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Demands placed on laser linewidth

by various communication systems

Local area networks using * 20-30 A quite adequate
single A
« for some applications, 200-300 A

(LED output) can be adequate

Long distance networks

* 1-2 A if repeater spacings are to
using single A

approach ~100 km

* need DFB lasers

Multi-A (WDM) systems |+ 1-2 A for ~20 different wavelengths
communication

,Tolhor A%00 - 40 ¥

k
Coherent detection schemes » KHz to MHz linewidths are needed
1 A =12.5 GHz at 1.55 m)

Figure 11.15: Important linewidth requirements for various optical communication schemes.




Factors controlling the
spectral output of a lmr

Quality of the e.vi% ' ¢ How many modes are present ln the
—Fabry-Perot, DFB, SEL... ~ | output

* Envelope of the output

Electronic properties of the active OHOWdoesthereﬁtcﬁvelnde:;' (real

regio n—qnantumwell,quanmm and imaginary) change with e-h .

wlne... number—effect of spontaneous . .
v'_,{‘;"‘ l‘°°°m. bination ‘» 3

‘Modulation schemé unployed-hrge'

 Envelope function of the output may
bmmmgﬁﬁ of
multiple modes "

Figure 11.16: A list of important factors cqntgoling the ﬁneyvidfh of semiconductor laser dutpnt.
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Gain (cm'!)

gg(th)
n

Figure 11.17: (a) The gain g(hw) of a semiconductor laser as a furc*
(b) The value of the change in the gain as the carrier density is ca... .

Lasing energy

I Cavity loss
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Change in Refractive Index

(c)

the real and imaginary part of the refractive index.
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Figure 11.5. A plot on the complex optical electric field [29} E(¢) = \/RSexp[izﬁ(l)] domain

showing that its magnitude V7 and phase ¢ can be changed by the spontaneous emission of 2
photon (magnitude is one since the intensity / has been normalized to represent the photon
number in the cavity) with a phase change A¢'.
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Figure 11.6. Semiconductor laser linewidth versus inverse power at three temperatures exhibit-
ing the linear behavior. (After Ref. 33.) The magnitude of the large linewidth was explained [29]
using the correction factor 1 + aﬁ with @, = 5 at room temperature.
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e 4 MQW tensile strain
10 “”o.aGaOJ As)

o 4 MQW compressive
8 |- strain ('no_eGao'z As)

e

o ——d

Linewidth enhancement factor
o
|

0
1400 1450 1500 1550 1600
Wavelength (nm) —

Figure 11.7. The linewidth enhancement factor @, vs. wavelength of two types of strained
MQW lasers. The lasing wavelength is indicated by the arrows. (After Ref. 14.)
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Figure 15-20 (a) A theoretical plot of the carrier density modulation n, as a
function of the current modulation frequency w,,. (b) (1) A scanning Fabry-Perot
spectrum of a GalnAsP (A = 1.31 um) DFB laser with no current modulation. (2)
The spectrum of the same laser when the current is modulated at f,, = 550 MHz,
horiz. scale = 1| GHz/div. (Courtesy of H. Blauvelt, P. C. Chen, and N. Kwong

of ORTEL Corporation, Alhambra, California)
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Fig. 6.19 Time-averaged power spectra of a 1.3-um InGaAsP laser under sinusoidal modulation
at 100 MHz. Spectrum broadens with an increase in the modulation current due to frequency
chirping. The horizontal scale is 0.5 A per division. (After Ref. 116)




- Large signal switching of a laser When a laser is switched from below
threshold to above threshold, there is a time
delay in the photon output followed by

; relaxation

oscillations. Up to 10 ns elapse
before the photon output stabilizes.

: Smllsigml moc'luhtion of a laser Small signal modulation can have cutoff
' - : oot frequencies as high as 40 GHz. The response
is improved by biasing the device at high
power, using a low threshold device and

using a material with high differential gain.

