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Step Height Oscillations during Layer-by-Layer Growth of Pb on Ge(001)
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Heteroepitaxial growth of Pb on the Ge(001) surface has been studied by He atom scattering. For low
substrate temperatures, Pb is found to grow layer by layer with (111) orientation. A detailed analysis of
the specular peak profile as a function of the He wave vector reveals that the step height of the growing
monatomic terraces oscillates with the film thickness. This variation, initially as largd %% around
the value of the Pb(111) bulk interlayer spacing, gradually dampens out after the deposition of a dozen
monolayers. This is direct evidence of quantum size effects affecting the interlayer distance of a
growing metal film. [S0031-9007(97)03899-4]

PACS numbers: 68.35.Fx, 68.55.Jk, 81.15.—z

The electronic properties of thin metallic films grown film thickness was performed. Therefore a direct evidence
on insulating substrates deviate from those of the metadf the structure relaxation due to QSE during the initial
bulk, and the phenomenon is frequently termed as quarstages of metal growth was still lacking.
tum size effects (QSE). According to the early calcu- Here we present a HAS study of Pb growth on Ge(001)
lations by Schulte [1], QSE, such as variations of theat low temperature (130 K). After the initial Ge(001)-
work function and electron density, are expected to bg@seudomorphic growth [12-15], the Pb film structure
observed when the Fermi wavelength of the electron switches to Pb(111) and a layer-by-layer growth sets in.
gas is comparable with the film thickneBs Deviations For different deposition stages a detailed analysis of the
from the bulk electronic properties should be particularlygrowing terrace heights is performed by measuring the
strong when the film thickness reaches an odd multiple o§pecular peak profile as a function of the He wave vector.
Ar/4, whereas they disappear fér = n%F (n integer). The step height is found to oscillate around the value of
Thus, cyclic variations of the film electronic propertiesthe Pb(111) bulk interlayer separation with a gradually
should be observed with increasing film thickness. QSHElecreasing amplitude. The origin of this oscillating layer
were experimentally observed by measurements of elec¢elaxation is attributed to QSE, and the matching between
tron tunneling current [2], electrical resistivity [3], and the total film thickness an@£ is discussed.

UV photoemission [4], and the experiments put in evi- The experiments were performed in an ultrahigh vac-
dence the variation of the electronic properties due to theum chamber equipped with a HAS apparatus described
vertical confinement of the electron gas of the metal film.in detail in Ref. [16]. The diffraction pattern is collected

