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Figure 7.5: The responsivity curve of an ideal detector.
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Table 7.2: Important semiconductor systems for detectors.



Vaselus Rasua ’&z&n&t\ovw :

| Pude soux dx 2wy pw Dieds  (Seloww)

6)  Pholofuilungo dullelor

©  TITN Plaodukelele, NN
il 9y Lauwuaes dunel Guuchy f\»&\‘oo\x\t‘fe\»ow (APD)
o) Poote howsistoy |
£ Teloll - Halolller Delsetay (MM
eda) Plolofikung ots Diddebae | i

eicka duz | Pocllav o. &kmm\eﬂuu\«&\«gum‘;r&w

g 8\&’
GJ-C(]Llu~/J??°X

o\l y\Rus
M &Osw\ ot (&l &\K & \‘ = 6V+AG’$‘ e (L& (ug,*&“\ f'f Lpo S?H

1 Aa).ese(*“/uf ”:G’Je( S)
A A
\ - ‘&m\g‘ A= (6,4 60°)-F 1l = 1 ¢ S‘, f /,\f
EREEN Seb &
‘IL‘ .SL.A ‘e.g? (/u /,f')-\- A AgJ; S .
. . I .. 1 ¢ /—‘-A‘/“ft)

<~



- HH

oy 8‘\;&\&»\1 LL).&&' /L“;: = ”0; | /5&‘;’: '07“7 %51&@&&&@’\

R loban lebricchun Todun gt Qo

/Au.':%&é\ /..‘,: M(acb d.-& Qa“.\%\»wqe %wcﬁww&g\tu\w\;wm ,

O, x@ vo. Sy Teldsloner suid .

-

D Ploloshown  wud  dss bodlo 7 wswﬁk‘@é‘ ,/-‘gt NUUE \STPUvPR

Bbha ;w wadh U

IL_"QC (E—e) (A‘/:r)-AL
be /e

Digs s\ I do | Shuguufrviess Qx‘blh'&\’( %\-ot\xbw»

ot ) , ,
X = AIAIL

T
Dis | obur s ‘?\m&qs\—\sw, R &&L\ el Pooy ooufoch o Qn-du-u%
o Woulate! 2\,\;\&\ 7 V 7

D V\ué\axb% Hos o Mdmkﬁhtq K3s HesLhatlo

1‘9_._ .ﬁ:akw (AN ql«omvu'

: QWV.\A«#QM
nage

Vo o lewug efdRl, da dos o7 valrwalk duacts dos Sl
%,(.\ Qo es ve'eouaQusdsd
55‘ T—P %q:[s Uo.kb‘ 4& Q&WA zb ﬁ&(p V&;s‘c&"’b'a

i %cv-u Qig  AD®

S proot Gouiolbant  Aat o = Vemgrﬂ

wall| 28 =elual



®

A0

Pualoleibunasd erdabor

8? = 8\ - GL.'Cf

o6 s c‘e (/‘“§/")

-‘ . (‘Sd\' SL):

- (v‘.‘\ 60’)‘¥

Area=A IL‘ _\L.A= (-xv (/'“/'f)?A

(a) O e
3 I = c.GL-tP-(/-“*/-\.).A.'H
/\W~

Photoconductor

o

Ry, g Output voltage

/

Figure 7.12: (a) Geometry of a photoconductor of length L and area A. (b) A typical bias
circuit for a photodetector. Light causes a change in the resistance of the photoconductor. A
blocking capacitor may be used if only the ac signal is to be detected.

P .
g

()



P-N Dods

EioMendas Lt wilchar w dwv Vewaww PGS 0w W euises
P-w MU%W3 e -\ Raove u‘u»g&.@&se wosdeas, donach das

hewscends alalely. Tk %&vc\w\\r wah \«o.?:-\ . Slown bed

«— W —>|
f | L T :
| ;'Iilegl?i | / Murerilols \-m*c dh“uswus Q‘Lu%ﬂ

SR
I<—L,.—>: (€ L, —>|

n(x) p(x)

GL‘tp = excess carriers due
to light absorption

Pn

-« X' y ——

Figure 7.7: A schematic of a p-n diode and the minority carrier concentration in absence and
presence of light. The minority charge goes to zero at the depletion region edge due to the high
field which sweeps the charge away. The equilibrium minority charge is p, and n, in the n-

d p-sides, tively.
an p-sides, respecilively. . GL‘-‘\=Q‘NA

x

i v

I, = Ae [ o= Ae.G.W
o

. LY
I‘,L Ae Dy &e‘

= e.G\_.Le.A

xXz0

IuLaA.e.‘b“-clS_u\‘ c e. G‘_.Lu.A
dx

x‘to

~e. G (L‘,*L“«-N). A
M




o' volkou seln
PluoloLs\od\
) 4

R loxt Iext R L
o

i Ao O [ © '
Photovoltaic | Photoconductive
mode mode

Figure 7.8: The equivalent circuit of a photodiode. The device can be represented by a pho-
tocurrent source I feeding into a diode. The device’s internal characteristics are represented
by a shunt resistor R,s and a capacitor Cp. R, is the series resistance of the diode. In the
photovoltaic mode (used for solar cells and other devices) the diode is connected to a high
resistance Ry, while in the photoconductive mode (used for detectors) the diode is connected
to a load Rz and a power supply.




p Dahin B b
M ex\eyuay ol . «T—- 'TofLQ”‘f& \5—/{1 i \T
: e W vagak
T-T,+ 2 [A-mp § cWRINT ;
B - BV >0

Sotoe willie et Amendlug s Vewsiimg

a) % axlulon o eclous Qewwqw&\m

=0 = - Io'tuf (e,\’cm)-/‘l
w

1)

-cb .
: =T T
VI & | Y. 0 (Al

Quisr e 8 ( = )

Dex M\(Wo.\\ N Terrgy. A«A\%o»g ‘r’otx}é\;unas!r

L\ R ’e—%;bbc(J.o s - .

