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Reflection high-energy electron-diffraction study of melting and solidification of Pb on graphite

Z. H. Zhang
Department of Electrical and Computer Engineering, Old Dominion University, Norfolk, Virginia 23529

P. Kulatunga
Department of Physics, Old Dominion University, Norfolk, Virginia 23529

H. E. EIsayed—Aﬁ
Department of Electrical and Computer Engineering, Old Dominion University, Norfolk, Virginia 23529
(Received 24 June 1996; revised manuscript received 20 February 1997

The melting and solidification of Pb thin films on pyrolytic graphite are investigatesitu by reflection
high-energy electron diffraction. Thin films with thicknesses of 4-150 monolayers are investigated. The
surface morphology of the thin films were studied by scanning electron microscopy. Superheating of the Pb
thin films by 4+2 to 12+2 K is observed from diffraction intensity measurements. Upon cooling the sub-
strate, the Pb on graphite is seen to supercoot-B@+4 K. [S0163-18207)05431-3

I. INTRODUCTION present study, we observed the melting and solidification of
Pb films of thicknesses 4, 14, 70, and 150 ML on graphite.
Superheating of micrometer-sized Pb crystallites bounde&urface morphology was observed by SEM. Superheating by
by close-packed facets grown on graphite, by a few degreeb—(12+2) K above the bulk melting temperature, and su-
above the Pb bulk melting poinf[,,=600.7 K, has been percooling of the Pb by 694 K were observed.
previously observed:® Métois and Heyraud were able to
produce a large number of polyhedral Pb crystallites on Il. EXPERIMENTAL METHOD
graphite in an ultrahigh vacuum scanning electron micro-
scope(UHV-SEM). Of these, the sharp edged Pb crystallites An ultrahigh vacuum chamber equipped with a RHEED
with extensive{111} facets were seen to superheat by 3 K.system was used in this study. The residual gas pressure in
The formation of{111} facets near the melting point were the chamber was less thara0™1° Torr except during Pb
confirmed by SEM studies* Spiller observed superheating deposition, at which time the vacuum wassx 10~ ° Torr.
of irregularly shaped Pb microcrystallites by 2 K. These wereThe electron-beam energies used were 12 and 15 keV. A
obtained by depositing 5- and 50-A thick films of Pb onto a12x12x2 mn? pyrolytic graphite (0002 substrate was
graphite substrate at 470 KThe sample was prepared in a used. A clear RHEED pattern of the graphite surface was
low vacuum (107 Torr) and observedh situ using SEM. obtained by peeling off a few layers immediately prior to
Recent theoretical calculations predicted that surface supeleading the sample in the UHV chamber. Further cleaning of
heating is related to the partial wetting angle of the surfacethe substrate was not necessary due to the inertness of the
and the tilt angle of the melted regions in a vicinal surfacegraphite surface; however, the sample was heated at 450 °C
undergoing nonmelting induced facetinguperheating of for 6 h prior to Pb deposition. Pb was deposited on the
coated clusters has also been theoretically investigate@raphite substrate using a molybdenum basket, and the depo-
These simulations show that the degree of superheating deition rate was monitored with a quartz-crystal thickness
pends on coating thickne&dn 180-ps pulsed laser heating monitor. The deposition rates varied from 12 A/min for the
of Ph(111), superheating by 120 K was observed in time-4-ML films, to 240 A min for the 150-ML films. The higher
resolved reflection high-energy electron-diffraction deposition rate for the thicker film was to minimize the pos-
(RHEED) experiments® Much less superheating was also sibility of contamination during deposition. Pb deposited on
observed in pulsed laser heating experiments @¢f€®.° the graphite can be evaporated by heating the sample for
We report on the melting and solidification characteristicsseveral minutes at 600 °C. This was verified by the clear
of thin films of Pb on graphite usinig situ RHEED. Pb films RHEED pattern of the graphite surface.
with thicknesses ranging from a few monolay€rL ) to The substrate was mounted on a resistively heated stage
150 ML are studied. The surface Debye temperature is cakapable of reaching temperatures up to 1000 °C. The tem-
culated from the temperature-dependent RHEED intensityperature was measured byatype thermocouple which was
For the investigated film thicknesses, epitaxial growth of Plkclipped onto the substrate surface. The thermocouple was
at room temperature may occur in a layer-by-layer growthcalibrated to the bulk melting temperature of Pb, and the
mode. Multilayers of Pb grown on graphite offer a relatively boiling point of distilled water. These results showed an un-
simple two-dimensional(2D) system to study the melting certainty of=2 K near the Pb melting point and1 K near
and solidification of thin films. The interaction of Pb with the the boiling point of water.
graphite is purely through van der Waals forces, and compli- RHEED peak intensity measurements are carried out by
cations due to chemical reactions are not present. In than imaging system with a charge-coupled dete¢@ED)
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FIG. 1. A RHEED pattern taken of the clean graphi@®02
surface with a 12-keV electron-beam incident along [th&0] di-
rection. The angle of incidence of the electron beam wascor-
responding to the Bragg condition of the graphite surface.