Structural variation due to QSE is also to be expectedby rotating the sample, which is mounted on a 6 degrees
Indeed, Feibelman [5,6] performed theoretical calculaof freedom manipulator. The beam energy can be se-
tions for an Al(111) slab and argued that the variationdected between 19 and 65 meWy. = 6 and11.3 A~!,
of the electron density and work function are related torespectively). Elastic scattering measurements have been
the relaxation of the outermost interlayer distances in orperformed with a continuous beam, while the beam en-
der to minimize the total energy. The structural varia-ergy was measured via insertion of a chopper into the
tions of the film thus partly counteract the extent of theHe beam path and time of flight (TOF) detection. The
electronic property variations. Later on calculations byGe(001) sample was prepared by"Asputtering and an-
Ciraci and Batra [7,8] for the same system suggested thatealing to 1000 K (melting temperature 1211 K). Well
all the interlayers spacing within the slab can be affectedrdered surfaces were obtained with terrace width exceed-
by relaxation due to QSE. Hinckt al. [9] investigated ing 1000 A, as judged from the diffracted peak widths.
the Pb growth mode on Cu(111) by means of He atonThe c(4 X 2) ground state symmetry of the Ge(001) sur-
scattering (HAS). They reported that for certain Pb filmface was found consistent with the antiferromagneticlike
thicknesses (2—3 monolayers), a double layer growth isrdering of the dimers [17] formed by the topmost Ge
favored over the single layer one and attributed this beatom pairing [18]. In fact, an order-disorder phase transi-
havior to the fact that layer-by-layer growth is suppressedion was observed at. = 240 K, in agreement with the
for film thicknesses close to an odd muItipIe%f. Stud- recent structural determination performed at room tem-
ies of Pb growth on Cu(100) by HAS [10] and on Si(111) perature by Ferreet al.[19]. Lead was deposited from
by x-ray diffraction [11] and reflection high-energy elec- a crucible placed at 20 cm from the sample and &t 50
tron diffraction (RHEED) [3] all reported an unusual dis- relative to the sample normal. The evaporation cell was
ordering in the initial stages of growth, but no direct typically operated at temperatures ©f770 K, which re-
measurement of the interlayer separation as a function afulted in deposition fluxes of ca. 0.5 Minin.
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Figure 1 shows the specular reflectivity as a functionout, are typical of interference among the waves scattered
of Pb deposition time, as measured for the He beam erby adjacent surface terraces in out-of-phase conditions
ergy of 19 meV gy, = 6 A™!) and substrate tempera- [22]. In the present case the specular intensity oscillations
ture of 130 = 5 K. The initial He specular intensity is are initially quite asymmetric and irregularly spaced, but
rather low since the corrugation of thé4 X 2)-Ge(001)  eventually reach an almost regular oscillatory behavior,
is quite high and there are several strong diffraction chansimilar to that detected for PPb(111) growth at 140 K
nels. With the onset of Pb deposition the specular intensitipy Hinch et al. [9]. The apparent anomalies in the first
drops by 2 orders of magnitude due to the disorder induced-7 oscillations systematically reproduce even for differ-
by Pb random deposition. The first peak in the He reflecent deposition rates.
tivity corresponds to the formation of an ordered overlayer We have performed a detailed analysis of the low
structure which has been identified by diffraction measuretemperature growth by interrupting the Pb flux at various
ments ag4 X 1)-Pb/Geg(001). For this structure, as well deposition stages (as labeled in Fig. 1) and measuring
as for the bare Ge surface, the Bragg peak intensities e specular peak profile/(AK))] as a function of
far exceed that of the specular one, that is, a common fithe He wave vectorky.. Intensity and peak width
gerprint of a semiconductor surface. This agrees with th@ariations occur as different interference conditions are
structural studies of the PBe(001) growth by STM [12], met. In-phase and out-of-phase scattering from adjacent
EELS [13], Auger spectroscopy, and LEED [14], which terraces separated by monatomic step give rise to minimal
indicate that in the submonolayer regime Pb partially in-width (maximal intensity) and maximal width (minimal
termixes with the Ge substrate. intensity), respectively. The monatomic step heighis

By continuing the deposition, the film changes from thethus reflected in the position of the observed maxima and
highly disordered (4 X 1)-Pb/Ge001)-pseudomorphic  minima [23], and it was found to vary substantially with
structure to the hexagonal Pb(111) with the principalthe Pb film thickness.
in-plane symmetry directions rotated by “4felative to In order to extract the specular peak broadening, all
the substrate [20] [see label Pb(111) in Fig. 1]. At thepeaks have been fitted to a Voigt line shape where the
same time the specular-to-diffracted He intensity ratioGaussian width has been kept constant (just below the
increases by at least 1 order of magnitude indicatingrarrowest observed profile) and the Lorentzian represents
that the overlayer film becomes notably flatter, reflectinghe broadening due to the roughness variations during
the film transition to the metallic state [21]. Hricovini Pb deposition [24]. The Lorentzian width variation as a
et al. studied the PhGe(001) interface as a function of function of ky. is shown in Fig. 2 for a few deposition
Pb coverage and observed an increasing asymmetry stages. It may be noted that the specular peak width of
the shape of the Pbd 3/2 photoemission peak which the stages and 6 is mostly unaffected, indicating that
gradually becomes of the Doniach-Sunjic form as thehe surface is essentially flat [25]. On the other hand,
interface metallicity develops [15]. quite pronounced width and intensity oscillations are

The quite pronounced specular oscillations, which perebserved for the deposition stagé$ and 5.5, meaning
sist for several dozens of layers and eventually dampethat the surface is locally quite rough. Of course, a flat

morphology is detected close to the completion of a full
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FIG. 2. Specular peak width (FWHM of the Lorentzian
FIG. 1. He specular reflectivity during PBe(001) deposition contribution, filled circles) as a function of the He wave vector
at 130 K. The absolute diffraction intensity is to scale. ky. taken at four different stages of Pb deposition. The stage
The deposition flux was kept constant-§40~! ML/sec). number corresponds to the labeling of Fig. 1. For the sake of
A progressive number labels the deposition stages whiclelarity, the stage®, 5.5 and 6 have been shifted upward of
have been analyzed in detail. The diffraction symmetrie0.05, 0.1, and).15 A~!, respectively. Full lines are the best
characteristic of different deposition stages are also given. fits to the function given in Ref. [26].
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Kinetic roughness (arb. u.)

