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A New Physical Modeling for Multiquantum
Well Structure APD Considering Nonuniformity
of Electric Field in Active Regin
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Abstract—In the present work we model a Multiquantum Well
structure Separate Absorption and Charge Multiplication Avalanche
Photodiode (MQW-SACM-APD), while the Absorption region
coincide with the MQW. We consider the nonuniformity of electric
field using split-step method in active region. This model is based on
the carrier rate equations in the different regions of the device. Using
the model we obtain the photocurrent, and dark current. As an
example, InGaAs/InP SACM-APD and MQW-SACM-APD are
simulated. There is a good agreement between the simulation and
experimental results.

Keywords—Avalanche Photodiode, Physical Model, Multi-
quantum Well, Split Step Method.

[. INTRODUCTION

VER the past five decades avalanche photodiodes

(APD's) have been utilized for a wide range of,
commercial military, and research application [1].
Photodiodes with high speed and sensitivity are necessary
components in long-haul, high-bit-rate optical communication
systems. Avalanche photodiodes are preferred for these
systems because their internal gain results in higher [2]-[3].
APD's operate by converting incident absorbed photons into
cascades of electron-hole pairs. Specifically, an absorbed
photon produces an initial electron-hole pair (parent carriers)
within the front-illuminated p* contact. Due to the action of a
reverse-bias field, the hole is immediately swept out of the
contact while the electron is accelerated through the depletion
region. Under high reverse bias, the electron, on average,
attains sufficiently high energy for impact ionization giving
rise to a secondary electron-hole pair. The initial and
secondary carriers resume their flight through the device
during which additional electron-hole pairs are produced. In
this way, a cascade of secondary carriers is generated by each
incident Photogenerated electron. The multiplication process
introduces noise due to fluctuations in the number of
secondary carriers created per detected photon [4]. Among the
various APD structures presented, the separate absorption,
charge and multiplication (SACM) APD is widely deployed.
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To achieve low bias voltage and low noise, the multiplication
and the absorption regions are separated in two different
layers, so that the absorption occurs in a layer of narrow band-
gap material, while a wider band-gap material is used for the
multiplication layer. To increase the gain-bandwidth product,
a high electric field is applied to the multiplication layer, and
this can be achieved using a charge-sheet layer of high doping
density [5]. Until recently, a few analyses and models for
SACM-APD's have been reported. But there is a fault in this
simulation and modeling. The profile of electric field is not
uniform in active regions and is linearly changed. One way to
consider these gradual changes is using split-step method in
our simulation. In this work a physical modeling is presented
for MQW-structure SACM-APD considering nonuniformity
of electric field. We split the active region of device into
smaller pieces and in different small regions we assume that
the profile of electric field is changed step by step. We also
calculated Absorption in MQW region. Our modeling is based
on the minority carrier equations in different regions of
device. Under the considerations of the minority carrier
diffusion in side regions (p', n") and the carrier drift in the
absorption and multiplication regions.

II. DEVICE STRUCTURE

The schematic structure of MQW-SACM-APD is shown in
Fig.1.This device employ MQW structure in absorption region
which composed of alternating layers of very thin nominally
undoped  In,,,Ga,,,As well-layers and InP barrier-layers.

Applying MQW structures increase absorption coefficient.
For the sake of convenience, the following deductions are for
illumination through (n") side. The current is equal
everywhere in the APD device, so take p'-A and n'-M
interfaces for considering p'-A. For the and n'-M interfaces ,
the current through the interface includes two parts: One is the
diffusion current of the minority carriers in the (n) and (p*)
regions and the other is the drift current in 4 and M regions.
Because of the high electric field, the impact ionization takes
place in m region. Also, we assume a little impact ionization
in the charge region. According to the actual device, some
reasonable suppositions and approximations ations are
choosen. 1) The widths of depletion layer in the (n") and (p")
regions are neglected the electric field is zero in the(n") and
(p") regions. 2) The electric field is uniform in absorption and
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multipliation regions. 3) The electric field is nonuniform in
charge region and increases as consecutive steps. 4) The
multiplication and charge layers are depleted completely. 5)
The impact ionization coefficients a and B are assumed to
depend only on the local electric field.
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Fig.1.Schematic representation of multiquantum well structure and
corresponding electric field profile.

