4.7. Photodiodes &

4.7.1. P-i-N photodiodes
P-i-N photodiodes are commonly used in avariety of gpplications. A typica P-i-N photodiode is
shown in figure 5.1. It congsts of a p-type highly doped transparent contact layer on top of an
undoped absorbing layer and an n-type highly doped contact layer on the bottom. For discreet
photodiodes, the devices are made on a conductive subgirate as shown in the figure, which
facilitates the formation of the n-type contact and reduces the number of process steps. The top
contact istypicaly ametal ring contact, which has alow contact resstance and till dlowsthe
light to be absorbed in the semiconductor. One aternative is the use of atransparent conductor
such as Indium Tin Oxide (ITO). The active device areais formed by mesaetching. An
dternative method is proton implantation of the adjacent area, which makesit isolating. A
dielectric layer is added around the active area to reduce leskage currents and to ensure alow
parasitic capacitance of the contact pad.

m ih” Anti-reflection coating

A m A ; : Metal contact ring
U 0 — P AlGaAs contact layer

Contact d 1~ i-GaAsabsorbing layer

pad ~ — n-GaAs substrate
N
X J-Back contact
Top view Vertical structure

Figure4.7.1 Top view and vertica dructure through section A-A' of a P-i-N heterostructure
photodiode.

Grading of the materia composition between the transparent contact layer and the absorbing
layer is commonly used to reduce the n-n" or p-p* barrier formed at the interface.

The above gtructure evolved mainly from one basc requirement: light should be absorbed in the
depletion region of the diode to ensure that the electrons and holes are separated in the eectric
field and contribute to the photocurrent, while the trangt time must be minimdl.

Thisimplies that a depletion region larger than the absorption length must exist in the detector.
Thisis eadly assured by making the absorbing layer undoped. Only avery smdl voltage is
required to deplete the undoped region. If a minimum dectric field is required throughout the
absorbing layer, to ensure a short trangt time, it is aso the undoped structure, which satisfies this
condition with aminima voltage across the region, because the dectric fidd is congtant. An
added advantage is that the recombination/generation time constant is longest for undoped
materid, which will provide aminima therma generation current.

It also implies that the top contact layer should be transparent to the incoming light. In Slicon
photodiodes one uses a thin highly doped contact layer to minimize the absorption. By using a
contact layer with awider band gap (also caled the window layer) absorption in the contact layer
can be diminated (except for a smdl fraction due to free carrier aosorption) which improvesthe
respongvity.

Electron-hole pairs which are absorbed in the quas-neutra regions can gill contribute to the
photocurrent provided they are generated within a diffusion length of the depletion region.



However the collection of carriers due to diffusion isrelatively inefficient and leads to long tails
in the trandent response. It therefore should be avoided.

Because of the large difference in refractive index between air and most semiconductors thereis
asubsgtantia reflection at the surface. The reflection a norma incidence between two materias
with refractive index iy and ny, isgiven by:

N -n 4.7.1)
R=( h - N2 ) 2
M +n;
For ingtance the reflection between air and GaAs (n = 3.5) is 31 %.
By coating the semiconductor surface with adielectric materid (anti- reflection coating) of
appropriate thickness this reflection can largely be diminated.
The reflectivity for an arbitrary angle of incidence is given by:
Ny Cosg; - Ny, COSq 4.7.2)
RTE - ( 1 | 2 t )2
N CosQ; + N, COSY
Ny COSQ; - N COSqt | 2 (4.7.3)

R =( n, COSq; + Ny COSq
with n, Snqg; = n; Snq;
with gj the incident angle, and ¢ the transmitted angle. Rre is the reflectivity if the
dectric field is pardld to the surface while Rny is the reflectivity if the magnetic fidd is
parald to the surface. The reflectivity asafunction of g, for an ar-GaAsinterface s
shown in the figure below:
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Figure4.7.2 Reflectivity versus incident angle for a transverse dectric, Ry, and transverse
magnetic, Ry, incident fidd.



4.7.1.1.Responsivity of a P-i-N photodiode

4.7.1.11. Generation of eectron hole pairs

The generation of dectron-hole pairsin a semiconductor is directly related to the absorption of
light since every absorbed photon generates one el ectron-hole pair. The optical generation rate

Oop IS Tiven byl:
1dPopt 1 @ Popt (4.7.4)

where A isthe illuminated area of the photodiode, Py is the incident optical power, a isthe

absorption coefficient and hn is the photon energy. Note that the optical power is position
dependent and obtained by solving:

dpopt (4.7.5)

The resulting generation rate must be added to the continuity equation and solved throughout the
photodiode which results in the photocurrent.