L~ T~ T

Al s Sy Vet O
P= T xV = T_V - I'.,‘[wg (:_:) ~A‘3

@ ‘ it

= __r“ = ‘L“““'V‘”‘
‘?Cou\l v X Aoo(fwcmﬂ . x 0o ‘wowd'
?W [V o
it
ToU fombev
Tw-v\vs




e

s S UG U b
. u.o-ug C

594 PHO10DETECTORS

14.1.4 n-i-p-i Superlattice Photoconductor [10, 11]

Recently, modulation doping in semiconductors has been introduced for
novel device applications. An interesting example is a GaAs doping superlat-
tice used as a photoconductor. For an extensive review of the compositional
and doping superlattices, see Refs. 10 and 11. Here we consider a GaAs
doped periodically n-type and p-type separated by intrinsic regions as shown
in Fig. 14.3a. The electric field profile E(z) can be obtained by noting that
dE(z)/dz = p(z) /e, where p(z) = +gNp, in the n-doped regions, —gN,, in
the p-doped regions, and zero in the intrinsic regions. Therefore, E(z)
is either a linear profile with a positive slope gN,/e in n regions, a neg-
ative slope —gN, /¢ in p regions, or a zero slope in the intrinsic regions
(Fig. 14.3b). The potential profile for the conduction band edge E.(z) =
—qe(z) = +qf~ E(z')dZz is the integral of the electric field profile and is
shown in Fig. 14.3c.

For an incident light with energy above the band gap, the photogenerated
carriers will fall to the band edge and will drift or diffuse to the valleys of

(a) Charge density p(z)

/
+qNp +Np +qNp
E E E E E
- T < 1 - —t
} } } } -

ni el petes R hp ki n

—qNy -GNy
(b) Electric field E(z)

e

(c) Energy band diagram

\

Figure 14.3. (a) The charge density profile due to ionized donors and acceptors in an n-i-p-i
doping superlattice using the depletion approximation. (b) The electric field profile due to the
charge distribution in (a). Notice that the electric field E = ZE(z) is alternating between positive
and negative directions. (c) The energy band diagram of the n-i-p-i superlattice. The photogener-
ated electron-hole pairs are separated in real space because of the band profiles.

142 p-n JUNCTION PHOTODIODES 595

each band, as shown in Fig. 14.3c. The electrons are separated from the holes
in real space, resulting in a very long recombination lifetime 7,. This
enhancement of a long lifetime has been found to be many orders of
magnitude larger than the bulk carrier lifetime. Since the photocurrent
response is proportional to G,7,, an extremely large responsivity using the
n-i-p-i superlattice as a photoconductor can be designed.

142 p-n JUNCTION PHOTODIODES [12-15]

Consider a p-n junction photodiode as shown in Fig. 14.4a. The charge
distribution p(x), the electric field E(x) and the potential energy profile
under the depletion approximation have been discussed in Chapter 2. Here
we investigate the photocurrent response if the diode is illuminated by a
uniform light intensity, described by a generation rate G(x, t), which is the
number of electron—hole pairs created per unit time per unit volume. Let us
focus on the » side of the diode.

The charge continuity equation is given by (2.4.2)

p, ap..io 150
= G(x,t) — ———J (x 14.2.1
3~ GEH = E e = () (142.)
(a) A p-n junction photodiode R
§5 58
p n
alll;
|
p(x)
(b) Charge density
+aNp
+
+
X, |+
x5 e
—qNy
. E(x) Figure 144. (a) A p-n junction diode under the
S e e T & illumination of a uniform light. (b) The charge

—Xp Xy X distribution p(x) under depletion approximation.
(c) The electric field E(x) obtained from Gauss’s

law.
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where p, = p,, + 8p, is the total hole concentration in the n region, p,, is
the hole concentration in the absence of any electric or optical injection, and
8p, is the excess hole concentration due to the external injections. The

minority (hole) current density in the quasi-neutral region (x > x,,) is domi-
nated by the diffusion component [12-14], as discussed in Chapter 2:

ap,
dax

J(x) = —aD, (14.2.2)

Since p,, is independent of x and ¢, we have at steady state, if G(x,t) = G,
is independent of x and ¢,

92 8p
SR 1423
DPaXZ pn Tp 0 ( )

The above equation can be solved by summing the homogeneous and
particular solutions:

8p,(x) = cie” T Lo 4 ¢y eI/l £ Gy (14.2.4)
-
homogeneous solution particular solution

where L, = ‘/Dpr is the diffusion length for holes. The particular solution

is due to the optical generation. If the »n region is very long, we can set
¢, = 0; otherwise, dp,(x = ®©) — +o, which is unphysical. We expect as
x — +o that 8p,(x) will approach G,7, = total photogenerated holes. At
x = x,, the hole concentration is pinned by the voltage bias V' with the
exponential dependence

