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Initial stages of metal Õorganic semiconductor interface formation
I. G. Hill,a) A. J. Mäkinen, and Z. H. Kafafi
Optical Sciences Division, Code 5615, U.S. Naval Research Laboratory, Washington, DC 20375

~Received 22 March 2000; accepted for publication 10 April 2000!

We have used photoelectron spectroscopies to study the metal/organic semiconductor interfaces
formed by depositing three different metal–quinolate derivatives on Ag, with the goal of better
understanding the initial stages of interface formation. We find very consistent results at all three
interfaces, which exhibit strong energy level shifts within the first molecular layer, followed by a
nearly ‘‘flat-band’’ condition. These results were analyzed in the context of the interface dipole and
‘‘band-bending’’ models. We conclude that the interface dipole model, extended to account for the
differences in polarization screening in the first molecular layer, most accurately describes our
findings. In this article we present the most thorough description of the early stages of metal/
molecular organic semiconductor interfaces to date. ©2000 American Institute of Physics.
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I. INTRODUCTION

Organic semiconducting materials have now reached
early stages of commercialization, with organic-based sm
area electroluminescent displays being used in consu
electronic devices such as cellular phones. Despite the re
technological success of these materials, relatively little
understood about the charge injection and transport
cesses in organic semiconductor devices. A detailed un
standing of the charge injecting interfaces is crucial to a
lyzing these processes.

Several research groups have used surface science
niques to study the formation of interfaces between me
and organic semiconductors, but a consensus on the ana
of these studies has yet to be reached. Two schools
thought have emerged which attempt to explain the ene
alignment of the molecular orbitals with the Fermi energy
the substrate metal: interface dipoles and ‘‘band bending

The interface dipole scenario, in the context of met
organic semiconductor interfaces, was originally propo
by Seki and co-workers,1,2 and has been supported by th
work of others.3–7 In this model, a charged double layer e
ists at the interface. This effective separation of charge m
be the result of any number of processes, including mole
lar polarization induced by the electronic image force, po
bond formation between the organic and the metal subst
or charge transfer across the metal/organic interface.
double layer can be thought of as a parallel plate capacito
an electric field exists between the plates, vanishes out
the plates, and results in a potential difference between
two plates. An interface dipole therefore results in an abr
change in electrostatic potential energy at the interface. T
energetic change manifests itself as an offset between
vacuum levels of the substrate metal and the organic mol
lar overlayer as measured by ultraviolet photoelectron sp
troscopy~UPS!. Prior to the findings of Seki and co-worker
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it was widely assumed that the vacuum levels would sim
align, making the determination of charge injection barrier
simple matter of calculating the difference between the m
work function and the electron affinity or ionization potenti
~IP! of the organic solid.

The magnitude of the interface dipole is determined
measuring the surface vacuum level position as a functio
organic overlayer thickness. The assumption is made
there is no band bending present, which would also shift
vacuum level. This assumption is normally justified by t
small film thickness over which the shifts are observed~'1
ML !, and the extremely low conductivities of these mate
als, which imply an absence of free charge carriers. T
assumption has been further justified by Sekiet al.8 using
Kelvin probe measurements to show that no detectable b
bending occurs in'1000 Å layers of N8,N8-diphenyl-
N,N8-bis~3-methylphenyl!-1,18 biphenyl-4,48-diamine~TPD!
deposited on Au, Cu, Ag, Mg, and Ca.

