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Experimental test of the quantum-mechanical image-force theory

A. Hartstein, Z. A. %'einberg, and D. J. DiMaria
IBM Thomas J. 8'atson Research Center, Forktown Heights, ¹mFork 10598

(Received 28 January 1982)

Both photon-assisted-tunneling and internal photoemission measurements have been

made on the same metal-oxide-semiconductor samples. The effective barrier heights be-

tween the metal (Al or Au) and the oxide (Si02) extracted from the internal photoemis-

sion measurements are found to be larger by -0.3 eV than the effective barrier heights

extracted from the photon-assisted-tunneling measurements. Only the quantum-mech-

anical image-force theory is capable of explaining this result.

I. INTRODUCTION

Photon-assisted-tunneling measurements have
demonstrated that the classical image-force theory
does not provide the proper description of the in-
teraction between tunneling electrons and the metal
from which they emerge. ' Internal photoemission
measurements, on the other hand, have long been
interpreted in terms of the classical image force.3'

A qualitative explanation of these seemingly con-
tradictory results has been given in terms of a
quantum-mechanical formulation of the image-
force problem. The quantum-mechanical image-
force theory was then shown to be qualitatively
consistent with both photon-assisted-tunneling and
internal photoemission measurements. The pur-
pose of this study was to test the quantitative fit of
the quantum-mechanical image-force theory with
both the photon-assisted-tunneling experiments and
the internal photoemission experiments by doing
accurate measurements on the same samples. In

particular, we wanted to explore the theoretical
prediction that the effective barrier heights be-

tween the metal and insulator derived from the two
experiments would differ by about 0.2 eV.

The physical situation which we are considering
for both the experiments and the theoretical calcu-
lations is illustrated in Fig. 1. The conduction-
band edge (E, ) in the insulator (Si02) and the Fer-
mi energy (Ep) in the metal (Al or Au) are shown.
The triangular shape for the potential is the result
of an applied electric field F The image-fo. rce po-
tential is not shown. Photon-assisted tunneling in-
volves the photoexcitation of an electron by an en-

ergy hv& less than the barrier height and the subse-

quent tunneling of the electron through the barrier.
Internal photoemission involves the photoexcitation
of an electron by an energy h v2 greater than the
barrier height and the subsequent transmission of

tlv2 C

hv) C

Metal Insulator

FIG. 1. Electronic structure of the interface illustrat-

ing electrons both tunneling through the interfacial bar-
rier (h v~) and passing over the barrier (h v2) following
photoexcitation. E~ is the Fermi energy in the metal
and E, is the conduction-band edge in the insulator.

the electron over the barrier. The current mea-
sured in a particular experiment is the sum of the
contributions from all of the electrons incident on
the barrier. From this brief introduction it is clear
why a single unified theory is necessary for the
description of both processes.

In this paper we report the experimental study
of both the photon-assisted tunneling and the inter-
nal photoemission at the Al-Si02 and the Au-SiG2
interfaces. These experiments are described in de-
tail in Sec. II. The main result is that the effective
barrier heights extracted from the internal photo-
emission measurements are -0.3 eV larger than
the effective barrier heights extracted from the
photon-assisted-tunneling measurements. This is
in agreement with the quantum-mechanical
image-force theory. In Sec. III both the classical
and quantum-mechanical image-force theories are
reviewed, and some new numerical results are
presented. In Sec. IV the theories are compared
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to experiment and the results are discussed. It is
found that the quantum-mechanical image-force
theory gives the best description of the experimen-
tal results. However, the theory in its present form
is not capable of complete quantitative agreement
with all aspects of the experimental observations.

II. EXPERIMENT

Monochromatic

Light

Si02

Metal

The samples used in this study were metal-
oxide —semiconductor (MOS) capacitors formed on
(100)-oriented 1-0cm p-type silicon wafers. Ox-
ides were thermally grown at 1000'C in a dry oxy-
gen ambient and annealed in nitrogen. The oxide
thicknesses were 301 A for the Al sample and 209
A for the Au sample. These thicknesses were
chosen to minimize the effects of optical interfer-
ence in the MOS structure and at the same time to
minimize the dark currents in the devices. The
capacitors were formed by evaporating 0.5-mm
metal dots on the oxides. The semitransparent Al

0
dots were 135 A thick, and the semitransparent Au
dots were 200 A thick.

