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Abstract:

In this paper, using finite difference method, the effect of adding a p-layer at the back of a metal-semiconductor-metal
(MSM) photodetector (PD) on the spatial electric charge distribution and the transient response of the device is numerically
studied. To this aim, the fundamental equations of the semiconductor device, i.e., two current continuity time-dependent
equations have been considered coupled with Poisson’s equation. The I-V curve of the MSM photodetector is obtained as
the main characteristics of each semiconductor device. Moreover, the variations of electrostatic potential, electron and hole
concentrations are determined in the MSM photodetector with a p-layer at the back of the active layer. It is observed that
the peak transient response of an MSM device is improved by back-gating the device as more electrons are injected to the
semiconductor layer and the slower charge carriers (the holes) to be removed from the top circuit.

Keywords: MSM photodetector; p-type layer; Continuity and poisson’s equations; Numerical solution; Finite difference
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1. Introduction

One of the most important parts of each optical communica-
tion system is a PD that is basically made of semiconductor
materials [1,2]. MSM configuration is well known to fabri-
cate a PD which consists of a semiconductor as an absorbing
layer and two metallic layers as the electrodes to make back-
to-back Schottky diodes [3,4]. This type of PD has a small
intrinsic capacitance resulting in higher speed for large bit
rate and higher sensitivity optoelectronic receivers than tra-
ditional p-i-n PDs [4]. Moreover, PDs with MSM structure
exhibit a higher surface region in comparison with the p-i-n
structures for the same thickness of active layer because of
having a lateral design [5]. By studying the transient re-
sponse of a MSM PD, two parts of the impulse response can
be observed; a fast rise time and a long fall time. The fast

rise time is the advantage of the device but the long fall time,
due to the lower mobility of holes compared with electrons,
leads to inter-symbol interference in the high-speed optical
communications [6—8]. In order to reduce the fall time of
the impulse response of the MSM PDs, the influence of the
holes in the semiconductor layer should be diminished in
the external circuit. For example, a technique that has been
reported for this aim is intermediate temperature growth
(ITG) of semiconductor material [9]. By using a gallium
arsenide (GaAs) layer as an active layer, it was seen that
the lifetime of charged carriers in the GaAs layer is only
slightly more than the transient time between two metallic
electrodes [10].

In addition, the effects of holes on the external circuit and
the transient response of the PD are able to be decreased
by either applying a negative voltage at the back of the
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Figure 1. Schematic diagram of a MSM PD with a p-layer.

semiconductor layer or adding another semiconductor layer
to effectively displace the charged carriers in the active
layer [11]. Utilizing simulation techniques such as New-
ton iterative methods, finite element method (FEM), finite
difference method (FDM), error estimation techniques, and
adaptive mesh generation lead to finding the best way to
fabricate a cost-effective device [2, 10-12].

In this work, the influence of a p-layer at the back of the
semiconductor layer of MSM PD is investigated by imple-
menting an algorithm based on the FDM to exactly solve the
partial differential equations of the semiconductors using
drift-diffusion approximation. After introducing the MSM
structure with a p-layer at the back of the semiconductor in
the next section, the governing equations, boundary condi-
tions, discretization, and finally the solution methods are re-
spectively expressed in the following. Since there are three
unknown variables, i.e., n, p, and y, at each mesh point,
therefore there are 3N unknowns for the N mesh points in
two space dimensions. Newton’s method has been consid-
ered to solve the systems of nonlinear continuity equations
coupled to the Poisson equation for the 3N unknowns which
arrange a one-column with 3N rows. In this arrangement,
the first, second, and third N rows are assigned to n, p, and
Vv variables, respectively. This procedure is discussed in
more detail and has been applied to study the considered
photodetector.

2. Model description

The MSM PD is a semiconductor device designed to detect
optical pulses in the optical fiber communication systems.
This PD is made from the GaAs semiconductor and con-
sisted of two contacts on the top to detect high speed signals
and one back layer designed for reducing the effect of the
slow carriers, the low mobility hole carriers, on the high-
speed top circuits by increasing the electron injection to the
semiconductor as shown in Fig. 1.

Since the charge distribution and device characteristics for
all parallel cross-sections in the active region and perpen-
dicular to the contacts is the same, therefore the basic semi-
conductor equations are solved in a 2D plane containing the
two top contacts and one p-layer. The two top contacts on
the N region are Ohmic contacts that act as two rectifiers
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Table 1. Doping concentration of different layers.