4.7.1.1.2. Photocurrent due to absorption in the depletion region

Assuming thet al the generated eectron-hole pairs contribute to the photocurrent, the
photocurrent is smply the integra of the generation rate over the depletion region:

X, +d (4.7.6)
I ph =- QA (\pode
- Xp
where d is the thickness of the undoped region. The minus Sgn is due to the convention of the

positive x direction shown on figure 5.1 . For aP-i-N diode with heavily doped n and p-type
region and atransparent top contact layer, thisintegra reduces to:

q(l- R)Pln (1_ e—ad)
hn

where Py, isthe incident optica power and R isthe reflection &t the surface.

(4.7.7)
I ph =-

4.7.1.1.3. Photocurrent due to absorption in the quasi-neutral region

To find the photocurrent due to absorption in the quasi-neutra region we firs have to solve the
diffuson equation in the presence of light. For holesin the n-type contact layer this means
olving:

Pn - lﬂ‘] P, Pn - Pno + gop (X) (4.7.8)
at q dx tp P

lsee section 1.3



Where the electron-hole pair generation g, depends on position. Assuming the n+type contact
layer to have the same energy bandgap as the absorption layer, the optical generation rate equas.

g (X) ~ F)In (1_ R)a. e-a X (479)
op Ahn
and the photocurrent due to holes originating in the n-type contact layer equas.
| _ q(l' R)Hne-ad aLp (1- e—ad)_ qupnO (4710)
ph hn 1+aly Lp

The firgt term is due to light whereas the second term is the due to therma generation of
electron-hole pairs. This derivation assumes that the thickness of the n-type contact layer is much
larger then the diffuson length.

4.7.1.1.4. Absorptionin the p-contact region

Even though the contact layer was designed o that no light absorbs in this layer, it will become
absorbing at shorter wavelengths. Assuming a wordt- case scenario where dl the eectron-hole
pairs, which are generated in the p-type contact layer, recombine without contributing to the
photocurrent. The optical power incident on the undoped region is reduced by exp(-

a’w, ) wherew, isthewidth of the quas-nevitral p region and a” isthe absorption coefficient in
thet region.

4.7.1.15. Totd responsvity:

Combining dl the above effects the total responsivity of the detector equas: (ignoring the dark
current)
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Notethat a”, a and hn are wavelength dependent and given by:

a =K [Ep-Eq ada’ =K"JE - Ey 4.7.12)

The quantum efficiency then equals:
Rhn . g-ad (4.7.13)
h=——=(1- Rexp(-a 1-
g -0 Ree-awy)l- ]

47.1.16. Dark current of the Photodiode:

The dark current of a p-n diode including the ided diode current, aswell as
recombinatior/generation in the depletion region is given by:



(4.7.14)
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Under reverse bias conditions this expression reduces to:

Xy & (4.7.15)
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Theideal diode current due to recombination of electrons has been ignored since No = Ni p/Nj is
much smdler than pne because the p-layer has alarger band gap. 1n the undoped region one
expects the trap-asssted generation to be much larger than bimolecular generation. Which
further reduces the current to:
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(4.7.16)

l'p-i-n=-0A ]
The trap-ass sted recombination tends to dominate for most practica diodes. For photodiodes

made with avery pure intringc region and/or a narrow band gap, one finds that the dark current
depends on therma generation.

4.7.1.2.Noise in a photodiode

4.7.1.2.1. Shot noise sendtivity

Noisein a p-i-n photodiodeis primarily due to shot noise; the random nature of the generation of
carriersin the photodiode yields also arandom current fluctuation. The square of the current
fluctuations equas.