Pu(X =x,) = p,oe®”/*eT (14.2.5)
if the Boltzmann statistics are assumed. Therefore, we obtain
Bp,(x,) = Poo(e?7*T - 1) (14.2.6)
and
5 (%) = | pule® "5 =1) Gy, le~ V5 % Gor, (14.2.7)

The current density J,(x) is

d
Jp(x) = —qug;Sp,,(x)

D
= 472 [ a7 ~ 1) = Gy, Je /e (1428)
, L2no

Va
142 p-n JUNCTION PH{J;ODIODES 597

We obtain Jp(x) at the boundary of the depletion region x, as

D
I(x,) = qL—”p,,O(qu/kaT ~1) — gG,L, (14.2.9)

p

where the first term is due only to the voltage bias, and the last term is due to
optical generation. We see that only that portion of the photogenerated holes
within a diffusion length L, away from the depletion boundary can diffuse
(and survive) to the depletion region and be swept across the depletion
region by the electric field and collected as the photocurrent by the external
circuits. This means that the majority of the carriers on the p side have to
supply this current immediately. A parallel (or dual) approach for the
electron current density at x = —x, gives

D"l
T{~%,) = QT npe(e®/MT — 1) ~ 4Gy, - (142.10)

n

The total current I is the sum of J,(x,) and J,(—x,) multiplied by the
cross-sectional area of the diode A:

I=A[J,(x,) +J,( =

= Ip(e?/*T — 1) — gAG,(L, + L,) (14.2.11)
where
D D,
I, =qA L—ppn0 + L_,,npo (14.2.12)

is the diode reverse current. The last term, —gAG(L, + L,), is the pho-
tocurrent of the diode, which is proportional to the generation rate of the
electron-hole pairs, G. The I-V curves of a photodiode with and without the
illumination of light are plotted in Fig. 14.5. When G, = 0, the diode reverse

G,=0

_IO
Dark current j_ 1,3V T1) —qAG, (L, +Ly)

With light

Al

Figure 14.5. The I-V curves of a photodiode with and without illumination.
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current —I, is the dark current, which is usually very small compared with
the photocurrent [, = —gAG,(L, + L,) under a reverse bias condition.
Therefore, the photocurrent is proportional to the generation rate G, which
is proportional to the incident optical power P,,.
The problems with the p-n junction photodiodes are as follows:

1. Optical absorption within the diffusion lengths L, and L, is very small,
that is, over narrow regions of L, and L, near the depletion region.
Since L, and L, are very small, the contributions of the photocurrents
are not effective.

2. The diffusion process is slow, which results in a slow photoresponse if
the optical intensity varies with time.

3. The junction capacitance C; is simply ¢4 /x,,, where x,, is the total

depletion width derived in (2.5.24) simplified for a homojunction diode
with e, = gy = &:

qe NN, 17
2(Vy— V) Np + N,

C =4

which can slow down the response by the RC; time delay. For example,
if A4 =(1 mm) ¢ =11.7gy, Np = 10" em~3 « N, for a p*-n photo-
diode, and —V = 10V > V,, we obtain C ; = 30 pF and the 3-dB cutoff
frequency f;,5 = 1/27RC;) = 100 MHz for R = 50 Q.

R; A Product [15]. A useful figure of merit for the p-n junction photodiodes
is the Ry A product. Since the photodiode is operated at zero-bias voltage in
many direct detection applications, the differential resistance at zero-bias
voltage R, multiplied by the junction area A is commonly used:

1.dI
RA) ™ =——
(Red) =~ =5

dJ

AT (14.2.14)

V=0

So far, we have derived the dark current I, contributed by the diffusion
processes in this section. Using (14.2.11) and (14.2.12), we obtain

(RoA)_l= g, Dp‘Po"' Dn”o
kgT \ L, V- J B
q° D,Np, D,N,
= +
k;The Lo &L
q q ’J'P “‘n
= —,/—= |Npy/ — + N4y — 2
n,2 kgT 2 T = T ) ety

(142.13)
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where we have used the relations p,o = Np/n}, n, =N, /n}, and the
Einstein relations D,/u, = D, /p, = kzT/q. The first term in (14.2.15) is
the contribution to 1/(R,A) from the diffusion current on the n side of the
photodiode, and the second term is from the diffusion current on the p side.
There can also be other contributions to R, A products, such as the genera-
tion—recombination current in the space-charge region, the surface leakage
current, and the interband tunneling current, which depend on the material
properties, device geometry, and surface conditions.

For a root-mean-square photon flux density ® (number of photons per
second per unit area) of monochromatic radiation at a wavelength A, we can
write the rms photocurrent

i, =qn®A4 =qn—

(14.2.16)
where A is the photodetector illumination area, ® = P, /(hvA), P, is the
root-mean-square input optical power at A (P, = p,. = mP,, / V2), and 7 is
the quantum efficiency of the photodiode including the effects of the internal
quantum efficiency, the reflection, and the absorption depth. The current
responsivity is therefore

p

q
R,=—=n9— 14247
A P, n A ( )

The signal-to-noise ratio S/N (current) is

X 'y R (14.2.18)
N Syl e o
The detectivity for the above S/N is defined as
' R,JAA
D} = Suddbs (Hz)"/? /W (14.2.19)
V<

For a photodiode at thermal equilibrium (i.e., no externally applied voltage
and no illumination of light), the thermal noise depends on the zero bias
resistance R, using (14.1.59):

