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Ultrathin Ag films on H:Si „111…-1Ã1 surfaces deposited at low temperatures
T. Müller and H. Nienhausa)

Laboratorium für Festkörperphysik, Gerhard-Mercator-Universita¨t Duisburg, Lotharstrasse 1,
47048 Duisburg, Germany

~Received 23 July 2002; accepted 28 October 2002!

The growth, structure, and electronic properties of thin Ag films on H-terminated Si~111! surfaces
were investigated with Auger electron and photoelectron spectroscopy~and atomic force and
secondary electron microscopy!. The films were either evaporated at room temperature~RT! or
deposited at low temperature~LT! and subsequently annealed to RT in the thickness range between
1 and 50 monolayers~0.2–12 nm!. The LT preparation leads to large Ag islands on a wetting
monolayer which form a continuous Ag film above a critical thickness of 30 monolayers. Ultraviolet
photoelectron spectra and work function measurements reveal a~111! surface orientation of the Ag
islands. In constrast, RT deposition results in Stranski-Krastanov growth of smaller and irregularly
shaped islands which do not form a continuous layer even up to film thicknesses of 45 monolayers.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1530714#
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I. INTRODUCTION

The growth of ultrathin metal films on semiconduct
surfaces is of fundamental interest as well as of high tech
logical relevance. It affects issues of thin film metallizati
and the design of electronic devices on the nanometer s
Recently, large-area metal-semiconductor~Schottky! diodes
with metal films in the thickness range of 10 nm were us
as detectors for chemically induced hot charge carriers1–4

High sensitivities were achieved with Ag/Si~111! diodes
which were fabricated by Ag evaporation on hydroge
terminated Si~111! substrates at low temperature~LT! and
subsequent annealing to room temperature~RT!. The corre-
sponding chemicurrent strength is significantly determin
by structural properties of the ultrathin Ag film.

The relationship between the morphology of thin A
films on Si and deposition conditions has been investiga
extensively in recent decades. However, few studies are
cused on the growth of thin metal films on H-terminated
surfaces and mostly at substrate temperatures above RT5–20

In a series of papers Oura and co-workers demonstrat
Volmer-Weber growth mode of Ag on H:Si~111! at 600 K
leading to flat, single-domain islands with~111!
orientation.5–7 This quasi-layer-by-layer growth of the is
lands was recently applied to characterize surface states
Fermi surfaces of thin Ag films by angular resolved pho
emission spectroscopy.14 The different growth of Ag on clean
and H-terminated Si~111! surfaces has been attributed to
enhanced surface migration and an increased nucleation
density due to the hydrogen termination.5 Depth-resolved
measurements of hydrogen using a resonant nuclear rea
revealed that Ag deposition at 360 K leads to out-diffusion
interfacial hydrogen toward the Ag surface.13 If the metal is
evaporated at 110 K, hydrogen atoms stay at the Ag/Si in
face. However, annealing to RT promotes the hydrog
depletion at the interface again. Thus, the altered gro
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mode is most likely due to a different reconstruction of t
pristine Si-737 and the H:Si-131 surfaces.

Recently, extremely flat and thin metal films on differe
semiconductor surfaces were achieved by LT evapora
and subsequent annealing to RT.21–28 For H-terminated
Si~111! surfaces, little is known about how this techniqu
affects the Ag film growth. Similar studies of Cu evaporati
on H:Si~111! demonstrated that the Schottky diode propert
are effectively changed during annealing.29 The present study
addresses issues of the morphology and electronic prope
of LT-deposited and annealed Ag films on H:Si~111!-131
which are now routinely used for detection of reacti
chemical species.

II. EXPERIMENTAL DETAILS

The samples are cut fromn-type doped Si~111! wafers
with resistivities between 1 and 10V cm. The surfaces are
cleaned and terminated with hydrogen atoms by w
chemical treatments. After subsequent cleaning in ultraso
baths of acetone, ethanol, and deionized water for 5
each, the samples are etched in hydrofluoric acid~40%! for 1
min. Two minutes prior to removal of the sample, the etch
is buffered by adding an aqueous solution
HF:NH4F:NH4OH until pH511 to avoid step formation
Eventually, transfer of the H-terminated passivated samp
into ultrahigh vacuum~UHV! occurs within 20 min.