We studied two wafers with Al counter elec-
trodes and one wafer with Au counter electrodes.
Several samples were studied on each wafer, and
measurements were made on samples prepared
both with and without post-metal anneals. Quanti-
tative differences in the measurements were seen
for the different sample treatments. The effect of
post-metal anneal on internal photoemission mea-
surements has already been studied. A less de-
tailed account of the effects of sample preparation
on photon-assisted-tunneling measurements has
also been given. In this paper we seek to test the
various theories of photon-assisted tunneling and

internal photoemission. Therefore, we made all of
our measurements on one sample, and then repeat-
ed the procedure several times. Variations from
sample to sample were observed in the barrier
heights and dielectric constant but the general
trends discussed below were the same for all sam-

ples.
The physical arrangement for the experiments is

shown schematically in Fig. 2. Monochromatic
light is incident on the MOS sample from either a
laser or a monochromator. The current is then
measured as a function of applied voltage both
with light on and off. The difference between
these two values is the photocurrent. The photo-
yield is then determined by normalizing the current
to the number of photons absorbed in the metal
gate. This involves correcting for the source inten-

P-Sl

FIG. 2. Schematic representation of the experimental
arrangement. Monochromatic light is incident on the
MOS sample. The resulting photocurrent is measured
using a sensitive picoammeter.

sity (laser or monochromator), the absorption spec-
trum of the metal, the photon energy, and the in-
terference of the incident light in the MOS struc-
ture. All of the data were normalized in this
manner.

The photon-assisted-tunneling measurements
were performed using an argon laser. The experi-
mental technique has been discussed in some detail
previously. ' A prism was used to disperse the
laser light to filter out any unwanted wavelengths
present in the laser beam. For the case of the Al
samples four wavelengths in the visible were used.
They were 514.5, 488.0, 476.5, and 457.9 nm. For
the Au samples two ultraviolet wavelengths of the
argon laser were used. They were 363.8 and 351.1
nm.

The data for one of the Al samples are shown in
Fig. 3 and the data for Au are shown in Fig. 4.
The data are plotted on a standard Fowler-
Nordheim tunneling plot. The wavelengths of the
incident light for each curve is indicated in the fig-
ures. The solid curves represent a one-parameter
fit for each set of data. The theory used was the
Fowler-Nordheim tunneling theory which neglects
image force. ' For the range of photon energies
used, that theory is equivalent to the quantum-
mechanical image-force theory because the
quantum-mechanical image force becomes negligi-
bly small in the tunneling regime. The parameter
in the fit is the barrier height between the ap-
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propriate metal and the Si02 conduction-band

edge. For the Al sample shown the barrier was

/ =3.25+0.01 eV, and for the Au sample the bar-
rier height was P =3.91+0.01 eV.

The deviations of the data from the theory at
high electric fields are observed for non-post-
metal-annealed samples but not for the annealed

samples used previously. ' However, the internal

photoemission measurements which will be dis-

FIG. 3. Photon-assisted-tunneling characteristics of
the Al-SiO& interface. Each curve is for a different laser
wavelength. The solid curves are the theory and the
points are the experimental data.

cussed below give better results on unannealed sam-
ples. Therefore, we chose to use the samples,
unannealed, which would yield the best results on
the most difficult part of our experiments, namely
the internal photoemission measurements. What-
ever uncertainties arise in the barrier determina-
tions from these photon-assisted-tunneling mea-
surements, they are small compared to the uncer-
tainties in the barriers measured by internal photo-
emission as discussed below. Our choice of sam-

ples then minimizes the overall uncertainties in the
experiments.

The internal photoemission measurements were
performed using a monochromator system de-
scribed elsewhere. The data obtained for an Al
sample are shown in Fig. 5. The data obtained for
a Au sample are shown in Fig. 6. These are stand-
ard plots for internal photoemission measurements
and show the same qualitative features which have
been seen many times before. The parameters on
the curves are the applied voltages for each curve.
Only a portion of the data is displayed so as not to
crowd the figures.

