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1. “~ INTRODUCTION
There has been substantial recent interest in optical

information transfer and processing systems because of their

present and potential advantages over conventional electronic

systems. These advantages include elimination of interference

and ground-loop problems; achievement of wide bandwidths and

increased security ; and reductions in weight , size , and cost.

To achieve these advantages, the realization of GaAs—based

integrated optical circuits (lOCs) appears to be particularly

promising since coherent light sources, optical detectors,

modulators, and other active devices can potentially be inte-

grated on the same substrate with passive devices.

For wide bandwidth lOCs a critical component is the opti-

cal detector which must have internal gain to provide optimum

sensitivity. 1
~~ i,S internal gain can be obtained in photo-

voltaic detectors by means of avalanche multiplication and

wide-bandwidth , high-qain , low-noise avalanche photodiodes

have been fabricated in GaAs. 2j~owever the response of

these conventional GaAs avalanche photodiodes decreases rapidly . ~~
4’

for wavelengths longer than about 0.86pm and these detectors

are not very suitable for the detection of room temperature

GaAs and low—Al content A1GaAs laser emision. This is because

the detector response depends on band-to-band absorption ,

whereas the laser emission usually involves band-to-acceptor

transitions. Thus, the GaAs laser emission occurs at an energy

below the usual long-wavelength cutoff of a GaAs avalanche

photodiode.



Recently, however , a new mode of operation has been

obtained 3for these detectors in which absorption below the

usual GaAs band edge is enhanced by an electric field (electro-

absorption). Compared to the conventional GaAs avalanche photo-

diode , these GaAs electroabsorption avalanche photodiode (EAP)

detectors have their maximum response at wavelengths beyond the

normal absorption edge of GaAs. It is this feature that makes

the GaAs EAP detectors particularly attractive for GaAs-based

lOCs. That is, they can be used to detect the below band edge

radiation from GaAs lasers which is transmitted through GaAs

waveguide structures with low-loss.

In this report we analyze the properties of these GaAs

EAP detectors in GaAs waveguides , describe the fabrica tion

processes , and measure their properties at laser wavelengths

of 0.905, 0.915, and l.06~im. The suitability of these detectors

for processing analogue and digital optical signals is then

evaluated , and methods for utilizing them in time- and fre-

quency-demultiplexing receiver subsystems are described.

2. ANALYSIS
The confiquration used to analyze the waveguide Schottky

barrier EAP detector is shown in Fig. 1. The active region

of the device which guides and absorbs radiation is doped at

a level N cm 3 while the substrate is doped at N
~ 

cm 3. To

obtain guiding in the active region , 
~~ 

mus t be much grea ter

than N. A reverse-bias voltage -V is applied to the device
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Fig. 1 Schematic of GaAs EAP waveguide detector.
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between the S~hottky barrier and the ohmic contact. Assuming

a uniform doping level N , the space charge in the depletion

region under the Schottky barrier is uniform with width T.

2.1 Electric Field Distribution

The electric field distribution in the depletion layer

can be determined from Poisson ’s equation . We first consider

the case where the width of the depletion region T is less than

the thickness of the guiding layer W. Under this condition the

electric field is given by

E(X) = - (2-1)

2 V ’~~where T = f —s-— and X is the distance from the Schottky
\ q N !

barrier.

The second case is when T ~ W . Since to obtain guiding

in the active layer N
~ 

> >  N, the space charge region can be

approximated by P W , E (W) ~ 0. The solution of Poisson

j equation for the electric field is

E(X) = + E(0) , (2—2)

and the reverse bias voltage is

I”,’ qN 2V = — ~I E(X)dX = — W E ( 0 )  — — W . (2—3)Jo 2~

The pinch-through bias voltage ~~ is the bias such that

E(W) = 0, so

V~ = ~iE(0) W = qNW2/2c.
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From Equation (2-3) , we obtain

V = —WE(O) — Vp

There fore ,

E(0) = —(V + V~)/W .

and

E(W) = -(V - V~ )/W~

where V > V . The field distribution can be written as

E(X) = qNX/c - (V + V~)/W . (2-4)

2.2 Avalanche Breakdown

When the app lied reverse bias is sufficiently large ,

electrons and holes in the depletion region gain enough energy

to produce electron-hole pairs by collisions. The ionization

coefficient is defined as the number of electron-hole pairs

ionized by a single carrier in a unit distance . The electron

and hole current densities at a given bias voltage can be ob-

tained from the continuity equations,

dJ (x)n 
— = ~ (X)J (X) + ~3 (X)J (X), (2—5)

dX p p

dJ (X)p 
= 

~
‘n~~~

3n ’
~~ 

— 

~ (X)J (X) , (2—6)
dx p p

where J~ and are the current dens ities of electrons and

holes, respectively, ~~ and are the ionization coefficients

of electrons and holes respectively, and J~~(X) + J~~(X) = J =

constant. From Eq. (2-5), we can obtain an expression for the

.1 j
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[
total current density as

f W 
-

L. J (0) + J (W)e
= 

J
. W 

- 

~~~ 

f X ~ - 8~ )dX’ 
(2-7)

e -f B~e dX

H From Eq. (2—6), we obtain

t W
(~ 

— B )dX
-0 p

J (0) + J (W)ep 
—

~~~~~~ . (2—8)‘Ix
— ~~ (cx — B )dX’

W JO p

i_ f  ci~e dX

U Equations (2-7) and (2-8) are equivalent, and the avalanche

breakdown voltage can be determined from the condition

U W
(ct — B )dX’

fW Bpe 

n 

d X = l ,

( J or

I f Wcxne
A 

X 
- 

= 1,

since the ionization coefficients and are strongly

dependent upon the electric field. This dependence of and

on field has been determined experimentally by measuring

the breakdown voltages for different device doping levels.4

i i

IA
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With this data the break down voltages of GaAs Schottky-barrier

diodes were calculated as a function of layer thickness for

various doping levels as shown in Fig. 2. Also shown in the

lower part of the figure is the maximum electric field at

breakdown as a function of thickness for various doping levels.

