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Abstract

The proposed model is a reverse-biased p*-n-n" silicon photodiode which offers good
guantum efficiency and high response speed suitable for photodetectors application. The
theoretical analysis of the device is started with the evaluation of the built-in,
reachthrough, and breakdown voltages. Photocurrent mechanisms theoretical treatment in
each layer of the device are modeled. The effect of the surface recombination velocity and
the absorption coefficient on the minority carries distribution in each layer within the
device and on the overall device performance is presented. An effective and powerful
modeling process of the mathematical foundations of the photodiode is performed with the
aid of MATLAB R2008a version 6.5A. It is found that for a low reachthrough voltage, the
concentration of the n layer should be reduced, the photocurrents increases as the width of
the P" and n layer increase at a relatively low surface recombination velocity and better
absorption coefficient .A good quantum efficiency and high response speed of the
photodiode in the wavelength region 0.5 #m-0.82 umcan be achieved by considering an

optimum values of the effecting parameters in the n key layer of the device.

Keywords: reachthrough voltage, photocurrent, quantum efficiency, photodiode.

duadAl)
oty pigall Jib g, uStll JLadY) g3 p-n-n+ OS] gl A D e B gai diadl) Jolity
Oy AL o B Jdadl ), gl CidSl Cilipbil dualis Lo Ablaia) de g Sun LuaS SpldS
AT LaS Lo gl < Joill duualy plf cilallealidadad ai d g, jLgd¥) g 5 s sl dg g JLALTY) dga bl g il
SpliS Janag 4BY) cilindll colalas g jgi Ao palaiel) Jalray dabad) JaTY) bdle) Ay pili e pa
6.5A4wd) MATLAB R2008a  phidduly gl AUl bl gdgadd jadly ddub JS 4 UL
O e Joagh sga Liilgd Juldit A7) dag Mg, Y Clib Cilike 4 Dbl cldlel) filait Aad 48 b
S e ad LSl AU ) 3plS o 000 Labud) ATy i) de iy N b ya e w40 88
. 0.5Um-0.82um s saff S/ sbY) dibia (4 g g i £ ) g 3



Journal of Engineering and Development, Vol. 14, No. 4, December (2010)

Glossary of Symbols

Pn+

Pn+o

device area

diffusion coefficient of electrons

diffusion coefficient of holes

critical field at breakdown

critical field at the n-n" interface

Fermi level in the n layer
Fermi level in the n* layer

intrinsic Fermi level in the n layer

intrinsic Fermi level in the n* layer

critical field at the n-n" interface

frequency of the photon

number of incident photons per square centimeter per second
generation rate of electrons on the p* layer

Plank’s constant
Boltzmann’s constant

diffusion lengths of electrons

diffusion length of holes

intrinsic concentration of silicon

minority carriers concentration
minority carriers concentrations

majority carriers concentration of the n layer

majority carriers concentration of the p* layer

minority carriers concentration in the n* layer

ISSN 1813-7822

minority carriers concentration in the n* layer at thermal equilibrium
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Po incident optical power
q electronic charge
R responsivity
Sh surface recombination velocity of electrons
T absolute temperature
Vv reverse-bias voltage
Vil built-in potential for an p*- n junction
Vpi2 the built-in potential for an n-n* junction
Ver breakdown voltage
VBRT reach through voltage
VRt reach through voltage
W, width of the n-layer
o+ width of the p* layer
X distance from the semiconductor surface to the p*-njunction
X1 depletion layer width at the p*-n junction
X9 depletion layer width at n-n* junction
a absorption coefficient
s absolute permittivity
n quantum efficiency
A wavelength of the incident photon
Vs saturation velocity
7g generation lifetime
Th minority carriers lifetime of electrons
Tp minority carriers lifetime of holes
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1- Introduction

Efficient and accurate models of optoelectronic devices such as laser diodes, light
emitting diodes, and photodiodes are required for the design and development of high speed
optoelectronic systems and circuits. High performance photodetectors for fast photodetection
and microwave photonics applications are reported using compound semiconductors !,

The proposed model, depicted in Fig. 1, is a p*-n-n" silicon photodiode device with a
uniform doping in each layer. The device is operated in a photoconductive mode and a typical
photodiode material, silicon is used because of low dark current, high speed, and good
sensitivity between roughly 400 and 1000nm!, the n layer is fully depleted for optimum
quantum efficiency and frequency response. The energy band diagram of the device is
depicted in Fig. 2. First, the built-in potential V},;; for a step (abrupt) p*-n” junction is given by
[5]