4kgT A
(i2) = —— ! (14.2.20)
RO




600 Pl-( +ODETECTORS

When not in thermal equilibrium, the I-V curve is

I(V) = L(e@/%D — 1) ¥ e (14.2.21)
I, =qndpA (14.2.22)

where @, is the photon flux density due to the background radiation. The
mean-squared shot noise current has contributions from three additive terms
[15]: (1) a forward current, which depends on voltage, I, exp(qVy /kpT), (2) a
reverse diode saturation current, and (3) the background radiation induced
photocurrent. Since these shot noise currents fluctuate independently, the
total mean-squared shot noise current is

(i2) = 2q(1e®7*sT Af + I, Af + I, Af) (14.2.23)

At an operation voltage V = 0, R;' = (d1/dV),_, = ql, /kT and (14.2.23)
can be written as

T

(i2y = ( +2g’nDuA| Af (14.2.24)

0

The detectivity at zero bias voltage is then obtained from (14.2.19)

an 1
D¥ = (—) (14.2.25)
"\ ] [(4k,T/RyA) + 2970®,]""?

For a thermally limited case, i.e., when the thermal noise is dominant over
the background radiation induced signal and other noises, we have

qn | RyA
Dfizs—i s s 9

which relates the R, A product to the thermally limited detectivity. If the
photodiode is background radiation limited, which means that the back-
ground radiation-induced photocurrent is dominant, we have

i
(DY)pLip = wY 29, (14.2.27)

which is the detectivity of the background limited infrared photodetector
(BLIP).
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143 p-i-n PHOTODIODES [8]
To enhance the responsivity of the photodiode, an intrinsic region used as
the major absorption layer is added (Fig. 14.6a). For a light injected from the

p™ side with an optical power intensity I, (W/cm?), the generation rate is

I t
G(x)=(1 —R)n,.( hz )ae“” (14.3.1)

The optical power intensity /,, is the incident optical power P, divided by
the area A (I, = P,, /A). Note that the total injected number of electrons

® Ilh x=0 x=W

Optical p* i ‘n
power %RL

®) AP(X) +qNp ¥
Q + > X
U w
-GNy
X
© pEC= J o0 axre
2 W >x
\! i/
1 1
X
@ 2000 =- [ Ex) dx’
L ;
P i
0 W e

" _\—
_—H\LE_Ec(x) =-qé(x) + Const.
M——E,(x) = E(0- E,

® G(x) = Optical generation rate
=0y w Go = M; Iype(1-R)/hv

[ > X

Figure 14.6. (a) A p-i-n photodiode under optical illumination from the p™* side, (b) the charge
density p(x) under depletion approximation, (c) the static electric field profile E(x),
(d) the electrostatic potential ¢(x), (e) the conduction and valence band edge profiles, and (f)
the optical generation rate G(x).
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Carriers are collected
from the depletion region

Figure 7.14: A cross-section and energy band profile of a p-i-n detector structure. Carriers
generated in the depletion region are collected and contribute to the current. If the intrinsic
region is thick, the photocurrent is dominated by carriers collected from the depletion region
since the carriers generated in the neutral regions contribute a smaller fraction of photocurrent.
Since the photocurrent is dominated by the prompt photocurrent, the device response is fast.
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Depletion Width (um)
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Figure 7.15: a) The 3dB frequency and quantum efficiency tradeoffs in a silicon detector.
Results are shown for several wavelengths. b) The high frequency-quantum efficiency tradeofts
in Ing s3Gao. 47 As and Ge detectors for 1.55 um radiation.
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* High gain is available.
* Device speed is poor.

* High dark current is present.

» Low dark current === low noise.
* High speed operation.

* No internal gain.

* High internal gain is possible.
» For high speed, base current is needed so that
the dark current is high.

* High gain is available.
* Random multiplication noise can be large,

unless Oy, >> Bimp OF Bipmp >> iy,

* Voltage and temperature stability is essential.

Figure 6.18: A comparison of the advantages and disadvantages of various detectors. The
p-i-n and APD devices are chosen for high-speed applications. An amplifier is used in the
receiver circuit.



Avalanche photodetector, APD

* A reverse biased junction where electric
fields are so high as to cause carrier
multiplication.

* By proper device design, gain of up to 100
can be achieved.

* The device is, however, not fast and is quite

noisy.

Phototransistor

* A detector based upon bipolar transistor
technology.

* Current due to carriers generated in the
base can be amplified to produce a high gain
detector.

Metal-semiconductor detector

Table 6.3: Summary table

» A high performance detector that uses a
Schottky barrier to sweep the e-h pairs to
generate photocurrent.

* The device is simple to fabricate and to
integl:ate with other devices.
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* A p-n diode operated with no external bias.

Solar cell

*Presence of optical intensity creates an
output voltage and current which can be

used to convert photons to electrical power.

* A simple n-i-n (or p-i-p) detector in which
the conductivity changes when light is
incident.

Photoconductive detector

*The detector can have high gain if the
recombination time is larger than the
transit time. This allows an electron to

go around the circuit several times before
recombining with a hole.

* A reverse biased p-i-n detector.

E-z‘-n detector

* The device has high speed, although it has
no gain.
» Carriers generated in the i-region are

collected very efficiently to provide a high
performance detector.