The ionization coefficients used5 in these calculations were

ctn 
= 2 x lO 6ex p (—2 x l0~ /E)

and

8p = lO 5e x p (— 5  x l0 5/E) .

Eqs. (2-1) and (2-4)  were used to determine the dependence of

the electric field on X .

2.3 Electroabsorption

The absorption of photons with energy less than the energy

gap of the device is expected to increase in the presence of an

electric field.6 This Franz—Keldysh electroabsorption coeffi-

cient for GaAs is given by

4/3
c x ( W ,E ) = i

~?~— E h/’3E(l +
) V~

:1 x 
[A ~~(B~~~

2 
— B~ A~

2 (B~~) }  ( 2 — 9 )

where

1/3
= 1.1 x 105 (Eg _

~ w) (_~~~) E 2 ” 3

A1 is the Airy function, n is the re fractive index , Eg is the

energy gap, 11w is photon energy, Mv~ are the effec tive masses
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for holes , is the redueed mass , and the sum is over the

light- and heavy-hole valence bands. In Fig. 3, the absorption

coefficient for GaAs is plotted versus photon wavelength for

various values of electric field . The following values for

GaAs were used in calculating the absorption coefficient:
M M

M
~ /M 

= 0.067, M~ /M = 0.45, Me /M = 0.067 , ~i .  = .

1 2 J Me 1
~
Mv

and the dispersion of the refractive index for GaAs

/ \l l/2
n ( A )  = 8.950 + 2 .054  2

— 0.390

2.4 Waveguide Mo de Absorption

The electroabsorption coeff ic ient  is not constant in the

device because of the nonuniform electric field across the

active region . If the absorption is small ( the incident photon

energy is less than the energy gap of GaAs) ,  then perturbation

theory can be applied’ to derive an equivalent electroabsorption

coefficient for each guided wave propagating in the device .

In the following derivation we assume that for the trans-

verse field distribution of the guided modes propagating along

the device , only the f ield amplitude is decreased due to elec-

troabsorption . Also , we assume that the photon energy of the

guided waves is less than the energy gap of GaAs . Let the

photon f lux  density of the guided mode entering the device at

Z = 0 be denoted by q~~
(X) ~ (x , O ) .  Then the photon f lux  den-

sity at position Z in the device is

~~x , z) = A ( z ) 4 ~~ (X )~ (2—10 )
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where A (Z) is a monotonically decreasing function of Z. The

electroabsorption can also be expressed in terms of conductivity

by using Maxwell’s equations. That is,

V x

= j wc 0 (c ’ —

= 

~~~~~ +

when a E wc 0 c ” is the equivalent conductivity in the lossy

region, and c ’, c ” are the real and imaginary parts of the

dielectric constant, respectively. Let the corresponding com-

plex refractive index be n = n ’ - in ’ . The field components

of a plane wave propagating in the Z-direction in a infinite

medium of refractive index n is proportional to this factor.

That is,

e~~~~t 
— nk0Z) = e~~~

t — fl ’k0 Z) e
_n Uk

0 Z

cx
= e ej(~

t - n k0Z)

where cx E 2n ”k 0 in our case is the electroabsorption coef-

ficient. On the other hand ,

C = C ’ — jC ”

• ,, 2= ( n — j n )

= n ’ 2 
— n ” 2 — 2jn’n”

So that

= 2n ’n” = n ’cx/k0,
and the equivalent conductivity in the lossy medium is given by

- -  - A
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wE 0 n ‘a

(n” << n’).‘J o
The transverse electric field component of a guided mode can

be expressed as

= 4~i5 ~0 (X )e_ 3BZ,

where ~0(X) is the original field component entering at Z = 0

which satisfies the normalization condition

~ fa,
(I0 

x i~0 *)  • ZdX = 1.

Th° power absorbed in a propagation distance between Z and

Z + dZ in the device can be expressed as

tT ,W
I-  d ZJ  o ( X ) ~~E ( x , Z ) I ~~dx

= qn~~~~~~ ( z) f T ~~~~(x ) Eo
2 (x ) d x ,

where the upper l imit of integration is taken as the smaller

of T and W. The incident photon f lux density is given by

4~(X ,O ) = ~~ (X)= ~~~~ 
x j

~~) 
. Z/(hc/A)

— A B 2
— 

2hc ~~~~~
— E 0

so that the power absorbed in a distance between Z and Z + dZ is

/w~ 0hc 
~~ 

T,W
A ( Z )  J c x ( X )~~i ( X ) d X ) d Z .  (2—11)
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From Eq. (2-10) we find that

_______  = • (X ) d~~~~ (2—12)i dZ

and the absorbed power between Z and Z + dZ is

(_
~~~A’zj~~~~~ J dx)dz , (2—13 )

where the minus sign is obtained because A ( Z )  is a decreasing

function of Z. From Eqs. (2—11) and (2—13), we have

T,W
_A ’ ( Z )j  q~~(X) dX = A ( Z )f  cx (X ) $~~(X ) dX

T ,W
= A ( Z )  f a (X ) ~~~ ( X ) dX 1

or

rT ,W
n a ( X ) 4 ~~( X ) d X

B/k 0 0
A ’ ( Z )  = — A(Z)

f~
• 

_1/S
Z
rdz

Therefore, A(Z) = ce , where

= 
B/k 0 f / f

= 
B/k0 

~~fT~
W

c x ( X )~~i (X ) d X  (2-14)

