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ABSTRACT

The computer program developed by T.B. Remple
for the analysis of PiN photodiodes has been modified
to handle Schottky barrier cases. The fundamental
physics involved in the original model is summarized
and the theories for a metal-semiconductor interface
are presented. The boundary wvalues for n, p, and ¢
are then defined in such a way that Y (x) would be
in agreement with the thermionic-diffusion theory.

An equivalent circuit approach is used to determine
the RC response of the photodetector. While the
modified version of the computer model provides very
detailed analysis of the device, it is also very
expensive to run. A simplified model is therefore
employed for the design process. The objective is
to design an Au-nGe photodiode with a risetime less
than 50 psecs. The set of optimum design parameters
obtained with the simplified model is then taken as
the input to the modified version of Remple's program
for further analysis. The theoretical risetime of
the optimum design is found to be about 45 psecs.
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CHAPTER 1

INTRODUCTION

Computer modeling has been widely used in
different applications for the past decade. This is
due to the fact that it is usually much cheaper and
easier to predict the behaviour of a certain device
with a computer model than to achieve the same goal
by actually building and testing the device. The
computer approach is also more efficient in terms
of the amount of time involved. In addition, some-
times the solution to the set of equations defining
the model cannot be obtained analytically. Computer
analysis is therefore necessary for obtaining a solu-
tion numerically or graphically. These features make
designing with a computer model highly desirable.

In this paper, a computer model which describes the
performance characteristics of semiconductor photodiodes
is presented. The original program was written by

T. Remple(l) for the analysis of PiN photodiodes. The



present work involves the modification of the program
to model Schottky barrier diodes and the design of an
Au-nGe Schottky diode with risetime less than 50 psecs.
The physics of metal-semiconductor interface which
leads to the establishment of boundary conditions for
the model is described in Chapter 2. An equivalent
circuit of the photodiode is used to determine the
electronic response time and to overcome the instability
in convergence as discovered by Remple. A simplified
model for the photodiode is presented in Chapter 3.

The model is used to obtain a set of optimum design
values which can give a minimum current risetime of

45 psecs. In this chapter, the fundamental physics

of semiconductor devices is summarized and a brief
description of PHODIM, the original computer program,

is given .

1.1 Review of Physics

The photodiode model is set up to predict
the output current as a function of time when the
doping profile of the semiconductor diode, the applied

voltage and the input light intensity as a function



of time are all given. Six basic mathematical equations
are involved in the model and they are described as
follows:

Maxwell's equation: The current density is expressed

as the sum of electron current, hole current and the

displacement current.

J(t) = Jn(x,t) + Jp(x,t) + Jdisp(x,t)
= 3 (x,£) + I (x,t) + -'g—t g—;—b{(x,t) (1.1.1)

Carrier-Transport equations: Each of the particle currents

consists of a drift component and a diffusion component.

I (x,8) = u (x,t) Ln(x,t)-gij’;(x,t) - L(x,t) (1.1.2)
4
_ ' 2u 2B
Jp(x,t) up(x,t)L?(x,t)ax(x,t) + ax(X’tU (1.1.3)

Continuity equations: The net influx of carriers into

a region is determined by the generation and recombin-
ation of carriers in that region, and the particle
currents flowing in and out of the region.

o9J
S (x,t) = G(x,t) - U(x,t) - E;Q(X't) (1.1.4)



oJ
Bx,0) = Glx,t) - Ulx,t) - B (x,1) (1.1.5)

Poisson's equation : The electrostatic potential is

defined in terms of the net space charge density.

n(x,t) - p(x,t) - ND(X) + NA(x) (1.1.6)

R
ri-
I

It is noted that the above equations are
given in their dimensionless form. The normalization
factors employed are listed in Appendix A. In addition,

the Einstein's relation has also been used to simplifly

the equations into the above forms. It is given by
kT
D = (1.1.7)
qu
where [ k = Boltzmann constant
T = temperature in °K
g = electronic charge

Both of the carrier mobilities and the recombination
function can be defined in terms of carrier densities
and semiconductor material properties. Mobility is

given by



. Vsat UE )
v

=5 tanh ( (1.1.8)
sat
I} - - -
where E Ny and Voat 1S the saturation velocity.
u is defined as
Hy U
no= Fs(w)__.____...l L (1.1.9)
/ U1 + Mg
where
K K
1 { 2
pr = Inf1 + (-———-)} (1.1.10)
I (Ny + N + op) n +op ]

The quantities Hp, 7 Kl’ K2 and O are material properties
and are given in Appendix B for Germanium. Fs(w) is
a transcendental function which is defined in Appendix

c.

The standard Shockley-Read model is used for the

recombination function U(x,t).

U(x,t) = n(x,t) p(x,t)
' Tp[n(x,t) + eXp(@T)J+ "[n[p(x't) + exp(q)T)]

(1.1.11)



It is assumed that the energy level of the trapping
centres is coincide with the Fermi level in this
model. Hence b is equal to zero in the present

case.