Gain compression effects ' At very large biasing, the fast e-h
: ; Ll recombination at the lasing mode causes a

hole to burn in the distribution function.
This reduces the gain of the device and
affects the small signal modulation response.

Pulse code modulation of lasers The laser output is not very faithful to the
input signal. The output spectra can be
broadened and the output frequency limits

are lower than the small signal limits.

Extrinsic effects on laser modulation * For high speed modulation, a laser has to
be biased at a very high photon density.
Heating and damage limit how high this bias

point can be.

« Parasitics have to be carefully reduced for
high speed lasers. :

Linewidth of lasers « In multimode lasers (Fabry-Perot), the
laser linewidth is controlled by the envelope
function of the output. The linewidth is
~10A in such lasers.

« In single mode lasers (DFB), the linewidth
is controlled by phase and intensity
fluctuations due to spontaneous emission.
Linewidth of a few MHz can be achieved
without any external cavities.




ADVANCES IN
SEMICONDUCTOR LASERS

OEIC Transmitters:

bandgap lasers;
nSe, ZnTe, ZnS, GaN, Integration of laser with

FET, HBTs

Figure 11.19: Advances in laser technology are being driven by the motivations outlined in this
figure.
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P- GaAlAs

Active region
§i0y-_ 2%

n- GaAlAs
p- GaAlAs

n* - GaAs
n- GaAs
SI- GaAs

Figure 15-21 A GaAs n-channel field-effect transistor integrated monolithically with
a buried heterostructure GaAs/GaAlAs laser. The application of a gate voltage is
used to control the bias current of the laser. This voltage can oscillate and
modulate the light at frequencies > 10 GHz. (After Reference [31].)
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. p- GaAs

- p- GaAlAs
n- GaAs
n- GaAlAs
n- GaAs
SI - GaAs
Light signal
(amplified)
out

Figure 15-22 A monolithically integrated optoelectronic repeater containing a
detector, transistor current source, a FET amplifier, and a laser on a single crystal
GaAs substrate. (After Reference [32].)




Zero-gap Single mode
directional coupler output ports
Ak switch e

Single mode . 7
parallel 3 = /ﬁ/ /

o
.

.

mput port .
P-layers Partially
“~— transmitting
front Bragg section
o T~ MQW gain section
—- T — .
% ~—— Phase section
P = ikl o o High reflector
__'—’:_M\ g
14 3 t
5T n-lnM L back Bragg section
/ 7T~~~ Semi-insulating layers
!) ~
Buried rib Semi-insulating blocked
semi-insulating-clad buried heterostructure
passive guide MQW-DBR waveguide

Figure 15-23 A monolithic circuit containing a tunable muitisection InGaAsP/InP
1.55 um laser employing multiquantum well gain section, a passive waveguide for
an external input optical wave, and a directional coupler switch for combining the
laser output field and that of the external input at the output ports. (After
Reference [34].)




Amplifier electrode —_

Passive
waveguide s p AR
combiner / [ coating
\
P-layers

Laser-3
Laser-2

Laser-1 P-layees
ey | blocking layers
QW stack ~t 1.3Q waveguide

n-InP  substrate ~== HR coating

Figure 15-24 An optoelectronic integrated circuit composed of three ~1.5 um
InGaAs/InP distributed feedback lasers each tuned to a slightly different
wavelength. The three wavelengths are fed into a single waveguide and amplified
in a single amplifying section. (After Reference [35].)
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Figure 7.5: The responsivity curve of an ideal detector.
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InGaAsP
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GaAs

(Eg =1.43 eV)

Table 7.2: Important semiconductor systems for detectors.
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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) =
—qp(z) = +qf% E(z')dZ’ 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)
'}

+Np +Np +qNp
E E E E E
1T -— w1t |
4 I I ! e

z

n i|lpli n i f) i n

-GNy =GNy
(b) Electric field E(z)
)

