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ABSTRACT

In this work, the theory of internal photoemission
is reviewed and extended for the special case of platinum
silicide Schottky barrier infrared photodiodes. Vickers'
model of hot-electron-mode photodetection is recast in terms
of hot-holes, and the effects of carrier energy loss due to
phonon collisions, as well as the depletion of the occupa-
tion of the emitting states due to emission are included.

The optical absorption of the Schottky diodes is
measured and used to relate the quantum efficiency of the
"diodes to the intefnal yield as calculated from the model.

By including the effects of the carrier energy loss
due to phonon collisions and the depletion of the occupation
of the emitting states in the model, one can resolve pre-
viously unexplained anomalies in the photoresponse data (the
shape of the Fowler plots, the absolute magnitude of the
yield, and the difference between the optical and thermal
barriers). Independent estimates are obtained for the
mean free path between hot-hole/phonon, hot-~hole/cold-
electron, and hot-hole/imperfection collisions as well as
the mean phonon energy, mean transmission coefficient across

the Schottky barrier, and the Fermi energy.

xi
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The model is found to be in excellent agreement with
the experimental data for parameter values consistent with
those reported in the literature.

Some degree of correlation is found to exist between
the one free variable for each diode and the processing used
for that diode, Namely, the temperature of the substrate
during deposition is correlated with the value of the mean

free path between imperfection scattering events.



CHAPTER 1
OVERVIEW OF THE INTERNAL PHOTOEMISSION PROCESS IN PTSI

Introduction

The process by which electrons are photoemitted from
a metal into a vacuum (photoemission) was of great interest
at the time that the theories of the quantum nature of
light, the work funétions of metals, and the general nature
of energy levels in solids were under intensive study. A
similar process, internal photoemission, was subsequently
used as a tool to measure the mean free path of electrons in
metals. Internal photoemission differs from vacuum photo-
emission in that the carriers are emitted from the metal
into a semiconductor with which it is in intimate contact,
and that the carriers can be either electrons or holesl.

More recently, internal photoemission has been used

directly as a process for photodetection. In this case, the
photodetector consists of a metal layer on a semiconductor
substrate (a Schottky diode) with electrical contacts made
to both the substrate and the metal layer. Schottky diode
photodetectors suffer from low responsivity, and until
recently were not widely used. However in the last few

years they have emerged as a state-of-the-art infrared



detector (despite their low responsivity) due to two fac-
tors; the evolution of two dimensional multiplexers which
enable large numbers of detectors to stare at a scene simul-
taneously, and the inability of any other infrared technol-
ogy with higher responsivity to take advantage of these
multiplexers. Schottky diode technology matches ideally
with such multiplexers since indentical Schottky diodes can
be manufactured in large numbers using the same process
procedure as the multiplexer for a very low cost?2.

The theory of operation of Schottky barrier photo-
detectors has been addressed by several authors3r4s3, Their
work has explained the general characteristics of the photo-
response; however, several specific features of the photore-
sponse have remained puzzling. In this work, the process by
which platinum silicide Schottky barrier infrared photo-
diodes detect optical radiation is further investigated with
the intent of explaining these anomalous features of the
photoresponse.

The process of internal photoemission consists of
three distinct parts: absorption; transport, and emissionl.
Since none of the constituent parts are independent of the
others, this chapter will briefly describe the entire pro-
cess, while the remaining chapters will give a detailed

description of each subprocess.



The diodes used in this work consist of a thin
platinum silicide (PtSi) film on a p-type silicon substrate
(see Figure 1l). All three interfaces are assumed to be
optically flat and plane parallel. Ohmic contacts are made
with both the PtSi film and the silicon substrate. Whenever
infrared radiation is incident on the diode, a photocurrent
is generated. The photocurrent is measured as a voltage
across a load resistor, where the voltage is proportionallto

the incident photon f1lux.
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Eigure.l. Diagram of a PtSi/Si Schottky barrier diode with

read-out electronics.



A Brief Description of the Internal Photoemission Process

As stated in section 1, the three parts of internal
photoemission are: (1) absdrption, an incident photon ex-
cites an electron-hole pair in the metal; (2) transport, the
hole randomly walks through the film until it reaches the
Schottky barrier; (3) emission, thé hcle traverses the
Schottky barrier from the metal into the semiconductor
resulting in a current which can be measured. The precise
definition Jf the Schottky barrier is discussed in section
2.3; however it is adequate to describe the barrier as a
semi-abrupt potential maximum at the interface as shown in
Figure 2.

The absorption is assumed to take place in the metal
which is a good approximation for photons with energy less
than 1.1 ev. (Photons of greater energy will be absorbed
both in the metal and in the semiconductor, which is a
complication that is not considered here.) Each photon is
assumed to be reflected, transmitted, or absorbed (excites
an electron-hole pair). Other absorption processes are ig-
nored. Typically, although not necessarily, the Schottky
diodes are illuminated from the silicon side (backside il-

lumination) as shown in Figure 2. Backside illumination



Si PtSI

CONDUCTION BAND

______ —_— = = - FERMI LEVEL

VALENCE BAND \ BARRIER (¥) . hv

. Band diagram of a PtSi on p~type silicon Schottky
barrier diode depicting a semi-abrupt barrier.



enhances the absorption of the PtSi film since the silicon
substrate acts as an index matching medium between the air
and the metal. Figure 2 also shows the excited hole which
can potentially traverse the barrier. Notice that the elec-
tron cannot be emitted into the semiconductor since its
energy lies in the band gap of the semiconductor.

Once excited, the hole is assumed to travel ballis-
tically through the metal until it is either thermalized or
reaches the barrier for emission. The transport can involve
collisions with both interfaces as well as with cold elec-
trons and the lattice; the lattice and cold-electron col-
lisions cause the hot-hole to lose some of its energy.

After many lossy collisions the energy of the hole is re-
duced to the point that it can no longer escape and is in
effect "thermalized". Upon eacﬁ collision, the hole
momentum is redirected. Bulk collisions are assumed to
redirect the momentum uniformly into a sphere, while inter-
face collisions redirect the momentum into a hemisphere.

When a hot-hole reaches the barrier it can traverse
the barrier only if the conditions of conservation of energy
and conservation of momentum can be met. Even if these
conditions are met, there is still a finite probability that
the hot-hole will be reflected, due to the quantum-mechan-
ical nature of the potential barrier and the effects of the

lattice mismatch across the barrier.
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The probability that a photon incident on the photo-
diode will cause a hole to be emitted across the barrier is

the quantum efficiency of the diode. The quantum efficiency

is given by the expression

l.1

where Y is the internal yield and A is the optical absorp-

tion of the PtSi film., The internal yield is the probabil-

ity that an excited hole is emitted, and the absorption is

the probability that an incident photon is absorbed.



Chapter 2
BACKGROUND AND BASIC THEORY OF INTERNAL PHOTOEMISSION

Metallurgy of the Diodes

The diodes used in this experiment were manufactured
by the Rome Air Development Center's Electronic Device Tech-
nology Branch at Hanscom Air Force Base. The process used
to manufacture the diodes consists of electron beam evapora-
tion of platinum onto the etched surface of a (100) Silicon
wafer with resistivity greater than 1  cm. The wafers were
then heated to 350°C to form and anneal the PtSi film. The
diodes used for the yield and activation eneréy measurements
were 490 pym in diameter, while 1.5 cm diameter diodes from
the same wafer were used for the absorption, transmission
electron microscopy (TEM), and transmission electron dif-
fraction (TED) measurements. Both sets of diodes were sur-
rounded by implanted guard rings.

The thickness of the platinum silicide film was
determined by using a quartz oscillator to monitor the mass
of the deposited platinum and then calculating the thickness
of the PtSi filmwhich would have the same mass of platinum.

Figure 3 shows part of the transmission electron

diffraction pattern of a 20 ) platinum silicide film on a
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. Electron diffraction pattern of a 20 & PtSi film
on a thinned (100) Si substrate.

The diffraction spots marked by (1), and (3) corres-
pond to the 002 and 220 reflections in the PtSi respec-
tively. The diffraction spot marked by (2) corresponds to
the 220 reflection in the silicon substrate.
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thinned silicon substrate. The observed diffraction pattern
is identical to that reported in the literature for PtSi on
(100) silicon®. 1In Figure 3 the diffraction spots from the
002 and 220 reflecticus of the PtSi as well as the 220
reflection of the silicon can be seen. Since the diffrac-
tion patterri from the PtSi is a localized arc which is
strongly correlated with the substrate pattern rather than a
diffuse circle, the PtSi is seen to be nearly epitaxial on
the silicoq. The separation between the Si and PtSi dif-
fraction spots indicate that the spacing between the lattice
planes in the two materials is slightly different. A com-
parison of the spacings of PtSi to that of Si shows that the
lattice mismatch between the two is about 6% for these
partiéular orientations.

Transmission electron microscopy was used to analyze
the continuity of the films. Figure 4 shows a TEM image of
the same 20 & thick Ptsi film. Tﬁe fringes shown in the
image are the Moire pattern which results when the inter-
ference patterns of the Si and PtSi are combined?, The
persistence of the Moire fringes across the image indicate

that the film is continuous.



Figure 4. Transmission electron micrograph showing the
Moire fringes between the overlapping PtSi and Si.

