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We study the electrostatic effects of thin organic films in modifying the interface physics of metal/
semiconductor Schottky contacts. We work out analytically the electrostatic parameter space pointing out
where interface state effects exceed space-charge effects and vice versa. This is done by introducing another
treatment of the electrostatic problem. We also find that the image force effect on the barrier height due to the
insertion of a material with lower dielectric constant than the semiconductor in between the Schottky contact
is small but positive. This is in contrast to what might be expected from effective-medium theory. We conclude
with an examination of ballistic electron emission microscopy results of pentacene modified Au /n-Si�111�
Schottky diodes as a case study. Using the tools fore mentioned, we infer the local charge neutrality level and
density of interface gap states �to an area of 500�500 nm2� from barrier height statistics and pentacene
monolayer heights.

DOI: 10.1103/PhysRevB.79.165313 PACS number�s�: 73.30.�y, 77.55.�f, 73.20.�r, 73.40.�c

I. INTRODUCTION

There has been much interest of late in the modification of
interface physics with molecular layers. Recent efforts in-
clude the use of molecular layers1 or thin organic films2 in
the construction of hybrid organic-inorganic devices and at-
tempts to elucidate transport mechanisms across these modi-
fied interfaces.3 One approach to examining the effects of
these layers on interface physics is modifying well-known
junctions by adding organic layers in between and measuring
the changes in the junction characteristics. The Schottky con-
tact is one such example. Several studies2,4–9 show that the
addition of these films changes the barrier heights observed.
However, some of the mechanisms responsible for these re-
main unclear. For instance, Kampen and co-workers2 attrib-
uted the barrier lowering he observed to image force effects
while others4,5 observed changes in the space-charge region.
The variety of molecules, preparation methods, and sub-
strates used occlude the interface physics. In particular, the
use of macroscopic measurement techniques such as current-
voltage and capacitance-voltage �I-V and C-V� makes it hard
to directly pinpoint the interface physics that results from the
addition of organic layers which tend to be inhomogeneous.
Here we make some effort to address these.

Electrostatic effects and modified barrier heights have a
sixty year history. Bardeen10 first proposed interface states
and their corresponding surface-state charges to account for
the insensitivity of Schottky barrier heights to metal work
functions known as Fermi-level pinning. Others11–13 further
elaborated on this. In particular, Cowley and Sze13 provided
the standard framework13,14 for addressing these effects in
the context of Fermi-level pinning. This framework is cer-
tainly applicable in the case of organic-modified Schottky
contacts.

Here, we seek to clarify some electrostatic concepts13 in
the context of organic thin films added in between a Schottky
contact. One salient point is the set of parameters that make
the interface gap states effect dominant. We address this by
approaching the calculation differently and are able to derive

a form more amenable to analysis. We work out analytically
the parameter space in terms of the interface states and
space-charge contributions to the barrier height change. We
draw the parameter space out in terms of the charge neutral-
ity level, doping density, density of interface states, dielectric
thickness, and dielectric constant. We also clarify some con-
fusion in the literature2 associated with the image force effect
due to a thin organic layer inserted between the metal and
semiconductor. Finally, we use ballistic electron emission
microscopy �BEEM� results of pentacene modified
Au /n-Si�111� Schottky contacts as a case study to illustrate
the local effects15 of the pentacene which cannot be dis-
cerned using other techniques. These results allow us to infer
the charge neutrality level and density of interface states
locally.

II. ELECTROSTATIC EFFECTS

We consider the case of a thin organic film or indeed any
dielectric thin film transparent to electrons having energies
higher than the Schottky barrier height.13 As such, we can
assume that the electrochemical energies at the metal/thin
organic film/semiconductor heterojunction line up.16 Here,
the thin organic film is treated as a dielectric layer with a
dielectric constant �org. This allows us to write down the
following relation for the metal work function:

�m = � + � + �n + 	n, �1�

where � is the potential drop across the organic layer, � is
the semiconductor electron affinity, �n is the potential differ-
ence between the bulk semiconductor and the surface of the
semiconductor, and 	n is the conduction-band offset �from
the semiconductor Fermi level� as defined in Fig. 1. Since
�m, �, and 	n are material constants, we observe that

� + �n = const = �bi. �2�

Using Eq. �2�, we can work out the partition of the potential
drop across the organic layer � and the potential drop across
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the semiconductor layer �n. In our case, we take �=�org
space

+�org
int which are the space-charge and interface gap states

contributions, respectively.