Since the changes of electric field in A and M regions is
small and in charge region is very sharp, we can consider that
the profile of electric field in A and M regions is uniform and
in charge region is linearly changed.
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Fig.2 Schematic Structure of SACM-APD

. The field profiles as a function of positions are listed as
follows [6]:

We split the charge region into 4 smaller pieces and in
different small regions we attribute the average of electric

field in each region to any region. This process is shown in
Fig.3.
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Fig.3. Implementation of split-step method in charge region

III. PHYSICAL MODEL

A. Carrier rate equations

For physical modeling, we must deduce the carrier rate
equations in the different regions .These are as following [7]:
where the 7 , is the total electrons in the (p") region pei, pea,

P

Pe3s Pea and ngy, gy, N3, Ny are the total holes and electrons in
the C region respectively, pa, pm, Na N are total holes and
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P
electrons through the A4, M regions and Pn . is the total holes in

the (n") region. ¢ is the electron charge, t, and 1, are the hole
and electron life-time in the (p*) and (n") regions, Tpm, Tpr
Tpra> Torms Tures Tnra at€ the recombination life-time of holes and
electron, Tptas Tptels Tpte2s Tpte3s Tpteds Tptms Tntas Tntcls Tnte2s Tntc3s
Tated> Tom are the holes and electrons transit times through the
A, P and M regions. In our equations, Ip and I, are the hole
and electron diffusion current in (n") and (p") regions, v, and
v, are the electron and hole drift velocities and a and f are the
electron and hole impact ionization rates and the related
equations are in [8]. The currents Iep1, Lo, Teps, Iepss Ipm Tesult
from transition of holes from one layer to adjacent layer I,
Ten2, Tens, Ienss Ian and result from transition of electrons from
one layer to adjacent layer. These current can be written as
follow [7]:

; =, 9", _9Pg _ 9
mp stan = stepp ™ stenj T
T ptm nta PG T gy (18)
Jj=1234

Pg. and Ng, are photo-generation rates in absorption region
and are defined below [7]:
by PR, )
hv
Where P;, is the optical power, R; is the reflectivity, and hv
is the photon energy. a, a,, are the absorption coefficients and
Wp, Wa, Wel, Wea, W3, Wey, Wiy Wy are the width of P, a, i, P
Ps, P4, M, ' regions, respectively.
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The drift velocity must take the averages in the quantum
well region. These can be written as follow [8]:

— VwVp (Ww + Wb )
VbVVw + Vwa (2 1)

Where &y, Cp, Vw, Vb, Wy and W, are the drift velocities,
and widths for well and barrier, respectively. The theoretical
current distribution across the entire MQW structure is
predicted to be the linear summation of current at each
well/barrier interface [9]. We apply the carrier rate equation
theory across one well/barrier cell ,(5) and (6). These
equations should be written for each well/barrier along whole
MQW absorption region. Calculation of absorption coefficient
in quantum well region is discussed as follow.

B.  Absorption coefficient in MOW-Region

The schematic energy levels band-diagram of a quantum
well, as shown in Fig.4. If an electric field is applied
perpendicularly to the layers the bands tilt due to the potential
of the external field resulting in the shifting of the energy
levels as shown in Fig.4(b).

(a) (b)
Fig.4. Illustration of the quantum confined Stark effect, quantum well
band edges, quantum levels, and wave functions (a) without and (b)
with applied electric field .