Metal deposition and analysis of the surface proper
are performed in a UHV double-chamber system at a b
pressure of typically 10210hPa. Ag films are evaporated o
the H:Si~111! surfaces at either RT or low substrate tempe
ture of ~210610! K by use of an effusion cell. The depos
tion rate is adjusted to approximately 0.01 nm/s. Duri
evaporation the background pressure increases to betw
4310210 and 231029 hPa. Samples with Ag films de
posited at LT are annealed to RT within 8 h. Throughout t
article the metal film thickness is given in monolayers~ML !
where 1 ML50.236 nm, which corresponds to the distan
between neighboring Ag~111! planes.
© 2003 American Institute of Physics
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The chemical composition of the surface is studied w
electron induced Auger electron spectroscopy~AES! with a
primary electron energy of 3 keV and high-resolution ele
tron energy-loss spectroscopy~HREELS!. The Auger spectra
are recorded in the first-derivative mode. They reveal
sidual carbon and oxygen contaminations of t
H-terminated Si~111! surfaces close to the detection limit o
the apparatus, i.e., a few percent of a monolayer. HRE
spectra of H:Si~111! surfaces exhibit pronounced featur
due to Si-H bending and stretching vibrations at loss ener
of 80.6 and 259.8 meV, respectively. Low-energy elect
diffraction shows bright 131 spots of the hydrogen-covere
Si surface indicating an excellent hydrogen termination.

The Ag film morphology on the micrometer scale is i
vestigated by secondary electron microscopy~SEM! with
electrons of 20 keV and atomic force microscopy~AFM! in
tapping mode under ambient atmosphere. Both methods
quire a transfer of the samples outside UHV. The electro
properties of the surfaces are investigated by ultraviolet p
toemission spectroscopy~UPS! with 21.2 eV photons origi-
nating from a HeI discharge lamp.

III. RESULTS AND DISCUSSION

A. AES results: Ag film growth

To study the growth of Ag films on H-terminated Si~111!
surfaces, the ratio of the AES intensites of the Si(LMM ) line
at 91 eV and the Ag(M4N4,5N4,5) feature at 355 eV was
measured as a function of the Ag coverageQ. The data for
RT deposition~open circles! and LT deposition with anneal
ing ~solid circles! are plotted in Fig. 1 on a double logarith
mic scale. The dashed line is a linear fit through the RT d
demonstrating aQ21 dependence of the intensity ratio. Th

FIG. 1. AES intensity ratioI Si /I Ag as a function of the nominal Ag coverag
on H:Si~111!. Solid circles: deposition at LT and annealing to RT; op
circles: deposition at RT. Above 30 ML at LT deposition, no substrate sig
is detected. The dashed line represents a linear fit and the solid line is m
to guide the eye.
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LT data obey the same trend up to a coverageQc>30 ML.
Beyond, the substrate signal is below the detection limit a
the data are placed on the detection limit line in Fig. 1.
addition, the LT intensity ratios are slightly smaller than t
corresponding RT values at the same coverage. As expla
below, this behavior is typical for metal island growth whe
LT evaporation and annealing lead obviously to continuo
Ag films aboveQc . In contrast, RT deposition gives ope
Ag layers which do not cover the Si substrate completely
to the maximum studied coverage of 45 ML.

To elucidate the growth mode, the AES data are cal
lated within a continuum model. Three different modes d
picted in Fig. 2 will be discussed: epitaxial layer-by-layer
Frank–van-der-Merwegrowth @Fig. 2~a!#, growth of islands
of identical height orVolmer-Webergrowth @Fig. 2~b!#, and
the intermediate orStranski-Krastanovmode, i.e., island
growth on a wetting layer of 1 ML@Fig. 2~c!#.

