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Detailed characterization of supported eutectic droplets using photoemission electron microscopy
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Pt-Ge eutectic alloy droplets are scrutinized by microscopic analysis of electrons excited by 4.9-eV photons.
Using only the work function and contact angle as fitting parameters, we determine the exact droplet shape
that reproduces the experimental electron emission profile. The local inclination of the droplets’ surface plays a
decisive role in the generated emission profile. Intensity variations at the illuminated side of the eutectic droplets
are a consequence of standing waves in the electromagnetic field responsible for excitation. Intensity variations
at the nonilluminated side are ascribed to a diffraction pattern of the photons after their interaction with the
droplet.
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I. INTRODUCTION

Small liquid droplets on solid substrates have been in-
tensively studied. With decreasing volumes the influence of
different surface and line tensions play a decisive role in
the equilibrium shape of the droplets [1]. A special class of
(nano)droplets is formed by alloys composed of a deposited
material and that of the substrate, which form above their
eutectic temperature. Applications involve the growth of the
two-dimensional material germanene [2] or standing-up Si
nanowires [3] from the eutectic dropletx. Several of these
eutectic systems have been studied by surface electron mi-
croscopy [4–10]. Information on the three-dimensional (3D)
details of these liquid droplets, however, is rarely obtained
from electron microscopy [11,12]. Here we analyze the mea-
sured intensity profiles along the plane of incidence in order
to reveal the 3D surface topography. We show that the local
inclination is a crucial ingredient to reconstruct the surface
topography from the photoemission intensity using photoelec-
trons originating from both the surface and the thin bulklike
skin of the droplet. We obtain a very convincing simple fit to
the observed intensity profiles of the photoemitted electrons,
which appears extremely sensitive to their local spatial distri-
bution. This fact allows an absolute determination of the work
function of the eutectic droplet.

II. EXPERIMENT

Experiments were performed using an Elmitec LEEM III
with a base pressure below 1 × 10−10 mbars. Some 10 ×
10 mm2 nominally flat single-side-polished n-type Ge (110)
crystals (MTI Corporation, R > 50 � cm) have been degassed
for about 24 h at 700 K, followed by several cycles of
argon-ion bombardment and flash annealing by electron-beam
bombardment at a temperature exceeding 1000 K. Subse-
quently, Pt is deposited from a resistively heated W wire
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wrapped with a high purity (99.995%) Pt wire (Alfa Aesar).
Photoemission electron microscopy (PEEM) measurements
were performed using a 100-W mercury discharge lamp (λ =
0.253 μm).

III. RESULTS

Examples of eutectic droplets exhibiting a spherical cap
profile are shown in a PEEM image, see Fig. 1. The image
shows eutectic PtGe droplets on a Ge(110) substrate. The
image is a frame taken from a movie of the eutectic system
at 50 K above the bulk eutectic temperature of 1043 K. Prior
to recording the movie, the system was driven through the eu-
tectic transition to a maximum of 1150 K several times. In the
image many smaller droplets are visible, next to a few larger
ones with diameters ranging from ∼25 (droplet 4) to 60 μm
(droplet 1). Above the eutectic temperature, the droplets move
to the region with the highest temperature, which is near the
center of this image. Droplet 1 is at the local hot spot and
is, thus, fully in equilibrium, whereas the other droplets are
on their way to the hot spot. Such motion in the direction of
the highest temperature has also been observed for the similar
eutectic systems [4–10]. In the following sections we discuss
important characteristics of the morphology of the eutectic
PtGe droplets as revealed by PEEM.