1 , same time no detectable displacements of the (0, 1) Bragg
_ peak were observed, thus indicating that the variation of
m the step height is not accompanied by any lateral dis-
placement of the Pb(111) unit cell [27]. The observed
structural oscillations are thus attributed to the quantum
size effects of the growing film. In this case the over-
| all film thickness D is expected to be some multiple
| of the Fermi electron half-wavelengthy/2 = 1.83 A
0 I [28]. The total film thicknes® can be calculated from
012345678 9101112131415 the measured values if we assume that the step height
. does not depend on the lateral environment, but only on
Deposition stage the local film thickness, i.e., on the number of layers be-
FIG. 3. The amplitude of the specular peak width oscillationslow the considered terraces. Then the film thicknBgs
with ky. for different deposition stages. Low values corre- after the formation of thesth layer is larger tharD,—,
e e Ceace ropeaes Al oy g the step heighk, 1 (wheren, n — 1, andn — 12
rough stages aregseen up to the sgt’égmd reflect the ogcillat- orrespond to the deposition stages as labeled in Fig. 1).
ing roughness during the layer-by-layer growth. Thus we can write
n
D, = Zhiﬂ/z + dy, (1)
2

monolayer, whereas for half integer coverage the surface o ] ] ]
is locally rough. Up to the growth stagg alternating Where itis assumed that the interface with the substrate in-

flat and rough surface morphologies are met, indicatingroduces an arbitrary valu for the first interlayer sepa-

that the Pb(111) growth is two-dimensional. This result'@tion. The value of/, is determined by requiring it to

is best visualized in Fig. 3, where the amplitude of themMinimize the mismatch between the growing film thick-

width oscillations is reported for different deposition N€Ss and the corresponding multiple /2. The mis-

stages. Later on, the distinction between the rough an@atch has been evaluated for the first few Pb(111) layer

flat surface morphology becomes less well pronounceddrowth, where only the two outermost layers are effec-

probably due to an overall increase of the interface widthtively exposed; i.e., layer-by-layer growth occurs. The
Figure 4 shows the Pb(111) monatomic step height fofinimum mismatch occurs fat, = 1.64 A, and the cor-

increasing deposition stages as obtained from the FWHNEsPonding results are reported in Table |, where it is seen

VS kye analysis [26]. The value of oscillates as much that a major deviation from the multiple af-/2 only oc-

as =15% around the value of the Pb(111) bulk inter- curs for the four-layer thick film. o

layer separation dyuc = 2.86 A), but, with increasing It is interesting to note that irregularities in the growth

Pb film width, it dampens out and the monatomic Steﬁeflectlwty, such as detected on our system, have been

height eventually stabilizes at the bulk value. At theobserved also for other systems affected by QSE [3,11],
possibly indicating that the step height variations are a

characteristic manifestation of the structural QSE.

35 In conclusion, we have found that FBe(001) growth
TR - O at low temperatures proceeds layer-by-layer, with a (111)
~ 30k ] - - orientation, rotated by 45with respect to the Ge(001)
< [T e e A o substrate. The monatomic step height between terraces
g 251y = Pb(111) bulk _ was found to depend on the number of grown layers and to
= 20} il
@ TABLE I. Mismatch 2D,/Ar between the overalPb film
wnn 1.5 M - - ---0-- Ge(001) bulk - thickness and the Fermi half-wavelength (third column), as
determined by Eq. (1). The,-,,, values (second column) are
ot L the experimental measurements from Fig. 4 and give the height
2 4 6 8§ 10 12 14 16 of the n-layer thick film with respect to the — 1 one. The
Deposition stage deposition stages correspond to the labeling of Fig. 1.
FIG. 4. The best fit values for the Pb(111) monatomic step Dy
height 1 for different stages of PtGe(001) growth (open Layer () ha=1/2 (B) Ar2
squares), as obtained from the width (FWHM) analysis. All 2 3.42 292
values oscillate around the Pb(111)-bulk step value (dashed line 3 241 297
at 2.86 A). The shaded region is the best fit to an exponential 4 3923 563
damping of theh — dyy value, as obtained from the peak 5 261 6.04
width measurements. The value of the underlying Ge(001) ¢ 393 916

monatomic step is also indicated.
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