Layer Doping concentration (m )
Top contacts (n-layers) 102 nt

I-GaAs 1020 n—

p-layer -10% p*

and show similar I-V characteristics as conventional MSM
PD with Schottky contacts. The next layer is an intrinsic
semiconductor of GaAs as long as the back layer of GaAs is
the p-region in the structure. Table 1 represents the values
of the doping concentration of different charged carriers in
each layer.

The dimensions of a cross-section of the device contain-
ing two top N-region, /-region, and the p-layer are 60 um
width in x direction and 3 pm height of the three 1 pm thick
N, I, and p layers in y-direction. The cross-section in the
x-direction in the N region is 20 tm hence the gap between
the two top contacts is 20 um. Moreover, the profile of the
cross-section in two dimensions is shown in Fig 2.

3. Governing equations

Based on the drift-diffusion approximation, the continuity
equations coupled to the Poisson equation are able to de-
scribe the spatial and temporal behaviors of charged carriers
(electrons and holes) in the semiconductor devices by ap-
plying an external electric field [9]. The Poisson equation
in semiconductor could be written as:

&V W = —q(n—p—Ny) (1)

where, &; is the electrical permittivity of a semiconductor,
v is the electrostatic potential, g is the elementary electron
charge, n is electron number density, p is holes number
density, and N, is the impurities’ concentration in a semi-
conductor.

Moreover, by considering the external generation mecha-
nism, i.e., optical excitation, the time-dependent continuity
equations are given as [11,13]:

on 1

7_*V-n: n—I\p

5~ V=GR )
d 1

a—l;—;V.J,,:G,,—R,, 3)

In the above equations, the flux densities of electron and
hole (J,;, and Jp) in drift-diffusion approximation can be
defined as:

Ji= ,LL]IVI[/:ED[VI, l=n,p 4)

where =+ are related to the electron and hole fluxes, respec-
tively, D is the diffusion coefficient and u is the mobility.
Beer-Lambert’s law represents the generation rate of photo-
carriers by dividing the total intensity of the absorbed light
to the energy of a photon [14]. Therefore, the total intensity
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Figure 2. A cross-section of a MSM PD device with a
p-layer.

of the absorbed light can be obtained by integrating on the
z coordinate as:

e R )
he

where A, a, h, and ¢ are the wavelength of the optical pulse,
the absorption coefficient of the semiconductor layer, the
Planck constant, and the light velocity in vacuum, respec-
tively. R refers to the reflection coefficient of the surface
of the semiconductor layer and Iy(r,#) denotes the optical
pulse intensity. A Gaussian profile centered at (xo,yo) with
the total pulse duration equal to four times of the magnitude
of the half of the FWHM (T},), is considered in the space and
time domains in this model as an optical pulse. Hence, the
photocarrier density generated in the semiconductor surface
layer due to irradiation of optical pulse can be calculated
through the integration of the generation rate on the optical
pulse duration as [14]:

G=G,=G,=

4Ty 2A0pz0)
nnn(m) == P(t()) = G<x7y7t)dt = 7((1 _R) X
0 hCAeff
) (X’XO)*()’*YO)] AT, f— 2T
(1—e %a)e K /)’—4m2( ”)m
0 T,
(6)

Here p(zo) is the power of the optical pulse, A,rr = TW3
refers to the effective area of the laser beam with the waist
of Wy, A denotes the depth of light absorption in the active
layer of the photodetector. In addition, the non-radiative
recombination rate, R, in the semiconductor devices due to
Shockley-Read-Hall process could be expressed as [15]:

np—ni2

R=R,=R,=
TP n(n+m) +1(p )

)

where n; refers to the intrinsic concentration in the semicon-
ductor layer, 7, and 7, denotes the lifetime of electrons and
holes, respectively [16].

Thus, the equations (1-3) must be numerically solved at
each mesh point to simulate the considered MSM PD. How-
ever, initial guesses for n, p, and Yy at each mesh point
together with applying proper boundary conditions to the
device structure are needed. Moreover, the Dirichlet and
Neumann boundary conditions appropriate to the structure
of the presented MSM PD are considered which will be
introduced in the following section.

JTAP17(2023)-172308 3/7

——Light
—Dark

I {ma)

=
|

i

o
b
fa
s -
a
.
i |
e
=1

Figure 3. The I-V characteristic of MSM PD with a p-layer
obtained from the two top contacts with and without light.

3.1 Boundary conditions

In general, the considered PD has a three-dimensional
structure but using the device symmetry, its dimensions
can be reduced into two dimensions. Fig. 2 shows a
two-dimensional cross section of the presented MSM PD
schematically.