A. Interface states and space charge

The contributions to the total potential drop are as fol-
lows. The contribution of the space charge to the potential
drop �using the depletion approximation� in the organic layer
is14

�org
space =

eN


�org
Wn =

1

�org

�2e�sN
2��n − kT/e� . �3�


 is the thickness of the organic layer, �s is the semiconduc-
tor dielectric constant, Wn is the depletion width in the semi-
conductor �which changes with the addition of the dielectric
layer�, and N is the doping density of the semiconductor.
This expresses the space-charge contribution as a function of
the potential drop in the semiconductor �n.

We can also write down the contribution to the potential
drop across the organic film arising from the interface gap
states. This can be written by considering the charge neutral-
ity level10,13,14 as

�org
int = −

eDit
�Eg − e�0 − e�n − e	n�
�org

, �4�

where Dit is the density of interface gap states and Eg is the
band gap and �0 is the charge neutral level. Using Eq. �2�,
we can write down the following:

�n + �org
int + �org

space = const = �bi. �5�

This tells us that the equilibrium condition �as measured by
the Schottky barrier height� is given by balancing the contri-
butions to the total potential drop which remains invariant. It
is the sum of the space charge, interface gap states terms, and
the potential drop in the semiconductor that give the resultant
�n. To simplify the notation, we introduce the following
quantities:

y = ��n − kT/e , �6�

� =
e2Dit


�org
, �7�

� =

�2e�sN

�org
, �8�

 = ��Eg/e − 	n − �0 − kT/e� . �9�

It is useful to note that � is dimensionless and � has dimen-
sions of V1/2. � and � characterize the strength of the inter-
face gap states and space-charge contributions, respectively.
Equation �5� simplifies to a quadratic equation in y,

�� + 1�y2 + �y −  − �bi + kT/e = 0. �10�

The solution to this �taking only the positive root as
��n−kT /e�0� is

y =
− � + ��2 + 4�� + 1�� + �bi − kT/e�

2�� + 1�
. �11�

We note that the barrier height is simply

�Bn = �n + 	n + ��image, �12�

where ��image is the total image potential effect. A discus-
sion of ��image in the context of a dielectric interfacial layer
is presented in Sec. II B. Using Eqs. �6� and �12�, the corre-
sponding Schottky barrier height is

�Bn = �n + 	n + ��image = y2 + kT/e + 	n + ��image.

�13�

Though expressed in a different form, this produces the
same result as Ref. 13 if �m−� in Ref. 13 is replaced with
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FIG. 1. Band diagram of the metal/dielectric/semiconductor het-
erojunction. The arrow for the image force effect ��image indicates
its direction convention.
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FIG. 2. Schematic of the parameter space for the combined
space-charge and interface states effects considered in Eqs. �11� and
�13�. A derivation of this sketch is presented in the Appendix.

f��0�=
�C−B+�0�2

4C and g��0�=
�0+C−B

2 and B=Eg /e−	n−kT /e and C
=�bi−kT /e. Regimes I and II exhibit barrier height lowering and
regime III exhibits barrier height raising �more details in the text�.
We note that the y axis �� /2��2 is independent of 
 and �org and
�� /2��2�N /Dit

2. It is useful to note that the critical point �necessary
condition� differentiating barrier lowering and raising behavior is
B−C=Eg /e− ��m−��.
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�bi+	n �from Eq. �1��. Using our derivation �in contrast to
Ref. 13�, we can describe analytically the parameter space of
the combined effect which to our knowledge has not been
addressed before. We show a schematic in Fig. 2. This de-
picts the various regimes for finite 


�org
where changing the

charge neutrality level �0 or the ratio between � and � �� /�
gives the relative strengths of the space-charge effect to the
interface gap states effect� alters the behavior of the system.
These regimes �derived in the Appendix� are

�I� Barrier height will be lowered with finite 
. In this
regime, �org

int is always positive. �org
int ��org

space with small 
 but
there exists a finite 
 �Eq. �14�� for which �org

space��org
int .

�II� Barrier height will be lowered with finite 
.
�org

space� ��org
int � for all finite 
.