The photo-generation term and the doping
profile are determined by the operating condition
and the type of diode respectively. Both quantities
are pre-defined functions. The generation ﬁerm G(x,t)
can be one of the three different forms which are
given in Appendix D. Now the six fundamental equations
can be expressed ig terms of the variables J, Jn’ Jp’
n, p, and y. Only three of these variables are inde-
pendent and they are arbitrarily chosen to be n, p

and VRS

1.2 Description of PHODIM

A computer program PHODIM written by T. Remple
solves the above set of differential equations and
obtains the output current as a function of time. A
detailed description of the numerical methods employed

in the program can be found in Stark's or Remple's



paper.(l)(z) The basic steps of operation of the

program can be summarized by a flow diagram shown

in Figure 1.

The approximations and assumptions made in
the derivation of the model are listed as follows:

(i) One dimension: Current crowding and spreading

effects are ignored.

(ii) No avalanching or breakdown: The model does
not include an avalanche mechanism and does not
predict when breakdown is going to occur.

(iii) No degeneracy: Effects of heavily doped region
on the operation of the main part of the photo-
diode are assumed to be small.

(iv) No thermoelectric effects or thermal transport:
The carrier temperature gradient is assumed to
be zero. Otherwise, two additional components
would have to be included in the current-transport

equations.

PHODIM was originally written for the analysis
of PiN photodiodes. Attempts were made by Remple to

model for the Schottky barrier case by assuming a PN
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structure. This approach, however, did not work

due to several problems. First, a heavily doped P
region does not exist in practice. Second, the approach
predicted that the total current consists of electron
and hole currents instead of electron current only (

for n-type semiconductor). Third, instability in
convergence was observed for the Schottky case. The
present work is therefore carried out to solve these

problems.



CHAPTER 2

MODELING OF SCHOTTKY BARRIER PHOTODIODES

The fundamental equations given in the
previous chapter are derived from the semiconductor
physics and therefore hold true for both the PiN and
the Schottky barrier photodiodes. The major difference
is the boundary conditions used for solving the
set of equations. In this chapter, the physics of
a metal-semiconductor interface which leads to the
setting up of appropriate boundary conditions is
discussed. The electric potential ¢ is assumed to
be a specific profile which is predicted by the
thermionic-diffusion theory. The original program
PHODIM used to have problems in stability and conver-
gence. The problems can be removed if the electronic
response of the photodiode is accounted for as
described in Section 2.3. Finally, SCHOT, the
modified version of PHODIM, is evaluated in terms

of the physical meaning of the solution.

10
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2.1 Schottky Barrier Formation

The barrier height of a metal-semiconductor
junction is, in general, determined by the metal
work function and the semiconductor surface states.
The effects of these two quantities can be illustrated
theoretically by considering two limiting cases.
Figure 2(a) shows the case in the absence of surface
states. At the beginning, the metal and the semicon-
ductor are kept far away from each other and the
system is not in thermal equilibrium. As the semi-
conductor is brought closer to the metal, an electric
field builds up between the surfaces as electrons
flow from the semiconductor to the metal to lower the
Fermi level in the semiconductor. Egquilibrium is
reached when the Fermi levels on both sides are lined
up. Since there are no surface states in this case,
the electrons that flow to the metal must come from
the ionization of impurity atoms. Because of the
relatively low doping concentration, the flowing of
electrons into the metal causes the energy levels in
the semiconductor to bend upwards and a depletion

region region is resulted. In the limit, § is decreased
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to atomic distance and the gap becomes transparent
to electrons. The barrier height ¢bn is then given
by the difference between the metal work function

and the electron affinity of the semiconductor.

Figure 2(b) shows the case where a large
density of surface states is present on the semi-
conductor surface. When the metal and the semicon-
ductor are separated, the surface states are assumed
to be occupied to the Fermi level EF' Once again,
when the surfaces are bfought close to each other
and the system is in>equilibrium, an electric field
is produced in the gap. However, now the density of
the surface states is sufficiently large to supply
the electrons flowing into the metal without altering
the Fermi level significantly. The Fermi level is
said to be 'pinned' and the barrier height in the
limiting case (§+0) is determined by the properties

of the semiconductor alone.

An interfacial layer of permittivity e; is
usually introduced in the derivation of an expression

for the barrier height. It is assumed that the layer
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is of atomic dimensions and that it is transparent

to electrons and can with stand electric potential
across it. Figure 3 illustrates the situation for
n-type semiconductor. As mentioned before, electrons
will flow form the semiconductor to occupy the surface
states in the interfacial layer adjacent to the

metal surface. At equilibrium, the density of the
negative charge accumulated on the metal surface must
be equal to the atomic density of the metal, na-
The boundary condition at x = 0 can be defined as
follows:
n(0) = n (2.1.1)
Also, the quasi-Fermi potentials for electrons and
holes are assumed to be equal to that of the metal

at x = 0.