interfaced to a personal computer. Several of the Pb films I=
were removed from the UHV chamber for SEM observa- =0 @
tions. The Pb growth mode and crystal shape were investi- 010
gated.

The graphite substrate used in the present experiment is a FIG. 2. The reciprocal-lattice structure of graphite. Thé, O.
commercial pyrolytic monochromator type'? Since natu- 1, and 2l rods are shown intersecting the Ewald sph@pgproxi-
rally occurring graphite single crystals are relatively smallmated by the plane of the paper
and difficult to obtain, the most widely studied form of o o )
graphite are these highly orientated pyrolytic graphite. Thigdué to the prohibition principle. Figure 2 shows the

polycrystalline material with a hexagonal structure has deciprocal-lattice structure in which 0.1, and 2l rods
grain size of about 3—1@m, and a good* -axis orientation  intérsect the Ewald sphere that corresponds to the same rods

(misorientation angle less than)23-%7 in the RHEED pattern as shown in Fig. 1. Hdrl0] inci-
dence, it is clear from the reciprocal lattice that thke @nd
11 lines intersect the reciprocal spots as shown by the con-
centric solid circles. The Rline does not intersect any of the
Figure 1 is a RHEED pattern taken of the clean graphitespots, but in the pattern thel 2od can be clearly seen along
(0002 _surface with a 12-keV electron beam incident alongwith the Ol and 1l rods. When the crystal is rotated about
the [110] direction. The incident angle of the electron beamthe [001] axis, the rods remain observable in all azimuthal
was ~3°, corresponding to the Bragg condition of the orientations, but their intensities change with the azimuthal
graphite surface. In the pattern, the three-dimensional difangle. As shown_in Fig. 1, when the electron beam is inci-
fraction spots of graphite can be clearly observed. The broadent along th€110] direction, the 0. and 1l rods are rela-
spots are arranged in a rod along the vertical direction in théively strong. The intensity of the [1(I=0) rod is maxi-
order Ol, 11, 21 with periodically varying intensities along mum. However, when the crystal is turned 60° parallel to
the direction perpendicular to the surface. The &nhd 1l [010] direction, the 1. rod remains visible, but with low
rods are brighter than thel2rod, particularly the specular intensity. This shows that the reciprocal lattice of the pyro-
beam which shows the maximum intensity. lytic graphite is rotated about the* axis to produced
We calculate the reciprocal-lattice structure of graphitesmeared out rings of the reciprocal-lattice points except
using the atom position,0,0, (0,0,3), (3.%2,3), and 4,3,  along thec*-axis direction. The surface of the graphite sub-
0) of the Bravais unit cell. The reciprocal spot intensity is strate consists of a collection of small crystals. These crystals

120

lll. RESULTS

given by have ac* -axis texture structure. Even though the crystals are
randomly oriented, there is a preferred crystal orientation.
Jna= F2[ 1+ cosml + cosm(2h+ 2k) From the separation width between thé &nd 1l rods, the
measured lattice constant is 4.24 A. This corresponds to the
+cosr(2h+2k+1)]? diagonal distance of 4.25 A corresponding to the graphite
unit cell in the[110] direction, whereas the in-plane lattice-
+ £ sinml + sinr(2h+ 2k) + sinmr(3h+ 2k+1)]2, constant is 2.46 A.

