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Abstract: The quantum efficiency of a silicon p-v-n photodetector is present. The analysis to obtain the quantum
efficiency takes a uniform doping concentration in each layer into consideration. The theoretical treatment aims to
investigate the effect of device parameters on the efficiency. Three different cases of the incident light wavelengths
have been considered; short wavelengths, medium wavelengths, and long wavelengths. There is no wavelength range
between them, but when the most of the incident light (about 63% or more) absorbed near the surface, it is called
short wavelength, and when most of the light absorbed in v-layer, it is called medium wavelength else called long
wavelength.A high quantum efficiency at the wavelength of interest, combine with its low operating voltage and
capability, make this detector a promising for use in communication systems and computer interconnections.High
speed silicon p-v-n photodetector operates at 700 NMwavelength is reported. By using a reverse bias voltage to

control v-layer width, a high quantum efficiency of 80% is attained corresponding to v-layer width of 5.36 zm

and biasing voltage of 2.182 V .The results showed that the quantum efficiency is directly proportional to the width
of the v-layer and biasing voltage. The results are achieved with the aid of MATLAB programming tool version

8.1.0.604 (R2013a).
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1. Introduction

A high quantum efficiency (Q.E) value means a high amount of incident light have been
absorbed. The ideal quantum efficiency is unity. The lessening is due to the current loss by
recombination, incomplete absorption, reflection, etc.

The incident photon with an energy hf (where h is Plank’s constant and f is the frequency of

incident light)> E4 (where Eg is energy of bandgap, related with bandgap wavelength 44 )

excites an electron from the valence band to the

conduction band and so creating an electron-hole pair (EHP) [1].

When the photodiode reverse biased, it operates as a photodetector. The photodetector can not
detect all light wavelengths, so the detection of the light at certain wavelength requires a certain
design. The ability of the photodetector to detect the light is called responsivity.

The p-v-n photodiode structure is shown in “Fig. 1, which consists of a large thickness of lightly
negative doped v-layer sandwich between a p - and n-layers. A positive charge is created in v-
layer as ionized donors.

In 1999, Schaub, J.D. et al., designated a resonant cavity enhancement Si photodiode grown by
merged epitaxial lateral overgrowth (MELO), who carried out a bandwidth of 34 GHzand a peak
quantum efficiency of 42% at a wavelength of 704 nm[2]. In 2011, Habibpoor, A., utilized a
one dimensional (1-D) simulation program based on the drift-diffusion model and Discrete
Fourier Transform (DFT) is developed. The program numerically solves the time-dependent
continuity equations for electrons and holes in a semiconductor device. The model simulates
carrier concentrations and the impulse response of a gallium arsenide metal-semiconductor-metal
photodetector at a constant bias voltage. The simulation showed that for a smaller value of carrier
lifetime, the response fall time decreases without significantly reducing the quantum efficiency of
the device [3].

As shown from “Fig. 1” w,, represents bulk p-side width, x|, is the depletion width provided by

p-side, w,, is the width of v-layer, X, is the depletion width provided by n-side, w is the
depletion width, and wy, is bulk n-side width.

Reverse bias voltage V,

u"
w , ;
r xp - — _“'ﬁ e xn 11’?1
Light _ - ] ) )
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S &5 - - - —— -
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Figure 1. p-u-n photodiode structure.

The wavelength of incident light 4 is given by [4],

A=c/f (1)
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where c is light velocity.

The generation rate of EHPs G(x) is given by [5],

G(x)=— diEX) = a®(x) = a®,e”** )

where @ is incident light density, @, = @(x =0), a is absorption coefficient and it is a function
of incident light wavelength.

2. p-v-n Photodetector Under Biasing

The reverse biasing voltage determines the equation of the depletion layer width w. If a large
enough reverse bias voltage applied to the detector and fully deplete the bulk of charge carriers in
the v-layer, there will be a non-zero electric field extending all the way across it due to the
ionized donor atoms. The voltage at which this happens is referred to as the punch-through
voltage Vpr .

When applied reverse bias voltage equals to punch-through voltage (Vr =VPT), in this case
Xp =Xn =0, then w=w,,. The punch-through voltage is given by [6].
ONg 2

Vpr = ——W

P ©

where q is particle charge constant, Ny is donor doping concentration in v-layer (about

1013 cm'3), and ¢ is permittivity.