B

(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 _G i D TN (14.2.1)
=G(x,t) — — ] (% 2.
at (2,0 T, qix ?
(a) A p-n junction photodiode R
§8 ¥
P n
1!
il
X
(b) Charge density Bt
Np
+
+
X, |+
Xp =t
—qNy
. E(x) Figure 144. (a) A p-n junction diode under the
e Peeitail T illumination of a uniform light. (b) The charge

Y

—Xp Xp 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,
J,(x) = —gD,

14.2.2
? ax ( )

Since p,, is independent of x and ¢, we have at steady state, if G(x,1) = G,
is independent of x and ¢,

9? 3p,
D,—8p, = == = -G, (14.2.3)

P
ax 5

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

8p,(x) = cje" /Lo 4 ¢, ¥/ Lp 4 Gy, (14.2.4)
g S
homogeneous solution particular solution

where L, = ‘/Dpfp 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, §p,(x = ©) = +oo, which is unphysical. We expect as
x — +o that §p,(x) will approach G, = total photogenerated holes. At
x = x,, the hole concentration is pinned by the voltage bias V' with the
exponential dependence

plx=x,)=pae? /st (14.2.5)
if the Boltzmann statistics are assumed. Therefore, we obtain
Bp(x,) = pule? e ~ 1) (14.2.6)
and
5p,(x) = | Pao(e?"7*5T = 1) — Gy, |e =~ 4r 4 Gz, (142.7)
The current density J,(x) is
a
Jp(x) = —qua—;Sp,,(x)

D
- qzﬁ[pno(eql//k”’f T l) &% GOTP]C—(X_I")/LP (1428)
P .

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

We obtain Jp(x) at the boundary of the depletion region x, as
DP V/kgT
J(x,) = qL—p,,o(e" sl — 1) —qG,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

DII
T(=%;) = a7 npo(e?/*7 — 1) —qGoL,  (142.10)

n

The total current / 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,
Iy =qA Pt T (14.2.12)

is the diode reverse current. The last term, —gAGy(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

4,
Dark current j_ 1,981 1) —qAG (L, +Ly)

With light

Al

Figure 14.5. The I-V curves of a photodiode with and without illumination.



598 PH( 4DETECTORS

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 g, = gy = &:

qe NpN, e

C,=A
j 2V, - V) Np + N,

which can slow down the response by the RC; time delay. For example,
if A =01 mm)? e=117¢y, Np = 10" cm~> < 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
RyA) ' =——

dJ

T (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

crmyttanl (Boyy | Day
0 P TR
q2 DpND 4 DnNA
Ckateg LS f 5
q 4q /“‘P /“‘n
oo doo BN R Lo 2
2V 6t |y N, 3 ) (14.2.15)

(14.2.13)

( 599
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where we have used the relations p,, = Np/n?, n,g=N,/n}, and the
Einstein relations D,/u, = D, /u,, = kgT/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, A4 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

Py

e (14.2.16)

i,=qn®A =qn

where A is the photodetector illumination area, ® = P, /(hvA4), 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
=2 —n— 14.2.17
R, P, n " ( )
The signal-to-noise ratio S/N (current) is
S i R,P,
el - *.2* (14.2.18)
N SRy gt
The detectivity for the above S/N is defined as
R,WAA
D} = Rudbfe (Hz)"? /W (14.2.19)

G

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):

4k T A
(i2) = —— f (14.2.20)
RO
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When not in thermal equilibrium, the I-V curve is

I(V) = I(e9"/%D — 1) — I, (14.2.21)
Iy, = qn®y A (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 /kT), (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

<l,2,> i ZQ(IOCqV/kBTAf + 1, Af + Iph Af) (14.2.23)

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

4k T
Gi2) = = +2g*ndgA|Af (14.2.24)
0

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

anm 1
D} = (h—) s (14.2.25)
-1 [(4kBT/R0A) +2q 77'1’3] :

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

an | R4
DY ==yl 2.