We analyzed these data in the conventional way
utilizing the classical image-force theory. That
theory gives

I(hv, F) ~ (hv Ps+SF'~2—)2,

where I is the photocurrent, hv is the photon ener-

16

0 22

Kl
IX

-23

Ci

LLI

U

Cl
LLI

40 100x
Q.

~ I 2
CL
lS

Cl
8

0
0 6-
CL

0
2.5 3.0 3.5 4.0 4.5

15V-
12V
9V
6V

3V-
2V

1V

5.0

10
0.0 2.0 4.0 6.0 8.0

FIELD (10 cm/V)

10.0

FIG. 4. Photon-assisted-tunneling characteristics of
the Au-Si02 interface. Two laser wavelengths are
shown. The solid lines are the theory and the points are
the experimental data.

PHOTON ENERGY (eV)

FIG. 5. Internal photoemission characteristics for an
Al-Si02 interface. The points are experimental data and
the solid lines are the extrapolations made to zero pho-
toyield. Each curve is labeled by the voltage applied to
the device. Extrapolations were not made for the lowest

voltages where the errors in extrapolation would be the
largest.
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FIG. 6. Internal photoemission characteristics for a
Au-Si02 interface. The points are experimental data
and the solid lines are the extrapolations made to zero
photoyield. Each curve is labeled by the voltage applied
to the device.

gy, F is the applied electric field, ps is the inter-
face barrier energy, and X is a constant. The ex-
perimentally determined electric field F is given by
F=(V —P, )1'd,„,where V is the applied voltage,

P, is the contact potential difference between the
appropriate metal and the Si substrate, and d,„ is
the oxide thickness.

Using this theory, we extrapolated the straight
line portion of the curves in Pigs. 5 and 6 to zero
yield and determined the barriers P(F)
=Ps KF'~ . This—extrapolation is clearly an im-

portant step in the data analysis. Since all of the
theories predict a linear range at high photon ener-

gy and a tail at low energy, we extrapolated only
the linear portion of the data at high photon ener-

gies as shown in the figures. The numerical results
of the theories were also extrapolated in the same

way. ~e then plotted these barriers as a function
of F'~ . The extrapolations of these lines to zero
field give the barrier heights derived from the
internal photoemission measurements. Figure 7
shows these curves for the Al and Au samples.
The barrier height determined in this way for the
Al sample is Ps ——3.6 eV, and for the Au sample
the barrier height is Ps —4.2 CV. The average
difference between these barriers determined from
internal photoemission measurements and the cor-
responding barriers determined from photon-
assisted-tunneling measurements was found to be
-0.3 cV.

It must be emphasized that the barrier heights

FIG. 7. Effective barrier heights as a function of ap-
plied electric. field. The circles arc for Al and the trian-
gles are for Au. The dotted lines are linear fits to the
data. The extrapolation of the curves to zero field is the
effective barrier height of the interface, and the slope of
the curves is related to the dielectric constant of the in-
sulator.

determined in this manner from the internal photo-
emission measurements are sensitive to which por-
tion of the data is fitted linearly. For example, if
more of the lower energy points were included in
the fit for the Al data in Fig. 5, a barrier height as
low as -3.2 eV could be extracted, which is within
the range of values usually found in the literature.
In order to accurately compare theory and experi-
ment, we have extrapolated the more easily recog-
nized linear portions of both the experimental and
theoretical curves rather than making an arbitrary
extrapolation, which includes the curved portions
of tllc data, Rs llas bccil dolic 111 tllc past. Fol tllls
reason, our quoted values of the barrier heights de-
rived from internal photoemission are somewhat
higher than values found in the literature.

The slopes of the curves in Fig. 7 are the con-
stant E in the classical theory. The slope is related
to the dielectric constant of the insulator by the ex-
pression K =(e'l41TEpc) w11crc E'pis the dielec-'
tric permittivity of free space, and @=2.15, the op-
tical dielectric constant of Si02. From the data
shown we find values of @=2.3 for the Al-Si01 in-
terface and e= 3. 1 for the Au-Si01 interface. Even
wider variations in the values of e have been re-
ported when different processing conditions have
been studied. %e will have more to say on this
subject in the later sections, but the determination
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of e both experimentally and theoretically is the
weakest part of our results and quantitative com-
parisons are difficult at best.