Table 6.2: Summary table



Shot noise in a detector

'3
:
B

Noise produced as a result of the discrete
nature of electrons and photons.

The random distribution of the particles
produce the noise.

The minimum optical power needed to

Noise Equivalent Power (NEP)

produce a photocurrent equal to the noise

current of the detector.

Detectivity (D,D*)

Detectivity (D) is defined as the inverse of the

NEP. D* is defined as D(A[%”z where A is the
device area and f 1s the bandwidth.

Charge coupled devices

Table 6.4: Summary table

| An array of MOS and MIS capacitors used to

image an optical scene by transferring
packets of charges sequentially.
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* Process by which a photon creates e-h pairs
in semiconductors.

Optical absorption in semiconductors

* The process can involve an electron moving
from a valence band to conduction band OR
from valence band to an impurity level in
the bandgap.

In band to band absorption the photon
energy must be larger than the bandgap
to allow optical absorption.

Cutoff wavelength for absorption

Responsivity, R The ratio of the photocurrent to the optical
power impinging upon the semiconductor.

| Tells us what fraction of photons result in

Quantum efficiency, 1
e-h pairs collected at the contacts.

Table 6.1: Summary table



Verstiarkung "G" Ansprechzeit/s
Fotoleiter 1 - 108 W » 1070
Sperrschichtfoto-
detektogen -8 -10
PN- 1 10 - 10
PIN- " 1 107° - 1917
Ms- " 1 10712
Hetero- " 1 10712
MIS~ " 1 1078
Lawinenfotodioden <10? 1078 _ 10~10
Fototransistor <10? 1076 _ 1078
Fotothyristor <102 1076

Tafel 3.4 Beispiele von Verstdrkung und Ansprechzeiten typischer

Fotodetektoren
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Established GaAs or InP based
technologies can be used to produce
high yield devices.

Narrow bandgap materials are
"soft" and difficult to process
—{> Device yield is poor.

Dark current can be low at low Dark current is usually high, since
temperatures, since an undoped there are free carriers in the
material is used in the active region. quantum well regions.

In the conduction band, quantum
wells, vertical incident light is not
absorbed. Mirrors have to be used or
valence band quantum wells have to
be used.

Vertical imaging can be done.

It is difficult to fabricate tunable Tunability can be achieved by

detectors.

altering the well width.

Figure 7.24: A comparison of band to band absorption detectors and quantum well intersubband
detectors for long wavelength detectors



Tt An Smiportast application of detectors is ju ihe ares of the detection of fong

wavelength yadiation {4 ranging from 5-20pm). If 2 direct band o band transition is
to be used for such detectors, the bandgap of the materal has to be very small. An
wnportant material aysters in which the bandgap con be tailored from: § to 1.5 €V is the
HaOd'Te slloy {see Figs. 7.2 and 7.6). The systern is widely need for thermml imagiog

et

oght vision applications, ete. However, ibe small baodgap HgldTe ie a very “scfi”

Ale

material which s very diffienit to process. Thus the device vield is cather poor.

In Fig. 7.23, we show

SBapier 4,
Section 1.8, whes a pholon with esergy equal to the intersubband separation impinges
upos e quantam well, the Bght is absorbed and ihe groond state electyon is scabtered
yubo the exeibad state.

For the sheoeption process to produce ax slectrical signal, poe sl bave the
tollowing conditions satished:

1) the ground state electrons should not produce a current. If this is not satisfied,
there will be & high dark current in the detector. The electzons in the ground state carry
current by therroionic smission over the band discontinuity. Al low temperatores ihis
prouess can be snppressed.

6} 1 shoold be possible to exdraci the excited state electrons from the quantom
well sa that a signal can be prodoced. 1he sxoited elsctron siate shonld, therefore, te
desigred o be nesr the lop of the goanino well barrisr, so that the excided slestrons
can be extracted wiith sase by an appled slectnie feld.

I Chapier 4, Section 4.8, we had seen ihat absocption eoefficmnis for the
iniersubband transitions can appreach 107 am™? Thus s secies of roultiquaninm wells
with an effective width of ~ 1.0 ym can be used for officient detection of light. Alsa, it
ig possible fa

We had discussed in Chapter 4 that for ibe condocidon baxd anantnny well
in which the central cell synunetry of the states © pure s-type, the light is absorbed
obly if it is incidest z-pclapized. Here 2 &6 the quantun well growth direciion. Thas,
for vertieal jocidence, there i no absorption. This s an figportant drawback for such
detecions. {Yne way Lo pvercorne this problem is to wse etehed nurrors on the moface to
reflect vertieslly incident light ao that if has a c-polarizaiion. Another way to aveid thiy
iz 1o use the intersubband transitions in the valencs band where, die2 to the mixed nature
of the HH and LH states, the z-polanzatios mde is not valid, However, the poor hole
Lransport properties and the difficudty in reducing the dark current reduce the detecior
perforrpance. bu Fig. 7.24, we show & comparison of the band 1o band and jotersubland

de\(o\ovs DV Qb\% ATRY S N (Q,\a%kl\. &Q\(C‘r\b\s
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Figure 7.23: (a) A schematic of the electron wavefunction in the ground state and the excited
state. The photon causes transitions to the excited state from where the electrons are collected
as shown in (b).



