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UCLA Department of Electrical Engineering
EE170C — Photonic Sensors and Solar Cells
Spring 2015
Midterm, April 29 2015, (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 and APD 30
Problem 2 | Detection limits 40
Problem 3 | Photodiodes 30
Total 100
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1. Detection (30 points)

Consider a Si photodiode with the following characteristics: area= 0.2 mm’, quantum efficiency #=0.7
(measured at a wavelength of A=900 nm), and dark current I7=1 pA The stray capacitance is 1 pF..
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(a) (10 points) Find the minimum detectable power at 900 nm assuming that your detection
bandwidth is B=1Hz.
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(b) (10 points) What value should you choose for the load resistance R so that you are in the
quantum limited detection regime?
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(c) (10 points) Now consider that this photodiode is replaced by an APD with the same
characteristics, except with gain M=100 and noise factor F=1.3, (You may assume that the dark
current is also multiplied by the same factor). How do your answers to (a) and (b) change?
Given your answer, what is the primary advantage of using an APD for detection of low —leve]

light.
How dies 0) hong ! Ly~ @ mIy
|= O M Nep
J2e TMBE
MEP = m

—
- | 2% 10w

Te Mbikes anel g, yEPS onl
5’13*!“; thereagy b, a /%%/pr Al =

b)” ‘i’%@ L 2TMBE

77 ZkT
Mely, e} F

LW 4orl0* )

Wwe ampb Cabin &msfv‘cﬂ/ dvees, 410. Valve

l,m.w Y dock omat (fy /ﬁ»)

e will selor werese Abdin by ah by k- of M2
o L3z h L pum

Page 5 of 14




EE 170C - Photonic Sensors and Solar Cells Midterm 1

Page 6 of 14



EE170C — Photonic Sensors and Solar Cells Midterm 1

2. (40 points) Detection limits

(a) (15 points) In class, we usually assumed that the minimum detectable power (i.e. NEP) was
either limited by background signal current or dark current. Consider the case if the detector
was cooled and such that 7, is neghglble and there is no significant background current.
Derive an expression for the noise equivalent power NERP in this case.
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(b) (10 points) Consider a photodetector for which n=1, and for light with ~v=1eV. What is the
value of NEP in this case (assume B=1 Hz). How small must /, be to reach this limit?
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(c) (15 points) Explain what the BLIP Detectivity figure of merit is. Is BLIP detectivity more
important for photodetectors at A=1 um or A=10 pm? Why?
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3. (30 points) Photodiodes

(a) Why are III-V photodiodes typically faster (larger cutoff frequency) than silicon based
structures? Give two reasons.
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(b) pin photodiodes often have a dark current value that is less dependent on bias voltage than
p-n photodiodes. Explain why this might be the case.

-‘nm &Vl Pﬁofv&Q/MQ Jade et B P’\’;W‘;L
Aelermiel by #e Hheonal Gonemtron :’Q>e,9;A(LPrL,\*W’)
Wt wis e Olpkhin rgin ik,

For apn divle de h reverse bias L, iwheh
lﬂﬂﬁk (}0 M Nrtgse  In darlcw«zren‘f Ia\"‘m

W-l"‘\ 1% 19:15,

or « 0n, most of he Wihge dop B Awwss Vo i |
wWhihd  Mdesa ot (9" has., Tha Juds %o

“M&Mcz 0‘ W ot 73 Blower W

Page 9 of 14

/



EE 170C - Photonic Sensors and Solar Cells Midterm 1

(¢) Explain the tradeoff between high speed operation and quantum efficiency in a conventional
photodiode.
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3
Blackbody radiation energy density in cavity:  p(V) = 8”}:‘/ = A_lr ] (JHz' m™)
CARNEEEE " —
Spectral Radiance from Blackbody surface:
3 2
R =250 (w ster' Hz' m?) R(A) =290y ster! m m?)
e e =] A’ e~
: : 7’ (kyT)* " 2
Radiant Emittance from Blackbody surface: E = DT o, 7" (Wm™)
c
Semiconductors
Fermi-Dirac distribution for electrons: f(E)= _e‘TE":”_H , for holes: f(E)=1- e_";‘%"—-l-l ,
Equilibrium Carrier concentrations ny = I f(E)N(E)dE
E-
Equilibrium Carrier concentrations in non-degenerate limit (EcEr > kT and E~Ey > kT).
ny = Nce—(E(~—Ep)'kT o NVe-(Er-Ep Y kT
2m' kT 2am’kTY
m, - m
e 2)" 220
n, =g =[N, e
Intrinsic Fermi Level E = Eln Ny +M
N 2
Conductivity of semiconductor: O =nell, + pell,
t 1
Semiconductor electron/hole mobility M, = et,., u,= - L
m, m,
kT JDr
Einstein relation for diffusion coeff: D= ";‘ﬂ Diffusion length L=~Dr
Ideal p-n diode (assumes abrupt junction)
Contact potential Vy= k—Tln(N"—]zv") ,
e n;
2¢(V, -V
Depletion (transition) region width W= 2e (o) e, e , TAn= w2
e N, N, N,+N,
2e(V,-V
Maximum Electric field within depletion region E..= £ SH) (NN
€ N,+N,
Ideal diode I-V: I=eA 5 p + 50, (e —1) =1, ("™ -1)
: Lp n L" p 0
Depletion (junction) Capacitance C,=¢ed = NyNp _ed
2¢(V,-V)N,+N, W
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Transit time (average): T, = _(__ + _J

Noise and photodetection
V(w)= j " v()e " dt

Fourier Transform: T
vi)=—/| V(w)edw
(n=——| V(@)
Single sided spectral density over interval T: S;(v)= %II T(a))|2
Johnson noise <z;> =4k,TB/R Shot noise (:3) =2elB
Shot noise with avalanche gain M (g’) =2elBM’F
. . . h2 1 h
Signal to noise ratio: SNR, =5+ SNR, = ——
(l,. ) (i,;)
Detectivity D*= A8
NEP
Constants (SI units):
&=8.85x10"2 F/m (or C>N"' m?) po=4m x10”7 H/m (or N A?)
e=1.6x10""C ks=1.38¢"> J/K
h=6.626x10"J s h=1.055x10"*J s

1 eV=1.6e-19]
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