<iZ>=2q(& 1 )OI (4.7.17)
j

where |; are the currents due to different recombination/generation mechanisms and Df isthe
frequency range. Including the ided diode current, Shockley-Hdl-Read and band-to-band
recombination as well as generation due to light one obtains:

D.n D X N (4.7.18)
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The minimum detectable input power depends on the actua sgnd and the required signd to
noise ration. As afirst approximation we now caculate the minimum detectable power asthe



power, which generates a current equd to the RM S noise current. (A more detailed modd for
Snusoidal modulated sgnals is described in section d)

<z (4.7.19)

Prin =
mn R

The minima noise current is obtained a V, = 0 for which the noise current and minima power
equd:

7 : (4.7.20)
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R? I—de 2y

4.7.1.2.2. Equivaence of shot noise and Johnson noise

The following derivation nicdly illugtrates that shot noise and Johnson noise are not two
independent noise mechanisms. In fact we will show that both are the same for the specid case
of anided p-n diode under zero bias. At zero bias the photodetector is also aresstor. Therefore
the expression for Johnson noise should goply:

<i2se 4k'I;Df (4.7.22)

The resistance of aphotodiodewithl = 14(e¥a’™ - 1) is

R= 1 _ W (4.7.23)
dl | Seva 1V,
dVvy

or for zero bias the Johnson noise current is given by:
. AKTDA| 4.7.24
<i?>= S — 4| <qDf ( )

t
whereas the shot noise current at V; = 0isgiven by:

<i? >=2ql (1 +€"aVt) = 4q1 4 Df (4.7.25)

where we added the noise due to the diffusion current to the noise due to the (congtant) drift
current, since both noise mechanisms do not cancel each other as do the corresponding currents.
Equations (4.7.24) and (4.7.25) are identical, thereby proving the equiva ence between shot noise
and Johnson noise in a photodiode a zero voltage. Note that this relation does not apply if the
current is dominated by trap-assisted recombination/generation in the depletion region because

of the non-equilibrium nature of the recombination/generation process.



4.7.1.23. Examples.
For adiode current of 1mA, abandwidth Df of 1 GHz and aresponsivity, R, of 0.2A/W, the noise

current v <i 2> equals 18 nA, corresponding to a minimum detectable power of 89 nW or -40.5
dBm. Johnson noise in a50 W resistor, over abandwidth Df of 1 GHz, yields anoise current of
0.58 mA and Ppin = 2.9 nW or -25.4 dBm.

If the diode current is only due to the optica power, or | = PhinR, then

_2q0f

47.2
Prin =~ = - 58dBm (4.7.26)

The sengtivity for a given bandwidth can also be expressed as a number of photons per bit:

_ P.. (4.7.27)
#photong/bi t = —M1_
P D

For ingtance, for aminimal power of -30 dBm and a bandwidth of 1 GHz, this sengtivity
corresponds to 4400 photons per bit.

4.7.1.2.4. Noise equivaent Power and ac noise analysis

Assume the opticd power with average vadue Py is amplitude modulated with modulation depth,
m, as described by:

Pin= Ry(L+ meJWt) (4.7.28)
The ac current (RM S vaue) in the photodiode with respongvity, R, isthen
o = mR (4.7.29)
A2

which yields as an equivaert circuit of the photodiode a current source V< 2> in pardld with
aresistance, Reg, Where Ry is the equivalent resistance across the diode and v <i 2> isthenoise

source, which is given by:
J<i2 > =2q! Df (RR+ Ig) (4.7.30)

where the equivaent dark current aso includes the Johnson noise of the resistor, Req:

2V, 4.7.31
leq = (I dark +§i) ( )

Theggnd to noise rdio isthen given by:

) 4.7.32
S _ 'theq _ m2P02R2 ( )

N <i2 >Ry ~ 20Df (PR +1 o)

from the above equation one can find the required optical power Py needed to obtain agiven
sgnd to noiseratio, SN:



20X | eqmz (4.7.33)
Fo :(S/N)m {1+ \/ m}

The noise equivadent power is now defined as the ac (RMS) optica power needed to obtain a
ggnd-to-noise ratio of one for a bandwidth of 1 Hz or:

> (4.7.34)
NEP—mTPO(Df =1,S/N=1) _J—q{1+1/1+ eqqm }

4.7.1.25. Optica power limited NEP

2
qum
q

NEP.

for << litisthe average opticd power rather than the dark current which limitsthe

(4.7.35)
NEP = 2—“/—0'

The noise equivalent power can aso be used to caculate the ac optical power if the bandwidth
differs from 1Hz from:

mRy _ (4.7.36)

where the noise equivaent power has units of W/Hz. However, the optica power is mostly
limited by the dark current for which the expressons are derived below.

