' SOLUTIONS

EE170C — Photonic Sensors and Solar Cells Midterm 1

UCLA Department of Electrical Engineering
EE170C — Photonic Sensors and Solar Cells
Spring 2016
Midterm, May 4 2016, (1:40 minutes)

Name Student number

This is a closed book exam — you are allowed 1 page of notes (front+back).

Check to make sure your test booklet has all of its pages — both when you receive it and when you
turn it in. '

Remember — there are several questions, with varying levels of difficulty, be careful not to spend too
much time on any one question to the exclusion of all others.

Exam grading: When grading, we focusing on evaluating your level of understanding, based on what
you have written out for each problem. For that reason, you should make your work clear, and
provide any necessary explanation. In many cases, a correct numerical answer with no explanation
will not receive full credit, and a clearly explained solution with an incorrect numerical answer will
receive close to full credit. CIRCLE YOUR FINAL ANSWER.

If an answer to a question depends on a result from a previous section that you are unsure of, be sure
to write out as much of the solution as you can using symbols before plugging in any numbers, that
way at you will still receive the majority of credit for the problem, even if your previous answer was
numerically incorrect.

Please be neat — we cannot grade what we cannot decipher.

Topic Max Points Your points
Problem 1 | Photodetection 50
Problem 2 | Photodiode concepts 50
Total 100
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EE170C — Photonic Sensors and Solar Cells Midterm 1

1. Photodetection (50 points)

Consider detection using a Silicon pin photodiode with area 1.06x1.06 mm? whose data sheet is shown
in the back of the exam.
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(a) @0 points) Given the specs on the data sheet, what is the photodetector quantum efficiency n at
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(b) (9 points) Assume that this detector is viewing a 300K scene with a full 2z steradian field of

view (i.e. half-space). What is the background photocurrent produced /;,,? Assume that the
. detector has a filter in front with a passband bandwidth of AA = 100 nm with a central
length of A=850 nm.

C wxxPe 2l
Tohl recev® Pem~ AL =A —JMLT’R, 7’«0 25

0 G -
L2 Ly 27

Page 3 of 12



EE170C — Photonic Sensors and Solar Cells Midterm 1

(c) (10 points) Based upon the dark current specs at 2V reverse voltage, and ignoring /2'
contribution of Johnson noise from a load resistor, what is the NEP (in units W Hz '), and what
is the detectivity D* (units cm Hz? W™)?
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(d) ( pomts) For R=50 Q and specs provided, what is the RC-time constant limited bandwidth of
the detector? How does that compare with the listed cutoff frequency? Given that, what is your
best guess about the physical mechanism that is limiting high frequency performance? Explain
qualltatlvely
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(e) (M points) Assume I am trying to measure the power of a 1(0nW laser operating at exactly
A=850 nm, using R=50Q . What is the Signal-to-noise ratio for current assuming B=1 Hz? Is this
the quantum-limited or thermal-limited detectlon regime?
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EE170C — Photonic Sensors and Solar Cells
2. (50 points) Photodiode concepts
(a) (12.5 points) Describe two advantages of a pin photodiode compared to a pn photodiode.
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Midterm 1

(b) (12.5 points) Why are III-V photodiodes typically faster (larger cutoff frequency) than
silicon based structures? Give two reasons.
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(c) (12.5 points) Explain qualitatively/physically: Why does the high frequency response of an
APD depend upon the ratio of ionization coefficients for electrons and holes: o/ ?
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(d) (12.5 points) Why do photoconductive detectors have a different fundamental BLIP
detectivity limit photodiode detectors?
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HAMAMATSU

FHOTON 1S QUR B USENESS

Si PIN photodiode

$10993-02CT

COB type, applicable to lead-free solder reflow

The $10993-02CT is 3 Si PIN photodiode for visible to near infrared range and is compatible with kad-free solder reflow pro-
cesses. The smadl and thin leadiess package allows reducing the mount area on a printed ciraut board.

a* Features == Applications

1 coB type T Opticat switctes
2 Small package: 3.1 x 1.8 » 0.8 mm

1 Appiicable to tead-frea solder reflow

7l Photosensitive area: 1.06 x 1.06 mm

== Structure

Parameter Specification Unit
Photosensitive area 1.06 = 1,06 mm
Package Glass epoxy -
Seal matenal ’ Slicone resin -

2= Absofute maximum ratings

Parameter Symbol Condition Value Unit
Reverse vwollage VR max {Taw2s 2C 1] v
(Jperating temperature Topr  {No dew condensation*? -25 to +85 S
Storage temperature Tstg  {No dew condensation®! =40 to +100 °C
reflaw soldering conditions*? Tsol Peak temperature 260 °C max., 2 times (see P.6) -

‘1: When there is a temperatere difference between a product and the susrouending area in high humidity snvirgament, dew
condensation may ocour on the product surface. Dew condensation on the oroduct may cause deterioration in characteristics and
refiability.