The incident angle of the electron beam was varied to
whereh, k, and| are the Miller indices. Thus, the diffraction trace the 002, 004, and 006 Bragg reflection spots. The cor-
spots(001), (003), (111), (333, (310, and(121) disappear responding incident angles were measured. The inner poten-
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TABLE I. Angle of incidence at Bragg condition for graphite. TABLE Il. Angle of incidence at Bragg condition for Pb.

n 1 2 3 4 5 6 n 1 2 3 4 5 6
15 keV 0 0.48 1.97 2.98 3.94 4.85 15 keV 0 0.86 2.40 3.57 4.68 5.74
12 keV % 0.54 221 3.36 4.42 5.45 12 keV 0 0.96 2.68 4.00 5.24 6.43

[lOO],:QI[lTO]graphite By using 14.9 eV for the inner potential
of Pb, the incident angles correspond to the Bragg condition
are given in Table If°

tial Vo of the graphite(0002 surface was calculated using
the expressioVy=E(sin ¢?—sin 6).18 Here sing, is given
by the Bragg condition as®sin fp=n\, whered is the For a 12-keV electron energy, the Bragg condition corre-
interplanar distance perpendicular to the grapt0@02 sur-  gn4nding ton=3 for graphite and Pb, is calculated to be
face, which is given by 3.35 AV, thus obtained is 12.3 eV. 221 and 2.68° respectively. This indicates that the Bragg
The angles of incidence satisfying the Bragg condition calyeflection spots are separated on the RHEED screen, in a
culated using this value for a few of the diffraction spots atgdirection perpendicular to the sample. Therefore, measure-
E=15keV, andE=12 keV are given in Table I. ment of the Pb spot intensity is not affected by the graphite

Pb was deposited onto the clean graphite surface as depot intensity. The specular beam from the 4-ML Pb film
scribed previously. Figure 3 shows a RHEED pattern aftewas analyzed in order to investigate the temperature depen-
the deposition of approximately 4 ML of Pb. The 12-keV dence of the spot intensity. The specular beam intensity is
beam incident along thiel 10] direction of the graphite crys- strong enough to remain visible up to the melting point, and
tal. In the RHEED pattern, spots and ro@sreaks can be its shape and intensity contain information on crystallite size
seen. The diffraction spots along thé fod, and particularly ~and any phase change of the deposited Pb layers. The inten-
the specular beam, are seen to be sharper for Pb than for tR8Y change of the specular beam is the least affected by
graphite pattern shown in Fig. 1. The Plod is seen be- increasing temperature during Pb film heating up to its melt-
tween the 0. and the 1. rods of graphite. The measured N9 Point. Higher-order diffracted beams from the Pb film
lattice distance obtained from the separation between thB€COMe increasingly weak as the temperature is raised. Fig-
Pbl and the d.rod is 5.72 A, in reasonable agreement with ure 4a) shows the intensity of th€333 Bragg reflection

6.06 A diagonal length of the PbL1) unit cell in the[100] spot of Pb at an electron incidence angle of 2.G6i&ar 2.68°

direction. The difference could be attributed to the inaccu—COrreSpOnOIIng to the calculated Bragg condfjas a func-

racy in the RHEED measurement due to the diffuse nature tfon of the substrate temperature. The small difference be-

S i een the angles of incidence correspondingto3 Bragg
the Pb spots. Similar to the graphite surface, when the Crys'{%Yc\;ndition and the calculated angle in Table Il is within the

was rotated, each Pb rod remains visible in the pattern, 'nd'éxperimental error, or might be due to dynamical effects.