Tesa

A

¥ An extremely opcoriant class of photodetestors involves the wse of a Schotthy
barrier yeoidneed beiween s metal and 2 hightly doped semiconducior, We have discussed
ihe workings of the Schotiky barrier in Chapter §. As discussed in that chapter, we had
seen that f the Schottky barrier device ia that

o

Fig. 7.21»

we show a devise which 16 a sinple roesa steacture with an n' layer on 3 serot-tnsdating
- N s e o e e

substrate. The active absorbing layer is lghtly doped (N ~ 19*® on™?) and & thin

sernitransparent metal laver is deposited on i, The metal il is thick enough to ailow
the Sehottky bactter formation {~300-400 A tad thin enongh to allow bghd o pass
through. Por lagh performance the metal Gl is coated with dielectnie ‘atxti-:xfcﬁgcti:mf
costings and the device avea is kept as small as 107" cm? (~60 wm diameter mesa
diodes}.

The band profile of the Schottky barser diode is shown in Fig. 7.21b slosg. Alw
shown are the Schottky barrier height edi, aud the poterdial drop asross the barner
When light impinges spon ibe diwode, the dicde can respond in two important reghnes:

In thds sase, olectrons can be excited in the yoeiad barner in
aversome the Schottky barrier height. Az z resuli, a pholocartent will flow in the device,
Thie coreent will add to the dark current in the reverse bias diode.

n this case, e-H paira will be created in the seraiconductor. s o
the sase of ibe photodiode, the carriers gexerated in the depletion region will be swept
oot to prodice photocurrent.

A seennd elass of metal semiconductor detestors is the
in which two Schottky barriers are placed in & planar gearned:
dose (o each othee. In actual design the approach nsed is the interdigitated scheme
shawe in Fig. 7.22a. The spacing between the fogers is ~1-b pm so that whes a bias is
applied between the contacts, the region between the fingers can be completely depleted.

As seen in Fig. 7.92b, when s biss is applied across the fingers, cne mociion
hecomes reverss biased, while the ather one becomes forward bissed. However, since the
vermieonducter is depletad; the carrent in the forward biased junction is not the wsusl
gl electron forwsed biss current. Instead, the dark current in the forward biased
sunstion e dus e the hole current injected frarn the metal over the barrier e,
shown i Fig. 7.22b. As a result,

As disonssed

where A and A are the eleciron and hole offective Richardson constanis. The dack
cnrreni deneity s osually higher than that achievable in p-i-n diodes for resscns dis
enssed 1o Chapter 6. However, sufficienily low dark currerd can be achieved for muost
applications.

The MSM detectors are fonnd o have internal gaix, ofter 3t even low applicd
hiases whers impact tonigalion cannot accur. This seggests the possibility of photo-
conductive guin enhanced by traps which may capture and re-emit either slactrons or
hofes, MSM diodes have been fabricated in both (GaAs and InGaAs systems. Thus thess
devices can be applicable i both Jocal area nstworks and long hasl carmomsicaiion
eystems, It 5 also boportast to point el ibat MSM detectors are very attractive for
OPIC applications.

o
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Figure 7.22: (a) A schematic of the MSM detector using interdigitated Schottky fingers. (b)
Band profile of the MSM photodiode under an applied bias.
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Figure 7.21: (a) A schematic of the Schottky barrier detector. (b) The band profile of the
detector. Vj; is the built-in voltage and V is the applied bias.
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~ While the ARD discussed above provides very high gain detection, it is an inber-
sutly high sciwe device due to the randorn nature of the carrier multiplication grocess.
Another devies which can produss gain and fanciion as a detecter s the bipalar |
sistor The phototraosistor, ihe name for the bipalar device wsed for optical detection,
ue te the trassistor action. The device 1s slso a avies
whes carapared o zo APDL

The bipolar lransislor is essentielly a device with twa coupled pon diodes, as
shown e Fig, 7,800, The n-p-n traasistor s discussed in Appendwr D, whers we present
the nudeslying operghion principles of curvent goan and transwstor action. Ju this subssc-
fien, we will wac the resubls dervived in Appendir D lo understand how the pholotrimastor

> P $
WoTks.

When a bipolar device is binsed in ibe {erward active gode {Le., the egitiar

sase junciion {EBIY s forward iased and the base-collector junction (B3} & reverse
Blased}, the band profile has the form shown n Fig. 7.20L. Normally, 1 a bipolay
trapsistor, the umjection of a suoall base current causes a sma!l change in the i‘urwafg‘
bias actoss ihe B ssing 4 large injection of current in the furwan Tinsed } jonction.
ft : width is small and the base is of high quality, essentially all of this current
; ﬁ‘, $51 thc cdiectexei{‘!gz current gam. fined as the ratic of the collector and
bw currem can ba guite ligh {sce Bxampie 7.107.

{cfien there is no base contact on the photoiranststor},
aghit shining oo the device creaics g.lu.t.mn—hok pairs. These pars are pe
throgghout Lhe devire, aithough 1o an HBT, the evadier can be yoade of & Iayer barvdgap
material and hence, (if,"c-lgfl(:"d ta be transparest.

The phototransistor doping levels are designed so that the EB} depletion width:
is quite small, while the B depletion width e large, so that the optical sigoal is
absothed prioartly in the BOJ depletion region. This also requires a small width for 1be
base, The photopenarated fioles in the BOY depletion region provide the base current, as
shown in Pig 7.20b. The fraction of the photon cnreent absorbed 1o the BOE deplelion
region is

s (BOT)

= enp {(~oWh ) [l ~ cap (~aWaos)i
Iph“'} i )

,.-\
~d
“
3

where 1 is the guantum efficiency of the matenal {n ~ 1 for 2 high quality nmteniai}

bu 8




the serond term is the logs enfferad by absorption in the neutral base; aud the third
teeen {n the hrackets) is the absorption tn the depleiion region of width Waey.