A. Intensity profile across the droplet

First we discuss the PEEM intensity profile across the
droplets. The PEEM images are obtained by collecting pho-
toelectrons excited with a 4.9-eV ultraviolet beam, incident at
a glancing angle θ = 16◦ with the substrate. The emitted pho-
toelectrons are captured along the substrate normal, yielding
a top view of the droplets. We assume that the PtGe droplet
has the shape of a spherical cap, characterized by a radius of
curvature R and a contact angle α. Figure 2 shows a cross
section of the droplet profile along a plane parallel to the plane
of incidence of the UV light, i.e., in the direction of the red
arrow in Fig. 1. Any point (x, z) along this cross-sectional

2475-9953/2021/5(10)/105601(5) 105601-1 ©2021 American Physical Society

https://orcid.org/0000-0002-0009-8728
https://orcid.org/0000-0002-2254-707X
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.5.105601&domain=pdf&date_stamp=2021-10-20
https://doi.org/10.1103/PhysRevMaterials.5.105601


ZHIGUO ZHANG et al. PHYSICAL REVIEW MATERIALS 5, 105601 (2021)

4

32

1

FIG. 1. Frame from a PEEM movie showing eutectic PtGe
droplets on Ge(110). Illumination direction is along the red arrow.
Field of view is 150 μm. The irregularly shaped bright feature next to
droplet 4 is due to a defect in the microchannel plates of the detector.

surface profile in Fig. 2 is given by

x = R(sin α − cos φ) and z = R(sin φ − cos α) (1)

for 90◦ − α � φ � 90◦ + α. This profile is illuminated by
UV light for 90◦ − α � φ � 90◦ + θ = 106◦ since for φ

values exceeding 90◦ + θ the corresponding parts of the
droplet are in its shadow zone. For completeness we note
that the exact shape of the droplet-substrate interface plays no
role because of the limited escape depth of the photoelectrons.
Along the cross section in Fig. 2 the local angle of incidence
θl is given by

θl = 90◦ − (φ − θ ), (2)

again for 90◦ − α � φ � 90◦ + θ = 106◦. The local incom-
ing photon flux Il along the cross section is then proportional
to C sin θl = cos(φ − θ ) with C being a constant proportional
to the photon density of the incoming beam. The emitted
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FIG. 2. Profile of a spherical cap with radius R and a contact
angle α of the eutectic PtGe droplet along the red line in Fig. 1. The
illuminated part of the droplet-vacuum interface is indicated by the
dark blue line. Photoelectrons originate also from a thin skin (fading
blue rim, exaggerated for clarity).

photoelectrons originate from the surface of the spherical cap
(illustrated by the dark blue curve in Fig. 2) and from a
thin bulklike skin of the sphere (illustrated in exaggeration
by the fading blue rim in Fig. 2). The latter electrons have
a reduced probability to reach the actual surface due to a
finite attenuation length ∧ [13,14]. The value of ∧ is 5.8 nm
for 4.9-eV electrons, very close to the value for the inelastic
mean free path for electrons of 4.9 eV [15]. We assume that
this thin outermost layer is densely packed, and we approxi-
mate the liquid as a homogeneous bulk with density ρ, taken
equal to the atomic density of the Ge substrate, starting at a
depth d0 (∼0.25 nm). The number of photoemitted electrons
Ne originating from this thin shell arriving at the surface is
proportional to

Ne = ρ

∫ ∞

d0

e− r
∧ sin φ dr = ρ ∧ sin φ e− d0

∧ sin φ . (3)

In order to contribute to the image, the photoelectrons have to
overcome the work function �. The (local) normal component
of their kinetic-energy En has then to fulfill the condition
En � �. Together with the curved vacuum-droplet interface,
this leads to a peaked angular distribution of the escaping
photoelectrons F , which is approximated by

F (β ) = cosm β = sinm θ, (4)

where β is the angle between the escape direction and the
local surface normal and φ defined as in Fig. 2. The exponent
m determines the sharpness of this distribution. A higher value
of � leads to a sharper peak profile of the angular distribution
and, thus, to a higher value of m. The intensity I (φ) of pho-
toemitted electrons escaping from the droplet is then given by

I (φ) = C cos (φ − θ )sinm θ (1 + ρ ∧ sin φ e−d0/(∧ sin φ) ),

(5)