There exists a great deal of misunderstanding, both
the organic surface science and organic semiconductor
vice communities, regarding the use of the term band be
ing. The term originates from the study of traditional cry
talline inorganic semiconductors, where the characteri
energy levels of the occupied valence and unoccupied c
duction states are described by delocalized wave functio
The shifting of these levels over some distance within
semiconductor is referred to as band bending.9 The origin of
this effect, however, has nothing to do with the existence
delocalized states. Rather, it is purely an electrostatic eff
where the potential energy of a given state@conduction and
valence bands; highest occupancy molecular orb
~HOMO! and lowest unoccupied molecular orbital~LUMO!#
becomes a function of position within a material, due to t
presence of an electric field. Band bending usually refers
the situation where the mathematical form describing the
ergy levels as a function of position within the solid exhib
curvature. This curvature implies a net charge dens
present in the material, resulting in a nonzero second der
tive of the electrostatic energy.9 It is therefore possible to

il:
© 2000 American Institute of Physics
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estimate the net charge density from the measured curva
of the electrostatic shifts. Furthermore, because a net ch
density can only result from the removal of charges from
initially neutral material, the curvature implies the presen
of mobile carriers in the bulk, which have been swept fro
the volume which exhibits band bending. Given this defi
tion, we wish to stress that although band bending may
be the most desirable of terms to describe shifts in orga
molecular materials, it is, in fact, a reasonable phenome
to discuss. However, one may question the validity of
scribing a molecular level ‘‘bending’’ over a length sca
comparable to the dimensions of an individual molecule.

Despite the evidence presented by the groups of S
and Kahn, others have proposed that the UPS data ca
explained by band bending.10–13 Most notably, Schlaf
et al.11–13have used x-ray photoelectron spectroscopy~XPS!
analysis of atomic core levels, alone and in conjunction w
UPS measurements of the valence structure and vac
level, to measure energy shifts as a function of overla
thickness. Their analysis does not preclude the existenc
an interface dipole, but rather they assign a value to
band-bending energy (Vb) equal to the shifts of the XPS cor
levels. The magnitude of the interface dipole, they asser
equal to the measured vacuum level shift, minusVb . This
analysis assumes that the atomic core levels shift rigidly w
the valence features, such as the HOMO. The interpreta
of core level shifts may be complicated by chemical inter
tions at the interface, resulting in shifts of the core leve
which may be mistaken for band bending.

The difficulty of determining the true film thicknes
complicates the analysis in either the interface dipole
band-bending scenarios. In the former model, one would
a reasonable estimate of the thickness at which the first
lecular layer is complete, given that an interface dip
should form within the first layer. In the latter, the thickne
over which a given energy shift occurs is used to estimate
required mobile carrier density. This density can then
compared with the measured transport characteristics of
material to test whether or not the results are physically r
sonable. Unfortunately, as many of the organic thin fil
have not been well characterized, the thin film bulk densit
typically unknown and must be estimated. In addition,
sticking coefficients for the organic molecules on the s
strate metal films are also unknown. There is therefore a v
large systematic error present in the experimental film thi
nesses reported in the literature.

In this study, we have investigated the interfaces form
by depositing three metal chelate molecular films~Fig. 1!:
Gaq3 @tris-~8-hydroxyquinolato! gallium#, Alq3 @tris-~8-
hydroxyquinolato! aluminum#, and Almq3 @tris-~4-methyl-8-
hydroxyquinolato! aluminum# on Ag. We have paid particu
lar attention to the evolution of the molecular energy lev
at low coverages in order to distinguish between band be
ing and interface dipoles. Finally, we have accurately c
brated our film thicknesses using ellipsometry.

II. EXPERIMENT

The substrates used in this study were Ag foils~99.99%,
Sigma-Aldrich!, which were prepared in ultrahigh vacuu
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~UHV! by Ar ion sputtering, and the cleanliness verified u
ing XPS. The organic materials, purified by train sublim
tion, were deposited on these substrates under UHV co
tions ~typically 1029 Torr) in a sample preparation chambe
which was connected to a main analysis chamber~base pres-
sure 5310211Torr) such that the samples were not expos
to air. UPS and XPS studies were conducted using an O
cron multiprobe system, utilizing a hemispherical elect
static energy analyzer, a He discharge lamp, and a S
double anode~Mg and Al! x-ray source. The overall energ
resolution was determined to be'50 meV for UPS, and'1
eV in XPS, which in practice was limited by the AlKa line
width at low pass energies, and by the analyzer resolutio
higher pass energies.