KT, Np+Np
Vbil = In P 5 (1)
q n;

where K is the Boltzmann’s constant, T is the absolute temperature, q is the electronic

charge, N, is the concentration of the p* layer, N,, is the concentration of the n layer, and

P+
n; is the intrinsic concentration of silicon., second, the built-in potential V> for an n-n*

junction can be evaluated from the difference in the position of the Fermi level in each layer.
In the n layer [©

N
Ef, =Ej, —KTIn— )
N
where Eg, and Ej, are the Fermi level and the intrinsic Fermi level in the n layer,
respectively. Similarly for the n* layer

N
Etn+ = Eint —KTIn nn-+ @)
[

where Eg,,. and E;,, are the Fermi level and the intrinsic Fermi level, respectively. The
concept of the constancy of the Fermi level under thermal equilibrium givesEq, =Es, ., .

Hence,

N N
Ein —KTIn—" =E;,, —KT In—* (4)
n; n;
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Therefore, we have

N
Einy —Ein =KT n Nn+ = qVpi2 (5)
n

So, the built-in potential Vp;, for an n-n" junction is given by

VANTRLE

(6)

n

which is very small ~0.1V as compared with that at the first junction.

2- Reach Through and Breakdown Voltages

The model assumes the device is partitioned into a depletion region and a neutral region
(131 50 the electric field is constant in the neutral region. For a small reverse bias voltage,V
applied to the device, the depletion layer widths X; and X, at the p*-n and n-n" junctions,
depicted in Fig. 3 ", are given by

X, = {2% Vbia +V)T/2
1

aNp @
and
| 265 (Vpip +V) vz
% { aN, } ©

where &4 is the absolute permittivity 8] A reach through voltage, VT, is reached by further

increasing in the reverse bias voltage as depicted in Fig. 4 and can be obtained from the
condition

Wn = Xl + XZ (9)
where W,, is the width of the n-layer. Eq. 9 can be written as
X3 =Wp2 = 2W, X1 + X7 (10)

Substituting of Egs.7 and 8 into 9 gives

2

2¢5(Vpiz +VRr) _w2_ 2{285 (Vhiz +VRrr )T/ W 4 265 (Vhig +Vrr)

=Wn nt
aNp aNp aNp

(11)
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Thus,

2 2
N Wpy L &s (Vpiz —Vbiz) N (Vbiz —Vii2)
8z 20N W2 2

VRT = —Vhia (12)

The reach through voltage versus the width of the n” layer is depicted in Fig. 5 with the
aid of MATLAB numeric computation software !, it can be seen that as the width of the n”
layer increases, a reach through voltage of the photodiode increases but it decreases with the
decrease of the carriers concentration for a given width of the n layer. It is interesting to
calculate the breakdown voltage Vggt for the reach through device. Here, for lightly doped
concentration in the n” layer and the width of this layer is small compared with the width
WpggrT at breakdown as depicted in Fig. 4, the breakdown voltage,Vgg, can be calculated

from the solution of the Poission’s equation for the case of a step junction and is given by

2
_ esEe

13
20N, (13)

VBR
where E_ is the critical field at breakdown which can be evaluated from the relation between
Ecand N, . From Fig. 4

slop AB =slop BC (14)

~E.+E.  —Eg

_ (15)
-Whp Wy, —WpgRT

where E; is the critical field at the n-n" interface. So,

€ _1- (16)
Ec WeRT
and
VBRT _- EcWy + (_ Ec +Ec )Nn /2 (17)
VBR ~WpRrt E¢ /2
From Egs. 16 and 17
2
Verr _ W, Wy (18)

VBrR  WBRT Wkt

The breakdown voltage of the device against the width of the n™ layer is plotted in Fig. 6
and it increases as the width of this layer is increased since at fixed concentration the critical
field at breakdown is not changed and hence Vgg and Wggt remain constants.