12
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Description of the Schottky Barrier

At the interface between the PtSi and the silicon, a
Schottky barrier is formed. Figure 5 illustrates two stages
of formation of a hypothetical metal-semiconductor system.
In Figure 5a the metal and p-type semiconductor are infin-
itely far apart, and not in thermal equilibrium. The height
of the external photoemission barrier (work function) for
the metal is W_,. For the semiconductor, X and Eq are the
electron affinity and band gap respectively. As the metal
and semiconductor are brought together, their Fermi levels
must coincide. Figure 5b illustrates the final structure
where the interface region of the semiconductor has been
depleted of holes. The Fermi levels are now aligned and the
energy barrier ¥, created. 1In this simple model, the height

of the barrier is given by8

Q¥ = Bg - Q(¥p - X) 2.1

A more precise description of the barrier is ob-
tained by noticing that a charge displaced from a metal slab
will be acted on by an attractive image force given by

-q2
F = g 2.2
lGﬂ'Esx
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. Band diagram of the Schottky barrier under the
condition that a) the metal and the semiconductor are infi-
nitely far apart and not in thermal equilibrium; b) the
metal and the semiconductor are in contact and in thermal
equilibrium,
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This force combined with the potential induced by
the depletion region in the semiconductor will reduce the
actual barrier height. The resulting potential as a func-
tion of distance from the barrier is shown in Figure 6 and

is given by

2 2 2
= . _9°Ng - X - q

where q is the elementary charge, N, is the acceptor concen-
tration, eg is the dielectric constant of the silicon, x is
the distance into the semiconductor from the interface, and

W is the depletion region depth (distance to flatband) given

by

1/2
W = ( ;;z (vbi + VR)) 2.4

where Vi is the built-in voltage of the interface, and Vg
is the reverse bias on the diode.

The peak of the barrier is defined as the point
where Equation 2.3 goes through a maximum, and is found by
differentiating Equation 2.3 with respect to x and setting
the derivative equal to zero. The barrier height is found

to be approximately

q¥ = v

= q¥, - a® [ (2egMa(Vp; + V) \1/4 2.5
max 2 g 7r2q



16

v
A
$
¥ SILICON
. -
]
& a% ¥
l X ' N L q 1 t ’
Xq N

. Band diagram of the Schottky barrier showing the
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where ¥, is still defined by Equation 2.1. From Equa-
tion 2.5 it can be seen that the barrier has been lowered by

an amount

aw= _ 9 2egN, (Vi + VR) | 17/4 2.6
2éeg 7rZq

From Equation 2.3 -evaluated at the maximum one finds that

the barrier shift from the interface (xg) is given by.

_- 1/ q 1/4
XS - 4 2 2.7
™ ZESNa(Vbi + Vg)

For a reverse biased diode with typical dopant concentra-

tion, x5 is on the order of 48 2.

From the preceding discussion it is clear that the
location of the barrier is rather ambiguous. Arguments can
be made for its location being at the physical interface, or
the potential maximum. In an effort to c€liminate the ambi-
guity, the barrier is defined as the point where a hot-hole
is most likely to be reflected. Hot-holes with energy
insufficient to escape are reflected at the point at which
the barrier potential exceeds the energy of the hole.

From Figure 6 it can be seen that for a uniform distribution
of hole energies, the most probable point for the barrier to
exceed the hole energy is at the point the potential func-

tion (Equation 2.3) has steepest slope, this point is at the
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interface. Hence, the most likely point of reflection for
holes with energy less than the barrier is at the interface.
Very few of the hot-holes are reflected at the potential
maximum, since at the maximum, the slope of the potential
function is zero. Hence following this definition of the
"barriex", it is assumed that the location of the barrier is
at the interface.

One of the interesting features of the Schottky
barrier devices is that the height of the barrier can be
controlled. From Equation 2.6, one can see that an increase
in the dopant concentration of the semiconductor or in the
reverse bias on the diode lowers the barfier. Since the
spectral region over which the diode responds is a function
of the barrier height, one can tailor a diode's performance
for a specific application by changing the dopant
concentration.

There are two drawbacks to lowering the barrier by
this method. First, the number of thermally generated holes
which can surmount the barrier will increase, necessitating
further cooling of the diode. Second, the increased doping
or voltage will not only lower the barrier but make it
narrower as well. The narrow barrier will be much more
susceptible to tunneling which cannot be rectified by fur-
ther cooling. For diodes with significantly thinned bar-

riers, the tunneling current will dominate the conduction



process and make the diode behave more like an ohmic

contact.

19
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Derivation of the Modified Fowler Equation for

Escaping Holes

With the barrier and the system in general ade-
quately described, a detailed description of the photoemis-
sion process can be obtained. An exact model for the photo-
emission process would include a description of the band
structure of the PtSi film and the silicon substrate as well
as how the two are related near the interface. Little is
known of the band structure of PtSi, and even less is known
about how PtSi and silicon are related at the interface. 1In
an effort to make the photoemission model tractable while
maintaining insight into the physical processes involved,
several simplifying assumptions are made:

1) PtSi is assumed to be an ideal metal, with the disper-

sion relation:

E = (Bk) 2 2.8
C Tamg )

where Ik is the hole momentum, M, is the effective
mass of the hole, and E is the energy of the hole as

measured from the bottom of the conduction band.
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The probability of exciting an electron-hole pair is
independent of the initial and final states of the
transition.
The rate of thermalization is fast compared to that of
photon emission, i.e. the excited hole will lose its
energy to collisions with the lattice and cold elec-
trons before it has a chance to reemit a photon.
The detector is operated at 0 K., This assumption is
incorporated to eliminate the "thermal tail" of Fermi-
Dirac statistics., Section 2.5 shows how the thermal
effects should be incorporated; however since the
Schottky diodes are generally cooled to liquid nitrogen
temperatures, the thermal tail is negligible.
The energy of the absorbed photon (hv) is less
than the Fermi energy (Ef) as is generally the case in
the infrared.
The holes are assumed to travel ballistically.
The PtSi/Si interface is characterized by the barrier
as described in section 2.2.

The complete model for the internal yield includes

the effects of the excited hole (hot-hole) colliding with

both interfaces as well as any of the bulk scattering sites,

and will be developed in chapter 3. At this point, a model

neglecting collisions similar to that developed by Fowler3

as modified by Vilms, Cohen and Archer? is presented (the
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only difference being that their model was developed for
escaping electrons).

Figure 7 depicts a distribution of electrons in
momentum space in the PtSi film. The fourth assumption
implies that the électrons £fill all states within the outer
circle (sphere), and no states outside that circle. Only

electrons which have crystal momentum within the range
(2mp (Eg = hv))1/2 < Bk < (2myEg) 17/2 2.9

can be excited by an incident photon of energy hv, since
only these states have an occupied initial state and an
unoccupied final state. These initial states are shown in
the figure as the spherical shell of excitation.

When a photon is absorbed, an electron-hole pair is
generated in the metal film. For the case of PtSi on p-type
silicon, the hole can escape into the semiconductor if it
has sufficient momentum directed normal to the barrier, and
the momentum directed parallel to the barrier and the total
energy can be conserved.

Simplified dispersion relations for the holes at the
Schottky barrier and in the bulk metal ar= shown in
Figure 8. From the figure, the condition for conservation
of total energy for holes is found to be

A2k 2 A2k g A2kj? | B2k, 2

- - = - + W +
2my, 2my, Eg 2mg 2mg

2,10
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i . The distribution of electrons in k space for a
spherical Fermi. surface at 0 K.
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. Simplified dispersion relations for holes at the
Schottky barrier maximum and in the bulk metal.
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Here mg and m are the effective masses in the silicon
substrate and the metal film (PtSi film) respectively,
k, and k,, are the magnitude of the perpendicular and the
parallel part of the hole's wave vector in the platinum
silicide, and kj and k|, are the corresponding values in the
silicon substrate. Imposing the conditions that the final
kinetic energy directed normal to the barrier must be

greater than zero and that parallel momentum is conserved

(k, = kj), one obtains
2.2 2 ‘
nki , 0 (l . )k;’;gaf-w 2.11
2mp 2 M mg

Here the equality is satisfied for an ellipsoid of revolu-
tion in k space. 1If electrons were the emitted carriers and
their mass was the same in the metal and the semiconductor,
then the term for electron emission corresponding to the one
in parentheses (with a sign change in one term) would become
zero, and the condition for emission would simply be that
the normal component of the carrier's kinetic energy is
greater than the barrier. However for hole emission, the
conservation of parallel momentum is always explicitly rep-
resented in the condition for emission.

Since only states in the spherical shell of excita-
tion are excited, the states which will emit are shown as

a hatched region in Figure 9. The hatched region is known
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SPHERICAL SHELL OF EXCITATION

ESCAPE CAP

Eigure 9. The escape cap for holes in k space.

The hatched region on the left corresponds to holes
which may escape over a barrier on the right,
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as the escape cap. The states in the escape cap are assumed
to have unity probability of escape which is strictly true
only in the absence of quantum mechanical reflections at the

barrier.

