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Vacancy trapping and annealing in noble-metal films grown
at low temperature
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We have used synchrotron x-ray diffraction to study the homoepitaxial growth on Cu~001!, Ag~001!,
and Ag~111!, at temperatures between 300 and 65 K. The growth on all of these surfaces exhibits
a consistent trend towards a large compressive strain that is attributed to the incorporation of
vacancies into the growing film below 160 K. In each case, the vacancy concentration is;2% at
110 K and we have measured the temperature dependence for incorporation on the~001! surfaces
as well as the annealing behavior for Cu~001!. These results, which suggest new kinetic
mechanisms, have important implications for understanding epitaxial crystal growth. ©2002
American Institute of Physics.@DOI: 10.1063/1.1527988#
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The design and fabrication of electronic nanostructu
critically relies on the ability to understand and control t
kinetic mechanisms that govern the epitaxial growth of t
films. Consequently, there is considerable interest1 to explore
homoepitaxy where the absence of potential complicati
associated with strain or misfit dislocations~that would be
present for heteroepitaxial systems! permit a fundamental in-
vestigation into the underlying mechanisms that dictate
surface morphology. Although theoretical studies and sim
lations have been quite successful2,3 in reproducing many of
the features observed in experiments, the reliability of th
theoretical predictions largely depends on knowing the s
cific kinetic mechanisms that are operative on the surfac
is, therefore, surprising that the role of vacancy formation
homoepitaxy has received little attention, in spite of rec
simulations4,5 demonstrating kinetic channels that allow t
formation of vacancies or voids in the growing film. The
simulations proposed4 that ‘‘downward funneling’’@a mecha-
nism that has been employed to explain the reentrantsmooth
growth of ~001! surfaces at low temperature# can be ‘‘re-
stricted,’’ causing the atomic mobility at step edges to
modified, thereby leading to overhang formation and
cancy incorporation. It was also suggested that vacancy
mation strongly affects the surface morphology. Specifica
their formation was proposed to explain the reentrantrough
growth observed at very low temperatures on Ag~001!. Ex-
perimentally, vacancy formation and its connection to
surface morphology have not been established. Yet, it is
vious that if vacancies are incorporated into a growing fil
the mechanisms leading to their formation are also ones
affect surface morphology. These mechanisms might a
have important implications for growth at temperatures w
above the vacancy formation temperature.

a!Author to whom correspondence should be addressed; electronic
micelip@missouri.edu
4710003-6951/2002/81(25)/4718/3/$19.00
Downloaded 28 May 2010 to 128.206.162.204. Redistribution subject to A
s

s

e
-

e
e-
It

n
t

e
-
r-
,

e
b-
,
at
o

ll

In this letter, we report the results of x-ray scatteri
experiments that demonstrate the striking similarity of v
cancy incorporation during the low-temperature homoe
taxial growth on three noble-metal surfaces: Ag~111!,
Ag~001!, and Cu~001!. We also present the temperature d
pendence of vacancy incorporation for the~001! surfaces as
well as the annealing behavior of the vacancies for Cu
detailed analysis of the different surfaces will be repor
elsewhere.6,7 We suggest that vacancy incorporation is like
to be ubiquitous among many homoepitaxial growth s
tems, with important consequences for the surface morp
ogy, i.e., the onset of vacancy incorporation occurs in
same temperature range where substantial changes in
growing surface have been observed for all three syst
studied.3,6,8–10

The measurements on Ag/Ag~001! were carried out on
the Midwest Universities Collaborative Access Tea
~mCAT! beamline at the Advanced Photon Source, while A
Ag~111! and Cu/Cu~001! were measured using the SUN
X3B2 beamline at the National Synchrotron Light Source.
both cases the surface preparation, growth and x-ray sca
ing measurements were achieved with the sample conta
in an ultrahigh vacuum~UHV! chamber ~base pressure
10210 Torr). The surfaces were prepared by several cycle
Ar1 sputtering followed by high-temperature annealin
Prior to each deposition cycle, the quality of the starti
surface was carefully assessed by x-ray scattering and A
spectroscopy~AES!. Within AES sensitivity no contaminant
were present at any of the temperatures used in this st
The depositing atoms~1 ML/min! were evaporated from a
thermal oven and the deposition was interrupted to all
x-ray scattering measurements. The x-ray reflectivity was
tained at different values of the surface-normal scatter
wave vector,Qz , by scanning across the specular rod a
subtracting the diffuse component.11
il:
8 © 2002 American Institute of Physics
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Figure 1 shows the effect of reducing the deposition te
perature on the specular reflectivity from the homoepitaxia
grown films. At higher temperatures, the measured reflec
ity coincides extremely well with a real-space model whe
the structure of the film is identical to that of the bulk su
strate and the surface is composed of a collection of terra
~steps! having a Gaussian distribution of heights.12 This type
of analysis has been extensively used in our previous stu
of metal homoepitaxy.10,12At 100 K, however, the reflectiv-
ity profiles measured around the Bragg reflection exhibit t
new features: a pronounced asymmetry and interfere
fringes with a periodicity corresponding to the film thic
ness. Both features are well explained by a model6 where, in
addition to some surface roughness, a surface-normal c
pressive strain:

Dd

d
5

dfilm2dbulk

dbulk
,

is uniformly distributed through the deposited film. The so
lines in Fig. 1 are best fits to this model. The fits allow t
strain to be determined from the reflectivity: at 100 K, film
grown on all three orientations typically exhibitDd/(d);
21%.

