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Abstract

We demonstrate a new application of photoemission electron microscopy (PEEM ) for the investigation of Schottky contacts. As
an example we have investigated the changes in contrast in PEEM images when silver is deposited on a lateral p-n diode structure
on a Si(100) surface. In agreement with recent studies by other groups. we find three-dimensional istand growth in the multilayer
regime at low temperatures when silver is grown on the clean silicon surface, We also find three-dimensional growth when silver is
deposited on a thin. wet chemically formed oxide layer. In both cases. the p-doped regions appear brighter than the n-doped regions
in the PEEM image. When the silver layer is heated to 900°C the islands disappear. For the case of silver on the oxide-free Si( 100)
surface, the p regions remain brighter than the n regions. In the case of silver growth on an intermediate oxide layer, the contrast
in the image changes dramatically during heating. The experimental results are interpreted in terms of the band bending caused by

interface states. © 1998 Elsevier Science B.V.

Keywords: Electron emission measurements; Metal-semiconductor interfaces: Polycrystalline thin films; Semiconductor-insulator
interfaces; Silicon: Surface electronic phenomena (work function. surface potential, surface states, etc.)

1. Introduction

Recently, we introduced the use of PEEM as a
method to provide real-time observations of
changes in surface states of silicon two-dimensional
p-n junctions [1]. In PEEM images of a device
structure, the image contrast arises from different
photoemission yields from differently doped areas
on the sample when the Fermi level is pinned at
the surface by surface states. Due to the pinning,
the band bending near the surface depends on the
doping, leading to a spatial variation of the effec-
tive photo-threshold [1.2]. Hence. changes in the
band bending due to structural changes of the

* Corresponding author. Fax: (+49) 2461 613907:
e-mail: m.giesen@fz.juelich.de

0039-6028/98/519.00 © 1998 Elsevier Science B.V. All rights reserved.

PII S0039-6028(97)00696-1

surface are indicated by changes in the contrast in
PEEM images. In this work, we apply the method
to study metal-induced gap states and the Schottky
barrier of the silver—silicon contact of a Si(100)
device structure as a function of the temperature
and as a function of the interface nature. We have
deposited silver on the silicon devices under two
different surface conditions. In one case silver was
grown on a thin oxide layer which remained from
the wet etching procedures during sample prepara-
tion. In the other cases, the oxide layer was ther-
mally desorbed before silver deposition.

The growth of silver on Si(111) and (100)
substrates [3-16] as well as on silicon device
structures [17] has attracted considerable interest.
Previous investigations have been performed using
imaging techniques like tunneling microscopy
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(STM) [11-13] and electron microscopy (SEM,
TEM, REM) [15,16] as well as diffraction tech-
niques like low-energy electron diffraction (LEED)
[6,8]. Schottky barriers and the electronic proper-
ties of the metal-semiconductor contact have been
studied theoretically using photoemission spectro-
scopy and by measuring the current—voltage char-
acteristics [16-18].

Previous investigations have established that the
growth of silver on Si(100) is two-dimensional up
to one monolayer [11,12,14,197. The silver atoms
fill the space between the dimer rows which form
the (2x1) reconstruction of the (100) surface
plane. For higher coverages, the silver atoms
nucleate in large three-dimensional islands.
Investigations by Ichinokawa et al. [21] have
shown that these islands are mobile due to both
thermal diffusion and drift under the influence of
an electric field.

In contrast to gold, copper or nickel, there is
almost no intermixing between silver and silicon
at the interface. The bulk eutectic temperature of
this system is about 850°C. Therefore, the interface
at this metal-semiconductor contact is sharp and
provides an ideal system to study interfacial struc-
ture and electronic properties. The aforementioned
studies concentrated on two growth conditions of
the silver layer, i.e. room-temperature growth and
deposition at around 400-500°C. To our knowl-
edge, the structure and the Schottky barrier of the
Ag-Si contact formed near the eutectic phase
transition has not yet been investigated. In this
paper we present PEEM studies of the Ag-Si
contact at room temperature and after annealing
to 900°C.