3. Carrier Density Distribution

The flow of electrons in the p-side is governed by [7],

2 _
6np(x,t):Dn6 np(xt) 6. (x.)- np(xt)-npy (42)
6X2 n

where np(x,t) Is electrons concentration under illumination in the p-side, D, is an electrons
diffusion coefficient, G, (x,t) is an electrons generation rate, Npo Is an electrons concentration

under equilibrium, and z,, is electrons lifetime.
The flow of holes in the n-side is governed by [8].
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Pnlct) g Oenlxt) pn(“hGp(x,t){—p”(x’t)‘ p”f’} (4b)

ot P ox? Tp
where p,(x,t) is holes concentration under illumination in the n-side, Dy is holes diffusion

coefficient, Gp(x,t) is holes generation rate, py is holes concentration under equilibrium, and
Tp is holes lifetime.

Carriers diffusion coefficients are given by,

Dp = L% /Tn (5a)
2

D, =% /7, (5b)

where L is electron diffusion length, and L is hole diffusion length,

4. Current of Vertical Illuminated p-v-n Photodetector

The current generated inside v-layer is called drift current and the current generated outside v-
layer is called diffusion current. The one-dimensional diffusion current density, for electrons,
J giff,n» and for holes, Jgjt o, are [9]:

dny (x) _
Jgitr,n(X) = aDp, ; p-side (6a)
X
and
dpn (X .
Jgitr, p(X)=—aD,, pgx( ) n-side (6b)

4.1. Diffusion Current

I) p-side Diffusion Current

The flow of minority carrier density (electrons) in the bulk p-side is determined by “(4a)”. At
steady state, np(x,t)=np(x), and Gy (x,t)=Gp(x). Using “(4a)” with “(2)” gives,

133



Journal of Engineering and Development Vol. 19, No. 06, November 20 15 www.jead.org (ISSN 1999-8716)

(7)

o%np(x) |In p(X)=npo | Dy
ox2 L% Dn

The general solution to “(7)” is a sum of homogenous solution nh(x) and particular solution
Npa(X).

np(x): Nh(X)+ npa(x) (8)
The homogenous solution is,

Ny (x)=Ce¥tn 4 De™¥/tn (9)
and the particular solution is,

Npa(X)= A+Be ™ (10)

From “(10)”, npy(X)=—-aBe %, npy(x)=a?Be™®, substituting npy(x), Npy(x) and npg (x)
into “(7)” yields,
@Oaer]

A=ny,, and B= :
P Do li-212)

Substituting A and B into “(10)” gives,

2
Dol _
npa(x):npo+~(—J° 2 e ax (11)

and substituting “(9)” and “(10)” into *“(8)”, the minority carrier distribution is given by,
QoaL% o X

ny(x)=Ce¥tn +De ™t 1+ (12)
P P b k- 212

and using the first boundary condition np(x=0) =ny,,

0=C+D+C; (13a)

D, aLr21

where C; = .
D, - a?L2)

Using the second boundary condition n (x= wp) =0,
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0=ce"P/tn 4 pep/tn Npo +Cpe P (13b)

From “(13a)” and “(13b)”,

Cy e p/bn _ g —Npo
o Jre

Zsinh(wp/Ln)

Cy _eWp/tn " Wp —Npo
o Jre)

Zsinh(wp/Ln)

C= and D=

Substituting C and D into “(12)” gives,

—Npo sinh(x/Lp)+Cy sinh((x ~Wp, )/ L, )— Cre P sinh(x/L,,)

—aw
np(X)Z npo +Cle P + Sinh(Wp/Ln) (143.)
P
dnp(x) e, Cl[l e coSh(Wp/Ln )} Mpo Cosh(Wp/Ln) (14b)
dx | 1 L, sinh(wp/Ln) L, sinh(wp/Ln)
p

Substituting “(14b)” into “(6a)”,

Cl[l—e_awp cosh(wp/Ln )} Moo
L, sinh(wp/Ln) - L,

Jdiff’n(Wp)=an —aCie P 4 coth(wp/Ln) (15a)

The term in “(15a)” that contains @, represent diffusion photocurrent in the p-side Jgjtf, ph,n SO,

[1—e_0ZWIO cosh(wp/Ln )}

L, sinh(wp/Ln)

— oW
Jdiff,ph,n(Wp)=anC1 —oe P+ (15b)

i) n-side Diffusion Current

The flow of minority carrier density (holes) in the bulk n-side is determined by “(4b)”. At
steady state, pp(X,t)=pp(x), and Gp(x,t)=Gp(x). Using “(4b)” with “(2)” gives,
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azpnz(x)[ pn(x)z_ pno] Do (16)
OX I—p