�III� Barrier height will increase. Here ��org
int ���org

space for
all finite 
. In this regime, �org

int is always negative.
In regime I, the barrier height is always lowered with

finite 
 but the region where the interface states dominates
�and hence the region where just the interface states contri-
bution to the barrier lowering can be considered alone as in
Ref. 13� has an upper bound. Beyond a critical 
 �as in Eq.
�14��, the space-charge effect becomes larger than the inter-
face states effect such that �org

space��org
int . This 
 is given by




�org
r � �0��bi − kT/e − �+

2

�
� = � 


�org
r �critical

, �14�

where �+ and � are as defined in the Appendix. �org
r is the

relative dielectric constant of the organic, such that �org
r �0

=�org. We find that � is always positive �see the Appendix�.
In this regime �bi−kT /e−�+

2 �0. This means that there al-
ways exists a 
 for which �org

space��org
int . The caveat here is

that this 
 may be far too large, such that the thin dielectric
assumption which allows the electrochemical energy to
equilibrate throughout is violated.16 We note that the right-
hand side is independent of �org

r .This allows us some intu-
ition to the problem. If interface states dominate the lowering
with a particular set of parameters, increasing 
 /�org

r �either
by increasing the thickness or lowering the dielectric con-
stant of the dielectric layer� will increase the space-charge
contribution to the potential drop across the thin organic film.
It is also helpful to note that in this regime, both space
charge and interface states contribute a positive potential
drop to � and lower the barrier.

The �
 /�org
r �critical is plotted in Fig. 3. The �
 /�org

r �critical

decreases with increasing doping density N and increases
with increasing density of interface gap states �red, black,
and green curves� as expected. We also see that for Dit
=1012 cm−2 eV−1, there exist doping densities which make
�
 /�org

r �critical negative. This means that all finite 
 �since 

�0� in that region will result in �org

space� ��org
int �. This is regime

II. Increasing the doping density increases the ratio �� /2��2

and allows for a crossover from regime I to regime II �see
Fig. 2�.

Regime II exhibits barrier height lowering where �org
space

� ��org
int � for all finite 
. Here, the interface states can cause a

negative potential drop. However, since the space-charge ef-
fect is always greater, this is not discernable in the barrier

modification alone. We note that the charge neutrality level
�0 is practically bounded by the energy gap Eg /e.

Regime III exhibits barrier increase. Since the space-
charge effect always accounts for a positive potential drop
�and hence barrier lowering�, all the barrier increase comes
from the interface states. This effect occurs if �0�B−C
=Eg /e−	n−�bi. Figure 2 shows a clear separation of neces-
sary conditions for barrier height raising ��0�B−C� and
barrier height lowering ��0�B−C� for regimes III and I,
respectively.

The entire analysis presented above remains valid even
with an interface dipole. The presence of an interface dipole
merely shifts the relative energies by an amount equal to the
magnitude of the interface dipole. Exceptionally, large inter-
face dipoles ��1 eV� may swamp the effects discussed
above.

B. Image force effect

We now clarify image force effects. Again we consider
the thin organic film as a dielectric layer. The metal surface
needs to be an equipotential and this results in an image
potential �the dotted lines in Fig. 4� in the thin organic layer
and the semiconductor. Since the image plane is the metal
surface, the image force in the semiconductor is given by

F = −
e2

4��s�2x + 2
�2 , x � 0, �15�

where x is measured from the semiconductor-organic layer
interface and 
 is the organic layer thickness. With the inter-
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FIG. 3. �Color online� Plot of �
 /�org
r �critical �the right-hand of

Eq. �14�� showing the critical 
 /�org
r when �org

space��org
int at various

densities of interface states Dit and doping densities N. The dotted
arrows show the change from �org

space��org
int to �org

space��org
int by

changing 
 /�org
r across the critical line. We note that all the doping

densities shown given the density of interface states for the red,
black, and green curves place the system in regime I. The doping
densities, corresponding to the part of the blue curve that is above
zero, place the system in regime I. The doping densities, corre-
sponding to the blue curve when it dips below zero, place the sys-
tem in regime II. Increasing the doping density �solid blue arrow�
makes the system crossover from regime I to regime II.
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face electric field inside the semiconductor Em, the potential
energy �black solid line in Fig. 4� in the semiconductor be-
comes

