (110), and (111), respectively. The predicted (b)
positron energy-level shifts in the strained Ni are then
E; AV/V. We have measured E; for Ni (and also Cu)
using the thermal expansion technique® in the tempera-
ture range 20-350°C. We find E;"(Ni)=—15.5%0.3
eV and E;t (Cu) =—14.5%0.3 e¢V. Converting the cal-
culated values of AV/V into energy shifts yields —0.34,
—0.54, and —0.58 eV, respectively. Thus the Ni barrier
on the Cu(100) surface is predicted to be reduced from
0.52 to 0.18 eV, but no barrier at all is expected for Ni
on Cu(110) and Cu(111).

The total rate of reemitted positrons and the Cu peak
counting rate measured on all three surfaces are shown
in Fig. 1 as functions of the Ni film thickness A. The
Ni-Cu(111) and Ni-Cu(110) data are similar in that the
peak rate initially drops with a slow exponential decay
constant of A=10-20 A, which then abruptly drops to
about 2.2-2.6 A. We identify the knee in these curves as —
the critical thickness A, at which lattice strain is largely 103 Fen, —
relieved by misfit dislocations and thus it is the thickness E8, Cu (100) 1
at which the Ni film reverts to being a bulklike barrier. [ o © ]
The values of A for & < h. should be associated with the
mean free path for scattering and defect trapping of a
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0.02-0.06-eV positron in the strained Ni film. In this re-
gime A is much too large to be attributable to barrier
tunneling. The transmission probability for tunneling
through a one-dimensional potential barrier asymptoti-
cally approaches exponential decay with A=h/
[8m(V —E)1'2, where V is the barrier height and E is
the positron energy. For A= 10 A, V—E =<0.01 eV, or
effectively no barrier at all for Ni on Cu(110) and
Cu(111). However, on the Cu(100) surface the decay of
the peak and total counting rates in Fig. 1 is much more
rapid. No clear value of A, is evident as A gradually
changes from roughly 4 A at low % to about 2 A at
h=10 A. This latter value of A corresponds to a Ni
barrier of about 0.25 eV, close to the predicted value of
0.18 eV for strained Ni(100). Thus, consistent with our
simple energy-shift predictions [using the measured
value of Ej (Ni)l, barrier tunneling is observed for
strained Ni(100) and no barrier is observed for A < A,
for strained Ni(110) and Ni(111).

Figure 2 shows RPS spectra acquired for 200°C an-
nealed Ni-Cu(111) films with A, = 15 A (beam energy 1
keV). Only the Cu peak is present at & < h. whereas a
Ni peak (or a peak within 50 meV of Ni) emerges at
h > h. and becomes more pronounced as the film thick-
ness grows. The appearance of a Ni peak that coincides
with the onset of misfit dislocations— the attendent relief
of strain—and the resulting onset of a Ni barrier at or
near the bulk Ni energy is clearly consistent with the as-
signment of the knee in Fig. 1 as A.. Similarly, for the
unannealed (111) films a Ni peak appears in these data
only at =30 A. Close inspection of Fig. 1 shows that
these points are well below the exponential line, con-
sistent with A, =25 A. For Ni-Cu(100), where no obvi-
ous value of A, is evident from Fig. 1, the RPS spectra
indicate the onset of a Ni peak for # >9 A. We thus
conclude that k. < 9 A for this surface.

The strained (energy shifted) Ni peak (A <h,.) is not
resolvable from the Cu peak using the present energy
analyzer because of the peak’s low relative intensity (few
positrons thermalize in the thin Ni overlayer) and its
close proximity to the Cu peak. However, for Ni-
Cu(111), where the thickest pseudomorphic films can be
grown, the Cu peak always shifted —~50 meV down-
wards in energy for A = h. (see Fig. 2). Presumably the
peak position is pulled by the pseudomorphic Ni peak lo-
cated at least 50 meV below (i.e., shifted by at least
0.52+40.05=0.57 eV from the bulk Ni energy). Assum-
ing only that the strain-induced volume expansion is
3.75% for Ni on Cu(111), the lower limit of —0.57 eV on
the energy shift implies E;* < —15.2 eV for Ni at room
temperature (the temperature dependence of E; is ex-
pected to be very small'®). This result is in excellent
agreement with our independent result, —15.5+0.3 eV,
using thermal expansion. It supports, without tem-
perature-dependent ambiguities, the apparent trend®’
that theoretical calculations of E;" can only account for
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FIG. 2. RPS spectra acquired at 1-keV positron beam ener-
gy for three different thicknesses of 200°C annealed Ni films
on Cu(l11). Data have been normalized to the Cu peak
height. The strained Ni peak for # =14 A is presumably un-
resolved from the Cu peak. A bulklike Ni peak appears for
h>he (h.=15 A) but no intermediate peak indicative of any
residual lattice strain is observed.

about % of the magnitude of E;'.