We attribute the origin of this strain to the incorporatio
of vacancies or vacancy clusters because a substantial n
tive volume change is necessary to produce the obse
large compressive strain. Other defects that might form
low temperature, such as stacking faults and dislocations
not possess a sufficient negative volume change to acc
for the observed effect. It is also important to realize th
impurity contamination due to low-T adsorption can be ex
cluded as the source of strain, since, a very large impu
concentration would be necessary to account for the ma
tude of the observed strain, whereas AES spectra show c
surfaces before and after the deposition, at all temperatu
Moreover, the incorporation of larger substitutional impu

FIG. 1. Specular x-ray reflectivity from~a! Cu/Cu~001!, ~b! Ag/Ag~001!,
and~c! Ag/Ag~111! films. At the higher temperatures, the data~open circles!
are well described by a simple Gaussian surface roughness~dashed lines!,
whereas forT;100 K a real-space model that includes a large surfa
normal compressive strain in the deposited film is necessary to fit~solid
lines! the interference fringes and the asymmetry about the Bragg reflec
present in the measured reflectivity profiles~empty squares!.
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ties or small impurities that occupy interstitial sites wou
cause an expansion rather than the observed contractio
the lattice.

From the measured strain, we can estimate the vaca
concentration,cv , assuming a point defect model:13

Dd

d
52a•S 112

C12

C11
D •cv .

Here,a50.2 relates the volume contraction to the vacan
concentration13 andC12/C11 is the ratio of elastic constant
for the metal.14 From this relationship and the measur
strain magnitude (;1%), we obtain cv;2% for all three
surfaces at 100 K.

We now consider the temperature dependence of the
cancy concentration. Figure 2 shows the specular reflecti
measured around the~002! Bragg reflection for 15-ML-thick
Ag films deposited on Ag~001! at different temperatures be
tween 65 and 250 K. We observe that the interference frin
and asymmetry about the in-phase position are very p
nounced at 65 and 110 K but attenuate at 150 K and ev
tually vanish atT.200 K. This suggests that the strain ma
nitude and, equivalently, the vacancy concentrat
incorporated into the deposited films decreases with incre
ing T. Indeed, fits to the reflectivity data yield a vacan
concentration that follows this trend, as shown by the so
symbols in Fig. 3. Similar measurements and analysis w
performed for 15-ML-thick Cu films grown on Cu~001! at
temperatures ranging from 110 to 300 K. The results for C
also shown in Fig. 3, bear a striking resemblance to th
observed for Ag~001!. Finally, we find that for Ag~111!, the

-

n

FIG. 2. Specular x-ray reflectivity measured for 15-ML-thick Ag/Ag~001!
films ~empty symbols!, deposited at different temperatures, between 65 a
250 K. The solid lines are best fits to a model that includes a surface-no
strain produced by the incorporation of vacancies.
IP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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vacancies anneal out upon warming to room temperat
The inset of Fig. 3 shows the vacancy concentration for
ML-thick Cu/Cu~001! films grown at 110 K that were sub
sequently annealed at a higher temperature. These resul
essentially identicalto the well-known annealing behavior o
vacancies observed in radiation damage studies of b
copper:15,16 cv exhibits a plateau between 100 and 200
followed by a precipitous decrease between 200 and 30
The curve in the inset was calculated using a 0.72 eV a
vation energy that is known16 for monovacancy mobility in
Cu. This is further proof of the inclusion of vacancies in th
metal films grown at low temperatures.

The similarity of the growth behavior for the~001! ori-
entations of Ag and Cu is evident not only in the incorpo
tion of vacancies, but also extends to the reentrant smo
growth that has been observed3,8–10 in both of these system
below 200 K. This suggests similar, if not identical, surfa
kinetics for these two systems. Finally, we point out that
mechanisms for vacancy formation should be quite gen
and not limited to homoepitaxy on~001! crystal faces, as
shown by our finding of a 2% vacancy concentration inc
porated during Ag/Ag~111! growth at 100 K. Moreover, we
have observed6 substantial changes in the growing Ag~111!
surface morphology whereby a bimodal distribution of s
face heights emerges concomitantly with the formation
vacancies. Thus, the three noble metal systems studied
present strong evidence that the formation of vacancie
intimately tied to changes in the evolving surface morph
ogy.

FIG. 3. Dependence of the vacancy concentration on the growth temp
ture, obtained from reflectivity measurements, is shown for Ag/Ag~001!
~filled squares! and Cu/Cu~001! ~empty circles! films. The inset shows the ‘‘
cv vs T’’ behavior for Q515 ML Cu films deposited on Cu~001! at 110 K
and then annealed at progressively higher temperatures. As shown b

solid curve in the inset, given by,cv5c0e2ae2Eb /kBT
, the known vacancy

mobility for Cu agrees with the observed data.Eb50.72 eV~Ref. 16! is the
activation energy for monovacancy mobility in Cu anda5p2tv/Q2, where

t;
1
2 h is the annealing time andv5231012 Hz is the attempt frequency

that gives the best fit.
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In summary we have used x-ray reflectivity to study t
temperature-dependent homoepitaxial growth on noble-m
surfaces. For three different systems, Cu/Cu~001!, Ag/
Ag~001!, and Ag/Ag~111!, we observed that growth at low
temperatures leads to the incorporation of an appreciable
cancy concentration,cv , in the deposited film.cv is coverage
independent, but strongly depends on the growth temp
ture, decreasing with increasingT from ;2% to zero within
a narrow temperature interval.
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