PE = −
e2

16��s�x + 
�
− e�Em�x, x � 0. �16�

Solving this for the maximum potential point inside the
semiconductor, we obtain xm the distance the maxima is from
the semiconductor-organic layer interface, as

xm = max	� e

16��s�Em�
− 
,0
 . �17�

The metal-semiconductor barrier occurs only in the semicon-
ductor �and not in the organic layer�. However, the turning
point of Eq. �16� can occur inside the organic layer. If this
occurs, the appropriate xm to take is xm=0 since this point
will now be the highest potential point in the semiconductor.
The max function �in Eq. �17�� accounts for this. The image
potential lowering is therefore

��image = −
e

16��s�xm + 
�
− �Em�xm. �18�

This reduces to the usual formula14 for 
=0. It is hard to
picture the contribution of ��image to the total barrier height
modification because the barrier heights and the interface
electric fields can change due to the potential drop � across
the thin organic layer. We plot �Fig. 4� the case where neither
of these changes to illustrate the nonintuitive effect that the
addition of the thin organic layer has. Here, keeping the in-

terface electric field and the initial barrier height constant, we
see that the addition of an organic layer effectively increases
the barrier height from the case without the organic layer. We
use this to emphasize that the primary image force effect due
to the addition of the interfacial layer is the moving back of
the image plane. This is in contrast to a naïve application of
effective-medium theory which leads to the erroneous con-
clusion that the image force effect due to the addition of an
interfacial layer decreases the barrier height.2 We note that
the dielectric constant of the organic film only enters indi-
rectly through other effects �such as the interface gaps states
and space-charge effects� that change the interface electric
field. We hope that this clarifies some of the confusion in the
literature2 about the use of image force formulae.

III. DISCUSSION

It is expected that for most systems, the interface states
effect should dominate. �� /2��2 for the parameters used17 is
on the order of 10−6, which is very close to the abscissa of
Fig. 2 relative to the voltage scales set by B and C. For
space-charge effects to be a dominant effect, a very high
doping density or low interface states density is needed.
Also, the transition from interface gap states dominated to
space charge dominated in regime I illustrated in Fig. 3 is
only practical if the 
 used is small enough for the assump-
tion that the electrochemical energies of the metal and semi-
conductor line up is valid. This is probably only practically
observable in samples with very low interface states density
�such as the blue curve in Fig. 3 or lower�. Image force
effects are negligible �we will see this in Fig. 7� when an
interfacial layer is inserted between the metal/semiconductor
interface and do not account for the lowering in barrier
height as previously suggested.2,9 It is likely that the inter-
face gap states or space-charge effects are responsible for the
lowering observed in Ref. 2.

There is a lack of resolution in many of the studies on the
effects of thin organic films on Schottky contacts. These
studies rely mainly on macroscopic techniques such as
current-voltage and capacitance-voltage measurements.
Some relevant concerns are �i� incomplete and nonuniform
coverage of the organic layer in the heterojunction, and �ii�
the effect of boundaries of the diodes when these measure-
ments are performed. Because these methods take the aver-
age over the entire sample, it is difficult to deconvolute the
various contributions to the interface measurements.

BEEM and ballistic electron emission spectroscopy
�BEES�,18–20 on the other hand, allow for the nanoscale char-
acterization of interfaces. BEEM is a three-terminal scanning
tunneling microscope �STM� technique which injects hot
electrons into a thin metal layer above the metal/
semiconductor interface. These electrons travel to the inter-
face and those with energy higher than the local Schottky
barrier height �and obeying momentum conservation rules�
are allowed to pass into the semiconductor. A collector cur-
rent Icollector at the semiconductor allows one to study the
interface. BEEM enables the imaging of the metal/
semiconductor interface with nanometer resolution and thus
allows the measurement of local Schottky barrier heights and