The Dirichlet boundary condition is applied to the
boundaries A, B and C where the contacts are considered
as Ohmic contact. The charge neutrality condition at each
contact and thermal equilibrium carrier concentration along
with the Boltzmann distribution are assumed to define
the boundary conditions. Table 2 presents the boundary
conditions to be applied at each boundary in Figure 2. It
must be noted that the constant C introduced in Table 2
(second column) is the potential gradient in the intermediate
region and its value is obtained from the potential difference
between the upper and the lower boundaries of the /-region
divided by the corresponding distance between the two
regions.

3.2 Scaling

To do the actual calculations in the PD simulation, the use
of scaling factors is common in order to solve algorithms
efficiently and, in some cases, to avoid numerical overflow
or underflow [17]. Therefore, it is recommended to use
scaled-down equations with similar quantities rather than
particular constants with arbitrary values. The parameters
v, n and p in the basic semiconductor equations attain
values with different orders of magnitude in the regions
with large and small space charges. The extremely large or
small quantities make truncation errors in dealing with these
parameters. Here, we use a simple scaling factor which is,
from the mathematical point of view, more rigorous and
introduced in [18-20]. Therefore, by multiplying equations
(1)in &/gng,, (2) in x%/DondO, and (3) in xo/ — gDony,, the
considered equations will be non-dimension.

2251-7227[https://dx.doi.org/10.57647/j.jtap.2023.1701.08]


https://dx.doi.org/10.57647/j.jtap.2023.1701.08

4/7 JTAP17(2023)-172308 Barkhordari et. al

Table 2. Details of boundary conditions used in the simulation procedure [8-12].

Boundary Dirichlet condition Neumann condition

2

A V=Y, + L[5l + /75 +1], Jui=0, J,A=0 dy/dn=0, dn/dn=0, dp/dn=0
2

B w:wa+%1n[%+ %H], J,.i=0, J,,i=0 Jy/dn=0, dn/dn=0, dp/dn=0

C yv=0, n=0, p=0 dy/on=c, dn/dn=0, dp/dn=0

E y=0,n=0, p=0 dy/dn=c, dn/dn=0, dp/dn=0

F v=0 n=0, p=0 dy/dn=c, dn/dn=0, dp/dn=0
n2

G w:%+%1n[f%+ ﬁ+1], J,i=0, J,i=0 dy/dn=0, dn/dn=0, dp/dn=0

3.3 Discretization density can be determined as:

In this section, the basic semiconductor equations in partial

differential forms will be discretized and transformed to B (W) lij—B (W) lixyj
algebraic forms. By providing mesh points and assigning J1X|ij:%7j = :|:D1|ii%7j ;
a pair of indices (i, j), we then can write the governing (i4)—1%
algebraic equations for each mesh point. So, using the (11D
five-point finite difference approximation, Poisson equation B ( Vij— Vi jt1 > l,,—B <‘Vwir1“4’u nijt1
could be written as: _ " " ’
Iyl 1 =%Dy|. . 1
Vi j+5 i,jt5 k | |
Vigl,j Vi Vij—Vi-lj (j£3)—3
i hi_q 12
_ + (12)
hi+h;_
ey . where [ represents # and p due to electron and hole number
2qndy ViV ViV —nalij+nplij+nali :(Q:nsity. Moreover, it has been assumed that the current
L, L) L L= . . . . .
0 T kj,lj density has an intermediate value of Jlx\@il /2,j) in the inter-
ALY val x € [x,',xiil] and le|(i,ji1/2) in the interval y € [y,-,yiil}.

®)
where h; and k; represent the distance from one mesh point
to the neighboring ones in x and y directions, respectively.
In order to perform the discretization of the continuity equa-
tions, they must be written in terms of current density com-
ponents at mid interval points. Therefore, the electron and
hole continuity equations can be respectively discretized as:

(t)|i+%7j - (t)‘i—%,j (_Jnx)|i+%7j - (_Jllx)li_%7j+
mi+nm;_ hi+h;_|
2

(7Jny)|i7j+% - (7‘]")1)‘['7];
kj+k_/',1
2

=

_G<Wanap)|l,j_R<W?n’p)‘l~l =0
)]

1

b !

2.