The preliminary RPS results for pseudomorphic Ni
films are summarized as follows.

(1) For 200°C annealed Ni films on Cu(111) and
Cu(110) h.~15 A. For unannealed films h. =10 A on
Ni-Cu(110), . ~25 A on Ni-Cu(111), and A, <9 A on
Ni-Cu(100). Previous transmission electron microscope
(TEM) studies indicate ., =14.6 =3 A for Ni-Cu(100)
(80°C anneal),'* and h.=10 A for Cu(111) (200°C
anneal).!> Naively, and contrary to our observations,
Ni-Cu(111) should have the lowest 4. since it has the
most highly deformed lattice volume [3.75% vs 2.2% for
Ni-Cu(100)]. However, the type and generating pro-
cesses of misfit dislocations, along with processess that
impede dislocation formation, are highly dependent on
the geometry of the film and its substrate interface.'-'¢
Calculations'” suggest that the hexagonal fcc(111) inter-
face is more stable than corresponding rectangular inter-
faces. Detailed consideration of these effects on A, is
beyond the scope of this Letter. The unexpected in-
crease in A, with annealing for Ni-Cu(110) should be
taken cautiously since the Auger analysis indicated that
annealing to 200 °C produced either interdiffusion alloy-
ing or a change in growth mode on this open face. Al-
loying at the interface is expected to relieve strain and
effectively increase h..'® In addition, top-layer contrac-
tion of the Cu(110) [and Ni(110)] surface is very large
(~10%) ' and such reconstruction may affect pseu-
domorphic film growth.

(2) Critical thicknesses depended not only on anneal-
ing temperature but also on the presence of contam-
inants in the evaporation-deposition process and on the
surface preparation of the Cu substrate. Carbon and ox-
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ygen contamination may have inhibited misfit dislocation
formation since we observed a tendency for A, to in-
crease ~2 A for runs in which the CO contamination
approached 5%. On two specially prepared Cu(110) and
Cu(111) substrates that were overheated and recrystal-
lized in a complicated, unrecognizable orientation we ob-
served smaller values of 4, by 50% or more. Thus, there
should be further study of the sensitivity of pseu-
domorphic growth parameters to different methods of Cu
substrate preparation (e.g., compare our sputtered and
annealed Cu crystals to the TEM thin Cu films vapor de-
posited on NaCl).

(3) For well-ordered Cu(100) and Cu(111) substrates
and clean Ni depositions no indication of residual lattice
strain is observed for h > h.. This contradicts elastic
theories?® and TEM observations'*'® which indicate that
the strain should drop smoothly (approximately as 1/h)
for h > h.. We do not detect (at the 50-meV level) any
Ni peaks intermediate between the strained Ni peak and
the bulk peak that would indicate a partially strained lat-
tice (e.g., see Fig. 2). For h > h,, the bulk peak simply
grows in intensity with 4 indicating that more positrons
are stopping in the Ni overlayer and/or that some re-
gions of the film undergo the coherent-incoherent transi-
tion at different average h due to local thickness nonuni-
formities. For the recrystallized substrates mentioned
above (which have lower values of A.) intermediate
peaks are observed and the residual lattice strain so de-
duced does follow a roughly 1/h dependence. Thus RPS
can be sensitive to the effect. Future work should con-
centrate on resolving this apparent discrepancy with pre-
vious research.

The above results demonstrate the sensitivity of RPS
to the dependence of misfit dislocation formation on the
crystal face and the surface roughness and defect nature
of the substrate, as well as the annealing temperature of
the film. This dependence presents some problems in in-
terpreting TEM results because the Cu substrates are, by
necessity, evaporated films (with more defects than sin-
gle crystals) and in some cases, the Ni film is exposed to
air and work hardening (in removing the support sub-
strate) prior to analysis in the TEM.?’ TEM images
offer the advantage of direct imaging of misfit disloca-
tions and hence a determination of the orientation and
type of dislocation formed. However, given the
difficulties of sample preparation,?' positron studies
might serve as an important check on their results. RPS
can provide highly quantitative measurements of 4, and
strain in thin films with in situ sample preparation and
nondestructive analysis procedures. Future applications
of RPS to pseudomorphic growth should include further
tests for residual strain above A. and the substrate sur-
face roughness tests mentioned earlier. Interdiffusion al-
loying at the Cu-Ni interface as a means of stabilizing
the pseudomorphically strained film'® could be investi-
gated. Compressive film strain?? and other tensile strain
cases are feasible. Further cataloging of RPS peak posi-
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tions® and measurements® of E;" would facilitate selec-
tion of candidate materials.
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