The first term accounts for the contribution of the surface,
and the second term accounts for that of the thin shell. For a
given footprint diameter of the droplet, R and φ are completely
determined by the contact angle α. The only remaining fitting
variables in Eq. (5) are, thus, α and m. The emitted photo-
electron intensity I (x) as a function of coordinate x along the
profile in Fig. 2 is given by I (x) = I (φ) dφ

dx = I (φ)
R sin φ

,

I (x) = C cos (φ − θ )sinm φ

(
1

R sin φ
+ ρ∧

R
e−d0/(∧ sin φ)

)

(6)

In Fig. 3 we compare the measured intensities with fits
to Eq. (6). For the largest droplet [Fig. 3(a)] an excellent fit
is obtained for α = 20◦ ± 1◦ and m = 5.5 ± 0.5. The value
for m defines a profile with a full width at half maximum
of 56◦ ± 2.5◦, which for 4.9-eV UV light leads to a work
function of the eutectic droplet � = 4.9 cos2 (28 ± 1.3)◦ =
3.8 ± 0.1 eV. The fitted profile is very sensitive to chances in
the contact angle α and the value of m. The size of the droplet
in the profile is merely determined by the value of α. The size
of the droplet can be accurately determined from the PEEM
images with an accuracy well within 1 μm. Variation of the
contact angle α by 1◦ around the value of 20◦ determined in
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FIG. 3. (a)–(d) Measured and calculated intensities along the
optical plane of incidence through the droplets (1)–(4), respectively,
in Fig. 1. The blue circles represent the experimental data, the solid
blue lines are the fits using Eq. (6) with α = 20◦ and m = 5.5 in
(a) and α = 18◦ and m = 4.5 in (b)–(d). The dotted black line and
the dashed-dot green line in (a) are the calculated contributions
without the sinm φ term for the surface and the thin bulklike shell,
respectively, with the red dashed line being their sum. The solid gray
lines are calculations of the diffraction patterns behind the droplet
(see the text). (e) Cross-sectional profile of droplet (1). The five red
dots in the lower panel are experimentally determined points of the
droplet’s surface (see the text).

Fig. 3(a) results in a variation of about 1 μm in the length
of the profile. We are, thus, able to extract value of α with
an accuracy in the order of 1◦. The value of the exponent
m is completely determined by the bulge of the profile. The
dotted black and dashed-dot green lines in Fig. 3(a) represent
the contributions from the surface and the thin bulklike shell,
respectively, without taking the peaked angular distribution of
the escaping photoelectrons [given by Eq. (4)] into account.
The characteristic curvature in the intensity curves undoubt-
edly results from the angular distribution of the photoelectrons
escaping from the curved droplet interface and allows for an
independent and precise determination of the work function
of the droplet. For the smaller droplets in Figs. 3(c) and 3(d)
α = 18◦ and m = 4.5 (resulting in � = 3.6 eV) are used in
the fits. Occasionally we observed eutectic droplets without
a shadow zone (not shown here) in which cases we obtained
a contact angle of 16◦ or lower from the fit to Eq. (6). Note
that variation of the finite electron attenuation length ∧ or the
atomic density ρ by an order of magnitude (which is rather
unlikely) will not result in notable changes in the profiles
in Fig. 3.

B. Radial intensity variations on the illuminated droplet side

A close inspection of the spatially resolved PEEM inten-
sity of the eutectic droplets reveals a pattern of concentric
rings on the illuminated sides of the eutectic droplets. These
intensity variations are the result of standing waves through
interference between the incoming plane wave at θ = 16◦
and the specularly reflected plane wave as schematically
shown in Fig. 4(a). Interference between incident and reflected
waves yields standing waves with maxima and minima in the
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FIG. 4. (a) Construction of the standing wave interference pat-
tern of the photon intensity (see the text). Solid and dashed lines
correspond to constructive and destructive interference, respectively.
(b) and (c) Radially averaged intensity profile, obtained for droplets 1
and 2 from Fig. 1 and derived from the segments shown in the insets
representing the illuminated sides as a function of distance from
the leading edge. Again constructive and destructive interference are
marked by solid and dashed lines.