The volume of the cap is given by

2r k(Eg - %) O(k)
V. = J. k% sine de dk dg 2.12
0

0 k(Eg¢ - hv)

The angle 6 (k) is defined as the angle the momentum vector
of the hot-hole momentum has with respect to a vector di-

rected normal to the interface, and is given by

o(k) = sin‘l<;ﬂ) 2.13
Using the fact that

k2 = k2 + k2 2.14

and Equation 2.11 to solve for k, in terms of k, ©(k) is

found to be

1/2
2 - - 2
o(k) = sin-l ([‘2“‘5/5 ) (Bg :” (ms/mp) k2] ) 2.15

By integrating Equation 2.12 and defining M to be the ratio
of the effective mass in the semiconductor to that in the

metal £ilm, one finds the volume of the cap to be
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v o 2T/ 2mg 3 M(Es - w?
52 (L + M)

(Eg - (1 + Myhv + Mw)3
T + M

+

- (E¢ - hv)3/2 2.16

The yield is obtained by dividing the volume of the
cap by the volume of the spherical shell of excitation, and

is given by
YF=

M(Ef - 93 + (Eg - (L + Mhv + u9)F = (1 + M) (Eg - hv) 3
2(E3/2 = (E; - hv)3/2)(1 + )

2.17
In the limit that Eg >> hvy > ¥ the yield is
approximately
172 (hv - w)2
Yp = M 2.18

8thu

Equation 2.18 is known as the modified Fowler equation,
and to this order of approximation is the same for either
escaping electrons or holes. Multiplying Equation 2,18
through by hv and taking the square root of both sides, one

obtains

y¥pho :-VMl/z/SEf (hv - w) 2.19
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which is linear in hs. When ,/¥Yghv is plotted as a function
of photon energy the intercept of the function with the
abscissa is the barrier height (see Figure 10). Due to the
linearity of the function and ease of determining the bar-
rier height, quanfum efficiency data for Schottky diodes is

generally presented in this form (Fowler plot).
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Figure 10. Modified Fowler equation plotted in the form of
a Fowler plot.
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Experimental vVerification of the Modified Fowler Equation

In order to evaluate the validity of the modified
Fowler equation, the quantum efficiency was measured as a
function of wavelength and compared to the predictions of
the equation. The quantum efficiency of the photodiodes was
measured using the system illustrated in Figure 11.
A globar illuminated the entrance slit of a Perkin-Elmer
model 98 monochromator. The exit slit was imaged onto the
photodiode which was mounted on the cold finger of a Displex
refrigeration system. All of the yield measurements were
taken with the photodiode at 40 K. The radiation at the
entrance slit was chopped at 135 hz while the signal from
the photodiode was read out by a PAR model 124 A lock-in
amplifier. The entrance slit of the monochromator was
covered with a room temperature silicon wafer to block any
stray radiation which might be absorbed in the silicon. The
lock-in amplifier and the stepper motor for the monochrom-
ator were both interfaced to an HP 9826 computer which
coordinated the measurements and recorded the data.

Absolute calibration of the system was performed
using a Laser Precision pyroelectric detector which was

limited by an aperture of the same size as the diodes being
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Figure 11l.

Block diagram of the system used for measuring

the quantum efficiency of the photodiodes.
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tested. The pyroelectric detector was calibrated by illu-
minating it directly with a blackbody source and calculating
the responsivity from the measured pyroelectric signal and
known incident irradiance. The feedback resistor for the
pyroelectric was 101l @ which gave a uniform gain for elec-
trical frequencies in the neighborhood of 135 hz,

Eleven diodes were used in this experiment ranging
in thickness from 5 to 400 & of PtSi. Table 1 lists the
diodes and their thicknesses. The quantum efficiencies for
the diodes ranged in value from 8% at 1l.28 um down to 0.004%
at 6.0 wum., The quantum efficiency of each diode at 1l.46 um
is also recorded in Table 1. The variation in the quantum
efficiency from diode to diode is explained in chapter 5;
however a trend of higher yields for thinner films is
vaguely evident. All diodes were measured with én applied
reverse bias of one volt. The data from the quantumeffic-
iency measurements combined with the data from the absorp-
tion measurements is presented in more detail in chapter 5.

A diagram of the measured quantum efficiency of a
Schottky barrier diode as a function of the incident photon
energy for a typical diode is shown in Figure 12, The data
are plotted in the formof a Fowler plot as discussed in
section 2.3. Superimposed on the data points is a fit of
the linear region of the curve. From Figure 12 it can be

seen that the linear fit does a reasonably good job of



3.8
2.7
2.4
2.1
1.8
1.5
1.2

Ve ) tev?/2)
&

Figure 12.

hv (eV)

Fowler plot of diode 4.

34



35

Table l. Overview of the characteristics of the diodes used
in this work.

Diode Thickness Quantum Yop Yin
Number Efficiency

3) (%) (eV) (eV)

1 5 6.9 0.228 0.206

2 10 3.4 0.223 0.186

3 20 2.0 0.252 0.181

4 20 5.7 0.222 0.195

5 40 4,1 0.238 0.193

o 80 2.5 0.247 0.203

7 100 5.2 0.217 0.167

8 100 4.2 0.232 0.202

9 120 1.8 0.251 0. 215

10 200 2.8 0.240 0.207

11 400 2.6 0.247 0.210
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fitting the data as predicted in section 2.3. However for
photon energies near 1 eV the measured data fall away from
linear, and for photon energies near the barrier the Fowler
yield is greater than expected. The slope of the linear fit
is 4.1 ev-(1/2) corresponding to a value of 7.4 meV for Eg,
which is considerably lower than expected in comparison to
the values for other materials in the literaturelo, and is
too low for the assumptions used in deriving Equation 2.17.

The intercept of the line fitted to the linear
region with the abscissa in Figure 12 is the optical barrier
height of the diode (wop). In Figure 12 the barrier height
is shown to be 0.222 eV., while Table 1 has the optical
barrier heights for all eleven diodes listed.

Another method for measuring the Schottky barrier
height of a diode is to use an activation energy measure-
ment. In this technique the dark current is measured as a
function of temperature at a fixed reverse bias. From the
diode equation, the current as a function of reverse bias is

given by8

= ~aa**p2 S e - R Yo 2.20
Ig AA T exp( —ET_) (exp( T .

where A is the active area of the diode, A** is the effec-

tive Richardson constant, and Vg and IR are the reverse bias

voltage and current respectively. It can be seen that for a
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large enough reverse bias (Vg > 40mV) the term in the second
set of parentheses can'be neglected. Taking the natural

logarithm and rearranging terms one obtains

L 4 %* %
1 2y = = _ 9 4 1nea .

Over limited temperature ranges if ln(IR/ATZ) is
plotted as a function of 1/T, the barrier height of the
diode can be determined from the slope of the resulting
line. Figure 13 shows an activation energy plot for diode
10. The barrier height obtained from this method is refer-
red to as the thermal barrier. The thermal barrier heights
for all of the diodes were measured at one volt reverse bias
over a temperatﬁre range of 40 to 200 K. Again the Displex
refrigeration system was used to control the temperaﬁure.
Thermal barriers (W.,) for the eleven diodes are listed in
Table 1. As can be seen from Table 1, the barrier height
measured optically is always greater than that measured
using activation energy. The mean difference is 0.04 eV
with a standard deviation of 0.0l eV.

At this point four discrepancies exist between the
experimental data and the simple model.

1) Yields which are higher than the simple model predicts
without the imposition of a very low value on Eg.

2) Roll off from linearity for high photon energies.
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4)

Finite yield for photon energies below the optical
barrier.

A systematic discrepancy between the optical and

thermal barriers.
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Extensions to the Modified Fowler Equation

In this section several extensions to the modified
Fowler equation are introduced in order to explain some of
‘the anomalous effects mentioned in the previous section.

The first two are introduced primarily for completeness,
since they are not utilized in the model developed in the
latter chapters. However each of these extensions should be
considered in a complete description of the internal photo-
emission process, even though their consequences are not
great.

Two models exist for explaining the finite photo-
yield for photon energies below the optical barrier height.
The first was developed by Fowler3 and was later modified by
Vickers®, and is based on assumptions similar to those made
in section 3; however it is not assumed that the temperature
is at 0 K so the "thermal tail" of Fermi-Dirac statistics
must be incorporated. The expressions derived by Vickers?d

are:
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for hy > ¥

Ml/2 [ (v - w)2
4thv 2

2 _ i
v km2 ’_g_ S [-exP[. ‘—“—k——’]] 2.22
i=1 1

and for hv < w

Yp(T) =

1/2 (e 2 1 i
__ ul/2km (v - W)
Yp(™ = Thw Zi_l 12 [e"" T‘“] 2:23

In terms of the model from section 2.3, electrons
are thermally excited above the Fermi surface leaving holes
which can act as the unoccupied states for a future photo-
absorption event (see Figure 1l4). During photoabsorption,
an electron can be excited to the state left unoccupied by
the thermal excitation resulting in a hot-hole in the
initial state of the photoexcited electron. In this case the
excitation energy is acquired by the hot~hole from both the
thermal excitation and the photon. For emission, the sum of
the two excitation energies must be greater than the barrier
height. Equations 2.22 and 2.23 imply that the yield for
photon energies of the same order as the barrier height will
be greater than that predicted by the model developed in
section 3, and that for photon energies slightly less than

the barrier the yield will be non-zero.
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Schematic diagram showing how a thermal excita-
tion could effect the photoemission process.
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The second model includes the quantum mechanical
nature of the potentially emitted carrier on the emission
process.lz'l3. Because of the wave nature of the carrier,
the probability of its escape remains finite even if its
energy is below the barrier. Figure 15 shows an example of
the transmission coefficient as a function of energy in
excess of the barrier as calculated by Anderson et. al.l4,
The diagram shows that carriers with energies much greater
than the barrier have a transmission probability of near
unity. Those with energies only slightly greater than the
barrier will have significantly reduced transmission proba-
bility, while electrons with energies slightly less than the
barrier maintain a finite transmission probability.