In the case of epitaxial layer-by-layer growth as sho
in Fig. 2~a!, the Auger intensity of the Ag(MNN) line may
be expressed as

I Ag5I psAgE
0

d

exp@2jAgx#dx

5I psAgjAg
21~12exp@2jAgd# ! ~1!

where I p is the primary electron beam intensity,sAg is a

l
ant

FIG. 2. Different layer models:~a! epitaxial layer-by-layer growth;~b! true
island growth;~c! Stranski-Krastanov growth with wetting layer of 1 ML
thickness.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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material-dependent factor which includes cross sectio
atom densities, and analyzer and sample properties affec
the detection efficiency, and

jAg5S 1

lp
1

1

lAg cosa D ~2!

contains the energy-dependent, average penetration dep
electrons in matter, which arelp(3 keV)54 nm and
lAg(355 eV)51 nm for the primary and Ag Auger electron
respectively.30 In Eq. ~2!, a543.6° denotes the acceptan
angle of the cylindrical mirror analyzer so thatjAg

51.63 nm21. Likewise, the intensity of the Si(LMM ) Auger
peak may be written as

I Si5I psSijSi
21 exp@2jSid#. ~3!

An escape depth oflSi(91 eV)50.45 nm ~Ref. 31! yields
jSi53.32 nm21. The film thicknessd is proportional to the
coverage, i.e.,d5dMLQ with dML50.236 nm. Thus, in the
case of epitaxial growth, the Auger intensity ratio depends
the Ag film thickness as

S I Si

I Ag
D

epi

5C
exp@2jSid#

12exp@2jAgd#
~4!

FIG. 3. Calculated Auger intensity ratioI Si /I Ag within the different models
of Fig. 2. ~a! epitaxial growth;~b! true island growth withQc530 ML; ~c!
Stranski-Krastanov growth withQc530 ML. Solid circles: LT data from
Fig. 1.
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with the constantC5sSijAg /sAgjSi . The constantC is
equal to the Auger intensity ratio of the Si line measured a
pristine Si surface and the Ag line recorded from a thick
film. It is measured asC'0.5. Expression~4! is plotted as
dash-dotted line~a! in Fig. 3 on a double-logarithmic scale
The ratio decreases rapidly with increasingd due to the ex-
ponential attenuation of the substrate signal.

The situation is completely different for true islan
growth as defined in Fig. 2~b!. The parameterb5FAg /F tot

measures the ratio between the area of the islands and
total area, i.e., the percentage of the covered Si substrate
assume that the island area is proportional to the isl
height d. By introducing the continuous film thicknessdc

whereb51, it follows that

b5H d/dc for d<dc ,

1 else .
~5!

The relation betweend andQ is now nonlinear since

d5
dMLQ

b
5HAdMLdcQ for d<dc ,

dMLQ else,
~6!

and the Auger intensity of the Ag line may be written as

I Ag5bI psAgjAg
21~12exp@2jAgd# !. ~7!

The intensity of the Si line consists of two componentsI S1

and I S2 from the uncovered and covered substrate areas
cording to

I Si5I S11I S25I psSijSi
21$~12b!1b exp@2jSid#%. ~8!

The intensity ratio for true island growth obeys the relatio

S I Si

I Ag
D

island

5C
dc /d1exp@2jSid#21

12exp@2jAgd#
~9!

which is proportional to 1/d in the film thickness interval
j21,d,dc . In Fig. 3, the corresponding relation is plotte
as a dashed line~b! for Qc530 ML and follows a straight
line well belowQc5dc /dML . At the critical value, when the
islands rapidly form a continuous metal layer, the ra
shows a singularity on the logarithmic scale. The measu
LT data from Fig. 1 are included in Fig. 3 as solid circle
The qualitative behavior of the data is well described with
the island growth model. However, the quantitative agr
ment is poor. Therefore, Stranski-Krastanov growth is
vored to describe the observed variation of the Auger int
sities.