cating that the reciprocal lattice is circularly rotated about therne two curves corresponding to heating and cooling are
[111] axis of Pb. The intensities also change with the azi-yigtinguished by two arrows in opposite directions. The tem-
muthal angle and has its maximum when th¢1Rb] direc- o34 re was raised from 343 to 633 K, in about 10 min at an
tion is parallel to the graphitgl10] direction. This indicates approximately constant rate of 0.5 deg. After reaching the
that the Pb crystallites have a texture structure, similar to the, 5 imum desired temperature, the power to the heater is

graphite substrate, such that the Pb crystallites are rotatgflineq off and the substrate is allowed to cool in a vacuum.
about thg111] axis with rgspect to egch other_. Therefore, WeThe substrate cools te 373 K in about 30 min. Figure(s)
conclude that Pb grows in layers oriented withPHi} par- 45 the intensity change at the higher temperature range
allel to {0002 of graphite, (111)pgl(0009gapnite @Nd  exiracted from Fig. @). The abrupt change in the diffraction
spot intensity upon heating and cooling is due to melting and
solidification, respectively. In the temperature range between
601 and 606 K, the intensity drops abruptly. Above 606 K
the intensity remains almost unchanged. The drop in inten-
sity begins at 601 K, about the same as the bulk melting
point of Pb (T,=600.7 K), but remains above the constant
intensity level that is reached at 606 K as seen in Fig).4
This indicates partial melting of the Pb thin film at the bulk
melting point,T,,=600.7 K, while some of the Pb crystal-
lites superheat, remaining solid at and abdvg. During
cooling, the intensity undergoes a large change over the tem-
perature range 535 to 530 K, a much lower temperature than
the melting point. As the temperature falls below 530 K, the
intensity increases exponentially indicating supercooling of
the Pb film. The Pb rods, except tli@0) rod, became too
weak to observe about 570 K during heating, and reappeared
about 530 K during cooling. We did not observe any addi-

FIG. 3. A RHEED pattern after the deposition of approximately tional diffraction spots except for those that were confirmed
4 ML of Pb. to be from P11L during heating. This means that only




4144 Z. H. ZHANG, P. KULATUNGA, AND H. E. ELSAYED-ALI 56

T T T T T T T T T

— 240 ' ' ' ' ] 10}
= i () 4 ML Pb/Graphite (a) Clean Graphite
5 220} = ] > 09f )
S : B 4 ML Pb/Graphite
S 200} 5 o8 ]
2 N
2 180f ] 1 —— Graphite
B w 06 —— Pb4ML
@ 160} C 05
£ g o4l
2 " g 0s
w 120 s
u S, £ Z 02
(v A
100 . s \ L e ] 01 o
350 400 450 500 550 600 ) . . . . . : : : .
T ture (K) -05 -04 -0.3 -02 -01 00 01 02 03 04 05
-]
emperature sy(1/8)
150 —— . ‘ . v : . . ‘ :
= (b) 4 ML Pb/Graphite 250 T (1) 4 ML Pb/Graphite
S 140} . o 280¢ 343K 1
. - ‘= L 568 K i
s ™ £ =0 b
o 1301 4 r 593
> & 170} " 538K
B 120 Z 1501 : d T g ]
5 2 130 U cooling
£ 110 £ 1or ‘
0 g 9
0 100} o 7or
I L 50}
o [*3 By,
90 ) 1 . L . ) 30 F i
500 520 540 560 580 600 620 10 . . . ;
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
Temperature (K) Sy /R)
0.0 , , . ;
(¢) 4 ML Pb/graphite FIG. 5. (a) RHEED intensity profiles of the clean graphite sur-
04 face, and the 4 ML of Pb deposited graphite surface. The estimated
= average sizes of the graphite and deposited crystallites of Pb are
X 106+ 53 and 236115 A. (b) The changes of the RHEED intensity
Q 02 profile of 4-ML Pb during heating and cooling.
[42]
[ . . . .
= -03; plotted in Fig. 4c). The Debye-Waller factor is obtained
e from a least-squares fit to this curve. The Debye temperature
T 04t TN thus calculated is 793 K, which is higher than the surface
- Debye temperature of 66 K for PHL1), and lower than 88 K
-0.5 of bulk szo
s s : ‘ ‘ ‘ P The peak profile of the specular beam was analyzed. Fig-
850 370 390 410 430 450 470 490 St ure 5a) shows the RHEED intensity profiles taken of the
Temperature (K) clean graphite surface and of the surface of the 4-ML thick