III. THEORY

The arguments which lead to the formulation of
the quantum-mechanical image-force potential
have been given in Ref. 5. The calculation which

gives the numerical results that can be compared to
the internal photoemission and photon-assisted-
tunneling measurements has been given in Ref. 6.
In this section we review that theory and present
the results vrhich pertain to the present experi-
ments.

We consider the problem of an electron in a
metal which is incident on the interface with an in-

sulator. What we ultimately want to calculate is
the transmission probability of the electron
through the interface. The wave function of the
electron is denoted by g(x, t). We want to describe
the iiiteractioii between tliis electroii aild the
remaining electrons in the metal as the electron at-
tempts to tunnel into the insulator. Since all of the
electrons move on the same time scale, a Hartree-
Fock —type dcscriptlon 18 adOptcd. TlM1'cfol c~ thc
wave function of the incident electron must be ad-

justed self-consistently to the wave function of the
plasma. The wave function of the plasma in this
approximation becomes an image of that portion
of the wave function of the incident electron which
is in the insulator. The image-force potential is
then derived fmm the force on a test charge in the
insulator and 18 given by

e'I 4(x' &)I'
87reoe(x +x )

wliere eo is flic dielectric permittlvlty of free space,
e is the dielectric constant of the insulator, and x
is the distance of the test charge from the inter-
face. A similar result has been derived rigorously
for the case where the image force arises from the
interaction of an external electron with the surface
optical phonons of a dlclcctflc medium.

This potential must now be inserted into the
Schrodinger equation in order to calculate the
transmission of the interface. This is a very diffi-
cult problem, hence me make an important simpli-

fying assumption. We approximate the square of
the vvavc function of the incident electron as a 5
function,

i g(x, t)
(
2=5(x' —x, t) .

After the electron interacts with the barrier, the
square of the wave function in the insulator will be
T5(x' —x, t), where T is the self-consistent trans-
mission of the barrier. This approximation is good
as long as the portion of the electron wave func-
tion in the insulator remains well locahzed after it
interacts with the barrier. The image-force poten-
tial is then given by

Vi T——e'—/16ireoex, (3)

i.e., it is the classical result scaled by the transmis-
sion of the barrier. For energies far above the top
of the barrier, where the electron can be assumed
to be a point charge, 7=1 and Eq. (3) reduces to
the classical result. Far below the top of the bar-
rier 1=0, and the image force is negligibly small.
Equation (3) is thus an approximation for the im-
portant region near the top of the barrier.

The complete potential which an electron sees in
the barrier region is then given by

V =Ps eFx Te—/16m—eoex, (&)

where the first term gives the energy difference be-
tween the conduction-band edge of the insulator
and the PerIDi level of the metal, the second term
is the potential in the apphed electric field, and the
last term is the image-force potential. The trans-
mission of the interface is then calculated by a nu-

merical integration of the Schrodinger equation
across the interface, iterating until a self-consistent
solution is obtained.

In Fig. 8 we show the transmission probability
of an Al-Si02 interface for an apphed electric field
of 5X 1O &/cm. The figure shows the transnus-
sion pmbability as a function of electmn energy.
The three curves shown are calculated for the clas-
sical image force, the quantum-mechanical image
force, and for no-image force. In each case the
transmission probability changes abruptly near the
barrier height (3.25 eV). It is clear that the results
of the quantum-mechamcal image-force model ap-
proach the results of the classical image-force
model for large energy, and approach the results of
the no-image-force calculation for small electron
cnelgy.

The current measured in an experiment is ob-
tained by summing the transmission probabihties
for the incident electrons over the supply function
ln the metal. The supply function glvcs the nQQ1-

ber of electrons incident on the barrier with a par-
ticular perpendicular component of momentum.
The expression for the current becomes

I(hv, F)=A I S(E,hv)T(F, E)dE, (5)
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FIG. 8.. Samer transmission probability for an Al-
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potential with no image-force included.

where A is the equilibrium number of photoexcited
electrons,

S(E,hv) =Inf 1+exp(EF+hv —E)/kT]

is the supply function for electrons, T{F,E) is the
barrier transmission probability, h v is the photon
energy, and Ep 18 thc Fcrm1 energy 1n thc metal. -

In thc class1cal limit T = 1 above 'thc barrier' Eq.
{5)reduces to (1).