The actual transmission coefficient depends not only
on the energy difference between the excited hole and the
barrier, but also the shape and thickness of the barrier, as
well as the change in effective mass across the barrier. A
smooth narrow potential function with no change in effective
mass from one side to the other sidewill have the lowest
reflection coefficient, while a wide potential function with
sharp features and a large change in effective mass will
have the highest reflection coefficient. Both the thermal
and quantum-mechanical models are possible explanations for
the enhanced yield for low photon energies. However neither

model is able to explain the yields which are too large
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. An example of how the quantum—-mechanical trans-
mission coefficient might vary as a function of the energy
of the hole measured from the barrier maximum,

Taken from reference 14,
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to be consistent with reasonable values of Eg, the roll off
at high photon energies, or the discrepancy between the
optical and thermal barriers.

The discrepancy between the measured value of the
slope of the linear region and that expected from reasonable
values of E¢ has been addressed by both Dalal? and
Vickersd. Both Dalal and Vickers show that the modified
Fowler yield is enhanced by the effects of phonon and wall
scattering which can redirect the hot-hole momentum so that
it falls in the escape cap. The two models differ in that
Dalal's is a one dimensional model in which the exponential
decay of the density of carriers in the £film due to the
nonuniform optical absorption is considered. Vickers' model
is three dimensional, but uniform photoabsorption is as-
sumed. Further analysis concentrates on Vickers' model,
since Vickers' model incorporates the three dimensional
nature of the scattering process, and over the range of film
thickness considered (5 - 400 g) it is reasonable to assume
that the absorption is uniform.

Vickers shows that the modified Fowler yield is
altered by the effects of different scattering mechanisms in

the PtSi film., His expression for the yield is

M2y - w2 L

*
= U(d/L 2.
ty BEghv d (/L") 24
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where d is the thickness of the PtSi film, Lg is the mean

free path between collisions with cold electrons and L is

defined by

where [5 is the mean free path between semi-elastic col-
lisions. U(d/L¥) is defined by an expression involving
well-known exponential integrals which physically represent
probabilities of having no bulk collisions in the course of
multiple traversals from wall to wall averaged over distance
and angular parameterss.

Vickers' result is obviously a low yield approxi-
mation since it is unbounded as L, increases; however it
does explain the high yield without imposing unrealistically
low values on Ef. From equation 2.24, it can be seen that
virtually any value of slope for the modified Fowler equa-
tion can be obtained by choosing the appropriate value
of Le.

In the literature it has been shown that L has
approximately an inverse-squared relationship with the car-
rier energy measured from the Fermi level (See section 3.3
for further discussion). This decrease in Ly as a function
of carrier energy has been proposed as an explanation for

the deviation from a linear plot at high photon energies.
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From equation.2.24, it can be seen that for £§<<Le any
decrease in Lo will result in a decrease in the yield.
Since Le decreases for higher photon energies, the yield
will be diminished at the higher energies, which is consis-
tent with the roll off from linearity for the high photon
energies.

It should also be pointed out that the earlier
comparison of the modified Fowler equation to the experi~
mental data involved a comparison of measured quantum effic-
iency data to calculated internal yield data. An accurate
comparison would have divided out the effects of optical
absorption. In the literature it is usually assumed that
the absorption is spectrally'uniform over the wavelength
region of interest and can be treated as a constant scale
factor; however in chapter 4, it will be shown that the
absorption is not spectrally uniform in this case, and that
itcanimpacttheshapecﬂftheresultingFowlerélot.
Chapter 5 will include these effects in the Fowler plot
analysis.

It has been shown that three of the four discrepan-
cies between the experimental data and the simple model
listed in section 2.4 can be explained by fine tuning the
modified Fowler equation. The final discrepancy to be ex-
plained is the difference between the optical and the ther-

mal barriers. The next chapter will address this final



discrepancy, and in doing so explainall four of the dis-

crepancies with one rather simple model.
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Chapter 3
THE NEW MODEL FOR INTERNAL PHOTOEMISSION

Development of the Model

As was stated in the previous chapter, Vickers in-
corporated scattering into the modified Fowler equation in
order to explain the excess yield. 1In this chapter, ‘the
extensions to Vickers' model due to Mooney and Silvermanl3
are incorporated into his model in the course of outlining
its derivation. The extensions include treating the energy
lost by the carrier during phonon creation and taking into
account the fact that the population of excited states is
depleted whenever carriers are emitted.

The scattering mechanisms to be included can be
broken into three groups.

1) Interface scatter: An interface scatter occurs when a
hot-hole interacts with either a backwall or a front
wall and is not emitted. Interfaces are assumed to
behave as lambertian reflectors. However the reflec-
tion need only be lambertian to the extent that the
states in the spherical shell of excitation replenish

the states in the escape cap.
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2) Hot-hole/cold-electron scatter: This scattering
mechanism is characterized by a mean free path L, and
by the fact that one scatter of this type will reduce
the energy of the hole to the point that it can no
longef traverse the barrier.

3) Hot~-hole/"phonon" scatter: This scattering mechanism
includes all bulk collisions which do not involve cold
electrons (i.e. collisions with phonons, grain bound-
aries, lattice defects, etc.), and is characterized by
a mean free path Iﬁ and a mean energy loss hw.

These collisions are assumed to redirect the momentum
of the hot-hole into a sphere; however, as was the case
with interface scatters, the redistribution need only
replenish the states in the escape cap which have
emitted.
If anexcited hole is initially in the escape cap
and is a distance z from the barrier, then its probability

of reaching the barrier without colliding in the bulk is

exp -( 1 . l' >z = e('z/L*) 3.1
7 L5

Integrating Equation 3.1 over the thickness of the film and

normalizing, one finds the accumulated probability for es-

cape without scatter to be
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d

o= _l_j e(-2/L%) 4z = L* [1 - e<"d/L*)] 3.2
a Jo d

Here the assumption that the excitation energy is much less
than the Fe;mi energy has been used., This assumption im-
plies that all states in the escape cap have momentum
directed approximately normal to the barrier. Also implicit
in Equation 3.2 is the assumption of uniform carrier crea-
tion with distance (photoabsorption).

The holes which are not initially in the escape cap
have an accumulated probability of reaching one of the

interfaces equal to where

1 d p7/2

B = - s j exp(=(d - z)/(L*cose)) sine de dz 3.3
0 Y0

In order to include the effects of multiple reflections off

the interfaces, one also defines

w/2
6= s exp(—d/L*cose)) sine de 3.4
o)
which is the probability that a hole which is diffusely
scattered off one surface reaches the other surface without
a collision.

At this point the accumulated probability that a
hot-hole will be emitted without colliding in the bulk can

be calculated. The probability that a hot-hole reaches the
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Schottky barrier prior to colliding in the bulk (Yj,) is
calculated by taking the sum of an infinite number of terms,
where the different terms include the effects of the multi-

ple scatters off of the interfaces. Y;_  is given by

io
* 2Y . 2Y
Y. =Yoo+ ¥oRe("4/L7) 1 4+ [1 - Z2E s+ (1 - Z2E )62
io F F ' Yoo Yoo
2 2
oo e - ZE) 3w 1 -2LE) st e . 3.5

The first term on the right is the probability that a hot-
hole is initially in the escape cap and that it is able to
reach the barrier. The first term (unity) in the square
brackets generates the probability that the hot-hole is
initially directed toward the metal/air interface, is scat-
tered into the escape cap at the interface and is able to
reach the barrier. The remaining terms in the square brack-
ets compute the capture probabilities of hot-holes which
have two or more scatters at the interfaces with alternating
terms considering holes which were initially directed toward
the front or the back interface.,

The term (1 - 2Y,/Ye) is the probability that a hot-
hole is not initially in the escape cap. It may also be
viewed as a counting loss correction term which is raised to
the appropriate power in Equation 3.5 to reflect the number

of times the carrier is scattered back from the barrier
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before ultimate capture. The yield and hence this probabil-
ity has been normalized to include only the states which can
potentially emit. The probability that a state can poten-
tially emit is given by the volume of the spherical shell of
states which potentially emit divided by the volume of the
spherical shell of excitation (see Figure 16), and is

given by

(Ef = w)3/2- (B¢ - )3/2 _ hw - w
E%/z_ (Ef - hp)3/2 hy

Ym=

The normalization is necessary since only a portion of the
-excited states can potentially emit, and the population of
the states which can emit is depleted, while the population
of the nonemitting states remains statistically unchanged.