Pb film at the in-phase condition. Spots in the RHEED pat-

FIG. 4. (a) The intensity of thg333) Bragg reflection spot of 4-  tern are due to the transmission of the electron beam through
ML Pb for an incidence angle of 2.57, as a function of the substrat@he three-dimensional small crystallites on the substrate.
tempeira}ture.. The two curves corr.espondin.g to .heat.ing and Coo””?herefore, the full width at half maximuFWHM) of the
are distinguished by two arrows in opposite directions. The tem‘lntensity profile of such spots depends upon the average
perature was raised from 343 to 633 K, and then lowered to 373 Kc ystallite size. The intensity profile of both the lead and
(b) The intensity change at the higher temperature-range extracte aphite RHEED spots in the in-phase condition shows a
from (@), showing an abrupt change in the diffraction spot intensitygood fit to a Lorentzian profile. The FWHM of the peak
due to the melting and solidification phase transitigosThe semi- intensity profile of the Pb spot islseen to be smaller than that
logarithmic of RHEED intensity at temperatures lower than 493 K . .
during heating is plotted. The Debye-Waller factor is obtained fromOf the graphlte. The measured FWHM full _Wldth at half
a least-squares-fit to this curve. The Debye temperature obtained Enatjm]r‘?)lrjr?hlas Zlle grt])dficl)r::s?e—fpfeocrtit\?eelygr?’ﬁglt?nzgfgizaar:?al

+ = y .
7oK response is determined from the FWHM of the direct beam
crystallites with the Pd.11) orientation are formed during on the screen. Then the average size of the graphite and the
heating. As the temperature was increased from room tenPb crystallites is calculated using the following expression:
perature to 590 K, the intensity decreased exponentially, agx/(FWHM—instrumental response). Taking into account
shown in Fig. 4a). The logarithm of the normalized RHEED an instrumental response of 0.091 A the average graphite
intensity at temperatures lower than 493 K during heating isand Pb crystallite size is found to be 1063 A and 230
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FIG. 6. (a) Change of FWHM by fitting to a Lorentzian during
heating. The FWHM changes from 0.027 to 0.090%A (b) The
measured average crystallite size with temperature. The averags
crystallite size changes from 23015 to 7a-35 A.

(¢) 14 ML Pb/graphite

+115 A, respectively, indicating that the Pb crystallites are
larger than the graphite. Figurél shows RHEED intensity
profiles of 4 ML of Pb on graphite during heating and cool-
ing. The peak intensity decreases with temperature and the
FWHM becomes larger. This indicates that the average size
of the crystallites decreases as the temperature approache
Tm. When the sample is cooled the intensity increases anc
the FWHM becomes smaller. This shows that the crystallites 350 380 10
growing from the supercooled melt increase in size as the
temperature drops. Figurda shows the change in FWHM

of the peak profile during heating. The FWHM increases FIG. 7. (a) The intensity of thé¢333) Bragg reflection spot of the

from 0.027 to 0.090 Al. After taking the instrumental re- :
. : . 14-ML Pb as a function of temperature. The two curves correspond-
sponse into account, the calculated average crystallite size }

39 to heating and cooling are distinguished by two arrows in op-
shown in Fig. b) as a function of temperature. The averageI J nd ng ISng y ws nop