3 the phototransistor e designed so thai Wiy, is so small that ezp {(—aWi, ) ~ 1

and the vaiue of Wee s large,

2 Ln(BCD) % 9l (D)
VN

—
~1
-

3
=

In this case, essentially all of the opiical signal provides 3 base current, sinse
the bigh field io the BCJ depletion region injects the holes generated in that region juto

the base. The optical gain of the device is then (I = eln(BJ}}

% nfe ¥
e o 00 s niomsets - nif
X Rk il P

{7.74)

whare 2 is the current gain of the device. The dependence of § on the device pararpeinrs
is discussed in Appendix I3 {ses also Exarople 7.1}

"The phototransstor does not have a very goed bigh frequency response due to,

the very large capacitance sssocinied with the base-eollector junction, However, it Sods
fmportant uses due to ud

Fhototransistors can be desigoed using heterojunction bipolar traosistors. Ag
dissussed in Appendix D, heterojuanclions allow one to achisve very high emitter offi-

ciencies axd yel achieve low bese resistance. Thas, both gain speed snd device spead
are unproved,
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Figure 7.19: The avalanche build-up process shown as a function of time. (a) Only electrons are
causing the carrier multiplication. (b) Both electrons and holes are causing the multiplication.
(After J. Gowar, Optical Communication Systems, Prentice-Hall, Englewood Cliffs, New Jersey
(1989).)
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The oversil device response tiroe is then {defining Simg /dimp = 5
,oox §8 0, + Mk H”wa! Wans + .ﬁ’ymml (?71}

vy{e)

‘-‘s(h)

It s Buporiant o note that for Jarge moliiplicaiion values. the prodace 'g— s 4

constant. The gain-bandwidih product thus reypains a constant for a device with farpe

miitiplication. This nutcome is similar to that ohserved in the case of phatoronductors
——— e 5 o o S

as well, Thus, if ose wante a very ligh detectividy for very weak optics signals, one
bas to sacedice the desice speed. Another oportsst concluswu from the Lagn. 7.71

i that gain-bandwidth praduct can be oplinseed by choosing s materisl systemy with

- N, A
Egmg A7 .dzmp-
s L & ame ms wan

EXAMPLE 7.8 Constder a tvpical avalkenche phatodivde with the following parameters

jncident optical power, Fop- b = 50 mW

Eficiency, Betet = 8%

Cprical frequency, v = 4.5 % 1% Ha
cenkdows voliage, Vg = 35V

Diode vedinge, vV = 3V

Tlark onreeat, & = 10 wd

Parameter 0° for the maltiphication = 2

Assnie that the senes resistance ix sepligible, Uslonjate the o) muitiplication facton
b} phoien flux; ¢} photocurrens.

a} The multipdication fastor from Fige, 7.67 is

{ Fq 21~
Y P ¢ } = 18.67
'L \ oked )

t} The photon flux is

Popd _ (50 x 167 %)

Ay {6.628 w 1073 J5){4.5 v 1€ He}
= 1.68 w107 5

1;\);,

e} The upmultiphied photocurrent is

-1

T = eqguedpn = (L6 107" O3 x 10V o)
24.316 mA

The wultiplied photocnerent i

Mo iy = {3418 mAN16.67) = 0.4 A

./"

b

=D Si -daleledes
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Higure 7.38: A schamatic cross-section of 2 back luminated JuGaAs/InP avalsache photodicde,
D fo the short shaorplion region, tn the divent gap semiconduciors, one vas have the same
regaon {or Riworption and avalanche processes.

the carriers are moving with saturation velocity and the current is suxiply proportional
t the number of eleciromns and holes, The electron current has a spatial increment given
by

| 80, = s0impde + inBimpda (7.53)

where the fivst terrn s the contribution to excess electrons due to the electyon current
aver @ distance de aud the second term i3 due to the sxosss elecirany due (¢ the hole
currend. We thus have

da'; = {eUmp + iaBimp {7.54}

A similar equation exists for the hole current derivative. Even though both the
clestron and hole current chaage with spatial posilion, the total corrent is constant aver
the device

§ = (2} + daix) = constand {

.
~3

53}
Lei us consider a case where we have an avalaoche region extending from » = 6 io
= Woand at » = W, ooly electrons are injected. Thus we have

WW)=0. (Wy=] (7.56)
Expressing 4 {x} in terous of ¢,{») and 1 by using Eqn. 7.55, we get {rom Eqn. 7.54
dig{x} - ) .
G iy = Bmp}int2) = Bisp 1 (7.57)
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This equaton s of the fors

B 5 By iy 7.58
=+ Py= 758}
dz '

and has a slandard solution given by

s e x P o & “ 3
{0} + _,{;5 ."j;mpi cxy {‘“‘ _f(, (Q'imp = ."ﬁm;-}‘-fmf ! dz

2P {“” j;;(aimp - _ﬁx‘mp}dl’f}

¥
>3
wr
=

fe{2} =

The multiplication facior for the deviee can be defined by the refation

r s .ﬂ/\
m{ - .....’...... o l'—‘{ ')'
0 T 4.{0)