Since at Z = 0, A = 1, the integration constant C = 1, and the
• solution for A ( Z )  becomes

A ( Z )  = e~~~.
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The photon flux density of the guided wave propagating

in the device can thus be written as

~(X,Z) =

where the constant F is defined as the equivalent electro—

absorption coefficient for guided waves propagating in the

device. From Eq. (2-14), we can see that F equals the Franz-

Keldysh electroabsorption coefficient for a given value of

electric field only when cx (X) is a constant and B/k0 = n:

that is, when all the guided energy is contained inside the

L guiding layer. In the waveguide structure considered here

the refractive indices of the guiding layer and substrate

differ by a very small amount (less than 0.1%), so that

B/k0 n. The difference between F and a arises only from the

nonuniformity of a in the depletion layer. For higher purity

layers (N less than 1014cm 3), F cx since the almost uniform

electric field in the depletion region (pinch-through) gives

approximately uniform absorption.

• In Fig. 4, calculated values of the equivalent absorption

coefficient F at A = O.905’Jm are plotted against bias voltage

for three guided TE—modes. The calculation is based on a

doping density for the layer of 5 x l015cm 3 and for the

substrate, l018cm 3. The layer thickness was 10pm . This wave-

guide structure can support three TE and three TM modes. The

breakdown voltage was calculated to be 88V from ionization

coefficient data.4 Other values used in the calculation were

-• •~~••~ ~~~•
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The photon flux density of the guided wave propagating

in the device can thus be written as

~(X,Z) =

where the constant F is defined as the equivalent electro—

absorption coeft icient for guided waves propagating in the

device. From Eq. (2—14), we can see that F equals the Franz-

Keldysh electro~~sorption coefficient for a given value of

electric field o-tly when cz (X) is a constant and B/k0 n:

that is, when all, the guided energy is contained inside the

guiding layer. In the waveguide structure considered here

the refractive i ndices of the guiding layer and substrate

differ by a very small amount (less than 0.1%), so that

B/k0 n. The difference between F and a arises only from the

nonuniformity ot a in the depletion layer. For higher purity

layers (N less than l014cm 3), 1’ cx since the almost uniform

electric field i i  the depletion region (pinch-through) gives

approximately un i form absorption .

In Fig. 4, ~alculated values of the equivalent absorption

coefficient F at A = O .905pm are plotted against bias voltage

for three guided TE-modes. The calculation is based on a

doping density i r  the layer of 5 x lO~
’5 cm 3 and for the

substrate , l018c “~~~. The layer thickness was 10pm . This wave—

guide structure -an support three TE and three TM modes. The

p breakdown voltaq was calculated to be 88V from ionization

coefficient data .4 Other values used in the calculation were

LA
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an electron effective mass of 0.O67M0, light and heavy hole

masses of 0.067 M0 and 0.45 M0, respectively, an energy gap of

1.42 eV, and a static dielectric constant of 12.53.

2.5 Q u a n t u m  Efficiency and Responsivity

The differential equations for current density in the

device can be expressed as

3J (X,Z)

~x 
= n~ (X)J~ (X,Z) + B~ (X ) J~ (X~Z) + qG(X,z),

~ J (X , Z ) ~3J  ( X , Z)
p — — ‘2—15)ax — 

‘

f where

J~ (X,Z) + J~ (X~Z) =

G(X,Z) generation rate of photon-excited

electron-hole pairs

~~ (X,Z)— 

~x

4(X,z) photon flux density

incident photon flux density , and

• I 

I’ is given by Eq. (2-14) . G (X,Z) can be written as

G(X,Z) = ~(X)4~~(X)e
T’Z

From Eq. (2-15), we obtain

• -XI
- I (a~ — B )dX”

= [ j x ( J ( Z ) B (X ~) + qG(w,xZ))e 
p 

dx’