EF(Ort) = ¢n(olt) = ¢p(01t) = Ve(t) (2-1-2)

The quasi-Fermi potential relationships are:

n = exp(y - ¢n) (2.1.3)
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P =exp(¢d_. — V) (2.1.4)

P

Combining the above three equations gives

p(0) = 1/n(0) (2.1.5)

The electric potential at x = 0 is then written as

Y(o,t) = ln(nA) + Ve(t) (2.1.6)

Since the interfacial layer has a permittivity that

is different from that of the semiconductor, the
quantities in the above equations should be normalized
by a different factor. This means that the energy
levels would be, in general, discontinuous at the
interface (i.e. similar to the case of a heterojunction).
For the purpose of numerical analysis, the photodiode
is divided into a number of mesh points along its
length. In the case of a homojunction (e.g. PiN),

the same set of normalization factors 1is used for

the entire mesh region. For a heterojunction, two
mesh regions of different normalization factors would

be required. In the present study, another approach
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is employed. Since the interfacial layer is a
theoretical one and the value of ey is an unknown
anyway, it was assumed that e, = g4 in the cal-

culations and a correction factor Ay is introduced.

$(0,t) = In(ny) + Ay + V_(t) (2.1.7)

It should be noted that the quantities in eq. (2.1.7)
are normalized with the same factors as for the
semiconductor region (and are different from those

for eq.(2.1.6)). This approach simplifies the case
by defining a continuous energy band at the inter-
face. The high concentration of negative charge
accumulated on the surface causes an electric potential
barrier for the holes to form near the interface. Ay
is adjusted in such a way that y(x) is in accordance
with that predicted by the thermionic-diffusion
theory. Further discussion on the theory will be

given in the next section.

Boundary conditions at x = X, are set up by

assuming an ohmic contact as

n(L) ., p(L) =1 (2.1.8)
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and

EF(L,t) = ¢n(L,t) = ¢p(L,t) = Vc(t) . (2.1.9)
In addition, charge neutrality requires that
n-p-N_.=20. (2.1.10)

Substituting eq.(2.1.3) and eq.(2.1.4) into the above

equation and solving, we get

N N
YL, t) = V_(t) + ln{[(—%—-)2+ 1] +—‘22—} : (2.1.11)

The boundary values for n, p and y are now completely
defined and a particular solution to the set of

fundamental equations can be obtained.

2.2 Thermionic-Diffusion Theory

In the present model, it is assumed that the
thermionic-diffusion theory will apply so that the

electric potential can be expressed as

E.(x) q
—-q—— = q)bn + Ap - V(x) - '1_6'@ (2.2.1)



where (" ¢, = barrier height

A¢ = barrier lowering due to image force

V(x) = barrier lowering due to applied field
—a )
Ll6ﬂgsx image force potential .

Assuming that the voltage drops across the depletion
layer only and the electric field varies linearly

within this region, we get

Ny N,
E(x) = (xd - x) = Em - X : Osxsxd
s s
0 H xaéxSXL (2.2.2)
gN_x
where E =~—Jziiu
m g

The potential variation due to the applied field can

then be derived as

X
Vi(x) = j'E(x) X
0
agN
_ ___-Db 2 .
= me 5 X H 0$X<Xd
E_x
m-d
2 H Xdéxst.(2.2.3)

The width of the depletion region can be obtained by
employing the one-sided abrupt junction approximation

as

19
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2¢
= S -y - KL %=
xd = qND ( bi \Y = ) (2.2.4)
where V -V

X which is defined as the location of the

maximum potential, is given by setting %gc = 0 and
using the fact that E ¥ E.
= g %
n [l61r€ E] (2.2.5)
s m
The barrier lowering is then given by
aE |%
A = -Z;E;— = 2mem . (2.2.6)

Since ¢n is an unknown and is required for the evalu-

ation of x X and A, an iterative scheme has to be

dl

set up to solve for the parameters. This can be achieved

(refer to Figure 3) with two additional relations.

¢bn = ¢b0 - A¢ (2.2.7)

dpg = 0y = X = B (2.2.8)

m
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The iterating routine starts with an initial guess

of and stops when the change in ¢bn between

%bn = %po
successive iterations is small (smaller than, say,
one percent). A flow diagram of the procedure is

given in Figure 4.

E (x)

Once is determined, Y (x) can be eval-

uated according to

LA
P(x) = g 9

. (2.2.9)

The initial estimates for n and p are given by

n(x) = N (2.2.10)

p(x) == - (2.2.11)
Since y(x) is a pre-defined function, an initial
estimate to the variable is not required. Instead,
one has to provide a suitable value for Ay which

is a part of the boundary conditions. This has
already been discussed in detail in the previous

section.
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2.3 Electronic Response Time

In PHODIM, the boundary values for | are
time dependent. The bias voltage for each time
step is calculated by taking into account the
voltage drop across the load resistor in the previous
time step. The approach has been shown to cause
both convergence and stability problems near the end
points of the diode and at the barrier for the
Schottky barrier case. A different method is there-
fore employed here to determine the electronic

response of the circuit.