(t)|i+%7j_(t)|,‘,

mi+m;_|

(Jpx) |i+%,j - (‘IPX) |i7
hi+h;_q
2

j

(Jﬁy)|i_,j+% - (Jﬂy)‘i,jf
kj+kj_1
2

Bl

—G(l//’n’p)‘[’j—R(l/lynap)‘i,j =0

(10)
In addition, by considering the Einstein mobility-diffusion
relation and Bernoulli function [13], the mid interval values
for the current density components can be obtained. Be-
sides, the x and y components of electrons and holes current

Also, the electrostatic potential is constant in the considered
path. Furthermore, G(y,n, p)|;,j and R(y,n, p)|; ; could be
defined as:

G(y,n,p)li,j =na(to)]ij =np(to)li (13)

(4v)

Electrostatic Potential (v)

60

20

Depth (um ) Distance (um)

Figure 4. Electrostatic potential profile of the MSM PD
when a p-layer is backed the active layer in steady-state
condition.
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Figure 5. The logarithmic profiles of (a) electrons and (b)
holes concentration in the MSM PD with a p-layer at the
back of active layer.

nalijnplij—n;

(14)
Tn(nn|i,j +I’ll) + T[I(np|i,j +nl)

R(y.n,p)lij=

As a result, by substituting the relations (11-14) into equa-
tions (9) and (10), the discretized form of the continuity
equations is obtained.

3.4 Solution method

So far, many iteration methods have been proposed to solve
the linear or nonlinear systems of algebraic equations de-
rived from the basic semiconductor time-dependent equa-
tions [10-12]. In all these methods, the equations were
solved either at each mesh point one by one in isolation
or as a system of linear algebraic equations for the whole
mesh points all together. In some methods also, only one
of the equations is solved for one of the unknown variables
by assuming that the other two variables are known at the
given mesh point [15]. In the method that we introduce
here as a novel technique, all three equations are solved
simultaneously for all three unknowns of all mesh points.
In other words, assigning N points on the device, the total
of 3N coupled nonlinear algebraic equations are solved for
the 3N unknown variables. The Newton iterative method is
used for solving these equations. The 3N coupled nonlinear

JTAP17(2023)-172308 5/7

algebraic equations are formed by putting the linear Pois-
son’s equation as the first N set and two current continuity
equations for electrons and holes as the other two N sets of
systems of nonlinear algebraic equations.

In order to make systems of nonlinear algebraic equations,
we assign a number from 1 to N to each mesh point neglect-
ing those on Dirichlet boundaries where the values of y, n,
and p are known. Since we have N mesh points and at each
mesh point there are three unknown variables y, n, and p,
therefore 3N nonlinear algebraic equations must be written
for the introduced PD.

The approach used here is to arrange the 3N unknowns in a
one-column matrix as shown in (15). As can be seen from
this matrix, the first N rows, the second N rows, and finally
the third N rows are allocated for y, n, and p unknowns
variables, respectively.

X1 Vi

X2 %)

XN YN

XN+1 ni

XN+2 np

X = = (15)

X2N ny

X2N+1 P1

XON+2 P2

X3N PN

The subscript indices of 1 to N correspond to the N points
of the mesh on the device geometry. To form a system of
nonlinear algebraic equations as shown in (16), we take
into account the first N equations as the N linear algebraic
Poisson’s equation, the second N equation as the N non-
linear algebraic electron continuity equation, and the third
N equations as the N nonlinear algebraic hole continuity
equations.

F = fi(x1,x2,...,x3y) =0 (16)
Finally, we solve the system of nonlinear algebraic equa-
tions in (16) for i from 1 to 3N using Newton’s iteration
method. So, by assigning suitable initial guesses for y, n,
and p arranged in a one-column with 3N rows, the correc-
tions Ax corresponding to Ay, An, and Ap are calculated
via Jacobean system using Taylor expansion of F’:

o ot af
Tu‘,"h,z,...,zv Fuel12,N (;T'Zh,z,...,zv
JF 3, s s
<8X>(AX): Folioen  Glio.n Gl |
P) P) P)
T{{,’|17274..,N afill,z,...,zv £|1,2,...,N
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Figure 6. The transient profiles of (a) charged carriers and (b) current density in MSM PD with a p-layer at the back of the

active layer.

Aylio. N fowli2,..N
Amplip,..n | = | foul12,..v 17
Anplio,. N Sfoplip,..N

The Jacobi matrix of the system consists of nine parts, a
single-diagonal and five off-diagonal elements. The solu-
tions are updated by X**! = X* + AX* and A1 = £k + Ark
in space and time domains, respectively. Moreover, the so-
Iution of the nonlinear algebraic equations system is sought
after k iterations by checking the X**! —X* < 10~* m and
kL —tk <1070 s criteria.

Table 3. Scaling factors.