4.7.1.2.6. Dark current limited NEP
egM - , , : . o
>> 1 itisthedark current (including the Johnson noise of the resstor) which limits

q
the NEP

[2q (4.7.37)
NEP =Y e

R

Again one can use the noise equivaent power to calculate the minimum detectable power for a
given bandwidth:

R _ e (4.7.38)
2 Vo

where the noise equivaent power has now unitsof W/+/Hz .



4.7.1.3.Switching of a P-i-n photodiode

A rigorous solution for the switching time of a P-i-n photodiode starts from the continuity
equations for dectrons and holes:

fn_1Wn _np-nf 1 6 (XD (4.7.39)

Tt g fx n+p+2ntg 0
E__ lﬂ‘]p _ np - ni2 i_'_g (X t) (4740)

t g Tx n+p+2mty

with
_ n (4.7.41)
Jn = AMHE + @Dy o

(o] (4.7.42)

Jp =0my pE - anW

and the eectric fidd is obtained from Gausss law for a P-i-n diode with generationonly att =0
and neglecting recombination and diffusion these equations reduce to:

it 9x 1 I
Where the dectric fidd, E, is assumed to be constant and equals:
c=fi-Va (4.7.44)
d

replacing n(x,t) by n'(x - vat) and p(x,t) by p (x - vpt) yidds v, =-mE and v, = mE
the carrier digtributions therefore equa those at t = 0 but displaced by a distance m\Et for holes

and -mpEt for dectrons. Thetota current due to the moving charge is a displacement current
which is given by:

d (4.7.45)
dQ ...r dx AL
| () =—== @-—dV =— ¢y vd
pn() =g = @y NV = g v
A d (4.7.46)
Jph(t) = qEE Gmn+ my p)dx
0
Afi - Vy) (4.7.47)

Jph(t) = qTa[’Thn"' Mp P

fort <|d/va| and t <|d/vp|. For auniform carrier generation this reduces to:



(4.7.48)
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In the special case wherev,, = v, (my = mp) thefull width haf maximum (FWHM) of the impulse
response|is.

) 2 (4.7.50)
PwHm =4 - d _b i = @

- - -
Vo2 2m(Ei-Va) 2 T my( - Va)

Note: Rule of thumb to convert a pulse response to —3 dB frequency:
Assuming the photodiode response to be linear, the FWHM can be related to the half-power
frequency by cdculating the fourier transform. For agaussian pulse response (which dso yieds
agaussan frequency response) this relation becomes

440 GHz (4.7.51)
FWHM (in ps)

f.oaB =

Since the bandwidth depends on the trangit time, which in turn depends on the depletion layer
width, there is atradeoff between the bandwidth and the quantum efficiency.

4.7.1.3.1. Solution in the presence of drift, diffusion and recombination

If we amplify the SHR recombination rate to n/t and p/t and assume a congtant dectric field and
initid condition n(x,0) = ng , the eectron concentration can be obtained by solving the continuity
equation, yidding:

n(xt) = @3 & Xn*p, gn X kp X (4.7.52)
k
where
B, = 22nokp - (-DFe ] (4.753)
(kp)~ +(@d)
with

" =Da +(kp)2}+_ anda_% (4.7.54)
t

For this andysis we solved the continuity equation with n(0,t) = n(L,t) = 0 implying infinite
recombination at the edges of the depletion region. The initid carrier concentration np can aso
be related to the total energy which is absorbed in the diode at timet = O:

_ Epuse (4.7.55)

Ng =
EpnAd



and the photo current (calculated as described above) is

fi-Va) g 4.7.56
I pn(t) = GAT (dl Va) A Cy exp(- X t) ( )
K
with Cy given by
_ 2ng(kp)2[1- (- DK I][1- (- DKe @] (4.7.57)
Cr = 2 )
[@d)” +(kp)~]

The above equations can be used to calculate the impulse response of a photodiode. Each
equation must be applied to eectrons as well as holes since both are generated within the diode.
Typicdly dectrons and holes have a different mobility, which resultsin two regions with
different dopes. This effect is clearly visble in GaAs diodes as illudtrated with the figure below.
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Figure4.7.3  Photocurrent calculated using equation [5.1.50] for a GaAs diode with f; -V, =
0.3V, Epuse = 102 J, Egn =2 €V and d = 2mm,