An equivalent circuit of the photodiode is

set up. This is shown in Figure 5(c). For Rj>>(RL+Ri)

L

can be further simplified to that in Figure 5 (d).

and R >>Ri, which are uaually the cases, the circuit

The simplified circuit is easily identified to be a

RC circuit and Kirchhoff's law gives

== (I - i) (2.3.1)

culo)
e
I

The short-circuited current output of the diode(Igen)

can be calculated with SCHOT (or PHODIM) by setting
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RL = 0. Once Igen(t) is obtained, the actual current

output can be determined by solving eqg.(2.3.1). A
computer program JPLOT employing the Runge-Kutta
method of order two is used to obtain numerical
solutions to the first order differential equation.
The modified version of PHODIM, SCHOT, provides a
punched deck of the results of the transient analysis
which can then be used as the input to JPLOT for

determining the RC response of the circuit.

2.4 Computer Model SCHOT

SCHOT was written according to the theories
outlined in the previous sections. An user's guide
to the operation of the computer preogam is given
in Appendix E and a full listing of the program is

given in Appendix G.

Convergence is usually not a problem for
the case of PiN diodes but this is no longer true
for the Schottky barrier diodes. Since both n and
p change significantly and.%%.reverses in sign within
0.01 um near the metal-semiconductor interface, it

is important that a very fine mesh ((xi+1 - xiyvxm)



26

is chosen for this region. In addition, the user
should minimize the number of points in the charge

neutrality region (by defining x The reason

L,>,,xd).
is that the change in y between successive iterations
is much smaller than that in the depletion region

and hence the acceleration parameter for convergence
would impose too large a correction for ¢ in the
neutral region. A slow convergence rate therefore
results. When the mesh points are properly chosen,

solution to each time step should be obtainable for

less 100 iterations.

The steady state solution for n, p and ¢
is shown in Figure 6. It can be seen that by
choosing appropriate boundary conditions, a potential
barrier and a depletion region are created in the
semiconductor. In addition, the existence of an
inversion layer (i.e. a p-region) near the metal-
semiconductor interface is also predicted. A
sudden jump in the potential function is usually
found near x = X - This is believed to be caused

by a numerical instability in that region.

The steady state solution also indicates
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that the majority carriers (electrons in this case)
are responsible for the current flow (Jn>>Jp). This
is in agreement with accepted theories. However, the
magnitude of the total current predicted by the model
is smaller than that by the thermionic-diffusion
theory. This is so because electrons are injected
from the metal with a different velocity than that
used in the present Shockley-Read model. Hence a
thermionic recombination velocity should be defined
at the interface for exact modeling of the steady
case. However, since it is the photo-response of

the diode that is of major interest, the fact that

P (x) agrees with the thermionic-diffusion theory
insures that the transient analysis would not be

affected.

Figure 7 shows the general profile of the
photo-generated carrier currents. It can be seen
that the hole current (Jp) is blocked by the barrier
at x = X and drops rapidly to close to zero at x = 0.
It is also noticed that the electron current (Jn)
reverses in direction (changes in sign) near the

interface. The reversal is caused by the emission
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current towards the metal. The same effect has also
been predicted by a theoretical analysis based on a
different approach carried out by M. Lavagna et al.(4)
Lavagna also suggested that quantum efficiency of the
diode would decrease for an increasing absorption
coefficient because of this effect. However, no

attempt has been made to study this aspect with the

present model.



CHAPTER 3

DESIGN OF SCHOTTKY BARRIER PHOTODIODES

The computer model SCHOT described earlier
provides a very detailed analysis of the photodiode
device. However, the program is very expensive to
run. For this reason, a much simpler model is
employed here for the design process. Once the
region of interest is defined, the program SCHOT
can be used to carry out further analysis. The
theory of the simplified model and the method of
analysis are presented in this chapter. The optimum
design parameters are given in Section 3.3 and
detailed analysis of the design is discussed in

the last section.

3.1 Theory

A simple model based on the abrupt junction

approximation is used to determine the step response

of Schottky barrier photodiodes. The derivation of

31
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the model is summarized as follows:

The depletion layer width of the photodiode

is given by

2¢€

- | S _ 5
Xg = [qND (Vy 4 V)] (3.1.1)
where

_ - of _
Ybi = %bn " Vn T %0 T Vn (3.1.2)
V. =2XE - E.) (3.1.3)
n q c F cc

The maximum electric field occurs near the metal-

semiconductor junction and is given by

(3.1.4)

Now, assuming that the electrons generated by the
input light traverse the depletion region with
saturation velocity, one can calculate the transit

time required as follows.