Equation 3.5 can be reduced to

(L + (1L = 2Yp/Yoo)6)
(L - (1 - 2Yp/Ye) 62)

*
Yio = Yp|la + ge(-d/L7)
In the limit that the probability of traversing the metal
film becomes unity, Y;, approaches Ye, the maximum yield
possible,
After the hot-hole reaches the barrier there is a
finite probability that it will be reflected at the barrier
even though it is in the escape cap. If the probability

that a hot-hole in the escape cap is transmitted across the
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barrier is T, then the total yield for no collisions in the

bulk is given by

Yo = Yior il

* 2
+ (1 - f)s——ziF e(-d/L )(1 +<1 - __ZYF)az +(1 LS F) g4 + oo
o Yoo Yoo
i
) 2y * 2 2vp \? 12
ol - ek e (-d/L )614-@.- _Eg)sz-bc.- __§> 5+ oo
© Yoo Yoo
B 3
+ + . - [
I
_ YioT 3.8

(L - 7)8(2¥p/Yeo) @ (=d/L%)

1 -
(L = (1 - 2Yp/Ye) §2)

Here the first term (unity) in the braces generates the
probability of emission without a quantum-mechanical reflec-
tion at the interface. The additional yield terms (those in
square brackets) are generated by tracing the possible
future scenarios of the subset of hot-holes which approached
the barrier with the requisite escape conditions, i.e. would
be captured in the classical model, but were gquantum-mechan-
ically reflected away from the interface uniformly in all
directions, The exponents of the bracketed terms equal the
number of quantum-mechanical reflections experienced before

capture,
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At this point, the effects of those holes which
suffer bulk phonon collisions are included. On average each
bulk collision reduces thé energy of the carrier by an
amount fw, higher energy carriers are scattered into lower
energy states, so in effect the highest energy carriers are
those that are lost. The yield is viewed as a sum of par-
tial yields, where the nth partial yield represents the
yield of the hot-holes which have suffered n phonon col-
lisions. 1In this view the hot-holes are divided into dis-
tributions which are distinguished from one another by the
number of phonon collisions experienced (phonon distribu-
tions). In terms of the escape cap, as the carriers lose
energy, the spherical shell of excitation shrinks from the
inside out.

Since a collision with a cold electron leaves a hot-
hole unable to traverse the barrier, it is necessary.to find
the probability that a hole will collide with a phonon

before a cold electron (v), which is found to be
)
¥ = je(-z/ﬂa Loe(-z/Lp) gz = __Te 3.9
0 P Le
Combining Equations 3.6, 3.7, 3.8, and 3.9 one

obtains for the yield contribution of successive phonon

distributions
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Y Y Y
= 0 0> - 11,2 o« o o
Y = ¥, +( -T)‘le +(1-__(1 ....__)'y Yy + 3.10

where the terms like (1 - ¥Y./Yo) include the effects of
holes which have been emitted on previous distributions, and
the Y, terms are the partial yields which are defined by a
generalization of Equation 3.8 appropriate for the nth
phonon distribution. This is done by redefining Equation
2,17 to reflect the energy loss of nhiw for the nth phonon

distribution, namely

Ypn =

3
M(Eg - 9)3 +(Eg - (1+4) (hv = nw)+ M¥)3 - (141) (E £ ~hy + nfw) 3
2(Eg3/2 - (B; - w)3/2)(1 + m)

3.11

and using Yp, rather than Yp in Equation 3.8 to generate Y,
The series of terms in Equation 3.10 is terminated
when Yp, in Equation 3.11 becomes less than or equal to

zero, that is when
hw - W
n > 3.12
=7 fw
One approximation still remains in these extended

results. Due to depletion by preferential capture at the

upper range .of the energy distribution spectrum, each
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successive phonon-scattered distribution is actually less
uniform, i.e., more skewed toward lower energies, than its
predecessor distribution. This effect is considered of

second order and is neglected in Equation 3.10.
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Characteristics of the Model

In this section the effects of the extensions to the
modified Fowler equation are investigated through a series
of Fowler plots. Fowler plots will be presented for ranges
of thickness, mean free paths, and "phonon" energy loss
relevant to Schottky infrared technology with the goal of
presenting how the parameters impact the behavior of Fowler
plots. The barrier height is taken as 0.2 eV., close to the
value for PtSi on p-type Silicon. The parameters will be
adjusted to fit the model to experimental data in chapter 5;
however, at this point it is worth while to demonstrate that
the extensions explain the anomalies in the experimental
data from section 2.4.

Figure 17 shows a Fowler plot for a 20 R diode with
Eg=5 eV. Mw=0.01 eV., L}=70 &, Le=1000 2, and 7=1. Super-
imposed on the Fowler plots is a line fit to the linear
region of the curve. From Figure 17, it is evident that the
barrier height as measured by extrapolating the linear re-
gion to the energy axis is about 0.06 eV. greater than the
actual Schottky barrier height. If the thermal barrier
height is interpreted as the Schottky barrier neight, then

the discrepancy between the optical and thermal barrier can
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now be explained by using the extended model. Figure 17
also shows that the model can explain both the roll on and
roll off in the Fowler plots for low and high photon ener-
gies. The roll on, and the difference between the barriers
can be understood by examining the sum in equation 3.10.

If the terms Y,  are approximated by a constant Y,

(hv - w)2

where C, is approximately a constant if 2Yp/Yeo is much less

than unity. Then equation 3.10 can be written as

where
Nhnax v \0
TELo) ®

with npay given by

hy - @
max = Tho 3.16

=]

On a Fowler plot ,/Yhy is plotted as a function of hv, where

J?m:isgivenby

YR =/, /& (v = W) 3.17
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For the Fowler plot to be linear, the coefficient C;
must be independent of photon energy. However as the photon
energy is increased the number of terms in the expression
for Cy increases, leading to an increase in Ci. Since Cj
increases with increasing photon energy, the slope of the
Fowler plot increases as the photon energy is increased, as
shown in Figure 17 for photon energies near the barrier. As
Nnax becomes large, the successive terms in the sum approach
zero, so that Cy becomes a constant leading to a linear
segment in Figure 17. 1In physical terms, the increase in Cy
is due to the fact that as the photon energy increases, the
hot-holes can on average survive more phonon collisions and
still escape.

The roll off at high photon energies is due to the
yield approaching the theoretical limit value given by equa-
tion 3.6. Since the numerator in equation 3.6 is approxi-
mately linear in (hy - W), itwill exhibit a square root
dependency on a Fowler plot, giving the rolled off behavior.

Figure 18 shows the effect of Iﬁ on the Fowler plot.
The optimal value of [‘E'l' is found to depend on the photon
energy, phonon energy loss and film thickness. For low
excitation energy, few phonon collisions are necessary to
thermalize the carrier, so longer Lj values lead to higher
yield. With increased excitation, the hole is less easily

thermalized which increases the chances of it being
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redirected into the escape direction before colliding with a
cold electron. Hence more phonon collisions are desirable

and a shorter Lg'» leads to higher yields.
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Discussion of the Parameters in the Model

In this section the parameters which were defined in
the previous sections are discussed. The range of values
over which the parameters are expected to vary is estimated,
and where appropriate, the sense in which the parameter is
averaged is explicitly stated. The parameters addressed are
the Fermi energy, the ratio of effective masses, the hot-
hole/cold-electron mean free path, the hot-hole/"phonon"
mean free path, the mean "phonon" energy, and the transmis-

sion coefficient.

The Fermi Energy
The Fermi energy is defined as the energy of the
highest energy electron when the metal is in its ground

state, as measured from the bottom of the conduction band.
Unfortunately the Fermi energy in PtSi has never been meas-
ured; however in other materials its value is typically

between 3 and 10 ev.lO,

The Ratio of the Effective Masses
The effective masses are included in the derivation

of Equations 2.17 and 2.18 in an effort to estimate the

volume of k space occupied by the excited states rather
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than to determine the curvature of the energy band at any

particular point. 1In this context, the definition of the

effective mass for the metal is taken as

m = _n_2_k§_ 3.18
ZEf

where k¢ is the magnitude of the momentum of an electron at
the surface of the Fermi sphere. A similar definition can
be made for the effective mass in the silicon.

Since the effective mass is usually defined in terms
of the curvature of the energy band at the Fermi level, the
value obtained from the literature may not be appropriate
for this work. However at the present time this point is
academic since the value of the effective mass for PtSi is
not available in the literature,

It is reasonable to expect that the overall curva-
ture of the energy bands does not vary drastically between
the two materials, so the ratio between the two effective

masses should be fairly close to unity.

The Hot-Hole/Cold-Electron Mean Free Path

The hot-hole/cold-electron mean free path in metals
is not readily available in the literature. However it has
been measured in gold16'l7 and should behave in a manner
similar to the hot-electron/cold-electron mean free path.

It can be shownl8s19,20,21,22 pat the hot-electron/cold-
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electron mean free path should vary as

Ee\2
Lo = lo(_ﬁi) 3.19
where E is the hot-electron energy measured from the Fermi

level. This dependence of mean free path on carrier energy

has been observed for low electron energies
E < 1.5 x 103 ev. 3.20

however the dependence breaks down at higher carrier ener-
gies23, Figure 19 illustrates selected literature results
on the f; versus E dependence in gold.

