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Homework

Homework #5

>  Yarivand Yeh
»  Problems 10.7,10.11,11.2,11.8

» A p-i-n photodiode is able to convert a pulse of light with 8 x 102 photons into 3 x 10!?
electrons that contribute to the output photocurrent. Calculate the quantum efficiency n and
the responsivity R at A; = 0.83 um, 1.3 um and 1.55 um. Now assume that the photodiode is
composed of In,,,Ga, 5,AS, ¢4Py 36 and that the intrinsic region perpendicular to the incident
photons is 1 um thick. Use Figure 11.15 for absorption as a function of wavelength for
different material systems/compositions to estimate the quantum efficiency and responsivity
at Ay = 1.3 mm.

»  Assilicon p-i-n photodiode operating with 0dBm input at 0.8 wm has 20MHz bandwidth, 65%
quantum efficiency, InA dark current and 8pf junction capacitance.

> (a) Determine the RMS current noise due to shot noise.
» (b) Determine the SNR due to shot noise.
> (¢ If we require and SNR of 20dB, calculate the minimum received optical power when

shot noise is the only noise source.
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Detecting Photons (7)

» If we assume a constant rate parameter over the time interval T
(independent of j), then the photo-generated current can be written as
i(t) = Mt)gq
N
AMt)=—
(7) -

» Then the photocurrent produced by the photodetector can be written in
Amperes, assuming the observation time is normalized to one second

i(1) = M)g = "L P, (1)
hv
= m})rcvd (t)
» Where we have defined the detector responsivity as
o\ = 14
hv
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Photoconductors

~ Photon absorption in semiconductor materials.

= Three main absorption mechanisms: Intrinsic (band-to-band), Free-Carrier Absorption and

Band-and-Impurity Absorption

= Intrinsic (band-to-band) is the dominant effect in most SC photoconductors

Intrinsic (band-to-band) Free-Carrier Absorption

EPhoton =hv W }f+

Ephoton =hv W

ht E, E

eIncident photon E ., .=hv=E_-E,

photon
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Photoconductors

= For intrinsic absorption, photons can be absorbed if

h 1.24
Alum) > < __
E.-E, E/eV)
1240
A(nm)
E (eV)
Material Bandgap (e¢V) | Maximum A (nm) Typical Operating
Range (nm)
Si 1.12 1110 500-900
Ge 0.67 1850 900-1300
GaAs 143 870 750-850
In,Ga, ,As P, 0.38-2.25 550-3260 1000-1600
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Photoconductors

E hoton = IV SV Semiconductor = Define:
= P, = incident optical power
= R(\) power reflectivity from input

P, medium to semiconductor
P(1-R) Pi(1-R)e* = a(\) = 1/e absorption length
\\4 ¥ = 1/ a(\) = penetration depth
1}0( b
~ Power absorbed by the semiconductor is 0% 10!

P, (x)=P(1- R)1-¢e ™)
=n(A,x)PF,

— 10°

2

— 10!

= defining the efficiency
N0 x) = number of photocarriers produced

Absorption coefficient [cm™1]
i
Penetration depth [um]

ln_53G3.47A5

number of incident photons
=(1-R)(1-e*™M)

10! | | | L= = 108
0=nA,x)=1 04 06 08 10 12 14 16 18

wavelength [um]

Si

"o sp3Ga oot anas

=)
N
T 171
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Photoconductive Photodetectors

» Photogenerated current will have time and wavelength dependence

iphot() (t) = % G[)rcvd (t) + idark

T

carrier

T = transit time between eletrical contacts

transit

P;
= mean free carrier lifetime %

Towri . .
G = (M\ = photoconductive gain
l\ Ttransit J

i, = dark current

e

[E1O

Semiconductor

»  The transit time for electrons and holes can be different and in many
SCs the eletron mobility is greater than that of the hole

v, =uk>wk=uv,

| | | + lphoo™™
» The SC must remain charge neutral, for every L, | |
electron generated, multiple holes will get Tiogrrier =
pulled in until the photogenerated electron h Viias
reaches the other contact. The carrier and L
transit times are limited by the slower carrier T, ="
and the photoconductive gain is given by the v,

ratio of the transit times

ECE162C, Spring 2010, Professor Blumenthal Lecture 16, Slide 7



Photoconductive Photodetectors

» The carrier velocity is a linear function of electric field strength up to a saturation
velocity (which is the same for both electrons and holes)
> Field strength of about 10° V/cm result in velocities in range of 6x10° to 107 cm/s
» Some materials have an electron drift velocity that peaks at 2x107 cm/s at 10* V/cm