During the experiment, the film thicknesses were e
mated using a quartz crystal microbalance, assuming a
density of 1.5 g cm23, which has been reported for thin film
of Alq3.

14 These thicknesses were later calibrated by dep
iting nominally 100 Å thick films on flat Si~100!/native oxide
substrates, and measuring the actual thickness using e
sometry. Using this method, we have estimated our exp
mental film thickness error to be'10%, considering the un
certainty in the ellipsometry measurements, the scatte
results taken at various locations on the same sample, an
effect of varying unknown parameters, such as the dielec
constant of the quinolate films.

III. RESULTS

XPS core level peak positions, and UPS HOMO pe
positions were determined by nonlinear least squares fit
of Gaussians to the data after appropriate background
straction. For XPS, the background was assumed to be o
Shirley form, which accounts for inelastic electron scatt
ing, and for UPS a polynomial fit to the background on eith
side of the peak was used. Gaussian peaks were used, i
case of XPS, due to the instrumental resolution limited
ture of the measurement. In UPS, the nature of the HOM
derived density of states in these disordered films has b
previously modeled as the superposition of individual m
lecular states with slightly varying binding energies, due
disorder, which appear as a normal distribution about a m
binding energy.15

FIG. 1. Structures of the molecules used in this study.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Gaq3 was chosen for XPS studies, as the photoionizat
cross section of Ga at the photon energies available is m
greater than that of Al, allowing accurate measurements
the metal core level energies at much lower coverages
would be possible with Alq3. The measured C 1s and Ga 2p
core levels are presented in Fig. 2. Both core levels
clearly visible at the lowest film thickness of 1 Å, and appe
to shift to lower kinetic energy~higher binding energy! with
increasing thickness, as has been previously reported.12 The
uncertainty in the binding energies is of the order of 1
meV, and the shifts of the Ga and C core levels appear to
equal, within experimental uncertainty, implying a rigid sh
of the core level binding energies with increasing covera
This implies that the electron distributions around the Ga
C atoms do not change appreciably with increasing cover

Alq3 and Almq3 were studied using UPS. Examples
the UPS data for Alq3 and Almq3 deposited on Ag are show
in Figs. 3 and 4, respectively. In both cases, the orga
HOMO is visible at the lowest coverage of 1 Å, and appe
to shift to higher binding energy with increasing coverag

FIG. 2. XPS core levels measured during the formation of the Gaq3 /Ag
interface.~a! C 1s core level.~b! Ga 2p core level. Vertical lines are in-
tended as a guide to the eye. Actual peak positions were determined
peak fitting routines.
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following much the same pattern as the atomic core level
Gaq3. Included in Figs. 3 and 4 are the low energy onsets
photoemission, which indicate the vacuum levels of the s
faces. The UPS data also indicate that the first molec
layer is completely formed prior to a film thickness of'16
Å, given the approximate probing depth of 5 Å, and the fa
that the substrate Ag features and Fermi level are comple
suppressed at this coverage. The nominal thickness of
first molecular layer can be estimated to be'10 Å given the
measured bulk density and the molecular mass of the qu
lates. It is interesting to note that the diameter of a sph
which would enclose a single Alq3 molecule is'20 Å,16

implying that the molecules are significantly interdigitated
the bulk film.

Upon first inspection, we note that although the directi
of the vacuum level shifts in Figs. 3 and 4, as well as
length scale over which the shifts occur, appear to be c
sistent with the observed HOMO shifts, the magnitudes
the shifts differ considerably. While the reason for this d
crepancy is not immediately evident, it is, in fact, essentia
the analysis and will be discussed in detail in the n
section.

IV. DISCUSSION

We will first discuss the core level shifts observed at t
Ag/Gaq3 interface, and the HOMO shifts at th

ing

FIG. 3. UPS spectra of Alq3 deposited on Ag.~a! onset of photoemission
indicating the vacuum level of the surface.~b! spectral region around the
Alq3 HOMO. Tick marks are intended as a guide to the eye.