-qEx

without organic layer

with organic layer

increase in barrier
height due to
addition of organic
layer

Ef

E x

δ

metal semiconductor

image potential without
organic layer

image potential with organic
layer

FIG. 4. �Color online� Energy diagram between metal-thin or-
ganic layer semiconductor showing barrier lowering �due to image
force effects� for the case without the organic layer �red� and barrier
lowering with the organic layer �black�. Comparing the black and
the red curves, we find that the effective barrier height is higher
with the organic layer than without the organic layer, leading to an
effective barrier raising. For simplicity and clarity, this sketch ig-
nores the interface states and space-charge effects described in Sec.
II A, which would change the interface electric field and the barrier
height. However, we include a full treatment of these effects
�coupled together� in all the other calculations and figures in this
paper.
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the elucidation of Schottky barrier inhomogeneity. Sweeping
the STM tip voltage �BEES� and measuring the collector
current also allow us to infer the barrier height of the metal-
semiconductor interface without applying a bias directly to
the sample. The BEEM current follows the power law:20

IBEEM

Itunnel
= R

�eV − �B�2

eV
, �19�

where V is the applied tip voltage. The BEES curves can be
fitted to obtain the barrier height �B and the transmission R
to characterize the interface.

We consider a BEEM study of Au /n-Si�111� diodes and
pentacene modified Au /n-Si�111� diodes.9 In the pentacene-
modified sample, pentacene was deposited on an
H-terminated n-Si�111� surface by sublimation at a tempera-
ture of �200 °C and chamber pressure of �5�10−5 Pa. In
order to prepare both Au/pentacene/n-Si�111� and reference
Au /n-Si�111� diodes on the same substrate, a shadow mask
technique was used. The samples were transferred into a
high-vacuum Au evaporator, where �15 nm of Au was de-
posited onto either the H-terminated n-Si�111� or the
pentacene/n-Si�111� region through another shadow mask
which defined Au electrodes of 0.5 mm in diameter.
This procedure allowed the preparation of
Au/pentacene/n-Si�111� and Au /n-Si�111� devices on the
same sample for direct comparison. The doping density of
the n-Si was 1015 cm−3. More experimental details are avail-
able in Ref. 9.

Using BEEM, we were able to image the buried penta-
cene islands at the interface.9 Here we identified regions with
no coverage, with islands of lying down molecules and is-
lands of standing up molecules and with islands that were
more than one monolayer. This is evidence of nonuniform
and incomplete coverage. We made a statistical analysis of
the BEES fit to Eq. �19�. These were plotted in a dual-
parameter plot of the transmission factor R against the barrier
height �B, with the number of samples in a particular bin as

the intensity �Fig. 5�. The advantage of this representation is
that it allows for a correlation between transmission and bar-
rier height to be seen easily.

There is a correlation between lower barrier heights and
lower transmission in the pentacene-modified diodes. Com-
paring this with the unmodified Au /n-Si�111�, a systematic
modification of the transmission and barrier height statistics
can be discerned. The lowest transmissions �orange box in
Fig. 5� can be attributed to the thicker upright pentacene
where the greater barrier modification �in this case lowering�

FIG. 5. �Color online� Statistical dual-parameter plot of the transmission factor R and barrier height �B. Histograms of �B and R for �a�
Au /n-Si�111� and �b� Au/pentacene/n-Si�111� obtained from 3372 and 5296 BEES spectra, respectively. These were combined in the density
plots �dual parameter� seen above where the intensity indicates normalized counts. The large spread in the box �orange� for the standing
pentacene is due to the low signal-to-noise ratio. This gave a larger spread in the barrier heights fitted. We, however, find a systematic
decrease in the average barrier height. We identify the average barrier height for Au /n-Si�111� as 0.83 eV, Au/lying pentacene/n-Si�111� as
0.8eV, and Au/standing pentacene/n-Si�111� as 0.76eV. The statistical samples shown are taken from 500�500 nm2 areas within each
device.
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FIG. 6. �Color online� Dit and �0 inferred from pentacene
heights and barrier lowering �0.8 and 0.76 V from the averages in
Fig. 5� that satisfied Eq. �13�. The values of pentacene heights used
were 
lying= �0.30�0.05� nm and 
standing= �1.25�0.25� nm. �In-
set� Graph of the Dit and �0 that satisfy the barrier lowering ob-
served for a specific 
lying=0.3 nm and 
standing=1.25 nm in Eq.
�13� �Ref. 17�. Their intersection indicates the Dit and �0 inferred
from the data of the specific heights used and lowered barriers.
Each point in the larger panel is derived from intersections of two
curves, from two pentacene heights, such as the inset.
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can be expected. The lowered transmissions �red box in Fig.
5� can be correlated with the lying pentacene which resulted
in barrier lowering though not as much as the standing pen-
tacene. It is clear that the varying thicknesses �standing and
lying pentacene� alter the local barrier height differently.
Macroscopic techniques such as C-V and I-V cannot discern
this.