The paper is organized as follows. In Section 2
the experimental set-up and the sample preparation
are described. In Section 3 the PEEM images and
their analysis are presented. We discuss the results
in Section4. We conclude with a summary in
Section 5.

2. Experimental
The experiments were performed in a standard

UHV chamber with a base pressure in the low
107 1° mbar range. The chamber is equipped with

a STAIB photoemission electron microscope
(PEEM-150). We have determined the resolution
of our system to be 0.2 pm. As a UV source we
used a short-arc mercury lamp (PTI A1010) whose
highest transmitted energy line has its maximum
intensity at 4.96 eV. For structural analysis, the
chamber was also equipped with a Varian four-
grid visual low-energy electron diffraction
(LEED) system. N o

For the silver deposition we used a self-calibrat-
ing electron beam evaporator (Omicron EMF 3)
which was carefully degassed before each experi-
ment. The deposition rate was determined by the
measured flux current. The flux was calibrated by
Auger measurements in a different chamber and

has been corrected for the different geometry in
our chamber. During the silver deposition, the
pressure did not exceed 1 x 10™° mbar.

The sample device was fabricated by boron-ion
implantation into a commercial n-doped Si (100)
wafer (Np=10"*cm™?), creating a lateral p-n
diode array with p*-doped stripes
(Ny=10"%cm™?) [22]. The detailed fabrication
procedure of the sample device and a skeich of
the p-n device have been published elsewhere [1].
Prior to mounting the sample in the chamber, the
devices were cleaned and the native surface oxide
was removed by Shiraki cleaning [23]. Typically,
after the last step of the Shiraki cleaning the
sample is covered by a thin hydrophilic oxide
which can be sublimated off by heating in vacuum
to temperatures of 600-700°C. The sample was
mounted to the sample holder and brought into a
pre-vacuum of 107 mbar within 15 min of the last
etching step. The pressure decreased to
107° mbar within an additional 20-30 min. After
a typical bakeout of 24 h, no contamination-associ-
ated features were resolvable in the PEEM images
and the LEED pattern displayed a diffuse (2x 1)
structure. In the case of silver deposition on the
bare silicon surface, the thin oxide remaining from
the etching procedure was removed by heating to
800°C several minutes before the silver was depos-
ited on the device structure. In all experiments,
the silver was deposited exclusively at room
temperature.

The images were displayed on a multichannel
plate {MCP) installed in the PEEM and imaged
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through a view port by an SIT Vidicon video
camera. For later analysis, the images were simul-
taneously stored on a video tape. Fig. 1 shows a
PEEM image of a freshly prepared sample after
the bakeout when the thin etch-oxide layer still
remains on the surface. The array of parallel bright
and dark stripes correspond to p- and n-doped
areas in the parallel diode structure, respectively
[1]. The distance between the bright p stripes is
about 30 pum. Their apparent width is approxi-
mately 3 um. This image corresponds to a single
frame grabbed from the video tape. For the
detailed intensity profile analysis of the images we
used a digitizing frame averager which is capable
of averaging up to 128 single frames and displaying
the result continuously.

3. Results
3.1, Silver deposition on the Shiraki oxide

We first present the results obtained from the
deposition of silver on the Shiraki oxide layer.

Fig. 2 shows a PEEM image from the surface after
silver deposition at room temperature. The cover-

Fig. 1. PEEM image of the lateral diode structure after
Shiraki cleaning.

Fig. 2. PEEM image of the sample after 7 ML growth (growth
rate=0.2 ML s™1) of silver on the Shiraki oxide layer at room
temperature. The image is focused on the three-dimensional
islands, and therefore the lateral diode structure is poorly
resolved.

age is about 7ML (1 ML=7.8x 10" atoms
cm™?%). The deposition rate was 0.2 ML s~1. The
bright spots in the image correspond to large three-
dimensional islands on the diode structure. Here,
the top of these islands lie in the object plane of
the PEEM, and therefore the array of the diode
structure is not well resolved. Island nucleation
occurs on both p- and n-doped regions. However,
the nucleation probability seems to be higher on
the bright p stripes since most of the islands
nucleate on top of the p stripes.