T, =0.79 < (3.1.5)
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Another factor that affects the response of the
photodiode is the electrical characteristics of
the circuit. In general, the device can be
represented by a simple RC circuit (refer to
Figure 5). The RC response time of the circuit

can then be given by

Tre = 2.2 RLCj (3.1.6)
The constants 0.79 and 2.2 in equations (3.1.5)

and (3.1.6) come from the fact that the 10-90%
risetime is being considered. The junction capa-

citance is defined as

(3.1.7)

where A is the cross-sectional area of the diode.

The risetime of the diode can then be calculated by

adding Ty and TRC orthogonally:

N
N

T = (1 + T (3.1.8)

t

Finally, the quantum efficiency of the diode can be
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obtained from the following equation.

*q
n=1 - eXP(j;ﬁ (3.1.9)

where o is the absorption length of the semiconductor

material for a particular wavelength.

The approximations and assumptions used in

the model are described as below:

(i) In order for the above theory to apply, the

following condition must hold true:

valid <V o< Vbr

where VValid is the voltage at which Em = 10 E

sat
ESat is the saturation field
and Vbr is the breakdown voltage and is given by
E_3/2 N -3/4
~ —9 D
Vbr 60 (l.l) ( 16 _3) volts (3.1.10)
10 cm
(ii) Semiconductor is non-degenerate.

(iii) By taking the approximation made in egq. (3.1.2),
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the effect of image force is being neglected. If
this effect were to be included, an iterative scheme
would have to be set up to calculate for the barrier
lowering (refer to Section 2.2). However, since the
lowering is only a very small value, the inclusion

of the image force seems to be unnecessary.

3.2 Analysis and Results

From the above equations, one can see that
the risetime of the photodiode depends on four para-
meters, namely, doping density(ND), applied voltage(V),
load resistance(RL), and area of the diode(A). A
computer program based on the above theory was written
and was used to compute the risetimes of the photo-
diode for different values of the parameters. The

range of analysis is defined as follows:

3 4 5 2

’ 0.5x10 ° cm

0.5x10 ~, 0.5x10

10, 30, 50 ohms

A
R
Np= 0.lxlO16 to 1.021016 cm_'3 af O.lxlO16 cm—3 intervals
v

= 0 to 80 volts with 1 volt intervals

A set of graphs is then obtained by carrying
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out the above analysis. Each plot gives T vs. V for
the whole range of doping densities and for a fixed
value of cross-sectional area and load resistance.
In addition, four more curves are present in each

plot and they are

(A) Breakdown limit: V =V

br
(B) Saturation limit: Em = 10 ESat
(C) 1/4 Breakdown voltage: V = 1/4 Vbr
(D) 2x Absorption length: x_. = 2a .

d

Finally, another plot of 1 vs. n is given
to provide information about the amount of guantum
efficiency that one must give up in order to gain
better response. This single plot contains all of
the data points within the range of analysis as de-

fined before.

3.3 Optimum Design

The objective is to design a photodetector
with a minimum risetime less than 50 psecs. The
materials to be used are gold and germanium. All

values used for calculations are therefore based on
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material properties of these two elements.

From equation (3.1.5), it can be seen that
the transit time can be reduced by choosing a smaller
depletion width. However, the capacitance is inverse-
ly proportional to X3 and hence a certain optimum
value for X4 must exist. In addition,the RC response
of the device depends also on the area of the diode
and the value of the load resistance. Decreasing A

and/or R, would therefore produce better response

L
characteristics. It can be seen from Figure 8 that
a risetime of 7 pecs can be achieved for a photo-
diode with A = O.5x10_5 cm2, RL = 10 ohms and ND =
l.OxlOl6 cm_3. However, these numbers are not very
practical ones since several other factors must be

taken into consideration in the design of photodiodes.

These factors are to be described as follows.

(1) Breakdown and saturation limits:
It is important that the operating voltage

of the diode is far enough away from both V and

valid

Vi, SO that small variation of applying field will

not cause maximum electric field to fall below satura-
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tion value nor to drive the device into breakdown.
Hence one would like to choose a doping density for

which (Vbr -V ) is large enough and that the

valid
operating point (minimum risetime) is far away from

both limits.

(2) Power matching:

In order to deliver maximum power to the
external circuitry, the value of the load resistor
must not be too small. A value of about 50 ohms is

most typical.

(3) Intensity problem:

In order for the device to operate under
low light intensity condition, the cross-sectional
area of the diode must be large enough. Otherwise,
a lens must be used to focus the beam down to a spot
of size comparable to that of the diode. If the
area of the diode were made too small, then the focus-
ing of light may become a problem. Furthermore,
direct compatibility with optical fibres requires

4

an area of approximately 0.8x10 cm2 (i.e. a cir-

cular spot of 100 um in diameter).
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(4) Quantum efficiency:

Quantum efficiency can be improved signific-
antly by increasing X4 until up to a certain point
(about twice the absorption length). The price that
one must pay for this improvement in sensitivity is,
of course, the increase of the risetime. Figure 9
is provided especially for the observation of this
effect. ©Notice that each 'single' curve that appears
in the plot is actually an overlap of curves with
different values of ND ranging from O.lxlO16 to
l.OxlO16 cm_3.