In the light of the tools developed in Secs. II A and II B,
we re-examine the data9 to include interface gap states,
space-charge effects, as well as image force effects. In fact
using common values of N and Dit, we expect �see Fig. 2�
that the interface states contribution should dominate the
lowering.

We can identify the barrier lowering �Fig. 5� to be Au/
lying pentacene/n-Si�111� as 0.8 eV and Au/standing
pentacene/n-Si�111� as 0.76 eV. This corresponds to lying
down pentacene heights of 
= �0.30�0.05� nm and standing
pentacene heights of 
= �1.25�0.25� nm.9,15 Using Eq.
�13�, the heights of the lying down and standing
pentacene9,15 together with the measured average lowered
barrier heights allow us to determine the density of interface
gap states Dit and the charge neutrality level �0. We do this
by plotting Dit and �0 �inset of Fig. 6� that satisfy Eq. �13�
for the barrier height lowering observed for a particular
thickness. For example �see inset of Fig. 6�, we plot Dit and
�0 that satisfy the barrier height lowering of the lying pen-
tacene to 0.8 eV with a thickness of 0.3 nm in the blue curve.
We repeat this for the standing pentacene for a height of 1.25
nm and lowered barrier height of 0.76 eV in the black curve.
Their intersection gives the �0 and Dit inferred from these
two values. This can be repeated for all the possible combi-
nations of thicknesses within the error bars above �main
panel of Fig. 6�.

The plotted points �Fig. 6� allow us to discern Dit
= �2.4�0.7��1013 cm−2 eV−1 and �0= �0.38�0.02� V.
This is within the range of experimentally determined values
of density of interface states and charge neutrality level for
silicon.13 We note, however, that the error bars we have for

the charge neutrality level are significantly smaller �about 1
order of magnitude� than those of Ref. 13. Tersoff’s21 theo-
retically derived the charge neutrality level for silicon of
�0

Tersoff=0.36 V is also within the error bars of our deter-
mined charge neutrality level. We note that the statistical
dual-parameter plot was drawn from BEES measurements in
a 500�500 nm2 area. This is contrasted with diode sizes of
�100 �m diameter that typical C-V measurements are car-
ried out on.

With these values we can compare the magnitudes of the
contributions �interface gap states, space-charge, and image
force effects� to the observed barrier height lowering. Using
Eq. �13� we plot the contributions in Fig. 7. Here we see that
the main contribution to the barrier height lowering comes
from the interface states �red dotted lines�. The space-charge
and image force effects are not significant. Most nonintuitive
is the image force contribution being positive as illustrated in
Figs. 4 and 7. Coming full circle, we can check that for the
parameters used, our system falls in regime I of Fig. 2, where
the interface states effect dominates for small 
 /�org.

IV. CONCLUSION

We have elaborated on interface states, space-charge, and
image force effects in the context of thin organic films modi-
fying Schottky barrier heights. We have also derived the dif-
ferent regimes that arise from considering interface states
and space-charge effects together showing the parameter
space of the effects. We have found that the image force
effects due to an interfacial layer of an organic thin film
added to modify the Schottky barrier are small and positive
contrary to what might be expected. This clarifies the use of
image force effects in the literature.2

We applied this to a BEEM study of pentacene-modified
Au /n-Si�111� Schottky diodes and found that the effects de-
scribed above could account for the barrier lowering. In par-
ticular, interface states dominated the barrier lowering. Using
known heights of the pentacene islands �standing and lying
down�, we were able to identify the density of interface
states and charge neutrality level locally �to an area 500
�500 nm2�. These are comparable to the values expected
for silicon surfaces. This further acts as corroborating evi-
dence for attributing the decreased transmission to the stand-
ing and lying pentacene molecules. Quantitatively, analyzing
the statistical dual-parameter plots is potentially useful for
characterizing interfaces. This is illustrated by the increased
spatial resolution �500�500 nm2� and the significantly
more precise value for the charge neutrality level.