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

Inesefie
(DY )puip = E 56; (14.2.27)

which is the detectivity of the background limited infrared photodetector
(BLIP).

143 p-i-n PHOTODIO( ; 601

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,-( h; )ae“” (14.3.1)

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

@ Illj x=0 x=W

Optical p* i “n
power %RL

® 2 P®) Np
0 | 7
l_l W
—qNy
X
© AE®) = [ p(x) dx'le
9 . >x
\! i/
1 1
X
@ 2000 = E(x) dx’
Y :
1| ' ]
! 'y
0 w =

(e) —5\_
_H\!—Ec(x) =—q¢(x) + Const.
——E,(0 = B0 - E

® G(x) = Optical generation rate
I% Gy =1; Iop(1-RYhv

>
» 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), (¢) 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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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 tradeoffs
in Ing s3Gag.47As and Ge detectors for 1.55 pm radiation.
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* High gain is availabl
* Device s is

* High dark current is presenl

e 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, >> By, OF Pipyp >> Limp,

* Voltage and temgerature stab1l|tx 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

nois_:x.

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
integrate 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-i-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



Noise produced as a result of the discrete

Shot noise in a detector
nature of electrons and photons.

The random distribution of the particles
produce the noise.

The minimum optical power needed to

| produce a photocurrent equal to the noise
current of ti;e detector.

Noise Equivalent Power (NEP)

Detectivity (D) is defined as the inverse of the

NEP. D* is defined as D(Af)!/2 where A is the
device area and f 1s the bandwidth.

Detectivity (D,D*)

An array of MOS and MIS capacitors used to
image an optical scene by transferring
packets of charges sequentially.

Charge coupled devices

Table 6.4: Summary table
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Optical absorption in semiconductors * Process by which a photon creates e-h pairs
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.

Cutoff wavelength for absorption In band to band absorption the photon
energy must be larger than the bandgap
' to allow optical 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, ng
e-h pairs collected at the contacts.

Table 6.1: Summary table



Verstarkung "G" Ansprechzeit/s
Fotoleiter g = 10° 102 - 1078
Sperrschichtfoto-
detektoEen -8 -10
PN~ 1 10 - 10
PIN- " 1 1078 _ 10710
MS- i 1 s
Hetero- " 1 10712
MIS~ " 1 10”8
Lawinenfotodioden <10°? 108 _ 19-10
Fototransistor <10° e = 1™
Fotothyristor <10? 107

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.

Tunability can be achieved by
altering the well width.

It is difficult to fabricate tunable
detectors.

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



et An dmporiast apphestion of deteciors is ju ibe ares of the detection of long

wavelength yadiation (A ranging from 5-20um). If » direct band io 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
HaCd'Te slloy {see Figs. 7.2 and 7.6). The sysiern is widely need for thermal imagiog,
oight vision applications, ete. However, ibe small baodgap HgCdTe ie a very Ssofi”
material which i3 very difficnit to process. Thus the device yield is rather poor.

In Fig. 7.23, we show
As discussed i Chapler 4,
Seotion 4.8, when a photox with energy equal to the intersubband soparation impinges

upox e quantam well, the lght is absorbed and the groond state electzon is scabtered
dubo the excilad state.

For the aheoeption process to produce ax slectrical signal, voe omst bave the
tollewing conditions satislied:

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
Frouess can be snppressed.,

6} 1 shoold be possible to exdraci the excited state slectrons from the quantom
well 50 that a signal can be produced. 1he sxoited elsctron siate shonld, therefore, te
desigrnd o be nesr the lop of the goaninm well barrisr, so that the excied slestrons
can he extracted wiih ease by an applied slectric feld.