*2: JEDEC lovel 23

Note: Exceeding the shealute maximum ratngs even momentarily may cause a drap in product quality, Ahways be sure to use the

Areduct within the abstlute maximum ratings,

a= Electricat and optical characteristies {Ta=25 °C)

Parameter Symbal Condition Min, Typ. Max. Unit
Zpectral respoase range A - 380 to 1100 - un
reak sensstivity wavelength Ap - a50 - i

i ey = w650 nm T 0.465 - -
Phatozensitivity 5 hwhp = 0E " A
Short dircuit current isc 100 Ix, 2856 K - 1,2 - uA
£ark currene o NRm2S Y - 0.04 1 nA
VR=2.5 V, Am650 nm 1 L

Cutoff frequency fc lrues0 0, <3 dB ‘ 5 _..0 v Mz
Tarminal capacitance €t VRw2 5, fml MHz - 6 12 pF
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I Spectral response = Photosensitivity temperature characteristics
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3
Blackbody radiation energy density in cavity: p(v) = 87!1:1/ 1
c

(JHz' m?)

kel ]
Spectral Radiance from Blackbody surface:
3 2
R =289y ster! H' m?) Ry =259y stor! ml m?)
¢t e -1 ek T

5 g V4 2 (k T )4 4 2

Radiant Emittance from Blackbody surface: E = Tlg-h?- =o,7° (Wm™)
c
Semiconductors
Fermi-Dirac distribution for electrons: f(E)= m , for holes: f(E)=1 _e(_b‘-'fr%/"—.,_l ,
Equilibrium Carrier concentrations ny, = I f(EYN(E)dE
Ec

Equilibrium Carrier concentrations in non-degenerate limit (Ec-Er > kT and E~Ey > kT).
= ~(Ec-Ep)IkT . ~(Ep-E; )IkT
n,=Nce » Dp=N,e

3/2 . 372
) 27xm kT
N, =2(27rm,,kf] N =2[ wm, J

n n
n,- 1= \/nopo =\/NCNVe—E3/2kT
Intrinsic Fermi Level A= E In & +M
2 N, 2
Conductivity of semiconductor: o =ney, + peu,
T, 2
Semiconductor electron/hole mobility M, = et,: U, = f-_”-
m, m,

kT =
Einstein relation for diffusion coeff: D= 7/‘ Diffusion length L=+Dr

Ideal p-n diode (assumes abrupt junction)

Contact potential V= Hln (NA—JZVDJ )

e n,
2e(V, -V

Depletion (transition) region width W= —M ¥ + L' , Xo=W EVios

e N, N, N,+N,

2e(V,-V
Maximum Electric field within depletion region Ex = o =V)(_N.Np
€ N,+N,
: . D D, eVikyT eVikyT

Ideal diode I-V: I=eA(L—:p,, +L—”nPJ(e —1)=10 (e —1)

Depletion (junction) Capacitance C,=ed = il Gl
\2e(V,-V)N,+N, W
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Transit time (average):

Noise and photodetection

Fourier Transform:

w( 1
sz_z— -v—+

Single sided spectral density over interval T:

Johnson noise

Shot noise with avalanche gain M

Signal to noise ratio:

Detectivity

Constants (SI units):

&=8.85x10"2 F/m (or C* N m?)

e=1.6x10"C
h=6.626x10*7Js
1 eV=1.6e-191]

(i7) = 4k,TB/R

Midterm 1

1
L

V()= vty '"dt

1 = s
=5~ LV(m)e dw

Sr(v)= %IIT (a’)l2

Shot noise (i?)=2eIB
() =2eIBM*F

.7 I
SNR, = -2 SNR, = —£

po=4m x107 H/m (or N A%)

k3=

1.38¢2 J/K

h=1.055x10*7Js

Material properties of Silicon and GaAs

All parameters at room temp Silicon GaAs

Crystal Structure Diamond Zincblende

a (lattice constant) 543 A 5.65 A

Mass density 2.33 g/em’ 5.31 g/lem’
Relative permittivity e, 11.8 13.2
Refractive index n

E, 1.11 eV 143 eV

u. (for intrinsic/low doping) 1350 cm®/V s 8500 cm®/V s
up, (for intrinsic/low doping) 480 cm*/V s 400 cm®/V s
m e 0.26mg 0.067myg

m 0.49my 0.5my
Effective DOS N, 2.8x10" cm” 4.7x10" cm™
Effective DOS N, 1.0x10"” cm™ 7.0x10"° cm™
n; 1.5x10"" cm™ 2x10° cm™
D,, (for intrinsic/ low doping) 35cm’ s’ 220cm” s’
D, (for intrinsic/ low doping) 12.5cm’s™ 10cm” s™
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Useful equations
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