4.7.1.32. Harmonic solution?
Whereas section b) solves the pulse response one can dso solve the frequency response when

illuminating with aphaton flux F ;e/Wt _ (If the photodiode has a linear response, both methods
should be equivdent.) To smplify the derivation we assume that the tota flux (in photons/'s
cn) is absorbed at x = 0. Thisis for instance the case for a p-i-n diode with a quantum well a
the interface between the p-type and intringc region and which isilluminated with long
waveength photons, which only absorb in the quantum well. The carriers moving through the
depletion region cause a conduction current, Jeond(X):

2See also S.M. Sze " Physics of Semiconductor Devices', Wiley and Sons, second edition p. 756



Jeond(X) = OF 1ejW (t- x/vy) (4.7.58)

where v, = m E isacongant velocity.
From Ampere's law gpplied to a homogeneous medium:

1 o e I == (4.7.59)
—pBd = dS +— ceEAS
we can find thetotal current as a sum of the conduction and the displacement current:
d (4.7.60)
1 TE
Jiotal = q @Jcond *+€s ﬁ]dx
0
if we assume that the eectric fidd is indegpendent of time, the total photo current equals
AWty jwiy (4.7.61)
Jph(t) = Faid © )e
Jwiy
d2
with trangt time t, = —————. The relative magnitude and phase are shown in the figure
(i - Va)
below. (Thisisaﬂxx function)
from the figure one finds the —3 dB frequency to be:
_ 278 _ 443GHz (4.7.62)

f_ = =
3B Pt t [ ps]

4.7.1.3.3. Time response due to carriers generated in the Q.N. region
For an infinitely long quas-neutra (Q.N.) region under stationary conditions, the generated
cariers are only collected if they are generated within adiffuson length of the depletion region.
The average time to diffuse over one diffuson length is the recombination time, t. Postulating a
ample exponentid time response we find that the current equas

| pn(t) =1 ph(o)e-t/t (4.7.63)

Because of the rdlatively long carrier lifetime in fast photodiodes, carriers absorbed in the quas-
neutra region produce along "tail" in the pulse response and should be avoided.

4.7.1.34. Dynamic range of a photodiode

The dynamic range is the ratio of the maxima optical power which can be detected to the
minima optica power. In most goplications the dynamic range implies that the responseis
linear aswell. The saturation current, defined as the maximum current which can flow through
the externd circuit, equas:



fi-Vy (4.7.64)

lsat =

K
which yiddsan optimistic upper limit for the optica power:
P = lsat _ fi-Va (4.7.65)
max R RR
and the dynamic range is defined as the ratio of the maximum to the minimum power:
DR = Prax (4.7.66)
Pri
Using [5.1.17] for the minimum power the dynamic range becomes independent of the
responsivity and equals:
fi-V, (4.7.67)

D.R =

RV<i? >

for example if the equivalent noise current equals leq = 1A, the bandwidth Df = 1 GHz, the
impedance R= 50 W, and the applied voltage Vi = 0, then the dynamic range equals 1.35 "~ 10°
(forf;=12V)or61.3dB.

4.7.2. Photoconductors

Photoconductors consist of a piece of semiconductor with two ohmic contacts. Under
illumination the conductance of the semiconductor changes with the intengity of the incident

optical power. The current is mainly due to mgority carriers since they are free to flow across
the ohmic contacts. However the mgjority carrier current depends on the presence of the minority
carriers. The minority carriers pile up at one of the contacts, where they cause additiona

injection of mgority carriers until the minority carriers recombine. This effect can cause large
"photoconductive’ gain, which depends primarily of the ratio of the minority carrier lifetime to

the mgority carrier trangt time. Long carrier life times therefore cause large gain, but so adow
response time. The gain bandwidth product of the photoconductor is dmost independent of the
minority carrier lifetime and depends only on the mgority carrier trandt time.