- / 
~~~~ ~“n 

— 8~ )dX ’

+ J~ (O,Z) /e .

• ~~~
~.
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Then since J~ (X~Z) = J(Z) - J~ (x~z) , we obtain

-T,W 
_ [

X
(u -

f J(Z) = qJ G(W,X,Z) e 0 dX + J (0 , Z)n

•T ,W / -T ,W

• -j  (a~ - B~ )dX / -j  (an 
-

+ J~ (W~Z)e e

T,W - -
• — f B (X) e 0 dx ,

0 p

I where again the upper l imit  of integra tion is the smaller of

T or W. The total photocurrent is

-L

• i 
‘ph 

= h J J~~ (z iZ

-T ,W

= 

[
~h (i 

_
i,e

L
)
~~

T
~

W
a ( x ) ~~i (:) e~~ 

(a~ - Bp)dx
~
d ]

/~ T ,w •[ (an 
-

I / [1 - f  B~~(X)e dX

r The internal quantum efficiency is given by

~ph- 
cjh / q 1 X d x

•T ,W

[(1 r
e 

L) .c~
w

x)~~i (x )  - e X 
(a~ - B )dX ’

j

•T ,W

/ / •T ,W (ct~ 
- 3~~) dX ’ \ ~/ ~l - / B~~(X)e dX) f ~j(X)dX

J

Il
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The responsivity is then determined from the internal quantum

• efficiency as

R = 1.24 r~ (amp/watt)

where A is the photon wavelength in microns.

Fig. 5 shows the calculated responsivity of an EAP waveguide

• detector as a function oC applied bias for several O.905pm wave-

guide modes. These calculated values are for a device with a

doping level of 5 x 1015cm 3, a substrate doping level of

l0~
’8cni3, a layer thickness of 10pm , and a device length of

100pm . Since the electroabsorption coefficient varies with

polarization, a somewhat different expression must be used for

TM waves. When comparing these calculated curves to experimental

• values, an average must be taken of the calculated curves since

the device does not distinguish between waveguide modes.

.

• 3, FABRICATION
3.1 Epitaxial Layers

The epitaxial layers for the waveguide and active region

of the GaAs EAP detectors are grown in an ASC13-Ga-H2 vapor-

J phase reactor shown schematically in Fig. 6. Hydrogen is used

as a carrier gas and is purified with a palladium diffusion

cell. The source of arsenic and chlorine is AsCl3 which is

kept in a quartz bubbler surrounded by a water bath. The water

bath is attached to a constant temperature refrigerated circu-

lator. Elemental gallium is placed in a 3” Spectrosil boat

which, in turn, is placed in the furnace tube from the 17”

- i . 4
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to 20” points (distances measured from the right-hand side of

the fu rnace) .  Across this distance the temperature is almost

constant with a 30 to 4°C differential from the end points to

the middle . The gallium used is semiconductor grade produced

by Alusuisse with a purity of 99.99994%.

To control the doping of the epitaxial layers tin spheres

are added to the gall ium melt.  With 20 gms of gallium and the

AsCl3 temperature set at 8°C, four 10 mil Sn spheres yield a

doping level between 5 x io l4 and 1 x l0 15cm 3. Five 10 mu
15 15 —3Sn spheres produce a doping level of 2 x 10 to 7 x 10 cm

while six 10 mu Sn spheres give 8 x io 15 to 2 x lO 16cm”3 .

For unguarded Schottky barrier devices the desired doping level

is usually in the upper lO 14cm ~ range .

• The reactor tube is made of fused quartz and can be opened

at one end through a taper joint on which is mounted the seed

holder. The system is air tight to prevent contamination and

is centered in the furnace by wrapp ing asbestos tape around the

tube . The furnace is a Marshall Model ll37S which is wired to

• produce two zones. Each zone is controlled by LFE solid state

controllers (Model 226). The zone from 24” to 12” controls the

temperature of the gallium melt which is kept at 840 0C. Feed-

back is provided by a chromel-alume l thermocouple at 18” . The

second zone (12” -O”) controls the temperature of the substrates.

The position of the feedback thermocouple can be varied to change

the temperature gradient across the sample. The seed holder

and thermocouple are at the 5” point which results in a gradient

of 10°C per inch across the substrates.
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Refore epitaxial growth is attempted the gall ium melt is

saturated with arsenic until a GaAs skin is produced over the

gallium. When a new gallium melt is put into the reactor the

furnace is preheated for 2 hours with the first temperature

controller set at 84 0°C and the second controller set at 805°C.

After the preheat the hydrogen is bubbled through the AsC13 at

a rate of 150 mi/mm . The temperature of the AsC13 is set at

either 8~ or 90C depending on the temperature desired for epi-

taxial growth . These temperatures and flow rate are maintained

for three hours , then the second temperature controller is

changed to 750 0C. Af te r  three hours of saturation under thi se

conditions, the AsCl 3 is turned off and the hydrogen flow lowered

to 30 mi/mm . The furnace is then shut off and lef t  to cool

overnight.

The epitaxial layers for the EAP detectors are grown on

tellurium-doped substrates from Laser Diode Laboratories. They

• typically have a resistivity of 0.0018 ohm-cm and a doping level

of 1.6 x lO ’8cm 3. The crystallographic orientation is two de-

grees off  the {ioo} planes to prevent the formation of hiliocks.1: r Layers are simultaneously grown on chromium-doped substrates to

determine carrier concentration , mobility , and ionized donor

and acceptor concentrations.6 The electrical characteristics

of the epitaxial layer grown on a chromium substrate should be

the same as the epitaxial layer grown on a n4 substrate when

they are grown together. The resistivity of the substrates

grown by Laser Diode Laboratories is about 2 x lO7ohm-cm, with
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a crystallographic orientation of {ioo}. To remove saw damage

the substrates are f i r s t  mechanically-chemically polished with

• a 1% bromine-methanol solution. This is sprayed on a napless

nylon mat attached to a polishing wheel. After polishing the

wafers are typically 10 to 15 mils thick.

Just before use the substrates are cleaved into the desired

size and cleaned with organic solvents in a quartz beaker . Hot

trichloroethylene, acetone , and methanol in sequence are used

for this purpose. The beaker is then moved under a dust-free

hood where the sample is dried with bibulous paper. The sample

is then etched in a 5H2S04:lH2O2:1H 20 solution. This etchant