FIG. 4. As in Fig. 3, for Almq3 deposited on Ag.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Ag/~Alq3 or Almq3! interfaces. The relative positions of th
Ga 2p core levels are presented in Fig. 5~a!. We will now
proceed to analyze the core levels shifts in terms of the
proposed models—band bending and interface dipole for
tion.

Using the simple depletion approximation9 we assume
that the depletion region~where the band bending occur!
contains a constant net charge density due to ionized im
rities and the absence of free carriers, which have been s
from the region by the resulting electric field. The ener

FIG. 5. Relative shifts of XPS core levels@panel~a! Gaq3# and HOMO and
vacuum levels@panels~b! Alq3, ~c! Almq3#. Panel~a! includes a quadratic fit
to the data, applicable to a band-bending analysis, as well as an estim
the thickness corresponding to the completion of the first molecular laye
the interface dipole model.~b! and~c! also indicate the change in molecula
IP as a function of overlayer coverage.
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levels should be described by a simple quadratic polynom
Outside the depletion region, the net charge density is z
and the levels are constant. A quadratic fit to the core lev
is shown in Fig. 5~a!. This fit results in a depletion width o
'16 Å, which would require an ionized impurity concentr
tion ~and therefore a free carrier concentration in the bulk! of
'531019cm23. This is clearly unreasonable given the u
per limit of 1012cm23 which has been placed on the fre
carrier density in bulk Alq3 by transport measurements.17 In
addition to the unreasonable carrier concentration require
produce band bending, one cannot describe the molec
energy levels as shifting continuously on this length sca
given the effective diameter of a single quinolate molec
~'20 Å!. Band bending, by definition, describes the shifts
energy levels as a function of position in, or thickness of
film. Below the monolayer coverage~'10 Å!, the thickness
of the film does not actually increase with increasing de
sition. Rather, it is the molecular areal density on the surf
which increases. Shifts observed during the deposition of
first molecular layer cannot, by definition, be described
band bending. We therefore conclude that the observed s
are not due to simple electrostatic band bending.

We will now consider these shifts in the context of th
formation of an interface dipole. First, we assume that
organic molecule placed on a clean metal surface will
polarized, perhaps by the electronic image force just outs
the surface.1,2,4,5The image force decays as 1/r 2, wherer is
the distance from the metal surface. We will therefore
sume, in the first approximation, that only the first molecu
layer will be polarized. We will also assume that the ind
vidual dipoles do not interact. The latter assumption
clearly valid at low coverages, where the intermolecular d
tances are relatively large. As noted previously, the first m
lecular layer will be completed at a nominal coverage
'10 Å, so the lowest coverages examined here should
well described by this approximation.

The presence of polarized molecules on the surface
the metal will produce a localized electric field, shifting th
surface vacuum level to lower energy, facilitating the esca
of electrons from the surface. The magnitude of the vacu
level shift ~interface dipole! will be proportional to the area
density of polarized molecules,18 and therefore the vacuum
level shift should be linear with the molecular covera
~nominal thickness! at low coverages. If the IP of the mol
ecules is not significantly altered by the polarization, t
atomic core levels should shift rigidly with the vacuum leve
Within our above assumptions, we would predict these sh
to continue until the first molecular layer is complete, a
that the levels should remain constant after its completi
The linear fits included in Figs. 5~a!–5~c! illustrate such a
scenario. The intersection of the low-coverage and hi
coverage fits should occur at a thickness corresponding to
completion of the first molecular layer. We note that t
monolayer thicknesses estimated using this procedure
61.2, 1261.2, and 1161.1 Å) are in reasonable agreeme
with the expected thickness of'10 Å, despite the simplify-
ing assumptions outlined above. We note here an impor
distinction between the band bending and dipole scenar
While band bending describes a continuous shift of the
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ergy levels with distance through the depletion region~un-
reasonable given the relative sizes of the resulting deple
region and a single quinolate molecule!, the interface dipole
described above results inall molecular levels shifting to-
gether as the first monolayer is completed. The energy le
observed after the first layer is completed are therefore
values used to describe charge injection barriers.