. : A . posite directions. The temperature was raised from 343 to 633 K,
crystallite size changes from 23015 to 7G=35 A, with and then lowered to 373 Kb) The intensity change at the higher

the size decreasing to less than 100 A near the melting poiNfemperature-range extracted frd@ showing an abrupt change in
This indicates that melting is preceded by the formation ofine diffraction spot intensity due to melting and solidificatiar).A
small crystallites. semilogarithmic plot of RHEED intensity as a function of tempera-
In the case of the 14 ML of Pb on graphite, the Pbtyre during heating. A Debye temperature of*@K is obtained
RHEED spot intensity is brighter than those observed fofrom this plot.
4-ML Pb. The graphite spots, however, are not as visible in
this case as for the 4-ML case. This indicates that the PRRHEED spot intensity changes during heating and cooling
layer on the graphite nearly covers the whole graphite sursimilar to Figs. 4a) and 4b). The abrupt changes in intensity
face with{111} oriented Pb. The sample was heated to 633ue to melting and solidification are clearer than for the
K, then cooled to 423 K, and the Pb RHEED spot intensity4-ML case. Melting and solidification are observed between
measurement was repeated. Figurds) and db) show the temperature intervals of 600—-605 K and 540-547 K,

RHEED Intensity (arb. unit)
5 £

440 470 500
Temperature (K)
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This intensity change indicates premelting of some crystal-
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FIG. 8. Temperature-dependent intensity change of the specular (3 (00) beam
beam of 50-ML Pb. An abrupt change in intensity is measured "J’, e
between 605 and 609 K, and a small drop is observed between 58( S, 200} "'r
and 605 K. - hw
0 .'ﬁﬁ.’.\-
q) 100 .t":;.?\i."f..v-. . -
respectively. The intensity is seen to drop between 591 and 8’ e
600 K, but not as abruptly as that observed above 600 K. (¥ 0 a0 480 500550 600
O]
<

lites on the surface. From the intensity drop we estimate that soof . ]
nearly 25% of the particles may have premelted. Figuop 7 280w v (c)150 ML PbiGraphite )
is a semilogarithmic plot of RHEED intensity as a function 2601 v ',, ] 12Kev
of temperature during heating. A Debye temperature of 91 zgg: w0 (00) beam
*+3 K is obtained from this plot. Similar to the 4-ML case, 200
the graphite spots became more prominent at temperature 180}
between the two steps in the intensity change, where the Pt 160
spots disappear from the RHEED pattern due to Pb melting 140}
upon heating, and reappear upon cooling due to solidifica- :f’g:
tion. sol
We have also studied Pb films of thicknesse30 and 200 @40 480 520 B60 600

~150 ML. The intensity changes with temperature are simi-

lar to the 4- and 14-ML cases. Figure 8 shows the intensity

change of the 150-ML Pb film. An abrupt change in the Temperature (K)

intensity is observed between 605 and 609 K. Preceding this, . o

a small drop in intensity is observed between 580 and 605 K. FIG. 9. The changes in the average crystallite size with tempera-
This is attributed to premelting of some Pb crystallites belure. (& 14 ML. (b) 70 ML. (c) 150 ML. The average crystallite
ginning at 580 K. A summary of our results is given in Table SiZ€ decreases approximately to 100 A as the temperature reaches
[ll. We conclude that at temperatures above the sudden intm-

tensity drop, all of the probed region melted. Some regions

of the 70-ML film seem to superheat by as much as 12 . . .
+2 K, higher than the previous observations for Pb oncverage crystallite size of the 14-, 70-, and 150-ML thin

i films of Ph. In each case, the average crystallite size de-
graphite.

, creases with temperature, approximately to #G0 A.
The peak profiles of the specular beam were analyzed and Figures 10a) and 1Qb) are SEM micrographs of

w:sdggt?:gfgdce ;’If tSreesa(\g_rg(gce) ngss\?l![';ee Séﬁzr?net:r;:‘pfggtug 140-ML thick Pb film on graphite. The films were depos-
-9 g ited onto the substrate at room temperature in UHV. They

were then removed from the UHV system for SEM exami-

nations. Figure 1@ shows the as-deposited Pb layer with-

out heating after deposition. This clearly shows a large num-
ber of 2D thin crystallites(platelety of Pb. The {111}

TABLE IIl. Melting, solidification, and Debye temperature of
Pb thin films on graphite.