• is first cooled for 5 minutes af ter  mixing, while it is being

stirred. The substrates are then put in the etchant and stirred

for another 5 minutes. Without exposing them to air , the sub-

strates are then rinsed in deionized water, put under the dust—

free hood , and dried with bibulous paper.

After  etching the substrates are placed on the seed holder
• 

- 
and inserted in the furnace . The reactor is then flushed with

-.. hydrogen for 15 to 20 minutes at a flow rate of 250 mi/mm .

The furnace is then turned on and preheated for two hours.

The f i rs t  temperature controller is set at 840 °C and the second

• controller is set at 700°C with a flow of 50 mi/mm of hydrogen.

The seeds are heated to 700 °C to minimize the arsenic loss from

the substrates. After this preheat the second temperature con-

troller is raised to 730°C. Within 15 m m .  the temperature has

stabilized, and it is then raised to 7500C. When the temperature
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has stabilized (15 mm .)  the hydrogen flow is raised to 150 mi/mm ,

and the by-pass is closed so the hydrogen will  bubble through the

AsCl3. The AsC13 is maintained at 8°C to help suppress the for-

mation of hillocks. Unde r these conditions a growth rate of 5

microns per hour is obtained.

For unguarded EAP detectors the thickness of the epitaxial

layer is between 5 to 15 microns, which can be attained in a

growth time between one and three hours. After the desired time

the hydrogen by-pass is opened , arid the hydrogen flow is reduced

to 30 mi/mm . The furr.ace is turned off and left to cool for

at least 6 hours. To measure the thickness after the samples

are removed from the furnace , thin slices are cleaved from the

top and bottom of the sample. These slices are placed in a

solution of 1HF :3HN0 3 :4H 20 for about 10 sec., which delineates

the epitaxial layer—substrate interface, and then rinsed in

deionized water. These slices are then placed under a micro-

scope and visually measured with a calibrated eyepiece .

• - 3.2 Ohmi c Contacts

When the desired doping level and thickness have been

achieved , the next step is to make an ohmic contact to the n~
’

substrate . Usually to fac i l i ta te  cleaving the back of the sample

is lapped with 5 micron grit  to remove grow th on the back of the

sample . The sample is cleaned in hydrof luoric acid, hydrochloric

acid , and rinsed in deionized water.
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After drying the sample , it is placed in a pyrolytic Si02
reactor with the epitaxial layer up. The nitrogen flow through

one inlet is 4 liters/mm with 10 mI/mm of silane added. The

sample is heated to 300°C and a flow of 4 liters/mm of nitrogen

with 40 ml/min of oxygen is turned on in a second inlet. Under

these conditions a Si02 layer 4400R thick is deposited in four

to six minutes, and the reaction is halted. This Si02 layer is

used to protect the GaAs epitaxial surface while fabricating the

ohmic contact.

To obtain a plating contact a small hole is made in the

Si02 through to the GaAs near one edge . The sample is placed

on the heating strip of an alloying station and a 20-mil Sn

sphere is alloyed in the hole . The heating strip is isolated

from the atmosphere and 350 ml/min of high purity hydrogen with

T 200 mi/mm of hydrogen chloride is allowed to flow through the

system to reduce ox ides on the Sn spheres and GaAs surface and

improve the alloying. The sample is slowly heated to 280°C,

then cooled with the hydrogen chlor ide of f .  A five inch length

of indium—plated nickel ribbon is attached to the alloyed Sn

sphere. The sample is then mounted face down on one end of a

microscope sh oe with black wax. When mounting the wire is

drawn along the microscope slide and completely covered with

black wax except for a small tail  protruding beyond the slide.

This insulation of the wire is necessary to allow most of the

plating current to pass through the sample .

• — -- -- 
• 

• •----• - • • - i__A
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The electroplating solution used fo~ the ohmic contact is

a Technic Au-Sn sol ution . This solut ion is heated to a temper-

ature between 550 and 60°C and a current density of 2Oma/cm2 is

used. The area of the sample is measured , and the current

needed to produce this current density is calculated . To pro-

duce this current a constant current source is used. The posi-

tive terminal is connected to a 316 stainless steel anode im-

mersed in the solution whi le  the neqative terminal is attached

to the tail of the nickel ribbon . The sample is then immersed

in the solution which is viqorousl y stirred , and the current

is applied. After 30 seconds the sample is removed and im-

mediately rinsed in deionized water . The sample is then removed

from the slide by dissolving the black wax in trichloroethylene .

The nickel ribbon and excess tin a t e  removed with a sol—

dering iron . The sample is placed face down on the carbon

heating s t r ip  of the al loy inq  s tat ion . The station is sealed ,

and a hydrogen flow of 350 mi/mm is introduced. After a 10

mm flush the heat is turned t o  ~i maximum . When the tempera-

ture reaches between 480°C and ‘~00°C the q o l d — t i n , which is a

• light qold after platin g, d i f f u s e s  in and the sur face  becomes

a light gray . At th i s  point  the power is immediate ly  turned

off. This ah ioyinq usually t~ikt ’s between 10 and 30 seconds.

This procedure produces very low res is tance  contacts to the
+ substrate.
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3.3 Schottkçj Barriers

To make aluminum Schottky Barriers the sample is first

cleaned in hydrofluoric acid to remove the Si02 layer on the

epitaxial layer. It is then rinsed in deionized water and

cleaned in hydrochloric acid. After rinsing in deionized

water and drying, the ohmic contact on the back of the sample

is covered with Si02. The procedure is the same as described

for making the protective layer for the Au-Sn plating . The

• sample is again cleaned in the organic solvents, trichioro-

ethylene, acetone, and methanol . To increase the adherence

of the aluminum on the GaAs , the epitaxial surface is etched