By making use of Figures 8 and 9, and by
taking all of the above factors into account, it is
concluded that the following set of values seems to
be able to provide an optimum operating condition (

see also Figure 10):

A = 0.5x10 % cm?
RL = 50 ohms
N. = O.3x10l6 cm_3
D

vV = 10 volts

Finally, if one demands a risetime better
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than 45 psecs, one can achieve this goal only by
giving up some of the other desirable features as
discussed before. For applications where light
intensity is high, further reduction of the risetime
may be possible. A compromise must then be made
with all factors being specified according to the

needs of a particular application.

3.4 Detailed Analysis of Optimum Design

The set of parameters obtained with the
simplified model for the optimum design is used
as the input to SCHOT for a more detailed analysis.
The theoretical light input is assumed to be a
step function (increases from zero to peak power in
less than 0.5 psec). The wavelength of the light
input is chosen to be 1.3 pum because both signal
attenuation and chromatic dispersion through a high
quality fiber made of silica are minimum in this
wavelength region. Smaller bandgap materials are
required for operation at this wavelength and hence
germanium is selected for this purpose. The constants
listed in Appendix B for germanium are used for

analysis. Finally, variable time steps are employed
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because of the rapid change in light power within

the first 0.5 psec of the transient analysis.

With the above input values, SCHOT was run
to iterate ¥ down to a tolerance of 2.0x10”8 volt.
JPLOT was then used to determine the RC response and
to obtain a plot of the current output. Figure 11
shows the current as a function of time together
with the theoretical light input profile (both are
in normalized units). It can be seen that the 10-
90% risetime of the output current is about 44 psec.
The depletion width of the diode is 2.45 um. Both
of these values are very close to those obtained
with the simplified model. Hence one can conclude
that the simple model is indeed a fairly accurate

one and that the results of the design analysis

are therefore quite dependable.
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CHAPTER 4

CONCLUSIONS

The computer model PHODIM for the analysis
of PiN photodiodes and the physics behind it are
described at the beginning of this paper. In order
to modify the program to handle Schottky barrier
diodes, a different set of boundary conditions is
required. In the present model, it is assumed
that an interfacial layer exists between the
metal and the semiconductor. The Fermi-level
difference across the layer causes electrons to
flow from the semiconductor into the metal result-
ing in the formation of a depletion layer. The
boundary value for n is assumed to be equal to
the atomic density of the metal. p(0) is then defined
as the reciprocal of n(0). It is also assumed that
Y(x) is given by the thermionic-diffusion theory.
P(0) is defined in such a way that the above condition
will be satisfied. In order to overcome the insta-
bility and convergence problem of PHODIM, another
computer program JPLOT was written to determine the
RC response of the device. By solving the first order
differential equation of the equivalent circuit num-

46



47

erically, a plot of the output current as a function
of time can be obtained. Since the modified program
is expensive to run, a much simpler model is used to
calculate for the design parameters. SCHOT is then

employed for a detailed analysis of the set of opti-~-

mum design parameters chosen.

No new experimental data is available at
this moment for the testing of the model. However,
the results obtained for the optimum design parameters
appear to be quite reasonable as compared to previous
experimental results given in Remple's paper. Both
the detailed and the simplified model predict a
45 psec risetime for a diode with a depletion width
of about 2.5 um. Despite the problems with the steady
state solution, the present model should be very

useful in ultra-high speed photodiode design.
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quantity variable normalized by germanium units
V¢, -5
position coordinate X LD=(e o ) 9.70290x10 cm
t
time coordinate t LD2/D0 9.41463x10 2 s
. - _KT
electrostatic potential Vt-—e 0.025875 v
quasi-Fermi levels ¢n’¢p Ve 0.025875 \Y
applied voltages Ve,Vc Vt 0.025875 \Y%
electric field E V, /Ly 2.66673x10°  V/cm
carrier densities n,p ng 2.4x1013 cm_3
impurity densities N,ND,NA n. 2.4x1013 cm—3
c s -2 2

current densities J,Jn,Jp —eDOnt/LD -3.96253x10 A/cm
generation-recom- 21 -3
bination rate U Dont/LD2 2.55070x10 cm ~/s
carrier-diffusion 5
constants Dn'Dp 1/D0 1 s/cm
carrier mobilities -1 -1 2
(u= 1/v) Y, ’Yp Do/vt 38.6473 cm”/V.s

WOINVIWIHED d04d

SY0LOYd NOILVZITVIWION

¥ XIdNJIddVY



APPENDIX B

MATERIAL PROPERTIES OF GERMANIUM

guantity variable value at 300 K
atomic density n, 4.4x1023 cm_3
relative permittivity €. 15.8
electron affinity X 4.0 V
energy gap Eg 0.66 eV
intrinsic concentration n, 2.4x1023 cm_3
lattice mobility H un—3900 cm2/Vs
u,-1900 cm? /Vs
recombination lifetime T 'rn-lO_3 S
'rp—lO_3 S
saturation velocity Veat n—0.6x107 cm/s
p-O.lxlO8 cm/s
saturation field ESat 5.0x103 V/cm
absorption length o 1.3 uym for A=1.3 um
quantum efficiency 0.45 for A=1.3 um
C] n - 0.5
p - 0.0
Ky 4.38922x1021
K, 2.52246x10°%1
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APPENDIX C

TRANSCENDENTAL FUNCTION

Fs(w) is a transcendental function that can

be approximated as follows.