We will now discuss in detail the relationship betwe
the vacuum level shifts and HOMO shifts observed in
UPS studies of Alq3 and Almq3. Figures 5~b!–5~c! include
the vacuum level positions relative to their high-covera
values. We note that the vacuum level shifts are larger,
occur over a shorter distance than the observed HO
shifts. At first this seems to contradict the description of
formation of the interface dipole outlined above, where
assumed that the vacuum level and the molecular en
levels should shift rigidly. This was based on the assump
that the molecular IP is constant. We will now abandon t
assumption, and note that the change in the molecular I
equal to the difference between the relative vacuum level
HOMO positions in Figs. 5~b!–5~c!. This difference is also
included in the figure. The experiment illustrates that the fi
molecules deposited on the surface appear to have a h
IP than those at the surface of a bulk organic film~high
coverage values!. As the coverage is increased, the IP ofall
of the surface molecules decreases, reaching a minim
value, after which the IP increases and approaches tha
molecules at the surface of the organic film.

To understand the above changes in the molecular IP
must consider the IP of gas phase molecules, how, and
the IP is affected when a condensed film of the molecule
formed. In the condensed phase we must also conside
effect of the surface~as opposed to the bulk! on the mole-
cular IP.

For a vast number of organic molecules, the molecu
IP has been found to be'1.2 eV less in a condensed film
than in the gas phase.19 This decrease in IP is due to solid
state electronic polarization of the surrounding film, whi
screens the hole resulting from the removal of an elect
from a single molecule. The difference between the
phase and solid state IPs increases with the polarizabilit
the surrounding medium. At the surface of an organic m
lecular film, the IP is slightly higher than it is in the bulk, du
to the decreased coordination of the surface molecules. T
cally, the difference between the thin film bulk and surfa
IPs is'0.2–0.3 eV.20,21

We must now consider how the physisorption of a sin
organic molecule on a metallic surface affects the molec
IP. To do so, we will follow the procedure outlined b
Harrison22 to describe the change in IP of an O atom a
sorbed on a metal surface. We first consider the quino
molecule and metal surface to be separated sufficiently s
that the molecule can be described as being in the gas ph
We now imagine removing an electron from the HOMO, a
moving it an infinite distance from both the molecule and
metal surface. This requires, by definition, an energy equa
the gas phase IP. We now allow the molecular cation
move towards the surface. In doing so, it will experience
attractive force due to the electrostatic image force and
Downloaded 17 Oct 2003 to 129.173.21.202. Redistribution subject to A
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therefore lose potential energy. When the molecular ca
comes to rest on the surface, the change in potential en
can be calculated ase2/4r , wherer is the estimated distanc
of the positive charge from the metal surface. If we no
consider a neutral molecule on the surface, we will requ
an energy equal to the gas phase IPminusthe above change
in potential energy in order to remove an electron from
HOMO to infinity. This value is then the IP of a single mo
ecule adsorbed on a metal surface. For a quinolate mole
~diameter'20 Å!, and given that in UPS we are most se
sitive to electrons photoexcited from the quinolate ligan
farthest from the metal surface~given the finite probing
depth of '5 Å!, we estimate the photohole–metal surfa
distance to be'10 Å, predicting the molecular IP to be'0.4
eV smaller than the gas phase value. This implies that th
of a single, isolated, quinolate molecule on a metal surfac
'0.6 eV larger than a molecule at the surface of a quinola
film. While this result may seem surprising, given the mu
higher polarizability of the metal surface compared to t
molecular film, it is a result of the much lower coordinatio
of the isolated adsorbed molecule. Thus, we can rationa
the experimental observation of an increased molecular I
low coverages.