The procedure used to find np(x) is the same to find p,(x) but the boundary conditions are,

P (x =)= pyo and pn(x:wu +wp)= 0.
The holes distribution in the n-side neutral region is,
Pn(X)= Pno - |: Pno + Cle_a(wu e )}e(wu P _X)/Lp +Cre” ™ (17a)

Dyl
where Cl:‘(—jo ;2 :

From “(17a)”,

dpS)fX) - Li[ Pno + Cle_a(wu e )}e(wu o xbe aCe™ (17b)
p

Substituting “(17b)” into “(6b)” yields,

—0PnoDyp 3 q@gal e—a(WU +Wp)
Lp 1+al,

Jdiff,p(Wu +Wp)= (18a)

The term in *(18a)” that contains @, represent diffusion photocurrent in the n-side Jgiff ph p

SO,
Jdiff, ph, p = —%e_a(\% “wp) (18b)
4.2. Drift Current
The drift current density due to absorbed light inside v-layer is,
Jarift, phw =~ vavv;, M G(x)dx = —qage P @_ o=y ) (19)
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5. Quantum Efficiency Analysis

There are essentially three types of the photogeneration process that can participate to the
absorbed photocurrent | 5, , due to the wavelength of the incident light.

5.1. Short Wavelengths

In this case the absorption depth ( a) is less than the width wy . The photogeneration takes

place mainly within wp, . The total generation photocurrent equals to the electrons photocurrent
in the p-side as shown in “Fig. 2”, so the quantum efficiency n is given by,

- ‘Jdiff,ph,n‘/q aLﬁ —ae_awp [l—e_"""’p COSh(Wp/Ln ):l

= + _ (20)
*," .. .." ..‘ 1-1.}}
Light & % & %
-‘ s ] D™ w, w,
. 0 b0
L *
‘.
'l'..
x=0 x=w, X=w,+W,

Figure 2. Absorption due to short wavelengths.
5.2. Medium Wavelengths

The absorption depth in this case is comparable with w, +w,,. Significant photogeneration

now takes place within v-layer. The total generation photocurrent equals to the electron
photocurrent in the p-side plus drift photocurrent in the v-layer as shown in “Fig. 3’, so the
quantum efficiency is given by,

- Jdiff, ph,n Jdrift, ph,W‘/q 3 e—awp N |:1_e COSh(Wp/Ln )}

L M (1_ e—a(w,) +Wp )j
D, aly, sinh(wp/Ln)

(21)

by ensuring ol, >>1,

pafiemmw) (22)
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Figure 3. Absorption due to medium wavelengths.

5.3. Long Wavelengths

In this situation the absorption depth is longer than wy +w,,, as shown in “Fig. 4”. The total

generation photocurrent equals to the electron photocurrent in the p-side plus drift photocurrent in
the v-layer plus hole photocurrent in the n-side. The quantum efficiency is,

—aw
~ ‘Jdiff,ph,n +Jdrift, phow + Jdiff,ph,p‘/q | e _ [1‘6 P COSh(Wp/'—n )} e
n= @, B aLy sinh(w /Ly ) 23)
fa(w,ﬁwp)

Lpe

1+0¢Lp

y (1_ e—a(wu+wp)je—awp N a

W W, '
%y vy g - “’i‘i
o KRS
Light » % N
» . * -
3 :. L . Qljﬂ ax
R bl M
'.g b.t-nq...... -
kL L T TR T T T
x=0 x= 'Wp A=W, +~WP

Figure 4. Absorption due to long wavelengths.

The flowchart in “Fig. 5” shows the steps of the analysis to obtain the quantum efficiency at
different wavelengths of incident light.

6. Maximum Quantum Efficiency

The relation between quantum efficiency and wavelength is given by [10],

n =1.24M (24)

A(pm)

where R is responsivity of the device.
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From “(24)”, the maximum quantum efficiency can be obtained by differentiation responsivity
with respect to A, then setting the derivative to zero, this gives a line through the origin that is a
tangent to the R versus A curve. This tangential pointis X as shown in “Fig. 6”. At this point,
A=700nm and R =0.45A/W, substituting A and R into “(24)” yields [4],

n ~0.80r 80% (25)
7. Requirements for Maximum Q.E

As demonstrated in section (5.2) the best quantum efficiency can be obtained for medium
wavelengths, since the diffusion terms suppressed, so the best design is by making the absorption
depth is comparable to wp +w,,.