Quantity Symbol Value

X X0 max(x—y), x,yED
v Yo kT /q
n,p,d do max|d(x)|, x€D
D,,D, Dy ma)((Dn(x),Dp(X))7 xeD
.umﬂp - DO/WO
G,R - D()d()/x2
T - x3/Dy

4. Numerical results

In this section, the results of solving basic semiconductor
time-dependent equations are presented based on the intro-
duced FD algorithm for the MSM PD with a p-layer. It
must be noted that a 30x50 uniform mesh including the
gap area and boundaries are established for the simulation.
Excluding the nodes or points for Dirichlet boundary condi-
tion, the total of N = 1730 points are considered for solving
the equations. The left and right top contacts are biased by
4V and 0V, respectively. Using Newton’s iteration method
to solve the 3x 1730 nonlinear algebraic equations, the so-
lution was obtained after 10 iterations with convergence
criteria in the simulation domain.

The I-V characteristics curve between the two top contacts
of MSM PD with p-layer with and without light is shown
in Fig 3. As can be seen, the results are the same as that of
two back-to-back connected Schottky diodes and are what is
expected from any MSM PD. In this calculation, the applied
voltages are less than 12 V and that the ionization-impact
phenomenon has not been considered. This result shows
that our method could reproduce the experimental I-V char-
acteristics of a MSM PD as given in [8] to a reasonably high
degree of accuracy.

The electrostatic potential profile of the MSM PD biased by
a voltage of 4 V with a p-layer on the back of the active layer
is shown in Fig. 4. It should be mentioned that the electro-
static potential is calculated using the Dirichlet boundary
condition for the two top contacts and p boundary region.
As can be seen, the electrostatic potential of left-top-contact
has increased by an amount of 4 V with respect to the
built-in-potential whereas the other two contacts, i.e., right-
top-contact and p remained at theirs built-in-potential value
of £0.7033 V, respectively. The validity of this calculation
can be checked by noticing the electrostatic potential of
the left-top-contact-Intrinsic-P region or right-top-contact-
Intrinsic-P region are the same as the electrostatic potential
of a p-i-n diode in equilibrium condition, respectively.
Additionally, logarithmic profiles of the electrons and holes
density of the MSM PD are shown in Fig. 5 (a) and (b),
respectively. The electron and hole densities in left- and
right-top contacts and P regions have their equilibrium val-
ues because the Fermi levels in these regions do not change.
It can also be seen from Fig. 5(a) that the electrons con-
centration in the /-region is reduced because of the positive
voltage applied to left-top contact. However, as can be seen
from Fig. 5(b), the holes concentration in the /-region is in-
creased because holes are injected into this region as a result
of positive voltage applied to left-top contact. The electrons
and holes concentration in the P-Intrinsic-right-top-contact
region remain in their equilibrium values since no voltage
has been applied to right-top contact and P region.
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In addition, the temporal response of the MSM PD with a
p-layer at the back of the semiconductor is illustrated in Fig.
6(a). As shown, the variations of the electron density have
a sharp peak but the density of holes slightly reduces be-
fore reaching its maximum value. Finally, Fig. 6(b) shows
the time evolution of the total current density through the
semiconductor layer of MSM PD. It is clear that the total
current density is initially increased till 5 ps and then re-
duced from its peak value when the optical pulse is imposed
at the middle of the semiconductor layer of the MSM PD.
When a p-layer is placed at the back of the active layer of
MSM PD, the electrons diffuse into the whole of the semi-
conductor layer and therefore, more electrons are injected
into the external circuit. Indeed, the slower photocarriers
(the holes) move toward the p-layer because it is negatively
biased with respect to the zero bias top contact. The speed
of the photodetector is significantly increased by this pro-
cess due to the creation of more electron-hole pairs in the
semiconductor layer of the device and removing more slow
charge carriers from the two-top-contact circuitry.

5. Conclusion

In this paper, a FD numerical method was used to study
the effect of p-layer at the back of the active layer on the
spatial and temporal distributions of charge carriers in
the MSM PD by solving the Poisson’s equation and the
time-dependent continuity equations. In this method, the
equations were solved simultaneously as a nonlinear system
of equations for y, n, and p variables corresponding to
the electric potential, electrons and holes number density,
respectively. The results obtained for the electrostatic
potential, electrons, and holes concentration have a
reasonably high degree of accuracy in comparison with
those presented in the literature. Moreover, the transient
response of the device was calculated by this method. It
is found that the presence of p-layer at the back of the
active layer of MSM PD causes more injection of the
electron from the external circuit to the semiconductor
layer, resulting in the diffusion of the electrons in the
whole semiconductor layer, and hence, the creation of
electron-hole pairs was increased. In addition, when one
of the top contacts has higher potential with respect to the
other one, the electric potential of the back-gated p-layer
is negative with respect to the lower electric potential top
contact and resulting in the removal of holes from the
top contacts’ circuit. Therefore, the speed of MSM PD is
significantly enhanced by more producing the electron-hole
pairs in the active layer of PD and taking out the slower
charge carriers from the top circuit.
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