For the intermediate growth mode, a wetting layer o
ML is assumed as shown in Fig. 2~c!. The Auger intensities
of the substrate and the metal lines may be decomposed
two summands so that the intensity ratio may be written
S I Si

I Ag
D

SK

5C
d/dc exp@2jSid#1~12d/dc!exp@2jSidML#

d/dc~12exp@2jAgd# !1~12d/dc!~12exp@2jAgdML# !
~10!
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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in the range 1 ML,Q<Qc where the metal thickness an
coverage are related by

d5dML1~Q21!dML /b

50.5~dML1AdML
2 14dMLdc~Q21!! ~11!

with dc5dMLQc . For coverages below 1 ML, the rati
obeys Eq.~9! according to true island growth. In Fig. 3, E
~10! is plotted as a solid line~c! and is in good agreemen
with the LT data.

For RT deposition on H:Si~111!, the Si substrate signa
does not vanish up to Ag film thicknesses of 45 ML. App
ently, the RT growth follows a Stranski-Krastanov behav
as well. Within the model assumptions, the ratiod/b be-
tween the thickness of the Ag film and the percentage of a
covered by islands is equal todc , i.e., increasing values o
dc imply the growth of metal islands of decreasing area a
growing height. Thus, RT deposition leads to islands o
wetting layer which are larger in height but smaller in ar
than for LT evaporation and subsequent annealing.

B. SEM and AFM results: Ag film morphology

The morphology of the films was studied by using SE
and air-ambient AFM for Ag film thicknesses above the co
tinuous film valuedc for LT deposition. The images wer
taken after transferring the samples out of UHV. In Fig.

FIG. 4. SEM images of Ag layers on H:Si~111!. ~a! 42 ML Ag film depos-
ited at RT;~b! 34 ML Ag film deposited at LT and annealed to RT.
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two normal-emission SEM images are shown where the
panel@Fig. 4~a!# refers to a 42 ML film deposited at RT o
H:Si~111!. The Ag layer is composed of partly coalescin
metal islands of nonuniform shape very similar to SEM im
ages of Ag films on H:Si~111! reported by others.9,12 The
islands in Fig. 4~a! cover approximately 78% of the tota
area. According to the presented growth models, the crit
thicknessdc5d/b may be estimated as approximately 5
ML. However, inserting this value in Eq.~10! leads to a poor
agreement with the RT data, indicating the limitations of t
model especially for describing RT growth.

Figure 4~b! shows the SEM image of a 34 ML Ag film
deposited at LT and annealed to RT. As expected for
layers aboveQc , the film is continuous. However, a few
holes of 20–80 nm in diameter are observed. The depths
origin of the holes are not known but they may be related
substrate contamination which locally affects the lay
growth.

AFM was applied to investigate the surface roughness
shown in Fig. 5. The top panel@Fig. 5~a!# shows an image
with the corresponding cross-sectional scan of a 30 ML
film on H:Si~111! evaporated at RT. The film consists o
small irregular islands similar to the pattern of Fig. 4~a!. The
cross section shows deep valleys in the range of the nom
thickness of 7 nm which are typical for an ultrathin wettin
layer. In Fig. 5~b!, the results from a 34 ML thick Ag film
deposited at LT are presented. Similarly to the RT case,
surface is rough, exhibiting deep valleys, but the islands
more extended and have a circular shape. From SEM
known that the film is continuous, i.e., the valleys do n
expose the Si substrate. The different island distributions
in good qualitative agreement with the AES results wh
suggested smaller island area/thickness ratios for
deposited films than for LT evaporation and annealing.