From Figure 19, it can be seen that the Ly defined
in section 1 must be interpreted as an average of the mean
free path over the energy range of interest. The average
will be weighted toward the lower-energy hot-holes (E = W)
since low-energy holes exist in the spherical shell qf
excited states for both a high-photon-energy and a low-
photon-energy excitation, whereas high-energy holes only
exist for the high-photon-energy excitation. The energy
range of interest is from 0.2 to 1.0 eV above the Fermi
level. Unfortunately there is very little data available
over this energy region. The results of mean free path
measurements on gold24/,25 and aluminum26 indicate that the

value of [é at 1.0 eV is at least 1000 3. However in all
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cases the value of l; is a rapidly decreasing function of
electron energy. Under the assumption that similar results
can be expected for holes in platinum silicide and extrapo-
lating the data in the literature to the energy range of
interest, one estimates values of 5,000 to 50,000 & for Le

to be appropriate.

The Hot-Hole/"Phonon" Mean Free Path

As was stated in section 3.1, this mechanism in-
cludes scattering events with phonons, impurities, disloca-
tions, and other lattice imperfections. The collisions are
all assumed to be semi-elastic; however, phonon scattering
events require a greater exchange of energy than the other
mechanisms. If (for example) three semi-elastic scattering

mechanisms exist in the metal film, L} is given by

[}
+
+
w
.
N
[

Li) Ll Lz L3

where Ly, Lp, and L3 are the mean free paths of the three
scattering mechanisms. [ﬁ has been measured in gold, sil-

ver, copper, and palladium23s27,28 to be between

100 - 500 &.

The Mean "Phonon" Energy

The mean energy loss for a "phonon" collision is

given by
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Mo = 8B + 5, BB 4 55 LB 3.22
L1 Lo L3

where 81, 62, and &3 are the energy losses associated with

the three scatter types. The energy spectra of the phonons

in PtSi has been measured using Raman spectroscopy22r30,

Figure 20 shows that two lines are predominant at 0.01 and

0.017 eV,

The observed mean energy loss per semi-elastic scat-
ter will obey Equation 3.22. If all the imperfection scat-
ters are more elastic than the phonon scatters then the
maximum value w can achieve is expected to be on the order

of 0.017 evV.

The Transmission Coefficient

The transmission coefficient (r) is defined as the
probability that a hot-hole in the escape cap traverses the
barrier after reaching the interface. 1Ideally the value of
the transmission coefficient would be unity; however it is
reduced from unity by two effects. The first is that the
wave nature of the electron interacts with the potential
barrier, the impact of which was discussed in section 2.5
and shown in Figure 15. The second effect is that of the
change in band structure across the barrier, which has the
consequence that the holes which were in allowed states in

the PtSi may not be in allowed states in the Si. As the
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holes in the forbidden states propagate in the silicon, the
silicon lattice scatters the holes into different states.

If the holes are scattered out of the escape cap prior to
traversing the potential maximum, then they can no longer
escape and are reflected back into the PtSi. If the holes
traverse the barrier prior to being scattered, then emission
has occurred. The scattering process will selectively scat-
ter carriers out of the escape cap, since only holes which
were initially in the cap can propagate far enough into the
film to experience the lattice scattering.

The transmission coefficient has been treated in the
literature3l. For a reverse biased diode with typical do-
pant concentration, the transmission coefficient for elec-
trons was found to be between 20 and 30%. Since the hot-
hole mean free path in silicon is about a factor of two less
than that of an electron32, the transmission coefficient for
holes is expected to be considerably less than that for
electrons.

The scattering mechanism responsible for the redi-
rection of the hot-hole momentum in the silicon nhas been
determined to be scattering by optical phonons3l, since
generation of optical phonons reduces the energy of the
incident hot-hole, the loss of energy incurred by the phonon

creation on the hot-~hole should be included in Equation 3.8.
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This modification was omitted, since its effects were deter-

mined to be of second order.



Chapter 4
OPTICAL ABSORPTION OF THE PHOTODIODES

Experimental Measurements

As was stated in chapter 1, the quantum efficiency
of a photodiode depends on the product of the internal yield
and the absorption (Equation 1l.l). Chapter 3 addressed the
internal yield and its effects on the quantum efficiency.
This chapter will address the absorption.

The optical constants of PtSi have been determined
over a fairly large spectral region for a relatively thick
film (1400 R of PtSi) by Pimbley and Katz33., Mahan and
Marple34 have extended Pimbley and Katz's work by using the
optical constants to calculate the absorption as predicted
by standard thin film optics and comparing the results with
their own experimental measurements. Their data was taken
at one wavelength over many different film thicknesses (18 -
480 R of PtSi). The comparison is disappointing although
not unexpected, since it is well documented that the optical
properties of thin films are very sensitive to film micro-
structure which in turn is sensitive to slight changes in

processing procedures35/36, For this reason the absorption
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of the PtSi/Si photodiodes used in this work was measured
rather than calculated from the optical constants.

In measuring the absorption of the PtSi film, it was
assumed that the silicon substrate did not absorb any of the
radidtion. With this aséumption the absorption in the PtSi
film for backside illumination is computed from the expres-

sion (see Figure 21)
A' = 1 - R' - T 4.1

where R' and T are the backside reflection and transmission
coefficients of the photodiode which can be measured direct-
ly. Losses due to scattering for the chemically polished
silicon wafers are negligible37. Measurements of the
reflection and transmission were performed over the 1..28 to
5.99 pm wavelength interval, which corresponds to the band
edge of silicon and the Schottky barrier cutoff of the
photodiode, respectively. From 1.28 to 2.5 um, the measure-
ments were performed on a Cary 14 spectrometer, while over
the region from 2.5 to 5.99 um, the measurements were per-
formed on a Nicolett 7199A Fourier transform spectrometer.
The reflection measurements were made at near normal
incidence for both front and backside illumination. On the
Cary spectrometer, a Cary single pass reflection attachment

was used; on the Nicolett, a Harrick variable angle



and T.

Diagram illustrating

PtSi FILM

the definitions of R,

R'
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single pass attachment was used. All of the measurements
were reproducible to better than 2%.

Figures 22 - 27 illustrate the behavior of R, R',
and T as a function of wavelength for a thin (20 X) and a
thick (400 R) PtSi film. Figures 28 and 29 show how the
absorption varies as a function of wavelength for the same
two diodes. For the thin diode, the reflection and trans-
mission characteristics are dominated by the effects of the
silicon substrate which has a reflection of 46% and a trans-
mission of 54% over the spectral region of interest (see
Figures 22, 24 and 26). Since the refractive index of the
silicon changes very little over this wavelength interval,
only slight changes in the measured values as function of
wavelength are observed. The diodes with the thick PtSi
films show much more evidence of the effects of the platinum
silicide (see Figures 23, 25 and 27). The reflection for
both front and backside illumination increases substantially
for increasing wavelength between 1.5 and 4 uwm; while the
transmission decreases over the same interval,.

The characteristics of the absorption for the thin
film (Figure 28) are spectrally flat, and hence will not
effect the spectral characteristics of the diode response
(Fowler plot). However since the absorption of the thick

diode (Figure 29) is not uniform, the absorption
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characteristics of this diode will impact the characteris-
tics of the Fowler plot.

In chapter 5, the model for internal yield from
chapter 3 is £it to the experimental data from this section
and section 2.4 using Equation l.l. However before fitting
the data, it is worthwhile to estimate the errors in the
absorption data. The next section will address these

errors.
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Error Analysis of the Absorption Data

The error analysis of the absorption data begins by
recognizing that not only are errors introduced in the
measurement of R, R' and T, but in the measurement of the
film thickness as well. To quantify the magnitude of the
errors, the measured values of R, R' and T were fit to the
values predicted by thin film optics. The residual error
between the predicted and measured values is then inter-
preted as an estimate of the error.

The equations needed to predict the optical charac-
teristics of a Schottky barrier diode must treat two cases.
The first treats the thin PtSi film, a case where the thick-
ness is much less than the coherence length of the radia-
tion, so that amplitudes of the electric fields of the
multiple reflections in the film will add. The second case
treats the silicon substrate with dimension much thicker
than the coherence length of the radiation, and hence inten-
sities rather than amplitudes of the multiple reflections
are additive.

In the first (coherent) case the reflection and

transmission coefficients are given by36
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*
niB-C njB - C

Ry = 4.2
niB + C niB + C
4n:n
Ty = 1_sub 4.3
° (nyB + C) (njB + C)*

Where n; is the index of the incident medium, ng,, is the
index of the substrate and B and C are given by the matrix

equation:

B cost ,iiizi 1
= n - 1k 4.4
C i(n - ik)sin¢ cosé Ngub
where
£ = 27(n ; ik)d 4.5

Here (n - ik) is the complex index of refraction of the PtSi
film, M is the wavelength of the incident radiation, and d
is the film thickness. For the case of frontside illumina-
tion, the reflection coefficient (R,) is given by Equations
4.2, 4.4, and 4.5 where n; and ng,p have been assigned the
value of the index of air and the index of silicon respec-
tively. For backside illumination the incident medium is
silicon and the substrate is air, so in the calculation of

the backside reflection coefficient (R})
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the values of n; and ng,, are exchanged. Figure 30 illus-
trates the difference between R, and R}.