Consider now a photoconductor with length, L, width W and thickness d, which isilluminaied a
total power, P. The optical power, P(x), in the materia decreases with distance due to absorption
and is described by:

ch)IiX) =-a P(x),yidding P(x) = P(0)exp(- a x)

The optica power causes a generation of dectrons and holesin the materid. Solving the

diffusion equation [5.1.7] for the steady state case and in the absence of a current density

gradient one obtains for the excess carrier dengities:

+_taPO)exp(-a x) (4.7.69)
hn WL

(4.7.68)

n'=p



Where it was assumed that the mgority carriers, which primarily contribute to the photocurrent
areinjected from the contacts as long as the minority carriers are present. The photo current due
to the mgority carriers (here assumed to be n-type) is

t 4.7.70
In =L RIRy (- ep(-a d) @r.r
n t,
wheret, isthe mgority carier trandt time given by:
~ I__2 (4.7.71)
" mv

The equation above aso includes the power reduction due to the reflection at the surface of the
semiconductor. The normalized photocurrent is plotted below as afunction of the normdized
layer thickness for different retio of lifelime to trangt time.
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Example: A silicon photoconductor with my, = 1400 cn/V-sand t = 1 s hasalength of 10
micron and width of 200 micron. For an gpplied voltage of 5 Volt the transt time is 143 ps
yielding a photoconductive gain of 7000. For anormaized distance ad = 1 and incident power of
1 mW the photocurrent equals 1.548 mA. A reflectivity of 30 % was assumed at the air/slicon
interface.

High photoconductive gain is typicaly obtained for materias with along minority carrier

lifetime, t, high mohility, m, and above al a photoconductor with a short distance, L, between
the eectrodes.



4.7.3. M etal-Semiconductor-Metal (M SM) Photodetectors

4.7.3.1.Responsivity of an M SM detector
The responsvity for adetector with thickness, d, surface reflectivity, R, finger spacing, L, and
finger width, w, is given by:

~ 2|lph|_ g@- RL - ead) 4.7.72)

“|Rn| hn(L+w)

Where a isthe absorption length and the reflectivity, R, of the air-semiconductor interface as a
function of theincident angleis given by:

_,m cosg; - Ny Cosq; | 2 (4.7.73)
Rre =( -
4 COSQ; + N, COSY
N, COSQ; - Ny CoSq (4.7.74)
RTM :( 2 | 1 t\2

N, COs(|; + Ny Cosq

with n, 9nq; = n; SNq;
with gj the incident angle, and g the transmitted angle. Rre isthe reflectivity if the

eectric fidd is pardld to the surface while Ry is the reflectivity if the magnetic fidd is
parald to the surface. Thereflectivity asafunction of g, for an ar-GaAsinterfaceis

shown in the figure below:
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Figure4.7.5 Angular dependencies of the reflectivity of an Air-to-GaAs interface
Induding drift, diffuson and recombination the responsivity becomes:
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The above expression can be used to calculate the current as a function of the gpplied voltage.
An example is shown below. Both the eectron and the hole current are plotted asis the tota



current. The difference between the dectron and hole current is due to the recombination of
carriers. For large voltages dl carriers generated are swept out yielding a saturation of the
photocurrent with gpplied voltage, whereas for small voltages around zero diffusion isfound to
be the dominant mechanism. Around zero voltsit istheratio of the trangt time to the diffusion
time, which determines the current. In the absence of veocity saturation both times depend on
the carrier mobility so that the ratio becomes independent of the carrier mohility. This causes the
I-V curvesto beidenticd for eectrons and holes in the absence of recombination.
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Figure4.7.6  Current - Voltage characterigtic of an MSM photodiode.

4.7.3.2.Pulseresponse of an MSM detector
The pulse response can be caculated by solving the time dependent continuity equation,
yidding:

| ph(t) = qALVa (1L-+R\3VL [1- &) ék Co[mye Xt + mpe-xkpt] (4.7.81)
with Cy given by:
C, = 200 (kp) 2[1- (- DX 91- (- pke2d] (4.7.82)
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where
g = Epuise (4.7.83)
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Figure4.7.7  Trandent behavior (Pulse energy, Epuise = 0.1 pJ, Va = 0.3V)

4.7.3.3.Equivalent circuit of an MSM detector.
The equivaent circuit of the diode conssts of the diode capacitance, C,, aparald resistance, Ry,
obtained from the dope of the |-V characteridtics a the operating voltage in pardld to the
photocurrent, | ,n, which is obtained by calculating the convolution of the impulse response and
the opticd input Sgndl. A parasitic seriesinductance, Lg, primarily due to the bond wire, and a
series resstance, R, are added to complete the equivaent circuit.
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Figure4.7.8  Equivdent circuit of an MSM detector