;rl\r/l]f)k ness tem:;/cl-:‘?glt:?e K) te?;::];f::;og) DEby%t?E)p erature orientation of these crystallites was detgrmined by RHEED.
On some of the 2D layers, small crystallites can be seen, and

4 600—(6062) 530—(5352) 793 the growth mode seems to be layer-by-layer growth. Figure

14 591—(6052) 540—(54%2) 91+3 10(b) shows the Pb deposit after treatment by heating to 13

70 598-(61%x2) 529-(53%2) 86+ 3 K above the melting point and subsequently cooling to room
150 580—(60%2) 523—(5322) temperature. Spherical Pb crystallites with an average radius

of 0.3 um are clearly visible.
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ticles on graphite after annealifg.

Our RHEED intensity measurements indicate that the 4-
and the 14-ML films melt completely atZ52 and 4+2 K
above the bulk melting temperatur€,,=600.7 K, respec-
tively. The 70- and the 150-ML films show complete melting
at 122 and 8-2 K aboveT,,, respectively. Superheating
of Pb crystallites # 3 K was observed by Meis and Hey-
raud, while superheating of the Pb crystallitgs D K was
observed by Spiller undén situ SEM observation? Mé-
toiset al,, observed superheating of Pb crystallites formed by
annealing Pb on graphiteSpiller deposited 5 and 50 A of
Pb on to a graphite substrate at 470 K in a low vacuum of
107 Torr. Spiller found some irregularly shaped particles
without sharp corners, in the 50-A thin film, to superheat by
2 K.2 The superheating we observe is much larger than that
observed in fully annealed Pb layers previously investigated
by SEM. This difference can be attributed to the localized
heating effects of the electron beam of the SEM and sample
preparation. The electron-beam intensity of the SEM is much
higher than that of the RHEED beam, thus localized heating
due to this beam is significant, being as high as £Z03¢iller
estimates the temperature rise to be 0.5 K on account of the
high thermal conductivity of the substrate, neglecting the in-
terface mismatch between the substrate and the film, the
presence of domain boundaries, and defects in thin-film lay-
ers that may contribute to a decrease in the thermal conduc-
tivity. Thus, there may be a difference between the measured
and the real values, and that this could explain the discrep-

FIG. 10. (8) SEM image taken after depositing140 ML of Pb ~ 2NCY betwgen our results gnd those obtained_ previously.
on graphite at room temperature. A large number of 2D layers of P)IOr€oVver, in our work we did not pretreat the film as was
can be seen(b) SEM image after heating the sample up to 13 K done by Meois and Heyraud, and Spiller. In their work, the
above the melting point and subsequently cooling to room temperd®P film was melted and recrystallized after Pb was deposited
ture. A large number of 3D crystals can be seen. and the film was annealed during the growth.

The Pb atoms deposited at room temperature were seen to
grow in 2D layers on the graphite substrate, as can be seen in
Fig. 10@). From intensity profile analysis we conclude that
the average size of the crystallite decreases with temperature.

The RHEED observations are in agreement with the preNear the melting point, the average crystallite size is 100
vious SEM work of Méois and Heyraud, the Pb layers grow =30 A. This indicates that as the temperature is increased,
epitaxially on graphite with the Pb11) surface parallel to small Pb crystallites form on the graphite surface. Near 570
the graphitg0002 surface and thgl00] direction of the Pb K, the RHEED pattern of the Pb film shows reflection spots
crystal crystallites parallel to thel10] direction of graphite, due to PH111} crystallites, whereas the measured average
with the Pb showind111} texture structure. For low cover- size is close to the size at the melting poihf,=600.7 K.
age, below 4 ML, both the Pb spots and graphite spots ar€hese results indicate that the crystallites wWith1} orienta-
observed in the RHEED pattern. This indicates the formatiortion do not change between 570 and 600 K. Therefore, these
of Pb crystallites partially covering the substrate surface. Abbservations indicate the predominance of small crystallites
high coverage, more thar 15 ML, the graphite RHEED of Pb with {111} facets nearT,,, which undergo the ob-
spots completely disappear, and are replaced by Pb spotserved superheating.