Y

When photoconductive gain is desirable, detector is operated at low voltages

A\

Carrier lifetime also impacts the frequency response of the photoconductive
photodetector

Pra (@)
o)
\/1 lo,)

= cutoff frequency

(w)=RG

! photo

1

w =

C

T

carrier
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Pn Junction Photodetectors

» Photons absorbed within the junction
diffusion length generate carriers that are
swept down the barrier (drift current) adding
to the thermal generation current (dark

current) that is present in the absence of light.

» The semiconductor bandgap energy sets a
lower limit on the frequency of light that can
be absorbed, hence generating photocarriers.

» Light with energy hn < Eg will not be

absorbed and will not contribute to
photocurrent

» Light with energy hn >> Eg will be absorbed
away from the

» The quantum efficiency and therefore the
responsivity are wavelength dependent
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Biased p-n Junction Photodiodes

Reverse biased Forward biased

i i

N-Type p-Type N-Type

®_ 15  Eectron Laittysion

N e A

X = ~——— 0@
Idiftusion = 0 B .\“ Tanf: ' 90 @
| — | |
| ermal i 929000
3 : o0 Ritherma W —ig il
' . eee® e S
| t XXX | |
| e 4 - T : Ee
:I ! [ TR _ 0000 —I_v-T:_' i | Rthermal
' ! ! - 000 drift | L
' ' ' | Rthermal Eg o0 ————* 1 -
' ' ' - Ldittusion ] Is H
| | | 1 5 |
e B e e
X=1_:) x=0 x=l X=lp x=0 x=lh
- » B —
Depletion Width Depletion Width
Ebuiin+Egs Ebuiin-Ers

P-type : Semiconductor doped with acceptor atoms
N-type : Semiconductor doped with donor atoms
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p-n Junction Photodiode Equation

p-type | n-type
quias
] I =(I)[exp Vi _ 11-1

= Ia’ark - I

photo

photo

\Y%

bias

* I« =18 the current that occurs with zero optical input

] =1, is the thermal or saturation current that occurs in normal (non-
illuminated) diode operating mode

* I noto 18 Photo-generated current = %P,cvd
* q is the electron charge
* V,..s 1s applied bias voltage ( positive = forward, negative=reverse)

K is Boltzman’s constant

* T is temperature (usually in Kelvin, depending on units of Ky )
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p-n Junction Photodiode Regions of
Operation

Iy

32K

iode

Increasing
~optical power

2.47

|/ Photovoltaic
~ Operation

Zero light,
electrical , , , >V ..
only \ e 16 2 2¢ Vdiode
P() ............................. IO =N PO
Increasing
optical power
R ............................. ) AN - WU e ! SO I, = R P,
Photoconductive
Operation -

_ Reverse bias Vi, Forward bias V,,

<
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Photodiode Frequency Response

» The ability for the photocurrent to keep up with various modulation
frequencies of the optical signal 1s an important metric in signal and data
recovery

» There are three main effects that limit the detector frequency response

» Finite diffusion time of photocarriers produced in the p and n doped regions of
a pn-junction photodiode.

» RC time constant associate with the pn-junction capacitance

» Finite transit time of photocarriers drifting across the depletion layer
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pn-Junction Carrier Dynamics

» Carrier diffusion time (~ns/um) is typically much longer than carrier transit time
(~10ps/um)

Y

Electron and hole velocities saturated in depletion region due to high field strength

A\

Once away from depletion region carrier velocities fall below saturation

Y

Space charge barrier prevents carriers from entering the depletion region, therefore
the multiple carrier effect seen in photoconductors does not occur when carrier
velocities are mismatched