In Fig. 3 a sequence of PEEM images is dis-
played, showing the development of the image
contrast of a sample like that shown in Fig. 2 upon
radiative heating to 700°C. With increasing tem-
perature, the overall intensity of the PEEM image
decreases. This decrease is accompanied by a
decrease in contrast between the islands and the
background (Fig. 3b). The decrease in contrast
between p and n upon annealing is due to the
temperature dependence of the position of the
bands relative to the Fermi level. Upon heating,
the bands shift so that the Fermi level is positioned
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(e) ()
Fig. 3. Annealing of the sample in Fig. 2: (a) 300°C, (b) 700°C, (c) after cooling to 300°C, (d) sample after three annealing/cooling
steps to 700/300°C, respectively, (e) after further annealing to 900°C for several seconds, {f) after cooling to room temperature.
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nearly in the middle of the band gap in both
doping regions. When the contrast was almost
completely lost, the radiative heating was stopped
and the sample temperature was decreased again
(Fig. 3¢). Immediately, islands became visible
again (B and C in Fig. 3¢c). However, the island
density was lower. Smaller islands vanished with
the first heating step, whereas the larger islands
remained visible after prolonged heating at ele-
vated temperatures. No nucleation of new islands
occurred after each heating, and all remaining
islands appeared at the same position when the
sample was cooled. Fig. 3d shows the remaining
islands (A. B and C) after three heating/cooling
steps. When heating this sample to 900°C for
several seconds, most islands disappeared and the
p- and n-doped regions of the diode structure
became clearly visible, but with reversed contrast
compared to Fig. . Fig. 3¢ shows the sample at
9007C after annealing. The p regions appear dark
and the n regions are bright. The brightness of the
n regions increased dramatically when the sample
was then cooled to room temperature (Fig. 3f).
In addition, a pronounced intensity maximum
developed in the p-doped stripe which was not
observed at higher temperature. Fig. 4a shows an
image of the same sample as observed after the
temperature was decreased to room temperature,
Obviously, the dark p area has a small intensity
maximum in the center (the extension of the
different doping areas is marked by arrows). The
image contrast is qualitatively different from either
the oxidized surface without silver or the oxide-
free surface with silver deposited (see Fig. 6¢). In
Fig. 4b the intensity profile perpendicular to the
p-n stripes is shown as a function of the distance
perpendicular to the p stripes (solid curve). The
length scales in both Fig. 4a and b are the same.
After heating to 900°C, the island density
decreased dramatically. However, some islands
were still visible on the surface. They were larger
and their shape was more regular compared to the
islands before heating to 900°C. Fig. 5 shows
PEEM images of the sample shown in Figs. 3f and
4a at different areas on the silicon device. Note in
the following images that the scale of the image
and hence the size of the islands can be judged by
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Fig. 4. (a) Section of the image in Fig. 3f. (b) Intensity profile
of (a) perpendicular to the lateral diode structure.

the distance between p-doped regions, which is
30 um. All of the islands in these images have
diameters of approximately 10-20 um. Fig. 5a
shows an irregular island nucleated on the n region.
In Fig. 5b a large pyramidal island is formed on
top of a p stripe. Similarly shaped islands were
also observed in STM investigations by Samsavar
et al. [11] after deposition of silver on clean
Si(100). The dark region displayed on the lower
side of the island represents the shadow of the
grazing-incidence UV light caused by the island
itself. Fig. 5¢ shows a hexagonal island, also nucle-
ated on top of the p-doped stripe. Here, additional
nucleation sites are visible on top of the island.
Both the hexagonal island and the topmost nucle-
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Fig. 5. Remaining islands on the sample of Fig. 3f. (a) Large
island with irregular shape (diameter 20 pm). {b) Island with
pyramidal shape. Note the shadowing effect on the lower side
of the three-dimensional island. The UV source is located on
top with respect to the image orientation. (¢) Hexagonal island
with additional nucleation sites on top.

ation sites have nucleated symmetrically with
respect to the center intensity maximum in the
dark p region. After the heating to 900°C and
subsequent cooling, the LEED pattern showed a
diffuse (2 x 1)-reconstructed surface.