This indicates full or near full coverage of the graphite sur- RHEED intensity measurements indicate that the 4-ML
face with PH111} layers. Our SEM observations also show film starts to melt at~-600 K. The 14-, 70-, and the 150-ML
the formation of a large number of Pb 2D layers on thefilms start to melt at 591, 598, and 580 K, respectively. This
graphite substrate. When the sample is heated slightly abowshows that some of the Pb crystallites undergo premelting as
the superheating temperature of Pb, the graphite diffractiomuch as 262 K below T,,, since the RHEED intensity
spots reappear, indicating the exposure of the substrate sishows a discontinuous change before the abrupt change
face to the electron beam. We assume that the Pb layeshown in Fig. Tb). This discontinuous change can be due to
condense into liquid droplets after melting, exposing theeither premelting or to morphological changes, which can
graphite surface. Subsequently, when the sample temperaturause the same effect on the intensity. However, as shown in
is lowered, Pb droplets recrystallize. This occurs at 69ig. 9, we did not observe any significantly discontinuous
+4 K belowT,,. We can see these 3D crystals in the SEMchange in the average size of the crystallites near the melting
micrograph, Fig. 1(). Previous SEM investigation by Me point. Therefore, we conclude that the discontinuous change
tois and Heyraud showed the formation of spherical Pb paris due to premelting, not due to morphological changes. This

IV. DISCUSSION



4148 Z. H. ZHANG, P. KULATUNGA, AND H. E. ELSAYED-ALI 56

result is in agreement with results obtained by Spiller and V. SUMMARY
Pavlovska, Faulian, and Bauef' In SEM observations,
Spiller showed that at 598 K, some liquid particles were
present. Pavlovska, Faulian, and Bauer observed a brig
ripg surrounding théll]} fgcgt above 580 Kthatlshrank and intensity above the bulk melting point of PHL,
disappeared af,.* This indicates that premelting starts at —gng.7 K was clearly observed, which is attributed to su-
the step edge above 580 K. In a theoretical study of SteBerheating of the Pb thin film. By carefully analyzing the
melting on P111),°" Stewart derived a relation between the RHEED intensity profile, our results also show that the av-
surface free-energy density, the size of facets, and the locarage crystallite size of the deposited Pb layers decrease with
tion of edges on the equilibrium crystal shape. These resultgmperature. NedF,,, the average crystallite size is found to
indicate that an isolated Pb step melts locally above 548 Kpe 100:30 A. These results are important for understanding
The key to step melting is sufficient localization of energy.the superheating and melting of Pb thin film on the graphite
Stewart’s model explained the observed ring in the experisurface. We observed the melting and solidification of Pb
ment of Pavlovska, Faulian, and Bade.g., step melting at films of thicknesses 4, 14, 70, and 150 ML on graphite. For
the edge causes the observed ring at 580 K. the investigated film thicknesses, epitaxial growth of Pb at
We also observed supercooling of the Pb melt by 690om temperature may occur in a layer-by-layer growth
+4 K. This is attributed to a nucleation barrier for solidifi- mode. Superheating by 4—(£2) K above the bulk melt-
cation that results from the competition between the decreadd point, and supercooling of the Pb by 6@ K were ob-
in free energy upon solidification and the increase in frees_erved. Superheating is attrlbute_d to the formation of crystal-
energy associated with the existence of a solid-liquid interliteS bounded by the nonmelting @1} surfaces. The
face. The free energy of a solid droplet is related to its radiu§U'face Debye temperature is calculated from the
r. At solid-liquid interfaces, a nucleation barrier for solidifi- t€mpPerature-dependent RHEED intensity.
cation exits forr<ry, whererg is some critical radius de-

We investigated the melting and solidification character-
istics of thin films of Pb on graphite usirig situ RHEED.
measuring the specular beam intensity, an abrupt change
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