This theory has been used to calculate the pho-
toyield for both photon-assisted-tunneling and
internal photoemission experiments at the Al-Si02
interface. In this paper we extend this calculation
to the Au-Si02 interface. Qualitatively the results
are the same. In the photon-assisted-tunneling re-
gime this theory gives the same results as a no-
image force theory' because the quantum-mechan-
ical image-force potential is negHgibly smalL

The results of the internal photoemission calcu-
lation for the Al-Si02 interface are shown in Fig.
9. Tllc calculations for tllc Au-8101 lntcrfacc show
the same quaHtative features. These curves were
analyzed to obtain the effective barrier heights and
the effective dielectric permittivities, by the pro-
cedure outlined in the experimental section. In
each case the effective bamer height, obtained
from the internal photoemission curves, was found
to be -0.2 CV larger than the assumed barrier

1 1 l 1 1 1

2.0 2.6 3.0 3.6 4.0 4.6 6.0 6.6 6.0
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FIG. 9, Theoretical internal photoemission curves
calculated using the quantum-mechanical image-force
theory for the Al-Si02 interface. The curves shown are
for (1,3,5,7)& 106 V/cm applied electric field.

height in the calculation. The barrier heights ob-
tained from the photon-assisted-tunnehng curves
were the same as the values used in the calcula-
tions. Thus the theory predicts that the analysis of
the two experiments should yield different barrier
heights as was found experimentally in Sec. II.

The effective dielectric permittivity, derived
from the slope of the theoretically calculated bar-
rier heights versus F'~ curves, is found to depend
on the metal parameters. The theoretical value
6=2.05 fcportcd cafl1cr 1s 1ncorrcct duc to a nu-
merical error in the calculation, and should have
been a factor of 4 larger, @=8.2. The present re-
sults %6ll bc discussed 1n mo1c detail 1Il the next
section.

In order for the calculations to be compared to
thc experimental 1csult8 ln morc than a qualitative
vfay, 1t was necessary to choose appfopfiatc pafaID-
eters for the calculations. The parameters that
were chosen to characterize the SiOl were an effec-
tive mass, ' m'=0. 5m„and @=2.15. For the
case of Al, the barrier height was chosen to be
Ps —3.25 eV as determined from the photon-
ass1sted-tunneling measurements, and the Ferm1
energy was taken to be 11.5 eV (Ref. 11) above the
conduction-band minimum. For the case of Au,
the barrier height was chosen to be peal =3.91 CV,
and the Fermi energy vms taken to be 5.51 CV. '~
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The results of the calculation for the Al-Si01 inter-
face are shown in Fig. 9. The curves for the Au-
Si01 interface are very similar, showing a shift in
the curves with barrier height.

It is clear that both the experimental and
theoretical curves have the same qualitative
features. Each has a hnear portion of the curves at
high photon energies and a tail at low photon ener-

gies. This tail is not predicted by the simple classi-
cal theory, but it is predicted by a quantum-
mcchanical cRlculat1on Using thc clas81cal imagc-
force potential as well as by the full quantum-
mechanical theory. In order to compare theory
and experiment quantitatively, we extrapolated the
linear portion of the theoretical curves to field-
dependent effective barrier heights ((), as we did for
the experimental curves. These barriers were then
plotted as a function of F'~ along with the experi-
mental curves derived earlier. The results of this
analysis for the Al-SiOI interface are shown in Fig.
10, and the results for the Au-SiOI interface are
shown in Fig. I I.