As the quinolate coverage is increased, but remains s
monolayer, the polarization screening will increase, as
individual molecule begins to be affected by the increas
number of nearest neighbor molecules on the surface. T
we expect that the molecular IP will decrease from the sin
adsorbate value as the first molecular layer is formed.
also predict that the IP should reach a minimum value at
completion of the first monolayer, as the polarizability of t
metal surface is greater than that of a plane of molecules
the second molecular layer forms, we predict that the IP
the outermost molecules should increase and approach
organic film surface value as the surface molecules are
longer affected by the subsurface metal interface. This
precisely what is observed in the experiment.

We can estimate the depth of the IP minimum as f
lows. We assume, given the probing depth of UPS~'5 Å!
and the size of the quinolate molecules~'20 Å!, that we are
predominantly sensitive to the surface molecules at each
thickness. In Figs. 6 and 7 we present six different envir
ments for a single molecule, and the resulting HOMO le
shifts due to differences in polarization screening, resp
tively. We have previously estimated the following diffe
ences in IP: The gas phase~1! and isolated adsorbate~2!
differ by '0.4 eV, the gas phase~1! and the bulk film~5!
differ by '1.2 eV, and the gas phase~1! and the surface of
the film ~6! differ by '1.0 eV. In Fig. 6, environment 5, we
have labeled three regions which surround a single molec
a, b, and c. From the above estimates, we conclude tha
polarization due to regions a and c are'0.2 eV each,
and region b contributes'0.8 eV. The minimum IP occurs
at the completion of the first molecular layer~3!, and the
total polarization energy is '0.4 eV~metal surface!
10.8 eV~region b!51.2 eV. This implies that the IP of the
monolayer~3! should be'0.2 eV smaller than that of the
bulk surface~6!. This is in excellent agreement with the me
sured IP minima@Figs. 5~b!–5~c!#. We also note that once
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the first molecular layer on the metal surface is buried~4!,
the IP of the first molecular layer will be further reduced
'0.2 eV, due to the screening of the overlayer. We wo
like to stress that the values given for the polarization en
gies are approximate, and are only provided to justify
above arguments.

Given the above analysis, we suggest that the most
propriate method of determining the film thickness cor
sponding to the completion of the first molecular layer
from the coverage at the minimum observed IP. The IP m
mum is found at 862 Å at both the Ag/Alq3 and Ag/Almq3

interfaces. Using the reported bulk density of Alq3,
14 and

assuming that the molecular density in the first molecu
layer is equal to that in the bulk, the nominal coverage c
responding to the completion of the first molecular layer i
Å, in excellent agreement with the IP minima positions.

In Fig. 8 we present molecular energy level diagrams
the Ag/Alq3 and Ag/Almq3 interfaces. The figure indicate
the UPS measured values of the interface dipole,D~1.1 and
1.2 eV!, and the binding energy, relative to the Fermi lev

FIG. 6. Different environments for a single molecule:~1! molecule in gas
phase,~2! isolated molecule on a metal surface,~3! one complete molecular
layer on a metal surface,~4! first molecular layer on metal surface, benea
a molecular film,~5! bulk molecular film, away from both the metal inte
face and the film surface, and~6! surface of a molecular film.

FIG. 7. Changes in HOMO and LUMO levels depending on the molec
environments in Fig. 6. The UPS measurements presented here have s
the HOMO in environments~2!, ~3! and ~6!.
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of the low binding energy edge of the HOMO derived pe
at the surface of the organic film~2.4 and 2.2 eV!. Three
regions within each organic film have been identified: T
first molecular layer~1!, the bulk of the film~2!, and the
surface ~3!. The discontinuities between the HOMO an
LUMO levels between these regions are due to the diff
ences in polarization screening, and are'0.2 eV. The
LUMO positions have not been measured, but rather h
been estimated using the measured optical gaps of 2.7
Note that the optical absorption gap is a bulk, and no
surface or interface property. This estimate of the LUM
level ignores excitonic effects, and the true LUMO levels a
probably farther above the Fermi level than indicated he

