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a  b  s  t  r  a  c  t

By  analyzing  the  radiation  dose  on  PIN  photodetectors  in  space  radiation  environment,  the  variation
of  photocurrent  and  dark current  after  radiation  is  obtained.  On  the basis,  the  bit  error  rate of  satel-
lite  laser  communication  based  on  space  radiation  dose  of  PIN  photodetectors  is established.  According
to  simulation,  when  radiation  dose is about  1.6 × 103 Gy and  7  × 104 Gy,  bit error  rate  reaches  10−6

induced  by  50  MeV  and  10  MeV  protons  separately;  and  when  radiation  dose  is  within  the  range  of
5  × 10  Gy–6  × 105 Gy,  electrons  and  gamma-ray  irradiation  also  cause  increase  in  bit  error  rate  to  10−6.
The  principle  of damage  dose  on  bit error  rate  is investigated,  and the  influence  of  decision  threshold  on
bit  error  rate  is further  discussed.  The  result  shows  that  when  radiation  dose  is 1 MGy,  if decision  thresh-
old  is increased  from  4.3  × 10−7 A  to 5.5  ×  10−7 A,  bit  error  rate will decrease  about  4 orders  of  magnitude.
Hence,  a proper  decision  threshold  can  improve  system  bit error  rate  efficiently.

© 2014  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

Devices in satellite laser communication system are affected by
space ionizing radiation environment, which results in the degrada-
tion of on-orbit communication performance. Being the reflection
of reliability, BER is an important index in evaluating the radiation
impact on satellite laser communication. Different from traditional
BER model, BER on-orbit is influenced and restricted by several
factors induced by radiation environment, such as the decrease of
output power and photocurrent, the increase of dark current and
amplifier noise etc. Hence, a proper BER model is needed to evaluate
the performance of satellite laser communication in space environ-
ment. Since photodetector is an important device of laser receiver,
study on its space radiation impact is significant in setting up on-
orbit BER model. Successful experimental and analytical studies of
radiation impact on photodetector have been down [1–5], while,
at the same time, there are only a few researches in defining how
radiation impact on photodetector contributes to the on-orbit sys-
tem BER. Hence, degradation of PIN photodetector irradiated by
gamma-ray, 1 MeV  and 2 MeV  electrons, 1 MeV  and 10 MeV  protons
is analyzed, and on the basis, the on-orbit BER model is given.
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2. Space radiation damage model of PIN photodetector

Displacement damage dose and total ionizing dose are the two
main radiation effects induced by space radiation to semicon mate-
rials. The displacement damage dose introduces defects in semicon
materials, which shortens the lifetime of minority charge carriers,
while the total ionizing dose makes superfluous electron–hole pairs
and causes surface damage. The two  damage effects act together
and cause the quantum efficiency decrease, surface recombination
velocity increase, and generation current increase of PIN photode-
tector, these finally result in the decrease of photocurrent and
increase of dark current.

2.1. Damage mechanism of photocurrent

For PIN photodetector, quantum efficiency reflects the pho-
toelectric conversion ability, thus, it has a direct influence on
photocurrent, and is one of the most important parameters of pho-
todetectors. The definition of quantum efficiency, �, is described
as

� = Output photoinduced carrier number
incident photon number

×  100% (1)

The quantum efficiency can be farther given by

� = (1 − r) ×
(

1 − e−˛W

1 + ˛Lp

)
(2)
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where r, ˛, W,  and Lp are reflective coefficient, absorption coef-
ficient, depletion width, and minority carrier diffusion length,
respectively. Onoda [1] examined the optical spectral response
of Si pin photodiodes after gamma  and electron irradiation, and
explained the effects by modeling the degradation of the minority
carrier diffusion length in the base region. The degradation in Lp

can be expressed as

1
Lp

=

√(
1

Lp0

)2

+ kLp × D (3)

where Lp0, klp, and D are the initial diffusion length, diffusion length
damage factor and particle fluency, respectively. According to (2),
quantum efficiency is a function of diffusion length, and it decreases
with the decreasing of diffusion length. And photocurrent Ip is given
by

R = � × q�

hc
(4)

where G is the gain of PIN photodetector, Pr is received power, and
response R is expressed as

Ip = R × G × Pr (5)

where �, q, c, and h are the wavelength, electron charge, veloc-
ity of light and Planck constant, respectively. Hence, the damage
mechanism of photocurrent is given by formula (2)–(5).