_ Depletion Depletion _ Depletion Depletion
< > < » “ >
Vv
th\/W\;\,\e> hv ||\ ds hv JY\sa Ve hv > g’?ﬁ?ﬁ
&
Vh
i iﬂ iﬂ ih
q
R 1 | lqa |
>t >t ] — >1 t
0 L 0 L 0 L 0 o
v v, v v,
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pn-Junction Carrier Dynamics

» Photons absorbed within one diffusion length outside the depletion region
will be absorbed and the current contributing carriers will suffer both
diffusion time and transit time delays

» Effect is geometry and material dependent i

A

P Mbc X

\ )]
E— — C!)D a)t
e fliffusiong gfify  h difflision >t
—
‘——
h drift i ; _Npc = Nac P ..(®) qMuc p
p-type | n-type + Lphoto () = + va(@)

hv /w\z hv "

< 1+ k )
L. gitfusion + Ih.diffusion™ Diffusion tail Wp
Le aritet T arife _ .

> 1
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pn-Junction Carrier Dynamics

» The separation of charge in the depletion region (due to uncompensated
Donors and Acceptors) leads to a capacitive effect that also impacts the

detector bandwidth
Uncompensated Accgptors and Donors
8E ce A g, = 8.85 x 10”12 F/m = vacuum permitivitty
p-typel Ol n-type C =2 g, = semiconductor relative permitivitty
85 J [ A = area of depletion region
Q! d l4 = depletion region length
g

» The frequency at which the detector bandwidth rolls off by 3-dB due to the
junction capacitance 1s

Wpe —— Cj = area of depletion region

RS C j I, = depletion region length
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p-1-n Photodiodes

» To increase the photon absorption region, a layer
of intrinsic semiconductor material can be
added beteween the p and n material.

» The pin photodetector gain-bandwidth product
improves of the pn-junction

>

>

>

>

The detector quantum efficiency can be increased
over that of a simple pn junction since the
depletion region is almost entirely contained in
the intrinsic region and the intrinsic region can be
made long.

Carrier diffusion effects minimized since all light
absorbed in intrinsic region

The junction capacitance is reduced compared to
a pn-junction because the distance between the
effective plates is increased.

Carriers reach saturation velocity while traveling
in intrinsic region, so even though pin depletion
length [, + [, is longer than pn-junction depletion
length, lower transit time than pn-junction where
carrier velocity drops below saturation not far
from metallurgical junction
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p-1-n Photodiodes

» As with the pn-junction, the quantum efficiency is defined by the following
equation, however the distance can now be integrated over the larger
intrinsic region

P, (x)=P(1-R)1-e M)

=n(A,x)P,

» As the depletion region length is increased, ) increases, the junction
capacitance C; decreases, and the transit time T, Increases. The detector
design must be optimized to maximize both efficiency and bandwidth. An

estimate of the bandwidth 1s given by

1 |
B . = =

S A A A 1 A (1)
\/kchJ ) \/kz”Rs%gfldJ “loaav,)
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Bandwidth-Etficiency Tradeoftfs
in p-1-n Photodiodes

» The quantum efficiency, 1, can be approximated »  If the detector area A and length [, are both
assuming R=0 (high quality anti-reflection coating) and optimized, then bandwidth and quantum
intrinsic region length [;. 1 = 1-e™ efficiency can both be maximized

»  For small 1, bandwidth is transit time limited l L \2

»  For large 1, bandwidth it RC limited =—— |- >

. . 27Ree | B® | 044v )
» Optimal bandwidth length where two effects are equal
»  QE keeps increasing with increased length I, =- lln(l _ TI)
a
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e B BANDWIDTH | o -5 w K 7 §
= - Loa s = i
(=) . = <
Z 10 ¢ E s e 100 GH A%
q<; E — 0.3 E < = z E
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B F o 1—E  300GHz §:
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Vertically Illuminated p-1-n
Photodiodes

p-contact and reflector )
» For a double pass vertically

illuminated pin detector (see left

p InP __________ ) )
Lightly doped n figure), the quantum efficiency is
material for i n InGaAs |/
intrinsic

_ InP —al —al
= ~ In n=(1+re“)(1—ea)
n* InP
7” | S
> When the carrier transit distance is

AR coated facet

approximately equal to /, and o/ << 1,
the bandwidth-efficiency for a
double-pass vertically illuminated pin
photodiode is approximately
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