In Chapier 4, Section 4.5, we had seen ihat absocption coefficienis for the
iniersubband transitions can approach 107 an™?. Thus a series of rouliiquaninm wells
with an effoctive width of ~ 1.0 um can be used for efficient detection of light. Alsn, it
g possible fa

We had discussed in Chapter 4 that for the condaciion bardd aqnontunt well
in which the central cell synunetry of the states & pure s-type, the light is absorbed
obly if it is incident z-polarized. Here z s the quantum well growth direciion. Thas,
for vertical joctdence, thers is no absorption. This ia an iipportant deawback for such
detectors. Ooe way to overcorne this problem is to use etehed nurrors on the surface to
raftect vertieally incident light o that it has a r-polarization. Another way to aveid thus
is o use the intersubband transitions in the valenecs band where, due to the mixed nature
of the BH and LH ststes, the z-polaxization rmde is not valid, However, the poor hole
Lrausporl properties and the difficudty in reducing the dark current reduce the detecior
perforroance. bu Fig. 7.24, we show & comparison of the band 1o band and jotecsubland

dq\(o\ocs (X2 QD\,\% AR ‘Q\a%kl\. &Q\ltxr\ﬁ\..
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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).



=¥ An extremely oportant class of photodetestors involves the use of a Schotthy
barner prodneed beiween a metal and » hightly doped semiconducior, We have discussed
ihe workings of the Bchottky barrier 1o Chapter §. As discussed in that chapter, we bad
seen that f the Schottky barrier device ia that

t

Tesa, ‘Schottky barrier based devices involve two kinds of configuration. M ¥Fig. 7.212
a} we show a devise which 16 a sinple roesa structure with an n? layer on 3 serat-inmdating
substrate. The active absorbing layer is lightly doped (¥g ~ 1018 e and & than
sernitransparent metal laver is deposited on it. The metal il is thick enough to allow
the Schottky baerier formation {~300-400 A} ud thin enongh o allow bgld 1o puss
through. For lagh performance the metal film is coated with dielectrie asti-reflection
cosiings and the device avea is kept as smalllas 10~% om?® (~50 gm diameter mesa

diodes}.

The band profile of the Schottky barrier diode is shown in Fig. 7.21b alosg. Also
shown are the Schottky bacsier height edy,, aud the potential drop asross the barner
When light impinges npon the diode, the diode can respond in two important reghnes:

In this case, electrons can be excited in the roeiad barner in
oversome the Schottky barrier height. As a resuli, a pholocurtent will flow in the device,
Tire cneeent will add to the dark current in the reverse bias diode.

n this case, ¢e-h pairas will be created in the semiconductor. As
the sase of ibe photodiode, the carriers gexerated in the depletion region will be swept
oot to produce photocurrent.

A seenod class of metal semiconductor detectors is the
(,‘ nsw in which two Schiottky barriers are placed it & planar gecrnedr
clase fo each other. In actual design the approach nsed is the interdigitated scheme
showa in Fig. 7.22a. The spacing between the fogers is ~1-b jun so that when a bias is
apphed between the contacts, the region between the fingers can be completely depleted.

As seen in Pig. 7.22b, when a biss is applied across the fingers, ane jnociion
hecomes reverse biased, while the other one becomes forward bissed. However, since the
vemiconducter is depleted; the carrent in the forward biased junction is got the wsusl
gh electron forwsed bias current. Instead, the dark current in the forward biased
junstion e dus te the hole current injected frarn the metal over the barrier edy, as
g 7.92b. As 3 resnlt,

apter §, we have for the dark current denaity
J s ALTRem et kRT 4 grpitg= ot "“%
AT e

where A7, and A} are the eleciron and hole sffeciive Richardson constants. The dack
enrreni deneity s oseally higher than that achievable in pei-n diodes for resscns dis-
cossed in Chapter 86, However, sufficiently low dark currend can be achieved for most
applications.