3.2. Silver deposition on the oxide-free diode
structure

We now present the results obtained for silver
deposition on the diode structure after the sample
was heated to 800°C to remove the light oxide.
Before heating we imaged the sample using the
PEEM and found no indication of contamination.
The image is shown in Fig. 1. This also allowed
us to adjust the object plane of the PEEM to be
coincident with the diode structure. Then the
sample was heated resistively under the same
imaging conditions. Fig. 6a shows the sample after
the oxide has been removed by heating the sample
to 800°C. Even after cooling to room temperature,
no emission was observed. This indicates that the
surface electron barrier increases after oxide
removal, such that the maximum photon energy
available from our mercury lamp is below the
photo-threshold over the range of the doping levels
of our device {1]. However, we cannot exclude the
possibility that along with the increase in the
surface barrier, the band bending is changed upon
annealing. After the deposition of silver (work
function ¢=4.8¢eV [24]) the electron barrier of
the sample is reduced and the contrast of the p-n
diode structure is restored ( Fig. 6b). After heating
the surface further to 900°C, the islands disap-
peared and the absolute intensity and the contrast
increased, with the p-doped stripes remaining
brighter than the n-doped areas (Fig. 6¢). Fig. 7
shows a line profile measured perpendicular to the
p stripes after heating. The intensity profile dis-
plays only single maxima and minima in the p-
and n-doped regions, respectively. No additional
minima are evident in the transition regions
between p and n, in contrast to the images obtained
for a Shiraki oxide-covered surface without silver
[1]. We did not measure the LEED pattern of this
surface due to a malfunction of the LEED system.
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Fig. 6. (a) Clean silicon surface with a lateral diode structure
after the Shiraki oxide has been flashed off at §00°C. (b) The
same sample as in (a) after deposition of 10 ML silver at room
temperature (growth rate=0.2 ML s™'). (¢) The same sample
as in (b) after annealing to 900°C for several seconds.
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Fig. 7. Intensity profile of Fig. 6c perpendicular to the lateral
diode structure.

4. Discussion
4.1. Island growth

For multilayer doses of silver on the device
structure, we observed three-dimensional island
growth for the deposition of silver on the oxide as
well as for the deposition on the bare silicon
substrate. The island density at room temperature
is in agreement with the studies of other groups
[10,12,20]. In many of our PEEM images, the
islands nucleated with a higher probability on the
p-doped stripes. STM and AFM images of our
p-n devices show parallel grooves along the edges
of the p stripes with a depth and a width of
approximately Snm and 1 um, respectively. We
have determined that these grooves are caused by
the mask-etching process during device fabrication
[25]. These topographic structures may serve as
nucleation centers during the deposition of Ag.
Our result is similar to studies by Hanbiicken
et al.,, who investigated the influence of surface
defects on the island nucleation [10]. In those
studies, a silicon surface with parallel grooves was
used. It was found that the influence of these
grooves on nucleation was not dramatic. However,
the islands appeared to nucleate preferentially at
those defects.

The changing visibility of the islands upon heat-
ing and quick cooling can be attributed to two
effects. One effect is the change in imaging condi-
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tions of the surface in PEEM during annealing,
while the other is the sublimation of the silver
islands. The image contrast in PEEM is very
sensitive to changes in the imaging conditions.
When the sample is heated, thermal drifts shift the
surface area out of the focal plane of the PEEM
and the contrast between the islands and the
background is lost. This interpretation is supported
by the fact that the islands reappeared at their
former sites when the sample was cooled quickly.
When the sample was annealed to higher temper-
atures or for a longer period of time, most of the
islands vanished irreversibly. The decrease in the
island density for increasing temperature is in
agreement with the measurements of Hanbiicken
et al. in the temperature range 500-900 K [10].
Based on the change in image contrast between
the p- and n-doped regions from the clean or the
oxidized Ag-free surface, we conclude that some
silver is still present on the surface as a homogen-
eous layer (homogeneous on the resolution scale
of the PEEM, which is about 0.2 pm). The assump-
tion of remaining traces of silver and/or oxide
after short annealing to 900°C provides a reason-
able basis to explain the change in image contrast.
In the clean Ag/Si(100) case a complete desorption
of silver would lead to a clean Si(100) surface.
Hence, one would expect to observe PEEM images
such as that in Fig. 6a, The same argument also
holds for oxidized Ag/Si0,/Si(100) if one assumes
a complete desorption of silver and oxide after
heating to 900°C. For the oxidized case, traces of
both silver and oxide must remain on the surface,
since the image contrast observed after heating
(Fig. 3e and f) is comparable to neither clean
Si(100) (Fig. 6a) nor to oxidized Si(100) (Fig. 1)
nor to silver covered Si (100) (Fig. 6¢). To our
knowledge, the detailed structure of a Shiraki
oxide has not yet been investigated. It may be that
upon heating, the desorption of the oxide is kineti-
cally hindered by the silver layers so that the oxide
remains on the surface.