electromagnetic field responsible for excitation in the (near)
surface regions of the droplets. The height z of successive
nodal planes is given by z = nλ

2 sin θ
= 0.459n μm, whereas

for successive antinodal planes the height is given by z =
(n+ 1

2 )λ
2 sin θ

= 0.229(2n + 1) μm with n = 0, 1, 2, etc. Note that
a possible phase shift at specular scattering, that would result
in a shift of these planes along the normal, is disregarded. The
phenomenon is very similar to observations in grazing inci-
dence x-ray scattering [16] and has been discussed in terms
of Lloyd’s mirror [11,12]. The presence of the planar sets of
maxima and minima in the electromagnetic field enables prob-
ing of the shape of the illuminated side of the eutectic droplets.
In Figs. 4(b) and 4(c) we show radially averaged intensity
profiles over the circle segments indicated in the insets for
droplets 1 and 2 in Fig. 1. Note that the grayscale values in the
insets are set to optimize the contrast. From the maxima and
minima of droplet 1 the coordinates of the droplet interface
are extracted and displayed as red dots in Fig. 3(e). From
these data we find a contact angle of 18◦ for droplet 1, slightly
below the contact angle derived above from the fit to Eq. (6).
For droplet 2 we find a contact angle of 14◦ also slightly
lower than the value derived above. For both droplets the
first maximum and minimum are closer to each other than
the other maxima and minima, which implies that directly at
the edge the slope of the droplet vacuum interface is steeper,
leveling off further away from the edge.

C. Intensity variations behind the droplets

Behind the droplets in Fig. 1 we also observe coronalike
intensity variations. These intensity variations are attributed
to diffraction of the incoming plane wave by the droplet.
Sommargren and Weaver [17] described a method to calcu-
late the diffraction intensity on a screen perpendicular to the

105601-3



ZHIGUO ZHANG et al. PHYSICAL REVIEW MATERIALS 5, 105601 (2021)

�
Ge(110) substrate

a s
e l

y

FIG. 5. Schematic of the diffraction geometry. The solid/dashed
black line l displays the optical axis of the problem. The droplet is
treated as sphere with height a. The distance between the intersection
point of the optical axis and the surface and the center axis of the
spherical cap is e.

optical axis behind an opaque sphere, based on the evaluation
of the first Rayleigh diffraction integral. The geometry for the
eutectic PtGe droplets is sketched in Fig. 5. We have slightly
modified their approach in order to calculate the intensity
profile at the surface behind the eutectic droplets. A point
source is assumed at a distance d from the origin (in our case d
is on the order of a meter). The origin is situated on the optical
axis at a distance e = R sin θ − R tan (cos θ − cos α) away
from the center axis of the spherical cap. The height a of the
spherical cap in the direction of the UV illumination is given
by a = R(1 − cos α

cos θ
). With dl = ds cos θ and dy = ds sin θ

we can use the variables v = ka tan θ (with k = 2π
λ

) and u =
ka2

s cos θ
to calculate the intensity I along s(for s > e + a

sin θ
),

I (s) = 1

(d + s cos θ )2

[
1 + U1(u, v)2 + U2(u, v)2

− 2U1(u, v) sin

(
u2 + v2

2u

)

+ 2U2(u, v) cos

(
u2 + v2

2u

)]
, (7)

with Un = ∑∞
m=0(−1)m( u

v
)n+2mJn+2m(v), where Jn+2m(v) are

integer order Bessel functions. The solid gray lines in Fig. 3
are calculated using Eq. (7) for droplet 1 with a contact angle
of 17◦, whereas for droplets (2)–(4) a contact angle of 18◦ was
used, but the profiles have been shifted 6, 1, and 3 μm, re-
spectively, towards the origin to match the experimental data,
which also indicate that the actual contact angle is slightly
lower than 18◦.