just before the sample is mounted in the evaporation, system.

The etchant is 5H2S04:1H202:1H 20 which is cooled for 94 minutes.

• The sample is then etched for 30 seconds and rinsed in deionized

water making sure the sample is not exposed to air. After the

sample is dried, it is mounted on the sample plate of an evap-

oration system. The sample plate is mounted and the bell jar

lowered. The vacuum system is then pumped to a pressure of

about 5 x ~~~ Torr at which time evaporation proceeds. The

source is slowly heated until the Al melts, the shutter is

opened, and the thickness monitored with a transducer mounted

close to the samples. The shutter is closed after the desired

thickness, usual ly  5000~~ , is reached .

$ Next the samples are removed from the evaporator, and the

aluminum is covered w i t h  a laye r of pyrolyt ica lly  deposited

Si02 (44 00~~~ tc’ be used as an etchant mask as in Fig. 7 ( a ) .

I.- -- 
• L ILA
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Fig. 7 Process used to fabricate GaAs EAP detectors with alu--

minum Schottky barr iers .
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To pattern the Si02 a laye r of photoresist is spun on the Si02

• as shown in Fig. 7(b) and developed selectively with a photo-

lithographic mask. The photoresist used is AZ135OB which is

filtered with a O.2iim millipore filter mounted on a syringe.

The f i l tered photoresist on t1~ sample is spun at 30~0 rpm for 30

seconds. The photoresist is then prebaked for 20 minutes at

70°C. An optical mask aligner is then used to expose the photo-

resist except for a pattern of 4-mu discs on 15—mil centers.

• This pattern is aligned along a cleavage plane with the x , y

and 0 controls while the sample is at a 4-mu separation from

the mask . The mask is then pressed against the sample with

about 2 lbs. of force , and the photoresist is exposed for 7

seconds. The exposed photoresist is developed with a 50% solu-

tion of Azoplate and deionized water. This solution is sprayed

on the sample for 4 5 seconds and then rin sed in deionized water

for another minu te. The resul ting struc ture , shown in Fig. 7(c),

is dried and postbaked for one hour at 100°C.

The exposed Si02 is etched in buffered h F. The sample is

immersed for 1 to 14 mm at room temperature to etch 4400~~ of

Si02, then rinsed in deionized water. This etchant also attacks

the a luminum; however , it is very slow an~ only etches the ex-

posed surface slightly.

The etchant for the aluminum is Aurostrip diluted in de-

ionized water to a concentration of 4 oz/gal. This concentration

will develop the photoresist; so the sample (Fig. 7(d)) is first

cleaned in acetone which removes the photoresist. The Aurostrip
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solution is heated to between 45°C to 50°C. The higher tern-

- • 

pera ture gives a sligh tly fas ter etch ra te , 250O~~ /min com-

pared to 2000~~ 1mm at 45°C. The sample is immersed until

all of the aluminum is etched except that under the 4—mu

discs to obtain the structure of Fig. 7(e) . The Si02 mask

then is removed in buffered HF and rinsed in deionized water.

This yie lds the aluminum Schottky barr ier  EAP detector struc-

ture shown in Fig. 7(f) .

If it is desired to fabricate gold Schottky barriers
• instead of aluminum , a somewhat different procedure is used.

The protective Si02 laye r used durin g the fabrication of the

I ohmic back con tac t is no t etched of f  the epi taxial sur face af ter

the alloying of the Au-Sn (Fig. 8(a)). Instead this layer will

• be used as a gold Au p l a t ing  mask . Photoresist is applied as

described previously (Fig. 8(b)), howeve r , the 4-mil discs on

l5—mil centers are exposed instead of the area around them

(Fig. 8(c)). This mask is the inverted image of the mask used

for making aluminum Schottky barriers. The photoresist is de—

- .. veloped in the same way and again is baked for 1 hour at 100°C.

• The Si02 is etched for 1 to l~ minu tes in bu ffered HF and rinsed

in deionized water to obtain the structure shown in Fig. 8(d).

After the patterning of the Si02 the photoresist is removed in

acetone.

The plating of the gold on the epitaxial layer is similar

to the plating of the Au-Sn for the ohmic contact on the sub-

strate. The indium-plated nickel ribbon is pressure contacted
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on the ohmic contact wi th a small piece of indium. This indium

is pressed on top of the nickel ribbon which is placed across

the ohmic back surface . The sample is then placed on a micro-

scope slide with black wax just as in the Au-Sn plating, however ,

in this case the masked epitaxial layer is now face up. The gold

plating solution is Techni-Gold 25 made by Technic Inc. This

solution is heated to a temperature between 480C and 50°C. Be-

fore the sample is placed into the solution , the exposed surface

• is etched slightly to ensure a clean surface for the Schottky

barrier. This is done by mixing 5H2S04:lH2O2:lH2O and lettin i

it cool for 10 minutes. The sample is then etched for 10 sec

and rinsed in deionized water. The sample is blown dry with

• nitrogen and immersed in the plating solution. The area to be

• plated has been calculated , and the constan t current supply is

set to give a current density of 3.25 ma/cm2. The positive

terminal is connected to a 316 stainless steel anode in the

solution while the negative terminal is connected to the nickel

ribbon. The current is turned on for one minute while the solu-

tion is vigorously stirred . The sample is then rinsed in de-

ionized water and removed from the microscope slide in tn-

chloroethylene . For this plating time the thickness of the

gold Schottky barrier is 2000 ~ This yields a final geometry

for the gold Schottky barrier as detector shown in Fig. 8(e).
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3.4 Guarde d Structure s

To make guarded Schottky barrier EAP detectors , the device

material is grown using the procedure described in Section 3.1.

While the carrier concentration of the unguarded devices was

usually between 5xl014 
- lx lO 15cm 3 the carrier concentration

of the device material in this case is in the 3xl0
15 

- 7xl015
~~~