The conclusion that the remaining traces form
a homogeneous layer (on the resolution scale of
the PEEM) is supported by the fact that the
interfacial structure and hence the electronic struc-
ture of the entire surface is changed, as observed
in Fig. 4. The silver layer has metallic conductivity

and serves as a short circuit of the p—n junctions.
The short circuit was measured as a loss of the
rectifying behavior of the p-n junction. We assume
that the situation is similar in the case of silver
deposition on bare silicon. Here, after heating to
900°C, the PEEM images show bright p stripes
with dark n regions in between, and most of the
three-dimensional islands have disappeared.

4.2. Electronic structure of the Schottky contact
and the PEEM contrast

In this section we discuss the relation between
the image contrast and the position of the Fermi
level at the interface. A quantitative interpretation
of the PEEM contrast in terms_of the electronic
band structure would require a modeling of the
space charge layer near the interface and the
calculation of the photo yield, which is beyond the
scope of this work. Here, we focus on a qualitative
interpretation of the relative intensities in the
PEEM images for the n- and p-doped regions in
terms of the band bending near the surface. The
principal arguments have already been laid out in
a previous publication [1]. Differently doped areas
on a device structure give rise to different photo-
emission yields when the Fermi level is pinned at
the surface by surface states. Due to the pinning,
the band bending near the surface depends on the
doping, leading to a spatial variation of the effec-
tive photo-threshold [1,2]. The attenuation length
of 5-¢V photons into silicon is known to be approx-
imately 60 A [26]. The mean free path of the
photoemitted electrons is likely to vary rapidly
with threshold, but previous estimates have been
12-25 A [2,27]. These effects limit the depth which
might be probed in these experiments. However
for the heavily doped p regions, band bending
can occur over a comparable scale [27], allowing
photoemission from the bulk valence level.

A key to the interpretation is that in our experi-
ments the maximum photon energy barely exceeds
the photo-threshold (in the cases where we observe
any intensity at all). Under such circumstances,
the photo yield is then to a large extent determined
by the effective photo-threshold. In the absence of
a space charge layer near the surface (i.e. for the
flat band condition), the photo-threshold is the

I
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difference between the vacuum level and the
valence-band energy and conduction-band energy
for p- and n-type doping, respectively (Fig. 8). In
this case, the n-doped areas should provide a
higher photo yield, as long as the doping is large
enough to provide sufficient photoemission from
the conduction band. The p-doped areas as well
as the transition regions between n- and p-doped
regions would appear as dark. In the center of the
p-doped stripes the doping level reaches a maxi-
mum. There, the acceptor levels and the valence
band form a continuum which effectively lowers
the photo-threshold. This may explain the increase
in the intensity in the center of the p stripes. The
photo yield in Fig. 4 can thus be explained assum-
ing a flat-band condition for the Ag/SiO,/Si(100)
system (A) (i.e. the Fermi level is not pinned
by interface states after heating to 900°C).
Qualitatively, the PEEM images would be also
consistent with a small band bending. A more
quantitative analysis would require the calculation
of the photo yield, as mentioned above.