6
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3- Photocurrents Analysis

When a monochromatic light is incident on the p* layer, the generation rate of
electrons, G, , is given by

G, = Fjoe™® (19)

[0 % js the

where « is the absorption coefficient which is a function of photon energy
distance from the semiconductor surface to the p*-n junction, and F; is the number of
incident photons per square centimeter per second given by
P
F.—_0 20
i = At (20)
where P, is the incident optical power, A is the device area, h is the plank’s constant, and f

is the frequency of the photon. The continuity equation for p* layer under low injection level
IS given by

2
donp, _Mp+ =Mp4o
dx? Tn

D, +Gp =0 (21)

where  Dp is the diffusion coefficient of electrons, n,  is the minority carriers
concentration, ny, 4 is the minority carriers concentrations at thermal equilibrium, and z, is

the minority carriers lifetime. The general solution of this second order differential equation is
given by

Np+ —Npso = Ky cosh(x/Ly )+ Ky sinh(x/L, )— Fjae™® (22)
where L,, is the diffusion lengths of electrons given by

Ly = (ann )]/2 (23)

and K, K, are constants of integration given by

: —aW
< Rt [(C““Ln)s'”h(vvm/L”)*e ) pﬂ 24)
! a’12 -1 Clsinh(\/vp+/Ln)+cosh(Wp+/Ln)

and

—aW
oF iz {Cle P+ _(Cy +al, )cosrn(Wp+/Ln )}
Ko = . (25)
2 a’1? -1 Clslnh(\/vp+/Ln)+cosh(Wp+/Ln)

7
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Cy =SnhLy/Dp (26)

where Wp is the width of the p* layer and S, is the surface recombination velocity.

Substituting of Eqs, 24 and 25 into Eq.22 gives

Np+ =Npio =

aFir, | (Cp+aly )sinh(\/VlDJr - /Ly )+ e o+ {sinh(x/Ly)+cosh(x/Ly b, 27)
. —e
a’l2 -1 Clslnh(\/Vp+/Ln)+cosh(Wer/Ln)

the resulting photocurrent density is given by

qaFi L, | (Cy+aly)sinhW, —x /Ln )-e~ "'+ Lsinh(x/L,,)+ cosh(x/Ly

= i —ale”® |(28)
a’l% -1 Clslnh(\/vp+/Ln)+ cost'(vvp+/Ln) "
and the photocurrent density at x =Wp, is given by
—aW :
_ daFiL, (Ci+aly)-e  PH{C; (:ost~(Wp+/Ln)+3|nh(\/Vp+/Ln)}_Od_ne_a,\/\/p+ (29)

o212 _1 CysinhW,y, /Ly J+ costiw,y, /L, )

The minority carrier distribution versus the width of the p* layer is depicted in Figs. 7
and 8, respectively. From the observation of these figures, it can be seen that the minority
carriers decay as we move toward the depletion region and it is affected with both the surface
recombination velocity and the absorption coefficient that is strong dependent on the
wavelength of the incident light. Here, it increases with the decrease in the surface
recombination velocity and with the increase of the absorption coefficient. The same is true
for the photocurrent density as depicted in Figs. 9 and 10, respectively.

The high electric field in the depletion region accelerates the carriers outside the
depletion region; the photocurrent density due to these carriers in the depletion region is given
by
W W - - n\W

In- == P+ oFe~ P dx = —gF, [e WNp+ g a(vvp++wn)}+q,_n (30)
Wp+ g

where 7y is the generation lifetime. The second term in Eq. 30 is small and can be neglected.

The carriers in the depletion region also contribute to the total photocurrent that it increases
with the increase in the absorption coefficient for a given width of the n layers as seen from
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the relation depicted in Fig. 11. Following the same procedure for the p* layer above, the
minority carrier distribution and the photocurrent density in the n* layer is given by

Wp =X
aFity L aFit,  _
Prs—Pnvo =| ~Prso+—5 5 —e W le P - te™® (31)
a’lp-1 a’l -1
and
Wh =X
b aFitp  _aw, |, L aFity  _
To = H ooz e M TP —qaDy e @)
p (04 Lp -1 a Lp -1

The photocurrent density at x =W, is given by

2
B dLpPn+o B qFal o~ Wp
Tp 1+0(LIO

Jnt = (33)

where p,,. and pp,o are the minority carriers concentration and minority carriers
concentration at thermal equilibrium, respectively, Lp is the diffusion length of holes, Dp §
the diffusion coefficient of holes, and Tp is the minority carriers lifetime. The first term in

Eqg. 33 is small and can be neglected. As we move away from the depletion region the
minority carriers and the photocurrent are decreased with the decrease of the absorption
coefficient as depicted in Figs. 12 and 13, respectively.