3

range. This was accomplished by adding five 10-mu Sn spheres

to the gallium melt. The other change from the procedure pre-

viously described is that the thickness of the epitaxial layer

is from 25 to 30 microns. After lapping the back of the sub-

strate with 5-micron grit, the epitaxial layer is cleaned in

HF and HC1 with deionized water rinses. Si02 is pyrolytically

deposited using the procedure described previously. This Si02

layer is usually 4400 thick and is deposited on top of the

epitaxial layer.

Photoresist is then deposited on top of the Si02 layer.

Using the photolithographic techniques described previously,

the photoresist is patterned into an array of 4-mil discs with

15 mil centers . The Si0 2 is then etched in buffered HF producing

an array of 4 mil discs of Si02 wi th the structure shown in

Fig. 9(a). The sample is then etched in 5H2S04:1H202:1H20 to

give the mesa structure of Fig. 9 (b). The etchant is cooled

for 6 to 7 mm , and then the sample is etched for 10 m m .  The

sample is rinsed in deionized water making sure that the sample

is not exposed to air. After drying with bibulous paper, the

sample is placed on a microscope slide and the depth of the

‘I. - -  _- . -- - - -_ — -
~
_ — _  ~~A A
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etching is measured with a microscope . The etching procedure

described typically produces a depth of about 20 to 25 microns.

The procedure is repeated if the etching is not through the epi-

taxial layer to the substrate .

The structure shown in Fig. 9(b) is then usually placed

in the epitaxial reactor on the same day the mesas are etched.

If they are left till the next day, the sample is etched for

30 sec after a 94 mm cool-down and then immediately put in the

furnace. The reactor is then flushed for 15 to 20 minutes at

a flow rate of 250 ml/min. The furnace is preheated for two

hours with the melt temperature controller set at 840°C, and

the seed controller set at 7000C with a flow of 50 ml/min of H2.
Af ter the 2 hour preheat the temperature of the seeds is raised

• to 730°C and then to 750°C in 15 minute intervals. With the

seed temperature at 7500C the H 2 by-pass is closed , and the H2
is bubbled through the AsCl3 at a rate of 150 mi/mm .

The temperature of the AsC13 is set at 9°C to decrease

the donor doping level of the epitaxial layer. The gallium

melt is left undoped which , with an AsCl3 temperature of 9°C,

• produces a high-resistivity layer. This resistivity is in the

• range of 100 to 1000 ohm-cm , which indicates a carrier concen—

tration much less than that for the device mesa. This produces

guarding since the reverse breakdown voltage is lower for the

• 

. 

• device mesa than for the high-resistance layer .7 The growth
0~~~ time is chosen to be the same time used to grow the device

material. This produces a slight overgrowth around the device
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mesas as shown in Fig . 9 ( c ) . When the sample is removed from

the reactor , the back of the sample is lapped with 5 micron grit .

The Si02 is then removed with bu f fe red  HF. The sample is rinsed

in deionized wate r , dried with bibulous paper , and mounted on a

polishing block which has been ultrasonically cleaned.

Thn same procedure used to polish the substrates is used

to flatten the sample surface , except that instead of the 1%

bromine-methanol solution used for the suLstrates , a 4% bromine-

• methanol solution is used to reduce the etching rate. The sam-

pie is polished until the waveguide is between 5 to 10 microns.

(Fig. 9(d)) At this point the back ohmic contact is fabricated

with the process discussed in Section 3.2 and the Schottky bar-

• rier with one of the procedures indicated in Section 3.3. How-

ever , instead of 4—mu circles, 6—mu circles with 4—mil bound-

ing pads are opened in the Si02. This produces the final EAP

device structure shown in Fig. 9 (f). -

3.5 Packa jing

To obtain packaged devices , the completed wafer discussed

in Sections 3.3 and 3.4 with ohmic contacts and aluminum Schottky

barriers are sc~ ibed into chips with approximately 3x 3 GaAs EAP

detectors per chip. The devices on each chip are probed to ob-

tain a prelimin~ ry evaluation of the detectors and to select

those which appear most suitable for further evaluation . These

chips are then mounted on T0-l8 headers in a hot stage with

indium to alloy the substrate ohmic contact onto the header case.

L. • ~~~•• • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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A temperature of 200°C in the hydrogen-HC1 atmosphere described

in Section 3.2 is sufficient for this purpose. Finally , two of

the best aluminum Schottky barriers on the epitaxial layer are

ultrasonically bonded to the insulated posts on the header with

1-mu diameter aluminum wire.

Although this packaging process cannot be used for devices

with gold Schottky barriers, it produces no degradation of de-

tectors with aluminum Schottky barriers. In fact, the charac-

teristics of the packaged EAP detectors with aluminum Schottky

barriers are improved over the unpackaged devices because of

their lower series resistance.

J
14, PERFORMANCE

The experimental set-up for measuring equivalent absorption

coefficients and responsivity is shown in Fig. 10. Laser diodes

of wavelength 0.905pm , and 0.9l5itm were used . A calibrated de-

tector (lite—mike) was used to measure absolute power for the

• determination of detector responsivity.

• 4.1 Absorption at GaAs Laser Wavelengths

The equivalent absorption coefficient I’ is defined by

~ (X, Z) = 

~i 
(X) e zr

where $(X,Z) is the photon flux density . Thus, r can be cal-
culated from measurements of the laser power radiated from the

waveguide in which the detector is fabricated. Laser power is
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H coupled into the waveguide by adjusting the position of the

objective lens so that the laser beam is focused onto the front

cleaved edge of the waveguide. Photocurrent is then generated

in the detector by the absorption of laser power . The laser

beam radiated from the back cleaved edge of the device is de-

tected by the light-mike. With zero bias voltage on the EAP

detector , the radiated power detected by the light-mike can

be taken as the value of power incident on the EAP device,

which is proportional to c$~~(X) (neglecting the absorption loss

after the device). Then a bias voltage is applied to the EAP

detector, and the corresponding output radiation is recorded,

which is proportional to c~(X ,L), when L is the detector length.