1 - 3.44w + 13.99w?

g
/S
o
o
©
)
i

_14.16 + 45.22w + 31.06w§
s = I5.72 T 76.34w ¥ 36.00w

_1.442  2.137

s w 2
w

w
o)
n
<
g
|
=
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APPENDIX D

GENERATION TERM

The function that is used to model the

photo-generation process is given by

G(x,t) = —Bé——-exp(-gﬁ t

EphuA fact
where P = maximum power of light input
I3 = efficiency of diode
Eph = energy per photon
o = absorption length
A = area of diode
tfact= time factor which is determined by the

shape of the light pulse.

Three time functions for the light input are permitted

by the program.
(1) Pulse:

t,2 1 t,2
tfact = (?) exp{i(l - ;ﬁ }

51



(2)

(3)

tfact

Step function:

0, tfact B
t & T, tfact =
t, tract =

Sinusoidal:

. m
= sin( - t)

= Al O

52



APPENDIX E

USER'S GUIDE TO SCHOT

The procedures for running the present
program are quite similar to those for PHODIM. The
variable directory at the beginning of the program
has been updated to include variables used in the
Schottky barrier case. Some of the variables are
also defined along with their mathematical symbols
in the Glossary of Symbols. The array TEST is
consisted of switches which control program flow
and provide different options. Several new switcheé

have been introduced and they are described below.

TEST(19):' Selects iteration limit—
The switch allows the user to define a
limit to the number of iterations per

time step.
TEST(20): Selects type of diodes-
Three choices are available, namely, PiN,

p'N and Schottky barrier diodes. The

53
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switch determines the necessary parameters to be

read into the computer, and provides appropriate

initial estimates and boundary conditions.

TEST (22) :

TEST (23) :

TEST (24) :

Selects semiconductor material-
Either germanium or silicon can be
selected. The switch will decide the
correct normalization factors to be
used and define suitable values for

the mobilities of the carriers.

Gives transient output on punched cards-
When this switch is on, the output will
include a deck of punched cards. Each
card provides information (JTOT and POWER)
of a mesh point for a certain time step.
The point for which results are desired

is specified by the input variable IXT.

Selects light intensity functions-
Three different functions are possible
They are pulse,step function and sinusoidal.

Further details are given in Appendix D.
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Other TEST options have already been
described in Remple's paper. The input procedure
is also very similar to that of PHODIM's. The
only thing that needs to be noted is that the
boundary value for ¢ (0,t) is set by defining PIMGS

as

PIMGS = ¥ (0,t) + ¢, .



APPENDIX F

USER'S GUIDE TO JPLOT

The input deck for JPLOT is mainly com-
prised of the punched outputs from SCHOT. Several
sets of data can be processed at the same time.

The number of sets of data is indicated by the

first card. For each set of data, two additional
cards are required for providing information on

the design parameters of the photodiode. Finally,

the number of time steps (the number of cards

obtained from SCHOT) is given by another card. The
punched deck from SCHOT is then put behind the

above cards. The input deck arrangement is summarized

as follows.

Card #1 NSET - number of sets of data

Card #2 R, AREA, XDPLE - load resistance, area of
diode and depletion width

Card #3 ND’ V, XL - doping density, applied voltage

and length of diode

56



Card #4 N - number of time steps

Card #5 IXT, TIME,

Card #6 "

Card #5+N "

JTOT, POWER )

punched deck

from SCHOT
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READ IN PROGRAM TEST OPTIONS.
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USER SPECIFIES REGIONS OF DIFFERENT MESH SPACING.
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g SOLVE FOR STEADY STATE SOLUTION.
BETA=1.
TAU=1.E100

g FORCES STEAQY STATE.

E IF TEST(14)=1, OUTPUT INITIAL ESTIMATE.