This results in smaller absorption energy and the absorption
edge shifts to longer wavelengths, similar to the Franze-
Keldysh effect known from bulk materials. Contrary to the
Franz-Keldysh effect, however, the absorption edge retains its
steep rise and exciton character. This phenomenon in QW’s is
referred to as the quantum confined Stark effect (QCSE). It is
this steep rise of the absorption edge coupled with a very high
excitonic absorption peak which makes this effect so attractive
for optoelectronic device. There is an increasing number of
device applications in which the QCSE is employed. Light is
absorbed by the quantum well when a photon of sufficient
energy excites an electron from the valance band into the
conduction band, making an electron-hole pair. The lowest
energy absorption occurs when the photon creates an electron-
hole pair bound together in a state called an “exciton” [10].At
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first estimation of the absorption will be obtained, if the bound
states of the structure are known. The bound state of a one-
dimensional finite potential well are given by the solution of
the time-independent Schrodinger equation [11].

n o’
Hy = [_ o ot + V(X)J\V =Ey (22)

Which may be rewritten in the form:

d’ 2m
T E-r((x)=0 23)

Where V(x) represents the potential energy variation, m is
the effective mass of charged particle, and h being Plank’s
constant. E and y respectively represent the energy eigenvalue
and eigenfunction of the bound state. The solution of the (22)
for a simple square-well and a few other specific forms of
V(x) is well known. We now consider a potential energy
variation V(x) as shown in Fig.5. Such a structure would have
a finite number of bound state corresponding to Vi, <E <V
although all values of E > V' are allowed, we will have a finite
number of quasi-bound states corresponding to Vi, < E <V.
In order to obtain the eigenvalues corresponding to the bound
state and quasi-bound states, we introduce, a region of
potential energy which is less than or equal to V,,;, as shown
in Fig.5.

V=1

Fig.5. (a) A general potential energy variation having a finite number
of bound states (b) our model for the potential energy.

We also choose the region at the point, where we
introduced the potential. Referring to Fig.5 the solution of the
Schrodinger equation in each region may be written in the
form [11]:

u].+ and u; represent the amplitudes of wave propagating

along the +x and —x direction, respectively. Continuity of u
and du/dx at each interface gives us:

u =u; e MighT 4 u; eig ki
A =k(dy+d,+..+d_); A=A,=0
) 4)
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h i=3.4..

i ti Viei(g” id;
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i=1, 2, 3, ...,N-1,N being the total number of regions. In the
last region -Nu would represent an exponentially amplifying
solution and should vanish. Setting, -Nu=0 we can calculate
the amplitude of the wave function in any region in term of

u;” . By analogy, for the potential energy variation shown in

N
Fig. 5. If we calculate u—i as function of E, we would obtain

U
Lorentzians corresponding to each bound state and quasi-

bound state of the form [11]:
2

wel o
(E-E,) +0°

where g = g, represent the position of the peak and 26, the
full width at half maximum (FWHM). As the distance d, is
increased, £, would tend to the value E, which represent the

)
o

27)

energy of bound state (or quasi-bound state), the quantity 20
would tend to zero for bound states and to the nonzero value
for quasi- bound state. Thus in order to obtain the energies
and lifetimes of the various states of an arbitrarily graded
potential well, we adopt the following procedure: 1) We first
introduce a region of potential energy equal to or less than the
minimum value inside the potential well, beyond the well. 2)

2
ﬁ as a function of E. 3) Fiting a Lorentzian of

Calculating

u
the form given by (27) and obtain E,and 0 .4) We let the
fictitious region move to o and obtain the limiting values of
E,and 0, which give the eigenvalue and life time of the
bound/quasi-bound state. In practice, the fictitious region is
moved sufficiently far from £, and 0 to converge to required

accuracy.We must mention here that an arbitrarily graded
potential energy variation can be represented by a large
number of steps and solved in a similar manner. However if
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there is more than one well in the structure, we have to % 10"
2 ; ;
calculate the ratio|%s | .The optical absorption coefficient can Lw LWB Lwso Lw=10 |,
o 1.81 LW=11nm
1
. . . ~ 1.6}
be written as the product of the absorption-exciton peak oy g
and a line shape function. The long wave length side of the L 4
absorption edge fits a Lorantzian line shape extremely well - 10l
according to measured data. The following expersion was : W
used for the absorption coefficient [12]: =
N
2 08f
- s 0.6
2 @ 0-6r
E., -
olE,hv,L,)=a,, 1-{(0}’\/)} ; hv < E, (28) ﬁ 04}
Dy
0.2
With EO the energy of hh exciton and I'y, it’s FWHM. Ej is, 0 ‘ ‘ ‘ ) ‘
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the energy needed to create the exciton and is given by [12]:

Where E, is the bulk band gap of the well material, E.; and
Ey are the zero-point energies of the electron and hole,
respectively, and Eg is the binding energy of the exciton. oy
can be calculated from [12]:

2

©

J“Pe (z)¥, (z)dz

—©

C
ahh(Lz’E)zr

z

T O (30)

The L, the width of the wells, op, is the absorption
coefficient of bulk material, y. and v, are the electron and
hole wave functions. C is the normalization constant. For
calculation of T" a polynomial fitting curve was used as [12].

th(LZ’E):
7.34—0.511LZ+O.018L22—0.054+0.0161E2 €2))

It may seem from (30) the absorption coefficient can be
increased by decreasing L,. However, as L, is decreased , the
electron and hole wave functions spread outside the well and
the overlap decreases. The reduced overlap results in a
corresponding reduction in absorption as shown in Fig.6.
Therefore, for every material system there is an optimum well
size. For example, for GaAs this L, ~50A° and for
In0_53Ga0,47As Lz ~80A° [13]

Wavelenght (nm)
Fig.6. Calculated absorption spectrum in the MQW region at four
different wide wells.

Four broadening mechanisms, phonon interaction,
tunneling through barrier, well width fluctuation, variation of
the electric field over the well are included in.With the
application of an electric field several things happen. The
electron and hole wave function are separated and pushed
toward the opposite sides of the well, as shown in fig. 4(b).
The reduced overlap results in a corresponding reduction in
absorption and in luminescence as shown in Fig.7.
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Fig.7. Calculated absorption spectrum in the MQW region by
Lorantzian line shape function.
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C. Photocurrent Calculation
The current that transit through the device is:
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Finally, for this current we have [7]:
]t :1fa +]tc +Itm (33)

In this relation we have:

pﬂ nﬂ
I Itpa +Itmz q(_ +_) (3 4)
Tpla nta
lc= tpC+1mC (35)
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The photocurrent of this device can be written as follow:

[ph:[n+[tm+[lc+[ta+[dark (39)
I, is the electron diffusion current in (p") region and the
related equations are in [8].

1) Dark Current Calculation in Bulk Region
Lyark 1s the reverse bias dark current and in the charge and
multiplication regions is the sum of diffusion Iy tunneling Iy,
and generation-recombination I, components. Isq can be
written as follows [14]:

1 dark = I

diff + ]gr + ]tun (40)

In these relation we have:

a) Diffusion Current

The diffusion current due to thermally generated minority
carriers diffusing into the depletion region is given by [14]:

,
Ly = IsTexp( L) ~1) C)

where ¢ is the electronic charge, k is Boltzmann's constant,
T is the junction temperature, and the applied voltage V is
negative under reverse bias. The saturation current I is [14]:

o2 [Po A [Py AL
I R R R (P (42)

Where the diffusion current due to carriers generated in the
p and n regions is given by the first and second terms,
respectively. In relation n; is the intrinsic carrier concentration
,Tn (tp) is the minority carrier diffusion in lifetime the p (n)
material , and Ap (A,) is the area of the depletion region
boundary in the p(n). Material Also, N and Np, are the doping
densities, and D,, Dp are the minority carrier diffusion
constants in the p and n regions respectively. The diffusion
constants are obtained from the appropriate carrier mobilities
 using the Einstein relation D/u = KT/q.