4- Quantum Efficiency and Response Speed

The quantum efficiency, as it is well known, the number of electron-hole pairs generated
per incident photon

Jor +Jn+J
77: p+ n n+ (34)
qF

A responsivity, related to quantum efficiency is

_ g _ nA(um) (35)
hv 1.24
where A is the wavelength of the incident photon, the absorption coefficient is an important
factor that determine the quantum efficiency and it is a function of wavelength. The quantum
efficiency is small at short wavelengths because although the value of « is very large, the
penetration depth 1/« is small and the radiation absorbs near the surface where the surface

recombination velocity encountered and the recombination time is short, the photocarriers

9
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will recombine before they are collected. In the large wavelength region where the large
penetration depth, the quantum efficiency is also small despite of the contribution of the
diffusion currents in the p*and n* region because of the small absorption coefficient.

However, a reasonable width of fully depleted n layer and better surface recombination
velocity as a result of advance device process, a good quantum efficiency of the photodiode
can be obtained in the wavelength region 0.5m-0.82,m .The quantum efficiency as
depicted in Figs. 14 and 15, respectively, because of the generation of the photocarriers is
within the depletion region. The high electric field in the depletion region serves to sweep the
photogenerated carriers and the carriers will drift at their saturation velocity, v4. Another

factors that affected the quantum efficiency of silicon photodiode is the reflectivity ™, and in
the device theoretical analysis model a good reflectivity is assumed.

The response speed of the device is affected with the width of the depletion region and
should not be too high for high speed operation and is affected by the junction capacitance
which arises as the length of the depletion region decreases, and this gives rise to the time
constant of the device. The response speed of the device is given by

ty =20 (36)

Vg

5- Computer Programming and Results

The software implementation of the theoretical treatment and relations of the photodiode
are executed with the MATLAB R2008a version 6.5A powerful programming system with
high accuracy and less complexity. The computer programming which realizes the relations
between  the reachthrough and breakdown voltages, minority carriers distribution,
photocurrents density distribution, and quantum efficiency and different device parameters is
presented by assigning a numeric values to a carriers concentrations, layer widths, surface
recombination velocities and absorption coefficients to study the effects of these parameters
on the device performance.

6- Conclusions and Discussions

The relations introduced in Figs. 1 to 15 between the device parameters stated that to
minimize the reachtrough voltage a moderate doping and a small width of the n-layer is
preferred. With this width of the depletion region, a high speed operation of the photodiode is
achieved but this affect the quantum efficiency of the device so a tradeoff should be made
between them. The minority carriers distribution in the p* layer is affected on both the surface
recombination velocity and the absorption coefficient, hence, the photocurrent within the
layer a minimum recombination velocity and a higher absorption coefficient are required.
However, this photocurrent is small compared with that in the n-layer and does not
significantly affect the overall device performance. The absorption coefficient affects the
photocurrents density in the n- and n* layer, respectively and with a certain moderate value of

10
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this coefficient the photocurrent increases as the width of the n-layer increased but this affects
the response speed of the device. The quantum efficiency is strong dependence on the
wavelength and a good quantum efficiency can be achieved with minimum surface
recombination velocity and higher depletion region width.

Doping (cm™®) &

5x10"°
2x10"" |

1017

X (um)
(@)
Doping (cm™) &
5x10"
ox10Y o
10"
X (um)
(b)

Fig. 1: P*-N-N" Uniformly Doped Silicon Photodiode; (A)
Device Structure; (B) Doping Profile.
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Fig. 2 Energy Band Diagram Of P*-N-N" Silicon Photodiode.
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Fig. 3 Electric Field Distribution Within The P*-N-N" Silicon Photodiode.
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Fig. 4 Electric Field Distribution At Punch Through Voltage!.
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Fig. 5 Reachthrough Voltage Against The Width Of The N Layer For
Different Carriers. Concentrations.
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Fig, 6 : Breakdown Voltage As A Function Of The Depletion Width.
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Fig. 9 Photocurrent density versus the width of the p*layer for different
surface recombination velocities.
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Fig. 10 Photocurrent density versus the width of the p*layer for different
absorption coefficients.
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Fig. 11 Photocurrent density versus the width of the n layer for different
absorption coefficients.
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Fig. 12 Minority carriers distribution In the n' layer tor difterent absorption
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Fig. 13 Photocurrent density versus the width of the n™ layer for different
absorption coefficients.
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Fig. 14 Quantum efficiency as a function of surface recombination velocities.
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Fig. 15 Quantum efficiency for different depletion widths.
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