Substituting “(22)” into “(25)” yields,
—1.609 = —ow,, (26)

At A =700nmthe absorption coefficient is 3x10% cm™, then from “(26)” w,, =5.36 um, this
value represents v-layer width required to get full absorption of incident light.

Using “(1)”, when A=700nm then f = 428.572x10% Hz, and photon energy is
Eph =1.77eV, this energy is greater than the direct bandgap energy of silicon, so direct

absorption is obtained.
At w,, =1/« the quantum efficiency is,

n:(l—e_"’WU )=(1—e_1)=0.628z63% (27)

8. Results and Discussion

The punch-through voltage and quantum efficiency as a function of v-layer width are shown in
“Fig. 77 and “Fig. 8”, respectively. The reported quantum efficiency is 63% at v-layer width of
0.33 um, and is 80% at v-layer width of 5.36 4m. It can be seen that as the width of v-layer

increases the punch-through voltage is increased. The quantum efficiency increases with
increasing in v-layer width. The quantum efficiency can be improved by making the width of v-
layer width as much as possible, since this layer is completely depleted of carriers.

A maximum value of the quantum efficiency can be reached for the case of medium wavelength
of detection, where the wavelength of the incident light is not small for maximum absorption near
the surface to occur that is lead to reduce the quantum efficiency as a result of recombination.
Also the wavelength is not high, where the light penetrates more deeply as a result of very small
absorption.

The practical curve between resposivity and wavelength is shown in “Fig. 6”. From “(24)” the
ideal curves of responsivity versus wavelength are shown in “Fig. 9”. This figure is not a
practical one, since as wavelength increases the absorption coefficient decreases, and then the
incident light enters deeply into the detector and this requires a large v-later width to get full
absorption.
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Continuity Equation Continuity Equation
p-side v-layer n-side
82np(x)_ Np(X)=Npo :_Gn(x) 62pn(x)_ Pn(X)= Pno :_GP(X)
o LA Dy ox? 12 Dp
A\ 4 ¥ \ 4
. . — _qg[VptW e
Boundary Conditions Jarift, phw,, = ‘qpr Y Glxix Boundary Conditions
n(0)=npo p(wp +w, )=0
) =0 p(=)= Pro
\ 4
v o Cow v
Jdrift, ph,w,, = 4Pl pﬁ_e U)
np(x) rien = P (x)
A\ 4 \ 4
dnp () dpn (x)
dx dx
A 4
A 4
dnp(x) J p(Wp +Wu)=*0|Dp pgx(x) = Jiff dark, p *+ Jdiff , ph, p
Jn(Wp)= abn e Jdiff dark,n * Jdiff, ph,n
\ 4
Y Y
I ® Diffusion Photocurrent
Diffusion Photocurrent I
I diff, ph, p
diff, ph,n

) 4

A 4

For short wavelengths

‘Jdiff,ph,n‘/q
UZT

For long wavelengths

‘Jdiff, ph,n *+ Jdrift, phw,, + Jdiff, ph, p‘/q
77 =
QO

A 4
For medium wavelengths

/a

Jdiff, ph,n *+ Jdrift, ph,w,,
]7 =
cDO

Figure 5. Flowchart showing steps to obtain quantum efficiency.
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Figure 8. Quantum efficiency versus u-layer width
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Figure 9. Ideal curve for responsivity versus wavelength for different quantum efficiency values

9. Conclusions

The analysis of p-v-n photodetector was accomplished. The following points are concluded:;
i- At low frequency of incident light the p-v-n photodetector can operate with long wavelengths
(less photon energy).
ii- At high frequency, the absorption coefficient be high, then the light absorbed near the surface,
the recombination rate near the surface is very high due to recombination centers near it, then the
quantum efficiency be low. If the light frequency is low, then the light enters deeply into the

sample, and if the condition Ep, > Eg does not exist, then the detector is as transparent layer

(the light not absorbed by the detector) and the quantum efficiency is low.

iii- At a v-layer width of 5.36 x/m, the low biasing voltage required about 27.5V, that is because
the v-layer in p-v-n photodetector is already depleted.

iv- In the photodetector design, the choosing of v-layer width, depending on the absorption
coefficient, which in turn function of wavelength of incident light.

v- Since a high width of v-layer leads to high quantum efficiency, this leads also to better RC
time constant according to low value of junction capacitance. This increases the transit time of
carriers to pass through v-layer, and affect the bandwidth capability of the device. A trade-off
between the mentioned parameters should be taken into consideration for optimum device
operation.
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