b) Generation-Recombination current
The current due to generation and recombination of
electron-hole pairs in the depletion region is approximately
[14]:
qn AW

L= e ) 1 (43)

where . is the effective carrier lifetime and V' is negative
under reverse bias.

c) Tunneling Current

Tunneling dominates the dark current at high voltage, and is
given for direct gap semiconductors by this relation [14]:

2720 m )P E
I, =4 it Rl S
w = 74 exp i j (44)
@=alm./m,)" 45)
L 12
| 2m q*E .,V
y_{Eg} [ e ] (46)

Where my is the free electron mass, h is Planck constant and
E, is the maximum junction electric field given by
E.= -2(V+V,)/W. The parameter ® is a dimensionless
quantity given by here (45).mis the effective mass of the

electron, and a depends on the detailed shape of the tunneling
barrier and is on the order of unity for band-to-band
processes. The prefactor y depends on the initial and final
states of the tunneling carrier. For tunneling via traps in the
bandgap, y would depend on the density of traps and therefore
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differs somewhat from its value for band-to-band tunneling.

2) Dark Current Calculation in MOW-Region

lgark in the absorption region is the sum of thermionic
emission Irg, and tunneling I, components. The termionic
emission dark current plays a more important role than the
tunneling dark current. The confined electrons can escape
from the well through thermionic emission. The current across
a single well-barrier cell due to the thermionic emission at a
temperature 7 can be written [9]:

_ 2 _¢b anpp _
[TE_SA*T exp( kT )[exp( kT ) 1] (47)

Where S is the active surface of the diode, A*is the

Richardson constant, T is the temperature, (), emission barrier
related to the barrier height, k£ is Boltzmann’s constant, ¢
electrical charge on one electron, and V,, the applied voltage.

IV. RESULTS

To examine the accuracy of the model, we compare the
results obtained from the model with the experimental results.
As an example, an InP/InGaAs SACM-APD have been
simulated [14]. Parameters needed in the model are mainly
same as [8]-[16]. The simulation results for the photocurrent
have been compared with the experimental results in Fig.8. It
can be seen that the simulation agrees with the experiment.
The differences between simulation and experiment results
from our assumptions. Fig.9 shows the simulation and
experimental results for the dark current. For low bias, the
dark current is dominated by the diffusion and generation-
recombination current, and for higher bias, the tunneling
current plays an important role. Also the dark current is
increased with bias voltage because of the higher electric
field. From the above results, we conclude that the presented
model is capable of predicting the behavior of SACM-APD.

We compare the results obtained from the MQW-SACM-
APD model with the SACM-APD results. As an example, an
InP/ Ings3Gags7As SACM-APD  which employ MQW
structure in absorption region have been simulated.
Parameters needed in the model are mainly same as [8]-[16].
The simulation results for the photocurrent have been
compared with the SACM-APD simulation results in Fig.10.
It can be seen from simulation results the photocurrent has
been increased. Fig.11 shows the simulation results at four
different wide wells.

Experimental

-- %+ Simulation

Photocurrent Current [A]

Reverse Bias Voltage [V]

Fig.8.Comparing the simulation result for the photocurrent versus
Reverse Bias with experiment [15].

Experimental
** Simulation

Dark Current [A]

0 10 20 30 40 50 60
Reverse Bias Voltage [V]

Fig.9. Comparing the simulation result for the dark current versus Reverse
Bias with experiment [15].
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Fig.10. Comparing the simulation result for the SACM-APD with
MQW-SACM-APD.
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Fig.11. Simulation result for the photocurrent versus Reverse Bias for
MQW-SACM-APD at 4 different wide wells.

V. CONCLUSION

A new physical model for MQW-SACM-APD has been
presented under some reasonable assumption. In this model
we have considered the nonuniformity of electric field in
active region. This process has been implementation with
splitting the active region of device into smaller pieces and for
each region we assumed that the profile of electric field is
changed step by step. Using this model, we calculated the
photocurrent and dark current. By this model device
parameters can be optimized very fast.
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