2.2. Damage mechanism of dark current

The dark current of PIN photodetector is made up of three com-
ponents, diffusion current, generation-recombination current, and
surface recombination current. Diffusion current is comparatively
smaller than the other two currents, hence, ignoring the diffu-
sion current, dark current of PIN photodetector is considered to be
consisted of generation-recombination current and surface recom-
bination current.

The increase in surface recombination current is mainly caused
by TID effect. TID effect results in the surface damage of PIN
photodetector, thus, it brings interface-states in semiconducting
material. Hence, the interface-states increase surface recombina-
tion speed, and result in the gain of dark current. Interface-states
electronic energy level exist between SiO2 and Si, since SiO2/Si area
is transition region from oxide to non-oxide, there is a high concen-
tration of weak bond, radiation induced interface-states is process
of weak bond’s breaking into dangling bond [6]. Induced interface
state density Nss is affected by both radiation dose and electric field,
their relationship can be expressed as

Nss(E, D) = � × D2/3 exp (ˇE1/2) (6)

where E is electric field intensity, D is radiation dose,  ̌ and � are
constants. Surface recombination current Is is a function of sur-
face recombination speed S, sectional area A and intrinsic carrier
concentration ni.

Is = AqniS

2
(7)

Carriers near interface are trapped by interface-states, so its sur-
face recombination speed is proportional to interface state density
(S ∝ Nss). Hence, surface recombination current is also proportional
to interface state density. The relationship of surface recombina-
tion current, radiation dose, electric field is achieved according to
formula (6) and (7).

Generation-recombination current originates from carrier drift
movement. DDD effect introduces lattice defects in the material,
these defects bring in additional energy levels within the band gap,
which increases the recombination rate of minority carriers and

majority carriers, and results in reduced minority carrier lifetime
and increased generation-recombination current. Srour [2] gives
the universal formula in calculating radiation-induced dark current
in silicon devices.

Igr = qWDdKdark (8)

where Kdark is universal damage factor, Dd is displacement damage
dose. Hence, the dark current of space irradiated PIN photodetector
is the sum of surface recombination current and generation-
recombination current.

3. On-orbit BER model of satellite laser communication
system

For IM/DD working mode, BER of satellite laser communication
system is caused by the superimposition of noise voltage and signal
voltage, ignoring space radiation effects. P(1|0) represents the error
probability that code “0” is misidentified as code “1”, and P(0|1) rep-
resents the error probability that code “1” is misidentified as code
“0”. By considering the noise probability density of photodetector
as Gaussian distribution, conditional probability density P(1|0) and
P(0|1) are expressed as

P
(

1
∣∣0) = 1

�0
√

2�

∫ ∞

ID

exp

[
− (I − I0)2

2�2
0

]
dI = 1

2
erfc

(
ID − I0

�0
√

2

)
(9)

P
(

0
∣∣1) = 1

�1
√

2�

∫ ID

−∞
exp

[
− (I − I1)2

2�2
1

]
dI = 1

2
erfc

(
I1 − ID

�1
√

2

)
(10)

where I0, I1, �0, �1, ID are average photocurrent of code “0”, average
photocurrent of code “1”, noise power of code “0”, noise power of
code “1”, and decision threshold, respectively. Then, expression of
BER is obtained.

BER = 1
4

[
erfc

(
ID − I0√

2�0

)
+ erfc

(
I1 − ID√

2�1

)]
(11)

ID = �0I1 + �1I0
�0 + �1

(12)

In the radiation conditions, photocurrent decreases and dark
current increases, only consider the radiation effects on photode-
tector, on-orbit BER model of satellite laser communication system
is defined as

BER = 1
4

[
erfc

(
ID −

(
I1
0 + �Idark

)
√

2�0

)
+ erfc

((
I1
1 + �Idark

)
− ID√

2�1

)]

(13)

where I01 is irradiated average photocurrent of code “0”, and I11 is
irradiated average photocurrent of code “1”, �Idark is dark current
increment.

4. Simulation and results

Gamma-ray, 1 MeV  electron, 2 MeV  electron, 1 MeV  proton,
10 MeV  proton irradiated PIN photodetector and system BER are
simulated.

Fig. 1 shows diffusion length of minority carriers versus radi-
ation dose ranging from 102 Gy to 107 Gy, as the radiation dose
increases, the diffusion length decreased logarithmic linearly. For
same radiation dose, the impact of proton is larger than electron
and gamma-ray, and for same radiation source, impact varies with
the particle energy. Since decrease of diffusion length is the result of
both TID effect and DDD effect, when at the same radiation dose, TID
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