V. CONCLUSION

We have used x-ray and ultraviolet photoelectron sp
troscopies to study the organic/metal interfaces formed
depositing Gaq3, Alq3, and Almq3 on Ag. We have analyzed
the molecular and vacuum level shifts observed at low c
erages in terms of two proposed models: band bending
interface dipoles. Although the observed shifts resem
band bending, we have found that the band-bending ana
is unphysical, because of the length scales involved co
pared to the size of an individual molecule, and because
the large density of free carriers implied by the analys
Instead, we have found the results to be in complete ag

r
died

FIG. 8. Energy levels derived from the UPS studies.~a! Alq3 interface. 2.35
eV is the difference in energy between the metal Fermi level and the
binding energy edge of the HOMO derived peak at the surface of the t
film. Regions 1, 2, and 3 represent the first molecular layer, the bulk fi
and the surface, respectively. The HOMO/LUMO discontinuities at 1, 2,
3 are'0.2 eV. ~b! as above, for Almq3.
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ment with the formation of a layer of polarized molecules
the metal–organic interface, resulting in an interface dipo

Furthermore, through the relative shifts of the vacuu
and molecular levels we have gained a great deal of ins
into the formation of the dipolar layer, and the evolution
solid-state screening effects. We have presented a com
and consistent description of the evolution of these ene
levels during the formation of the first few molecular laye
We believe this to be the most comprehensive and deta
description of a metal–organic molecular thin film interfa
to date.

ACKNOWLEDGMENTS

This research was funded by the US ONR. One of
authors~AJM! acknowledges the NRC for administering th
postdoctoral program at NRL. The authors wish to thank
C. Dulcey for helping to perform the ellipsometry measu
ments, and Professor J. Kido for supplying the Almq3. IH
wishes to thank Professor A. Kahn for many discussions
the topic of polarization screening.

1H. Ishii and K. Seki, IEEE Trans. Electron Devices44, 1295~1997!.
2H. Ishii, K. Sugiyama, and K. Seki, Proc. SPIE3148, 228 ~1997!.
Downloaded 17 Oct 2003 to 129.173.21.202. Redistribution subject to A
t
.

ht
f
ete
y

.
d

e

r.
-

n

3A. Rajagopal and A. Kahn, J. Appl. Phys.84, 355 ~1998!.
4I. G. Hill, A. Rajagopal, A. Kahn, and Y. Hu, Appl. Phys. Lett.73, 662
~1998!.

5I. G. Hill, A. Rajagopal, and A. Kahn, J. Appl. Phys.84, 3236~1998!.
6S. T. Lee, X. Y. Hou, M. G. Mason, and C. W. Tang, Appl. Phys. Lett.72,
1593 ~1998!.

7T. Mori, H. Fujikawa, S. Tokito, and Y. Taga, Appl. Phys. Lett.73, 2763
~1998!.

8K. Seki et al., Proc. SPIE3797, 178 ~1999!.
9S. M. Sze,Physics of Semiconductor Devices, 2nd ed.~Wiley, New York,
1981!.

10T. Shimada, K. Hamaguchi, A. Koma, and F. S. Ohuchi, Appl. Phys. L
72, 1869~1998!.

11R. Schlafet al., J. Appl. Phys.86, 1499~1999!.
12R. Schlafet al. Surf. Sci.450, 142 ~2000!.
13R. Schlaf, C. D. Merritt, L. A. Crisafulli, and Z. H. Kafafi, J. Appl. Phys

86, 5678~1999!.
14C. H. Marée et al., J. Appl. Phys.84, 4013~1998!.
15V. I. Arkhipov, E. V. Emelianova, Y. H. Tak, and H. Ba¨ssler, J. Appl.

Phys.84, 848 ~1998!.
16G. Kushto, Fromab initio calculations—private communication.
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