The inhomogeneity of the barrier heights and transmis-
sion seen in our BEEM study underscores the nonuniform
coverage of organic layers on Si surfaces and vindicates the
need to use more local measurements to elucidate interface
physics. In particular, the inferred local �to an area 500
�500 nm2� charge neutrality level and density of interface
states yield microscopic information, once reliant on conven-
tional macroscopic methods such as capacitance-voltage
measurements, to elucidate interface properties.
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APPENDIX

Here we derive the condition for �org
space� ��org

int �. We can
write down the contribution of the space charge as

�org
space = �y , �A1�

and the contribution of the interface states as

�org
int = �y2 −  . �A2�

Given usual parameters �for metal-semiconductor junctions�,
it is reasonable to assume that �0. We shall consider this
case only. The critical point for �org

space� ��org
int � occurs at the

positive roots of

��y2 − � − �y = 0. �A3�

One positive root is

�+ =
� + ��2 + 4�

2�
. �A4�

The other critical point is

�− =
− � + ��2 + 4�

2�
. �A5�

We note that in both cases, �� are independent of 
 and �org
�also see Eq. �A8��. Since we are solving for a condition for

, this helps greatly because we can treat this as a constant in
our manipulation. In the first case, �+, the condition for
�org

space� ��org
int � reduces to y��+. This is

− � + ��2 + 4�� + 1�� + �bi − kT/e�
2�� + 1�

� �+. �A6�

After some manipulation, we get

�bi − kT/e − �+
2 � ��+

2 −  + ��+. �A7�

We observe that the right-hand side is linear in 
. By rede-
fining the variables as

�0



�org
= �, �0




�org
= �, 0




�org
=  , �A8�

� = �0�+
2 − 0 + �0�+, �A9�

we can write

�bi − kT/e − �+
2 � �




�org
. �A10�

This gives the condition in Eq. �14�. We find that ��0 for all
nonzero Dint and N. If �bi−kT /e−�+

2 �0, this means that

there is a critical 
 after which space-charge effects will be-
come larger than interface state effects. If �bi−kT /e−�+

2

�0, this means that the critical 
 is negative. However, since

 is always positive this means that for all finite 
, space-
charge effects will be larger than interface states effects.

We now consider the second case �org
space� ��org

int � when
y��−. After manipulation, we obtain a similar expression as
before

�bi − kT/e − �−
2 �




�org
��0�−

2 − 0 + �0�− . �A11�

However, we find that the term in the brackets �  is zero. If
�bi−kT /e−�−

2 �0, this merely demands that 
 is finite. Put
the other way round, there is no 
 �after the first condition in
Eq. �14�� such that interface effects would again dominate.
This makes the condition in Eq. �14� a clean one where the
division between �org

space� ��org
int � and ��org

int ���org
space occurs

across one line defined by Eq. �14�. If �bi−kT /e−�−
2 �0, this

means that for all finite 
, ��org
int ���org

space. Recalling the qua-
dratic expression for the interface states effects, this region
corresponds to the negative contribution of �org

int .
We can identify regions which correspond to the changing

signs of the two conditions. They are
�I� �+

2 ��bi−kT /e. This gives �org
int �0 and allows for the

crossover detailed in Eq. �14�.
�II� �−

2 ��bi−kT /e��+
2. This gives �org

space� ��org
int �∀ non-

zero 
.
�III� �−

2 ��bi−kT /e. This gives ��org
int ���org

space and
�org

int �0∀ nonzero 
.
It useful to express these conditions in terms of regions in

the parameter space of charge neutrality level �0 and the
relative strengths of the space-charge and interface gap states
effects � /2�. So rewriting the conditions, we get

�I� � �
2� �2� f��0� and � �

2� �2�g��0�,
�II+� � �

2� �2� f��0� and � �
2� �2�g��0�,

�II−� � �
2� �2� f��0� and � �

2� �2�g��0�, and
�III� � �

2� �2� f��0� and � �
2� �2�g��0�, where f��0�

=
�C−B+�0�2

4C and g��0�=
�0+C−B

2 and B=Eg /e−	n−kT /e and
C=�bi−kT /e.

Using these, we can draw out the regions where space-
charge or interface states effects are greater in Fig. 2. We
note that these conditions are independent of 
 and �org. It
can be shown that the x intercept of g��0� and the minimum
of f��0� both occur at B−C. We note that �0 is practically
bounded by Eg /e, otherwise �0 would be in the conduction
band.
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