IF ( TEST(14) .NE. 1 ) GOYO 860
PRINT 850
50 FORMAT ("OINITIAL ESTIMATE™)

8
. CALL OUTVALU
¢ IF TEST(13)=0, CALCJLATE FIXED MESH STEADY STATE VALUES.
860 IF ( TEST(13) .NE. 0 ) GOTO 990
870 PRINT 880ERSONAXIVFAC,EPSIAVE*VEAC,EPSOSDTVEAC, OMEGA
880  FORMAT (“QEPSDMAX = “,E11.5,10X," EPSDAVE = ",E11.5,10X,
bR aE A L s Thx A Gneta = ROFEE L
PRINT 940
940  FORMAT ("0MAXe PNT.™o7Xy"DPSIMAX™,9Xs "DPSIAVE™,8X, "0PSISD™,8X,
. o R e G At B X “ROL Ok Phso BNTS, =]
. CALL SYSTEMS ,
PRINT 970, IWS1
970  FORMAT (“BFIXED MESH STEADY STATE CONVERGED AFTER",I6s
* .. ITERATIONS®/""FIXED MESH STEACY STATE VALUES.™)
CALL CURRENT
00 980 I=1,NMESHPL
JINK(T)=IN(I)
JPK(I)=UP(I)
NK(IY=N(D)
T PR(D=P(D) . .
PSIK(I)=PSI(D)
380 UK(D =U (I~
GALL ‘OUTVALU
IF (CTEST(2) .EQ. LANDe TEST(3) .NE. 1 ) GOTO 2410
¢ ONLY R el o hdsu  STEADY STATE REQUIRED IF CONPROL-GOBS TO 2610.
¢ IF TEST(3)=1, CALCULATE REMESHED STEADY STATE VALUES.

IF ( TEST(3) «NE. 1) GOTO 1340
990 T=-1.

s -~ CALL REMESH . SRIRTE

CALL INITIAL R . —
PRINT gggyEPSDHAX’VFACgEPSDAVE'VFAC:EPSDSD'VFAC » OMEGA

¢ PRINT
¢ -~ CALL SYSTEMS L R T
PRINT 1288,IWS1
1280 FORMAT ("0QVARIABLE MESH STEADY STATE CONVERGED AFTER"™, .
o+ 159" ITERATIONS.™) e
CALL CURRENT o ' T B
DO 1290 I=1,NMESHP1
JNKC(I)=UNL(I) - .
e JPK(I)=UyP(I)
NK({I)=N(I) ToTrme T
PK(I)=P(I)
PSIK(I)=PSTI(I)
12990 UK(I)=U(I)
CALL OUTVALU m
IF ( TEST(2) .EQ. 1) 5070 2 10
g ONLY VARIABLE MESH STEADY STATE REQUIRED.
¢ - i R
c #lll!l"#"!’*¥¥'~¥¥$¥¥¥l¥¥¥¥¥l¥¥“!"ll'4l~¥l¥;4!'!#il!l‘-‘;!!‘l#li’ll-"!«‘"‘
C
g BEGIN TRANSIENT ANALYSIS. R
1340 PRINT 1350 -
1350 FORMAT (*0#e#e™)

BETA=INBETA

. TAUSHT AU

¢ REST OF PROGRAM IS CALCULATED FOR EACH STEP.

1700 TAINDEX=TAINDEX+1

¢ IF TEST(1)=1, USER HAS INPUT TRANSIENT ANALYSIS TIMES.
IF ( TEST(1) .NE. 1 ) GOYO 1800
IF ( TAINDEX .GTa NTA ) GOTO 2350
TAUSTATIME (TAINDEX)

IF TEST(1)=0, A CONSTANT TAU DETERMINES TRANSIENT ANALYSIS TIMES.

[vlvle]
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APPENDIX H

PROGRAM LISTING OF JPLOT
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CALL PLOTPT (TIME(
CONT INUE
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COMMON Ny TMAXyPMAX4,JMAX9RC,R,CyNT,VyXLyAREA
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I) - T
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(I
NES WHEN INPUT AND OUTPUT EXCEEC 10 AND 90 PERCENT.
LEC. 1 ) GOTO 248 : e :
CEC. POWER(I-1) ) GOTO 232
S1 .NE. 0 ) GOTO 225
«GTe 0.1 ) TIWS1i=1
gIHE(I‘i))’(-l POWER(I=1)I/(YL1-POHERII-1)I+TIME(I-1)
S1 «NE. 1) GQTO 230 h
eGTe o5)  IWS1=
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CONT INUE
CONTINUE
PRINT 250, X,¥1,Y2
FORMAT (10Xs3(F105+5%) /)

CONT INUE

JHMAX=JMAX®AREA :

POUT=R®*JMAX**2
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FORMAT (" PMAX. INPUT POWER = “,E10.5,% AATIS.*/

+ “ MAX. CUTPUT CURPENT= ",E10.5,% AMPY/

+ “ MAX. OUTPUT POWER = “5E10.5»" WATTS."//)
CALCULATES FOR 10-90 PERCENT RISETIMES. »w
TRISE1=TF1-T51
TRISC2=TF2~
PRINT 450, TRISE1 . w .
FORMAT (* 10-90 PERCENT INPUT RISETIME = “yF6.2," PSEC.")
PRINT 460, TRISE2 . . .
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RETURN
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