In the second (incoherent) case, the air/PtSi/Si
system shown in Figure 30 can be treated as an effective
interface with intensity transmission T, and reflections R,
and Rj. The intensity reflection coefficient for the

silicon/air interface is given by

1 2
n 3 -
Ngi + 1
where ng; is the index of the silicon substrate. Since
there no lossy medium at this interface, the reflection
coefficient is independent of propagation direction.
The coefficients for the entire diode system are

found to be:

For frontside illumination reflection

2
R = R. + ToR1 4,7
° (L - R3RQ)
For backside illumination reflection
- 2p0
R' = Ry (1 - R1)"Ro 4.8

(1 - RlRé)
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For the transmission

To(l - Rj)
(1 - RéRl)

The value of the index of refraction for silicon is
available in the literature3®, The index of air is assumed
to be unity, leaving the complex index of PtSi as an un-
known. To find the complex index of PtSi, an optimization
routine4® was used to iteratively select values of n and k
in Equations 4.2 - 4.9 with the intent of minimizing a merit
function. The merit function is defined as

177 e

Mg (A) = E [(Rm -R)Z+ Ry, - RIZ2 + (T, - T)?
all
diodes

where Ry, Ry and T, are the measured values of the front and
backside reflections and the transmission, and the sum is
over all of the diodes. The optimization routine was con-
strained by the added requirement that the values of n and k
be independent of thickness. This constraint was desirable
since the ability to predict the absorption of a Schottky
diode for an arbitrary thickness is a prerequisite to pre-
dicting its quantum efficiency. However, there is no guar-

antee that the constraint is physically meaningful.
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Figures 31, 32, ana 33 illustrate the frontside and
backside reflections and the transmission as a function of
thickness for 3.77 wm illumination. The solid line repre-
sents the expected values for the best fits of n and k. The
curves show that the measured values of reflection and
transmission do not deviate significantly for either the
very thick or the very thin films. Since one value of n and
k can adequately predict the measured reflections and trans-
mission over a wide range of thicknesses, the constraint
that n and k are independent of thickness is reasonable.
Close examination of Figures 31, 32, and 33 reveals

that the 80 & diode would fit the solid curves on the three
plots much better if its thickness was actually on the order
of 60 &. Since three quantities were measured optically
(Rpms Ryr and Tm), three quantities can be fit to the data.
Having already fit n and k, one can allow the film thickness
to vary, again with the intent of reducing the merit func-
tion. The best fit thickness values and those measured
using the quartz oscillator are compared in Table 2. The

mean percentage difference defined by

D = dOSC - dbestfit 4,11
dOSC

was found to be D = 0.035 with a standard deviation
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Table 2. A comparison of the values of the thickness
from the two different measurement techniques.

Diode
Number

[ ST

W

10

11

Thickness from
Quartz Oscillator

(R)

10
20
20
40
80
100
100
120
200

400

Thickness from
Best Fit to
Optical Data

R)

117.2

98.9
107.2
191.6
429.1
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of g3 = 0.14. The standard deviation is consistent with the
expected errors in the quartz oscillator measurement system.

Figures 34, 35, and 36 illustrate the revised degree
of fit between the measured data and the predicted values.

A comparison with Figures 31, 32 and 33 demonstrates to what
extent uncertainties in the thickness affect the fit.

The best-fit values of n and k along with the value
of the merit function for the eleven diodes are shown in
Table 3 for the best fit values for thickness., The error is
accumulated over eleven diodes with three measurements per
diode. From the accumulated error, the RMS error per mea-
surement is estimated to be approximately 1.3% for reflec-
tion or transmission. For absorption the error will be the
square root of two greater for an RMS error of 1.8%, which
is consistent with the reproducibility which was reported in
section 4.1.

Figures 37 and 38 show the absorption as a function
of PtSi film thickness for the cases where the film thick-
ness was determined by the quartz oscillator and by the best
fit to the optical data, respectively. From the figures, it
can be seen that at 3.77 um the absorption goes through a
maximum at about 230 & of PtSi. The maximum in the absorp-
tion as a function of thickness is dependent on the wave-
length of the incident radiation. For 1l.28 um radiation, a

semi-infinite film has the greatest absorption; whereas for



6 um radiation,

200 R thick.

the maximum occurs for films less than

o8
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Table 3. The values of n and k which best fit the reflec-

tion and absorption data tabulated as a function of the

incident photon wavelength.

Wavelength
(um)

1.28
1.37
1.46
1.55
1.65
1.85
2,03
2.20
2.45
2.88
3.07
3.26
3.44
3.60
3.77
3.92
4.07
4,25
4.52
4.77
5.01
5.25
5.50
5.74
5.99

4.51
4,88
3.21
3.09
3.06
3.05
3.15
3.25
3.52
3.80
3.91
4.08
4.25
4,39
4.54
4.70
4.90
5.11
5.43
5.68
5.90
6.16
6.40
6.58
6.72

2.44
2.42
3.85
4.25
4,65
5.47
6.12
6.67
7.44
8.98
9.42
9.86
10.30
10.67
11.05
11.38
11.70
12.08
12.66
13.13
13.62
14.09
14.54
14.96
15.43

Mo (M)

0.097
0.091
0.099
0.094
0.091
0.084
0.074
0.084
0.062
0.050
0.043
0.046
0.050
0.053
0.054
0.057
0.057
0.059
0.064
0.068
0.071
0.077
0.081
0.084
0.089
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Here the measured data is based on the film thick-
ness as determined by the quartz oscillator,
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Figure 38. Similar to Figure 37 except the film thick-
ness as determined by the optical best fits was used for

the measured data.



Chapter 5
ANALYSIS OF THE MODEL

Initial Optimization with Two Free Parameters per Diode

In this chapter the data and theory of the previous
three chapters are compared by finding the values of the
parameters in the model which best predict the measured
results. The parameters are found by using the simplex
algorithm to minimize the mean squared error between the
measured data and that predicted by the model. The optimi-
zation described in this section was not carried to comple-
tion, since it was found that the two free parameters were
strongly correlated. The next section presents the com-
pleted optimization where the correlation is used to reduce
the number of free parameters.

In order to relate the model for internal yield to
the experimental measurements of quantum efficiency and

absorption, the relation:

ni (av)

—A-(hy) = Y(di’ Wi’ LE')]" ﬁwl, LE’ Ef' T, M, hwy) 5.1
1

is used. Where the subscript i indicates the ith diode; hv

is the incident photon energy: d; is the diode thickness as
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determined in section 4.2; ¥; is the diode's barrier height
measured using the activation energy technique; Lbi and Rwj
are the phonon collision mean free path and energy loss,
respectively; Ly is the hot-hole/cold-~electron mean free
path ; Eg is the Fermi energy; 7 is the quantum-mechanical
transmission coefficient; and M is the ratio of the effec-
.tive masses. Of these parameters, hw, d;, and ¥; were
determined prior to optimization; Lbi and Aw; are assumed to
be dependent on processing variations from diode to diode,
while E¢, Ly and 7 are assumed to be independent of
processing; M is assumed to be unity (see section 3.3).

Since Lb and Rw are allowed to vary for each diode,
and Le,Ef»and 7 are constant over all the diodes, the
overall optimization routine treats Lb and hw separately
from Ly, Egf and r in that two nested optimization routines
are used. In the inner loop Lb and Rw are varied to opti-
mize the error function for each diode. The optimized error
functions for each of the diodes are then summed and used as
the error function for the selection of Lo, Eg and 7. The

merit function for the optimization is defined by a least-

square fit of the Fowler plots and is given by

: 2
Mp = Zi;hv g%:_% -4r oD 5.2

where the two sums are over the ten diodes and twenty five
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different wavelengths. A flow chart for the optimization is
shown in Figure 39.

When Equation 5.1 is applied to diode 1 (the thin-
nest diode), a problem is immediately encountered; the in-
ternal yield for the higher energy photons is greater than
100%. This result is not surprising since the measured
absorption is 4% while its estimated error is 1l.8%. The
measured quantum efficiency on diode 1 is about 6% in this
region. Since the estimated error is nearly as great as the
measured absorption and the final result is not physically
realizable, diode 1 was omitted in the analysis of the
model.

. for the

P
solution Le=7.78xlo4, Ef=11l.9 and 7=0.0785. 'The line whicn

Figure 40 shows Aw as a function of L

best fits the data in Figure 40 has a slope of 1.0l which

indicates that Aw is nearly linearly related to Lé. The

b and Bw can be understood in terms of

a physical model if the phonon scattering mechanism is

relationship between L

broken into two parts. The two constituent phonon scat-
tering mechanisms are characterized by a fairly lossy and an
elastic scattering mechanism with mean free paths and energy
losses given by Lps 8p, Lj, and §;. It is assumed that the
lossy mechanism is due to true phonon scatters and is an
inate characteristic of the metal film unaffected by the

processing. The elastic mechanism is dominated by the
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'

DIODE#® =1

A

%

DIODE*=DIODE +1

i 4
SELECT 'ﬁw,Lp'

y
o E T LT

Eigure_39. Flow chart of the routine used to find the
ValueS Of Ef’ Le’ T' Llp'i' and H(l)io
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effects of imperfections in the metal film. The energy loss
per elastic scatter (§;) is assumed to be zero, while the
mean free path between elastic scatters is assumed to depend
on processing. Hence Lp, and 69 are expected to be constant
over the diodes, while Lj may well vary fromdiode to diode.
L' and RAw can be determined from Lp, 8p and L; using

p
the techniquesA in section 3.3. LI; is given by

.Since both 89 and L. are assumed to be constant for all the

P
PtSi films Aw is linearly related to Ly. From Figure 40 and
using Equation 5.4 the value of sp/[.p is found to be

1.1x10-6 ev /8.
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Optimization with One Free Parameter per Diode

In the previous section it was found that Nw and Lﬁ
are nearly linearly related, and that the relationship could
be physically modeled by a combination of two distinct scat-
tering mechanisms, as described mathematically by Equations
5.3, and 5.4. In this section, Equations 5.3 and 5.4 are
incorporated into the optimization routine to determine.how
well the two scattering mechanism model can match the meas-
ured data.