IV. DISCUSSION AND CONCLUSIONS

When comparing the three methods described above, the
value obtained for the contact angle of droplet (1), at the
hottest region of the surface, is for all three methods 19◦ ± 1◦,
whereas for droplets (2)–(4), that are on the move towards
the hottest region, the variation in the obtained contact angle
is slightly larger. We regard the fit of the droplet profile to
the intensity data as the most reliable method since in this
method the data points from the entire droplet profile are
used. In order to verify whether or not kinetics of the droplets
contributes to the contact angle variation we compare for two
small but equally large droplets the wetting angles derived
for the receding edge (blue crosses) and the advancing side
(red pluses), see Fig. 6. We also show in Fig. 6 the measured
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FIG. 6. Measured and calculated intensities along the optical
plane of incidence through the droplets encircled in the insets. The
blue crosses represent the experimental data for the droplet encircled
in the left inset, which is illuminated from the receding side. The
red plusses represent the data for the droplet in the right inset, which
is illuminated from the advancing side. The solid blue lines, which
are virtually identical, are the fits using Eq. (6) with α = 16.3◦

and m = 4.5.

intensity profiles for these two droplets, which are illuminated
from their receding side (blue data) and advancing side (red
data), respectively. The resulting fits, obtained using Eq. (6),
are indistinguishable. We, thus, find that there is no detectable
difference between the advancing and the receding contact
angle. The droplet shape is, hence, exclusively determined
by thermodynamics, and motion of the droplet plays no role.
This result is expected for the quite low diffusion speed of the
droplets.

From the methods described above, the intensity variations
at the illuminated side of the droplets have been discussed in
terms of Lloyd’s fringe contrast [11,12] for the case of Ga
droplets on GaAs(001). For the Ga/GaAs(001) system up to
eight almost equidistant intensity maxima were observed over
a distance of 10 μm, which, following our approach described
above, results in a contact angle of 20◦. Using the whole
intensity profile in an iterative procedure, which takes into
account the influence of the local variations in the electric field
due to the nonuniform surface topography, a contact angle of
22◦ was deduced [11,12]. In our case, with only three intensity
maxima, such an iterative refinement will not increase the
accuracy of our contact angle determination.

To assess the obtained work function value, we performed
low-energy electron microscopy (LEEM) I (V ) measurements
on the eutectic droplets and the neighboring environment as
well as on the pristine clean Ge(110) surface, see Fig. 7.
In the LEEM I (V ) measurements a well-defined steep drop
in the reflectivity occurs when the electron beam starts to
interact with the unoccupied states in the sample surface.
The start voltage position of this steep intensity drop re-
flects the (local) sample’s work function. Using a work
function of 4.5 eV for Ge(110) [18], we find by fitting a
sigmoid to the measured I (V ) curves, a work function of
3.6 eV for the eutectic droplets, which is similar to the
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FIG. 7. LEEM I(V) measurements obtained on an eutectic
droplet (blue squares), the surrounding area (red circles) and a
pristine Ge(110) surface.

estimation from the peaked distribution of photoelectron in-
tensity above. For the area around the eutectic droplets we
find a work function of 4.0 eV, which explains why the
eutectic droplets appear brighter than the neighboring area
in Fig. 1.

In conclusion, we analyzed the shape of Pt-Ge eutectic
droplets using PEEM. The surface topography is obtained
from a fit to the emission profile using only the work function
and the contact angle as parameters. The intensity profile con-
sists of two components, a small contribution from the surface
and a much larger contribution from a thin bulklike skin of the
droplet. The characteristic curvature in the emission profiles is
a direct consequence of the angular distribution of the gener-
ated photoelectrons in combination with the curved droplet’s
surface. The contact angle extracted from the emission profile
is in agreement with contact angle values derived from both
maxima and minima in the emission intensity on the illumi-
nated side of the droplets. Simulation of the diffraction pattern
behind the eutectic PtGe droplets results also in very similar
values for the contact angle. These methods allow a pre-
cise determination of the contact angle and work function of
hemispherical droplets form PEEM images together with an
estimate of the droplets’ work function, which corresponds to
the work function obtained from LEEM I (V ) measurements.
Our methods are generically applicable to other droplets too.
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