The MSHM detectors are fonnd to have internal gain, often at even low apphied
hiases whers tmpact fovizalion cannot accur. This suggesis the possibility of photo-
conductive guin enhanced by traps which may capture and re-emit cither slectrons or
holes. MSM diordes have been fabricated in both (GaAs and InGaAs systems. Thus thess
devices can be applicable in both Jocal arsa networks and long hanl comomsicaiion

systemss, It is also boportast to point oni that MSM detectors are very attractive for
OPIC applications.
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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. Vi, is the built-in voltage and V is the applied bias.
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~3% While the APD discussed above provides very high gain detection, 3t i ax inber-

sutly high soise device due to the randorn nature of the carrier n nultiplication ¢ s\
Am)thet devies which can produes gain and fanciion as a detecter is the bipalar iran-
sistor The phototrassistor, ihe name for the bipalar device wsed for optioal Ei&‘:ilii“t’ ;
we to the trassistor action. The device 1 also a
whea corapared o an APTL

The bipolar tranststor is essrutielly ¢ device with twa coupied pon diodes, as
shown wn Fig, 7.80a. The n-p-n traasistor is discussed in Appender D, where we present
the nnderlying operation principles of curvent goes and transstor aclion. Ia this subsioo-
ticm, we will wse the vesulls devved in Appendir D lo undersiand how the phototranastor

works.

When a bipolar device is binsed in ibe forward active gode {te., the eodbier
base junciien (EBJI) s forward tased snd the base-cclecter junetion (BO3) is reverse
biased), the band profile has the form shown in Fig. 7.%05. Nnrma??y m a bipolay
trapsistor, the ijection of a small base current causes a small change in the forwa
hias actoss ihe m wusmg a large injection of carrent in the farwar%ebmsed juncting
If the mm&&g is small and the base is of high quality, tusstmtmiixg}} of this mmwz
!s,wﬁm,,m the cgi!cctcxi current gmn,%:ﬁned as the ratio of the collector apg
base curzent, can be gquite high {sce Exampie 7,10}

en there 18 no base contact on the photoiransistor},
aghit shining oo the device ereates electran-hole pairs. These pars are peneyabesd
throaghout Lhe device, sithough o an HBL, the evatbier can be yoade of & layec bandgap
material and hence, demgned to be transparent.

"The phototransistor doping levels are designed so that the EBY depletion swidth
is gquite amall, while the BCJ depletion width e large, so ihat the optical signal is
absoched privarly in the BOJI depletion region. This also requires a small width: for the
base. The photopenerated holes in the BCY depletion vegion provide the bage current, as
shown in Pig 7.20b. The fraction of Lhe photan cnerent absorked 16 15e BT depielion
region is

where g is the quantum efficiency of the matenal (g ~ 1 for a high quality nateriails

bu 8




the second term s the loss sufferad by absorption in the neutral base; aud the third
teom {1 the btar},etei is the absorption in the depledion region of width Wae

i Lhe phototransistor ts designed so that Wiy, is so small that ezp (—alWi,) ~ 1

and the vaiue of Weeos w large,

i Ln{BC I} w9l (D)
YN r—

,-\
~1
‘3
o3

N

In this case, esseutially all of the optical signal provides 3 base current, sinse
the bigh field in the BCJ depletion reglon injects the holes gonerated in thet region jnto

the base. The optical gain of the device is then (7g = e.I',,;,(BC!J))

A ’ﬂc 5 e
e = nd {7.74
T 6105(0) &% =0 Skl

whare 2 is the current gain of the device. The dependencs of 3 on the device pararaeiers
is discussed in Appendix IJ (see AlBo By Exarople 7.10}.

"The phototranmstor does not have a very good high frequency response due
the very large capmmceﬁcmwi with the base-collector junctiond However, it fads

tmportant uses due to ud

Fhototransistors can ke designed using heterojunction bipolar traosisiors. Ag
dissussed in Appendix D, heterojunciions allow one to achieve very high emitter offi-
ciencies axnd yel achieve low bese resistance. Thus, both gain speed 3nd 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 oversll device response time is then {defiing fimg /Ximp = K)
o Wi + Mk Wivai Wans + Wasat (771}

ve{e}

ty{h)