The incorporation of the dual-scatter model into the
optimization routine is accomplished by selecting Eg, Lgs T
Lp' and Gp in the outer loop, and only Lj in the inner loop.
Equations 5.3, and 5.4 are used to calculate Nw and Lb from

these parameters; while the equations used for calculation
of the merit function are unchanged. There are two advan-
tages of this approach compared to that used in the previous
section., The first is that the imperfection mean free path
(Li) is the only free parameter allowed to vary from diode
to diode. The second is that much of the ambiguity involved
in the definition of Nw and L!

p is removed since Lp and 89

are associated with true phonon collisions and Lj is the
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mean free path of only the imperfection scaftering
mechanisms,

The fits obtained using this approach are shown in
Figures 41l(a - j), while the parameter values used for the
fits are listed in Tables 4 and 5. Also listed in the
tables are the range over which the values of the parameters
can vary and impact the merit function by less than 10%. In
the figures, the measured internal quantum yield is shown as
a sequence of dots; while the predictions of the model based
on the parameters obtained from the optimization routine are
shown as a solid line. The fits are presented as absorption
corrected Fowler plots.

From the figures, it can be seen that the agreement
between the model and the experiment is fairly good. Diodes
with high internal yields exhibit the roll off at high
photon energies, while all diodes exhibit the roll on for
low photon energies. 1In all cases, the linear region of the
Fowler plot extrapolates to a barrier height which is
greater than the thermal barrier.

The fact that only the devices with high internal
yields exhibit the roll off at high photon energies indi-
cates that the energy dependence of L, is not responsible
for the roll off., If L, were responsible for the roll off,

the same characteristics would be observed for each diode.
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. A Fowler plot for the internal yield of diode
2 showing both the measured data and the predictions of
Equation 3.10.

The value of the partial merit function for
this diode was 0.0631.
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Figure 41(b). Similar to Figure 41(a) for diode 3.

The value of the partial merit function for this
diode was 0.0368.
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The value of the partial merit function for this
diode was 0.,0462,
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Similar to Figure 41(a) for diode 4.
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Figure 41(d). Similar to Figure 41l(a) for diode 5.

The value of the partial merit function for this
diode was 0.0245.
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Figure_.4l(e). Similar to Figure 41(a) for diode 6.

The value of the partial merit function for this
diode was 0.0328,
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Eigure 41(f). Similar to Figure 41(a) for diode 7.

The value of the partial merit function for this
diode was 0.0307.
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Eigure 41(g). Similar to Figure 41(a) for diode 8.

The value of the partial merit function for this
diode was 0.0290.



120

1.0

0.8 fF

(Jev.)

0.6

0.4

1
\‘Yh\/

0 0.2 0.4 0.6 0.8 1.0

Figure .41(h). Similar to Figure 41(a) for diode 9.

The value of the partial merit function for this
diode was 0.0143,
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Figure 41(i). Similar to Figure 41l(a) for diode 10,

The value of the partial merit function for this
diode was 0.0198.
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Eiqure 41(j). Similar to Figure 4l(a) for diode 1ll.

The value of the partial merit function for this
diode was 0.0240,
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The mean free path between phonon collisions (Lp)

was not addressed in section 3.3, and as usual, values of Lp
for PtSi are not available in the literature. However Lp
has been measured for Cd4l, Ga%42 and 2143 at 1ow tempera-
tures (T<1ll K). The results of these measurements show that
Lp is dependent on the orientation of the carrier momentum
with respect to the crystal lattice aswell as on the
temperature, The temperature dependence of Lp is found to
vary as either l/T3 or 1/T3. The 1/T° dependence is attrib-
uted to multiple scatterings being required to significantly
deflect the carriers4l/44, since the angular subtense of
the escape cap is small, it is reasonable to assume that a
single scatterAis sufficient to scatter a carrier out of the
escape cap, and thus the 1/73 dependence is neglected.
Extrapolating the l/T3 results to 40 K, one finds the value

of Lp to be in the range from 1,000 to 50,000 X,

The one parameter value which has been measured for
PtSi is the phonon energy wp). In section 3.3 it was shown
that the value of the phonon energy lies on the interval
from 0.0l to 0.017 eV, Table 4 shows that the agreement
between the best fit value and that of the literature is
very good. The rest of the parameter values are reasonably
consistent with the values obtained for other materials.

Table 5 lists the values of the imperfection mean-

free-path for the ten diodes as well as the range over which



Table 4.

parameter

The values of the parameters which are not af-
fected by variations in processing.

~10%

9.80x103
1.11x10"2
7.14x10%
7.85x10~2

7.11

value

best fit

1.12x104
1.40x10~2
7.78x10%
7.85x1072

11.9

+10%

1.29x104
1.78x10~2
8.80x10%
8.15x10~2

13.3

ev

ev
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they can vary and not impact the mean-squared-error by more
than 10%. All but three of the diodes have L; values which
are consistent with those given in section 3.3 (100<L ;<500
K). An examination of the process procedure for these three
diodes showed that the metal deposition occurred at room
temperature, while for the other seven diodes the deposition

occurred at the anneal temperature.
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Table 5. The values of Lj for each of the 10 diodes.

siode. b 0

-10% best fit +10%
3 41,470 75,300 258,909
6 2,370 3,010 3,848
9 3,233 3,670 4,187
2 124 155 192
4 58.0 66.6 75.6
5 570 630 692
7 180 203 225
8 200 222 246
10 527 581 636

11 9.54 39.5 155



Chapter 6
CONCLUSIONS AND FUTURE WORK

Conclusions

The purpose of this work was to expand the theory of
internal photoemission with the intent of explaining some of
the puzzling features which existed on the Fowler plots of
PtSi Schottky barrier infrared photodetectors. Figures 41
a=-j show that the expanded model can fit the experimental
Fowler plot data verywell. Since the data is fit by the
model, the four discrepancies between the simple model and
the experimental data listed in section 2.4 are not present
with the new model. Hence the puzzling features of the
Fowler plots can be explained in terms of the physical
processes considered in the extensions of the model. Spe-
cifically; the yields, which are higher than the simple
model can explain without imposing very low values on Eg,
are understood in terms of semi-elastic and elastic colli-
sions which scatter the hot-hole into the escape cap. The
roll off from linearity for high photon energies is due to
the depletion of the spherical shell of emission. While
both the finite yield for photon energies below the barrier

and the discrepancy between the thermal and the optical
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barriers are a result of the energy loss due to phonon
creation.

By comparing the experimental data to the model, one
can extract the values of the parameters used in the model,
The extracted values were found to be in good agreement with
the values in the literature for other materials. The
values of hw and [5 (the average energy loss and mean free
path for semi-elastic scatters) were found to be linearly
related. The linear relationship was physically modeled and
exploited by reducing the number of free parameters per
diode to one. With one free parameter per diode, any sig-
nificant change in the processing can impact the diode's
performance only by changing the value of one parameter.

The free parameter was physically interpreted as the
mean free path between elastic scatters (L), and its value
was found to be correlated to the temperature of the sub~

strate when the platinum was deposited.
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Future Work

It is recommended that future work proceed along two
fronts. One can use the model in its present form to guide
work on improving the photoresponse of the diodes, or one
can further extend the model.

The photoresponse of the diodes can be improved by
finding the combination of PtSi thickness and imperfection
mean free path which gives the best quantum efficiency.

Once this is accomplished, the problem becomes one of find-
ing the processing procedure which gives the desired value
of imperfection mean free path. As was shown in section
5.2, the temperature of the substrate during the deposition
of .the platinum might prove critical in tailoring this mean
free path; however, the effects of the.time and temperature
of anneal should also be investigated.

The expansion of the model can proceed along any of
a number of different paths. The accuracy of the model
could be enhanced by including the effects of the dependence
of the different parameters on the energy of the hot-hole,
the nonuniformity in energy of the successive phonon distri-
butions, as well as the nonuniformity in space of the op-

tical excitation of the hot-holes.
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Even though neglecting these effects presumably
degrades the £it to the measured data, it would probably be
more beneficial to measure some of the parameter values
directly and independently (e.g. use the Sondheimer oscil-
lation technique to measure the phonon mean free path in
PtSi). The independently measured values could then be held
fixed‘in the model and more reliable values for the other

parameters extracted from the optimization routine.
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