C. UPS results: electronic properties and orientation
of LT Ag films

The electronic properties of thin Ag films deposited
LT on H:Si~111! surfaces and annealed to RT were stud
with photoelectron spectroscopy. In Fig. 6, UP spectra
different nominal Ag layer thicknesses are presented. T
spectrum at the bottom of the figure was recorded from
uncovered, H-terminated Si~111!-131 surface exhibiting two
characteristic Si~111! structuresB1 andB2 and an extrinsic
surface state~Si-H! at 5.75 eV below the Fermi level.32

The formation of Ag structures with increasing met
layer thickness is demonstrated in the four top UP spectr
Fig. 6. Electron emission from the Fermi level can be d
tected for nominal coverages above 1 ML in agreement w
the growth model that first a~nonmetallic! wetting layer of 1
ML thickness is formed on which~metallic! islands grow.
The same behavior is observed in the development of
three structures Ag1 to Ag3 of the Agd band. They signifi-
cantly change position and intensity in the coverage reg
around 1 ML when dominant electron emission from met
lic Ag bonds starts to exceed emission from Ag-Si bon
Similar energy shifts have been observed during Ag dep
tion on Si~111!-737 and Ag:Si~111!-)3) surfaces.33
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Above 1 ML the changes of the spectra in Fig. 6 are o
marginal.

The energy position of the three dominatingd-band
structures in UP spectra recorded with a cylindrical mir
analyzer using HeI radiation are dependent on surface orie
tation. At the top of Fig. 6, the UP line positions are indicat

FIG. 5. AFM images and cross sections of Ag layers on H:Si~111! recorded
under ambient atmosphere.~a! 30 ML Ag film deposited at RT;~b! 34 ML
Ag film deposited at LT and annealed to RT.
Downloaded 06 Jan 2003 to 134.91.160.49. Redistribution subject to A
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for three differently oriented single-crystalline Ag surfac
from Ref. 34. The broader marker lines represent the ene
position of the most intense UP structure in each spectr
The observed features in the measured spectra from thin
films on H:Si~111! agree well with results from Ag~111! sur-
faces, demonstrating the predominantly~111! orientation of
the Ag islands.

The variation of the work functionF as a function of the
nominal Ag layer thickness gives additional evidence for
~111! orientation as shown in Fig. 7. TheF values were
obtained by taking the energy difference between the lo
energy UP spectrum onset and the Fermi level. The w
function of the H-terminated Si~111! surface was measure
on a large number of different samples, yielding a value
4.5 eV. Evaporating extremely thin Ag films at LT and a
nealing reduces the work function to approximately 4.2
which is close to the value of polycrystalline Ag surface
The work function increases with film thickness and reac
~4.6560.15! eV for films above 20 ML. This value is slightly

FIG. 6. UP spectra of Ag films on H:Si~111! surfaces recorded with HeI
photons~21.2 eV!. The Ag films were depositied at LT and annealed. T
bottom spectrum is recorded from an uncovered surface. The top show
major Agd-band features of UP spectra from differently oriented, sing
crystalline Ag surfaces~Ref. 34!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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smaller than the work function of single-crystalline Ag~111!
surfaces at 4.74 eV.35 The remaining discrepancy may b
attributed to the enhanced surface roughness of the fi
which is expected to reduce the work function.

LEED images~not shown here! of samples with Ag
films above the critical thickness show Ag induced we
spots. In agreement with the concluded~111! orientation of
the islands, the spots are arranged hexagonally and ex
the same azimuthal orientation as the Si~111! substrate.

IV. SUMMARY

The growth and properties of thin Ag films o
H-terminated Si~111! were investigated with Auger and pho
toelectron spectroscopy and atomic force and secon
electron microscopy. The films were either evaporated at
or deposited at LT~210 K! and subsequently annealed to R
The growth mode and Ag film quality differ significantl
after the two preparation processes. RT and LT deposi
followed by annealing lead to island growth on an ultrath
Ag wetting layer. However, the LT-grown and annealed
lands are much larger and form a continuous Ag film abov
critical thickness of 30 ML. In contrast, the RT films a
discontinuous even above nominal coverages of 45 ML
exhibit a complicated and open island structure. From the
spectra and work function results of LT-deposited Ag layer
predominantly~111! orientation of the islands can be co
cluded.

FIG. 7. Variation of work function with nominal Ag film thickness. The A
films were depositied at LT and annealed to RT. The open circle repres
the work function of the H:Si~111! surface. The dashed line is meant
guide the eye and the solid lines show the work functions of sing
crystalline Ag~111! and polycrystalline Ag surfaces.
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