Each figure shows the experimental data as
points compared to three theories. The solid lines
are the results of the quantum-mechanical image-
force theory described in SIx:. IIL The dashed
curves are the results of our quantum-mechanical
cRlciilRtio11 Iisifig 'tllc classlcR1 111lagc-force potcll-.
tIRl. This Used thc same coIIlputcl program as thc
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FIG. 11. Comparison of the experimental and
theoretical effective barrier heights as a function of elec-
tric field for the Au-Si02 interface. The solid curve is
for the quantum-mechanical image-force theory (QM),
thc dashed curve is for a quantum-mechanical calcula-
tion of the classical image force (QM-CI. ), Rnd the dot-
dashed curve is the simple classical model (CI,).

full quantum-mechanical theory but with the clas-
sical image-force potential. The dot-dash curves
are the results of the simple classical image-force
theory. It is clear that the data show a better fit to
the quantum-mechanical image-force theory than
to either of the other theories. However, it is also
clear that the quantum-mechanical image-force
theory does not accurately predict the slopes of
these curves.

In these figures both the simple classical image-
force model and the quantum-mechanical calcula-
tion of the classical image-force potential show

barriers which extrapolate approximately to thc
barrier assumed in the calculation, i.e., the barrier
derived from the photon-assisted-tunneling mea-

surements. The curves and data shown in the fig-
ures were extrapolated using a simple linear least-

squares fit. Neither the experiments nor the
quantum-mechanical i1Tlage-force theory sho%' the
same barrier hc1ghts. In th18 I'cspcct thc quantum-
mechanical theory is quahtativeiy different and
better fits the experimental results.

It is extremely difficult to assess the degree to
which the theories adequately predict the slopes of
these curves. For the Au-SiOI interface the fit to
the quantum-mechanical image-force theory is not
too bad, but for the Al-SiOI interface the fit is not
as good. To make matters worse there are large
uncertainties in the slopes as derived from the ex-



periments. Qualitatively, both quantum-mechan-
ical calculations show slopes which depend on ma-
terial parameters as seems to be the case from the
experiments. The 81Hlple classicaI IQodel does not
show this dependence.

In Fig. 12 we show a direct comparison between
the quantum-mechanical image-force theory and
the internal photoemisssion measurements for both
Al and Au. The figure only shows data for
F=3X 10 V/cm, where the derived curves of
Figs. 10 and 11 fit reasonably well. As can be
seen, the theory fits very well for the Au-SiOl in-
terface and somewhat less well for the Al-SiOz in-
terface. The main purpose in showing these curves
ls to sho%v a direct comparison between theory and
experiment with a mimmum of data analysis in be-
tween. The agreement between theory and experi-
ment shown is as good as can be expected from a
theory which does not adequately predict the field
dependence of internal photoemission. In fact,
none of tile theories adequately predicts the ob-
served field dependences.

» ge~e~al, the quantum-mechanical image-force
theory, prcscntcd 111 Scc. III, docs tile best overall
job of predicting the experimental results. It is the
only theory which predicts that the barrier heights
derived from the internal photoemission measure-
ments should be larger than the barrier heights de-
rlvcd fl oni tllc pllotoil-asslstcd-tuilllcllllg nicasllrc-
ments. It is also the only theory that includes an
image force and can fit the form of the photon-
assisted-tunnehng experiments accurately. ' It does,
however, have the drawback that it does not give a
complete quantitative description of the experi-
ments. Perhaps this comes from the approxima-
tions used in arriving at a tractable theory from
which to perform numerical calculations. It is
quite conceivable that a more accurate calculation
based on these ideas vrill give a better quantitative
lt.

V. CONCI USIONS

We have measured both photon-assisted-tunnel-
ing and lntemaI photoeIB1881on curves on the same

0 . l. .
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FIG. 12. Dlfcct cofnparison bct%ccn the qgantQm-
mcchamcal image-force theory and thc internal photo-
emission mcasQrcmcnts. Thc cQrvcs are shogun for an
appHcd field of F=3&10 V/cm. The rirclcs are data
for Al and thc triangles arc data for AQ. Tll solid lines
afc thc theoretical QQrvcs.

MOS samples. We find that the effective barrier
heights extracted from the internal photoemission
experiments, by extrapolating the linear portion of
the curves, are larger than the effective barrier
heights extracted from the photon-assisted-
tunneling experiments by about -0.3 eV. Only
the quantum-mechanical image-force theory is ca-
pable of explaining this result.
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