It s Buporiast Lo note that for Jarge muoltiplication values, the produce '-‘,;3- ia 4

eonstant. The gain-bandwidih product thus remnains a constant for a device with farge

puiitiphication. This outcome is similar to that ohserved in the case of phatoeonductors
as wel. Thus, if oue wanis a very high detectiviby for very weak optical signals, one
bas to saceiee the desice speed. Another smportast conclomon from the ¥aqn. 7.71

i that gain-bandwidth praduct can be spliniized by choosing 3 material system with

g X, A
Eymyg A7 -dzmv-
e A

EXAMPLE 7.9 Consider a tvpical avalanche phntodiode with the following parameters

incident optical puwer, Fop b = 50 mW
Edficiency, Beter = 8%

Optical frequency, » = 4.5 % 1t B
Preskdows voliage, Vg = 35V

Biode vudtage, 12 = MY

Dark onrrent, B = 10 nd
Parameior o' {or the multiplication —

Asvnine that the sertes resistance is sepligible, Calonlate the a} muitiplication facton;
b} phoien flux; ¢} photocurrent.

a} The multiplication factor from Pign, 7.67 is

. a4y 2]
M:{x—(s-f—)] = 18.67

\ ated

t} The photon fux is

Poph _ (50 x 107 W)
hr  {6.625 » 103 J3)(4.5 % 161€ H <)
= 1.68%x 10" ;!

1;\); =

¢} The unmultiphied photocurrent is

~13

'{L =8 31?44:!1',}, = (1.6 x 10
24.316 mA

CHL5L x 107 ¢

The wultiplied photocnereni is

Mip = (2416 mAY16.67) = 0.4 A

g

=D S -daleledes
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Top
contact

P Ing g3GGag 4y As

/ n* Ing s3Gag 4748 \

Back contact

E10)

Fguse 7.318: A schamatic cross-section of 2 back illuminated JuGaAs/InF avalsuche photodiode,
Draw to the short shaorplion region, to the direst gap semiconduciors, one can have the same
region {or Rlworption and avalanche processes.

the carriers are moving with saturation velocity and the current is suxiply proportional
t the number of elecirons and holes. The electron current has a spatial increment givex
by

| 86 = 5 0impd + inBimpdz (7.53)
where the first terro is the coutribuiion te excess electrons dne to the electron current

aver & distance de and the second term is due to the sxoess electrony due to the hole
curreni. We thus have -
di,

G feimp + s Bimp {7.54}

A siilar equation exists for the hole current derivative. Even though both the

clestron and hole current shauge with spatial postlion, the total current is constant over
the devige

I = i (2} + dalx) = constant {

~3

33)
Let us consider a case where we have an avalanche region extending from » = 8 io
e= W and at » = W, ouly electrons are injected. "Thus we have

w(W)=0. i(W)y=1] {7.56)
Expressing 4{x) in terms of ¢,{z) and 1 by using Eqn. 7.55, we get {rom Eqn. 7.54
di {x)

ool {emp ~ Pimp Ja(2) = Binp 1 {7.57}
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dy Byl 7 583
P B { $ 2207
dz e ’

and lae a standard solution given by

{0} + f(f Bmpl exp {“' f‘:(“’fmp = Himg }'{‘”i:’ dx
%208 -
2P {""f,; {Qimg rr}imp)dl’i }

? i
o=}
b
5;.’.)

te{x) =

The multiplication factor for the device can be defined by the refation

My 2 e A

e 0 e (7.60}
2.{0} {0} EoP

Lo, the ratio of the electron eurrent injected at © = € zod the total current in the
device, We get

ot (s o ety WL o P . . i
’9(0) + *e(w } jg ,dimp cep {'" ,.‘O’(C"imp i ;‘.ﬁ,,,f._.}dz’} 2R