For the second interfacial system Ag/Si(100)(B)
(after heating to 900°C), the brightness of the p
stripes compared to the n areas (Figs. 6c and 9) is
based on two effects. First, the photo-threshold is
reduced due to the low work function of any
residual silver (¢ =4.8 eV [24]). The second expla-
nation for the brightness of the p stripes is possibly
the strong downward band bending in the p*
region due to Fermi-level pinning in the lower half
of the band gap, which decreases the photo-thresh-
old (Fig.9). In the n-doped area and in the
transition region between n and p, the additional
effect of the band bending is removed. Here, the
interface states cause a smooth upward bending
and the photo-threshold is not effectively lowered.
The intensity in the PEEM image in the n-doped
region as well as in the transition region may arise
only from the reduction of the photo-threshold by
the silver overlayer. which is the same regardless
of the doping level. Hence, no intensity minimum
between p and n is observed.

Finally, we discuss our band model for system
(B) with respect to the Schottky barrier height. As
mentioned earlier, the Schottky barrier height
(SBH) of this system has already been determined
for Ag growth at 400-500°C to be of the order of

escape depth

transition

escape depth

n doped

escape depth

Fig. 8. Band bending model for the metal-semiconductor inter-
face with an intermediate oxide layer after annealing to 900°C.
The Fermi level is not pinned by interface states in the band
gap, so that there is no band bending at the interface. In the
transition region between the n- and p*-doped stripes and in
the p”-stripe the photo-threshold is given by the distance
between the valence-band energy and the vacuum level. The
doping level reaches its maximum in the center of the p stripe.
There, the photo-threshold is reduced due to the formation of
a continuous band between the acceptor levels and the valence
band. In the n-doped stripes, the conduction band is effectively
occupied by electrons so that the photo-threshold is given by
the distance between the conduction-band energy and the
vacuum level. The escape depths are larger for the n-doped and
the transition regions due to the lower defect density compared
to the p*-doped area. (The escape depths in the figures are not
to scale.)
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Fig. 9. Band bending model for the direct metal-semiconductor
interface after annealing to 900°C. The Fermi level is pinned in
the lower half of the band gap by interface states. The pinning
of the Fermi level causes a band bending at the interface in the
heavily p*-doped regions. There, the buik valence-band energy
is shifted towards the vacuum level. The photo-threshold for
the p* stripes is determined by the buik valence-band energy if
the escape depth of electrons is larger than the space charge
layer. For both the transition between n- and p*-doped regions
and the n regions, the band bending has the opposite sign to
the p* regions. Since only a few electrons occupy the conduc-
tion band in the n region, the effective photo-threshold is given
in the n region as well as in the transition region by the valence-
band edge. (The escape depths in the figures are not to scale.)

0.75eV for light n doping and of the order of
0.4 eV for heavy p doping [17-19]. However, some
results differ by tenths of aneV. In this work,
silver was deposited at room temperature and then
annealed to 900°C. From our band model we can

determine the SBH for the light n doping to be
higher than half the band gap, which is 1.1 eV for
silicon (i.e. SBH>0.5e¢V). This value is in
agreement with the results presented in Refs. [17-
19]. We can also give an estimate for the SBH for
heavy p™ doping, which is smaller than 0.5¢V,
which again agrees with earlier publications
[17-191.

5. Summary

We have shown that silver deposited on a par-
tially oxidized Si(100) surface induces interface
states in the band gap which differ from the states
on the oxidized surface without deposition of Ag,
as well as from the interface states without an
oxide layer between silver and the Si{100) surface.
We have shown that in the latter case the Fermi
level must be pinned in the lower half of the band
gap. In the case of a partially oxidized interface,
the Fermi level is not pinned by interface states so
that no band bending is observed. At present, the
structure and composition of the metal oxide—
semiconductor interface system are not under-
stood. On the scale of the resolution of PEEM,
the surface structure with and without the oxide
layer appears similar. In both cases, a homogen-
eous metallic overlayer is formed and the diffusiv-
ity of silver islands on this layer is high.

It should be emphasized that while the models
suggested above provide an interpretation of the
qualitative features of the observed contrast, other
more complex scenarios cannot be excluded. A
full theoretical analysis as well as further studies
which should involve a systematic variation of the
doping levels should eventually bring about the
potential for a quantitative determination of the
position of the Fermi level at the metal-semicon-
ductor interface. This could establish PEEM as a
novel tool for the quantitative investigation of the
electronic structure of interfaces, with the capabil-
ity of observations in real time.
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