(7,60}

Lo, the ratio of the glectron enrrent logected 3t © = § aod the total cuwrrent in the

device, We get

50 AN . ceery W e . -. :
A Ig (0,’ 4 !c{"‘" } ‘,’n ,d!'mp cap {"" f(; (C"imp e .’}iﬂzp }dfl‘l} [+RY
Ny 22 = =

5 \ W K -
3s(0) exp {"" f(, (ﬂ't’m;v el imp)dz}
Using starsdard solutions for the integral

W ¥ { r %
6 UEARES / (i)’imp b f;‘;mf,}dx N / ((limp"'!i im;.\} cTp 1‘/ {(hgm;_. ;'3{_«,;» }K}JI} t‘iz
0 Bl I :

(7.82}
we get

1
M = o (7.63}

r & p 3
g e }o imp €$}?{~ ._go {.Q’imp - .’-"?s'mp}dz)}di’

The sendition for breakdown is when M, — w0, i.e., when

W p3
/ Gimyp emp{ / {€x€’7ip ﬁim?'/"d‘tl}dx = {7.64}
(4

L

It the avalanche process v taking nnder & uniform eleciric fiebl, the values of

Nivap, Fimg Bave 1o spaiind dependence and we have

1

- R P
f- Rirey .;o EXPL A By Flg:".'.fs_v yatdz

M, =

e P T
57 i : § {7.65)
s seaseensedetoifecreere . @ - . - VIESYG 730

} Xeyeyp ﬂimx il e'xpl ("‘!mp ,’?sm»}?; };

WW

2{74‘)
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I 2uggp and Jigp are the same, we stroply get

-~
=t
o
<

Naar

The values of M. {or M) that cau be oblained in real devices are limited by
other processes that may ocour ab high felds, especially in sarrow basdgap seigicon-
dociors, For example, tunmeling current due (o band to band tunseliog limits 8 1o 10
in detection wwing Ins ssf3ac g7 A% material.

In an experunental setuyp, two Jactors related to cirenid pararseiers Jnut the
P i

muitipiication fevel reached. {ne is the series resistance B, between the junction and

the dicds ternunals. The second factor comes fom the fact thet onee mulliploaiion

siarts, the device temperaiare increases and this rednees dypg and Gimy and thus Boe

tts MMy} In s diode with a breskdown voltage Vg, the experivoentally observed
itiplication factor can be fitted to the following relation:

where x s a parameter depending upon the device design, K is an offective resisience
which inciudes the sories resistance Ry and any thermsd effects. V s ibe applhed bias.

7.7.2 APD Bandwidth

A key sttraction of the APD’s is the bigh gain that can be schisved in the device, Thus
ihe device w spttable for detection of very low phaton inteumiies, However, » priee hos
i be gaid io terms of the device bandwidib and voise. In an APD havieg the goueral
esfignration of Fig. 7.17, the device response 6 braited by three Boporiaot Livves:

i} the tyansit time across the absorbing region

{7.68)

ik

8} the tne requived for the avalanche process to develop, 4.

i) the transit time for the holes generated during the avalanche proeess to
LRBEOL through the absorbing region back Lo the pregion.

(22
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Figure 7.19. The avalanche build-up process shows as 3 function of tme. {2} Only electyons axe
cansing the carvisr multiphcation. {b) Both slectrons and holes are cansing the multiphcation.
{ After 1. Gowar, Optical Communication Systems, Prentive Hall, Brglewnod Chiffs, New Inrsey
{1989).}

The svalanche delay time 14 depends upon the value of @imp /Bimy. I 04y 3
Bump. just s single pass of the electrons across We.n gemerates the eutire avalanche

process as shown in Fig. 7.19. However, for a general timp/ Binp tatic, the delay time is

M ﬁimp W,

ty =
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Figure 7.18: A schematic cross-section of a back illuminated InGaAs/InP avalanche photodiode.
Due to the short absorption region, in the direct gap semiconductors, one can have the same
r_e@n for absorption and avalanche processes.
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Figure 7.17: (a) A schematic of the reach through APD. (b) The cross-section of the APD

showing the regions for absorption and avalanching. In the structure shown, the electrons are
responsible for starting the multiplication process. (c) The electric field profile in the APD
structure. The strong field at the ntp junction causes the avalanche process.
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Fignre B.3: lonization rates for slectrons and holes at 300 K versus reciprocal electrie Held for
Ce, S, Gads, InsxaGager and inP. (85, Ge resunits are after S M. S2¢. Physics af Semdcondne-
tor Devices, Joln Wiley and Sons {(1931); (P, GaAs, [uGaAs results are after G. Stillman,
Fropestics of Lutiice Matched and Strained Indium Gallium Arsenide, ed. P. Bhattacharys,

INSPEC, London {1983).
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Figure B.2: Velocity-Field relations for several semicorductors at 200 K.
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Figure 7.16: (a) A schematic of a reverse biased p-n junction. The electron A has an energy
greater than the bandgap of the semiconductor. (b) A “hot” electron in the conduction band
interacts with an electron in the valence band to generate two electrons and a hole, as shown.
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Figure 7.20: (a) A schematic of the phototransistor. (b) Band diagram of the phototransistor
which is in the open base mode. Holes generated in the reverse biased base-collector junction
region provide a base current signal which causes the electrons to be injected from the emitter.
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