!‘(f,' = < o W ;
1.0} e2p {"" j(, (,ﬁimp = ¢ ,'m,_.}liz}

(780

Using, starsdard solutions for the integral

W W 2 E
exy { / (i’iimp ot ﬁimp)dl’} = - (aimp“','" imp) cap {"f {'J'!'”z;s ﬁz‘.«:p}dx'}/ dz
Vi v G [4]
{7\52}

we get

M = :

e — - — (7.63)
b, vtimp cap{~ f: {Cirap ~ Fimp iz’ }dx

The sondition for breakdown is when M, — o0, ie., when

W 5
. 5 ; ) . 7 ;
/ Gimp 2P / {irep ﬁimp}dﬁ Jde =1 {7.64%
2 <«

~

I the avaianche process is taking nnder & uniform eectric fiebil, the values of
Rivep, Fimg Have 1o spatial dependence and we have

M, = .
I~ oimy _[o exp{-{Bimp - Bivap Ju }dz
S 1 gaicid
RITY T 5 PNt
b g 1 eap{—(Oimg ~ Bimp W I

AWMM
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I 2tiggp 20d Jisnp are the same, we stroply get

1 5
LY . S 7.683
M. T (7.606)

1

The values of M, {or Mj) that cau he oblained in real devices are limited by
other processes that muay ocour alb high felds, especially in narrow baudgap seigicon-
dociors. For example, tunneling curreni due o band to band tunseliog limits M 4o ~10
in detection using Ins as5f3ae s7A% material.

In an experimental setup, two factors related to cireunih pararseiers it the

multiplication fevel reached. Oue is the series resistance B, betwesn the junciion and
the dicds terminals. The second factor comes frome the fact that onee mulliphsaiion
staxts, the device temperaiure increases and this rednces oy and Gimp aBd thns B
tts M. {M). In s diode with a breskdown veltage Vg, the experiruentally observed
multipication factor can be fitted to the following relation:

where » is a parameter depending upon the device design, R is an offsclive resisiance
which jnciudes the scries resistance Ry and any thermas] effects, V is ihe apphed bias.

7.7.2 APD Bandwidth

A key attraction of the APD’s is the high gain that can be achisved in the device. Thus
ihe device 1 soitable for detection of very low phaton intensmties, However, priee hos
io be paid iu tenms of the device bandwidib and soise. In an APD havma the geueral
eosfignration of Fig. 7 17, the device response 6 hmited by three Duporiast Lirses:

i} the transit time across the absorbing region

e~

7.68)

8} she trone requived for the avalanche process to develop, 14

i1} the transit time for the holes generated i'mng the avalanche process to
wRBsoL through the absorbing region back 1o the pregion.
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{ ¢

- Avatwichs Rogion -2

s B o
Fhastoss
Hsaines
Flectsons
{b}

Figure 7.19. The svalanche build-up process shown as 2 functien of te. (2} Only eleciyons axe
cansing the carvisr multipbcation. {b) Both slectrons and holes are cansing the multiplicatinn,
{After 1 Gowar, Optical Communication Systems, Prentice-Hall, Erglewsod Chffs, New Inrsey
{1989).}

(7 69}

The svalanche delay time 14 depends upon the value of @imp /Bimy. I 04y 3
Simp. just a single pass of the electrons across W,y generates ihe entire avalanche
process as shown in Fig. 7.19. However, for a general ttimp/ Binp tatic, the delay time is
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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

reE’on for a,bsorgtion 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 n* p junction causes the avalanche process.
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Figure B.3: lonization rates for slectrons and holes at 300 K versus reciprooal electrie field for
Ce, S1. Cads, Ing s Gager and inP. (85, Ge vesuits are after 8. M. S2e. Physics of Semicondne-
tor Devices, John Wiley and Sons (1981); (8P, GaAs, luGaAs results ave after G. Stillman,
Fropestics of Latiice Matched and Strained Indivwm Gollinm Arsenide, ed. P, Bhattacharys,

INSPEC, London {1993).
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Figure B.2: Velacity-Field relations for several semicorductors at 2068 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.



vewvst olowd

Collector

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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