- Since

— 1 •(X,L)

• 
r _ —

~~
ln

4~~(X) 
~

then 1’(V) can be determined from

- 

1 
_____

H 
•

• 

~(V) 
— ~1n~~~(0)

.. where is the total photon flux incident on the light—mike .

: Since only relative power values of output laser radiation from

• the waveguide are needed for calculating r (V), no calibration is

needed. Thus, a pulse amplifier can be used after the output

- - 
detector (light-mike) if the signal is too small to be read ac-

- 

curately from the oscilloscope display. Such measurements were

performed on several samples fabricated by different methods.

Typically, these devices were 4-mils in diameter in 10pm

£4
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waveguides with doping levels of 5x10
15cm 3 and breakdown voltages

of around 80 volts.

Some of the data for these detectors are shown in Figs. 11

• and 12 for laser wavelengths of 0.905 and 0.915pm , respectively .

The data points in Figs. 11 and 12 are experimental values, while

• 

• 

the solid lines are calculated electroabsorption values as in

Fig. 4. As can be seen, there is reasonable agreement between

the experimental and calculated data. On some samples microplasmas

• 
1 

lower the breakdown voltage. With these devices the absorption

increases much faster than that shown in Figs. 11 and 12 because

the field in the microplasma regions are relatively high at low

• bias voltage.

4.2 Responsivity at GaAs Laser Wavelengths

- 
Measurements of responsivity are less accurate than those

of absorption because absolute values of the incident power to

the device are required. The experimental arrangement is the

same as that for the absorption measurements, except that the

photocurrent in the EAP detector must also be determined. The

magnitude of the photo-generated current is obtained by measuring

the voltage across the 50-a resistor as shown in Fig. 10. Ab-

solute incident power to the EAP detector was determined by mea-

suring the total output radiated power from the waveguide with

zero bias voltage and allowing for reflection loss at the out-

put edge. The reflection at 0.905pm is about 0.32.

_ _ _ _ _ _ _ _  

-1j
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Figures 13 and 14 show responsivity curves as a function

of reverse bias voltage for several EAP detectors at laser wave-

lengths of 0.905 and 0.915pm , respectively. The data points are

experimental values while the solid lines are calculated respon—

sivity curves as in Fig. 5. Parameters for the calculated curves

were obtained from the doping level and thickness of the actual

device. As can be seen the agreement between the calculated and

experimental responsivity is not as good as the absorption data.

• The leveling off of the experimental responsivity at high bias

voltages is probably due to the series resistance of the EAP de-

• tectors. Other differences may be caused by inaccuracy in deter-

• mining absolute power or by not knowing the actual electric field

distribution in the device.

4.3 Responsivity at 1.061Im

The responsivity of the GaAs EAP detectors was also mea-

sured at l.06~im. Because of the lower absorption at this wave-

length , however , a different geometry was employed. In this

case the detector geometry was a long thin rectangle with

rounded corners. The length , along wh ich laser light is ab-

sorbed , was 1.2mm with a width of 2 milE . This results in a

detector area about 7 times as large as those used to detect

GaAs laser wavelengths. The epitaxial layer was 15iim thick

with a doping level of lXlO 15cm 3.

The experimental arrangement was similar to that shown

in Fig. 10 for GaAs lasers, except that a Nd:YAG laser with

A
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appropriate filters to reduce the incident power on the wave-

guide detector was used. The absolute incident power to the

EAP detector was determined by measuring the output power from

the waveguide at zero detector bias with the light-mike and

correcting for reflection. The reflection loss at l.O6pm is

about 0.30 which resulted in an incident laser power of 7.ixlO 6

watt. With this power at l.O6pm the EAP detector photocurrent

was measured as a function of reverse bias voltage. The result-

ing responsivity is shown in Fig. 15. At the maximum responsi-

vity the absorption coefficient was determined to be 1.6cm 1.

4 . 4  Response Speed

Since the electroabsorption process is electronic, it is

expected to be very fast and should impose no limit on the res-

• ponse time which can be obtained with GaAs EAP detectors. The

limiting factor to the response time of these detectors is ex-

pected to be due to transit time or RC effects. For the 4-mil

diameter detectors in 10pm waveguides used to detect the GaAs

laser emission , we estimate a transit time of ioopsec and an

RC time of l8opsec . For the l .2mmx 2mi i detectors in lSpm wave-

guides used to detect the Nd:YAG laser emission , we ca1c~ 1ate

a transit time of l5opsec and an RC time of 900psec. Thus,

the limitation for both geometries is expected to be the RC

response. The transit—time estimates assume punch—through

operation and saturated drift velocity , while the RC estimates

are based on measured series resistance and geometry .
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1
• Although we have not been able to test these estimates

experimentally on waveguide EAP detectors, response time mea—

surements have been performed8 on discrete EAP detectors of
- 

comparable geometry. These measurements on discrete GaAs EAP

devices indicated rise and fall times of less than lnsec. This

value, however, was close to the ltEnitation imposed by the mea-

suring apparatus.

5. APPLICATIONS

• We now consider the applicability of GaAs EAP waveguide

detectors for processing analogue or digital optical signals.

5.1 Analogue Detection

For applications involving the detection of analogue sig-

I nals, it is desirable to know how faithfully the detector will

convert optical information into electrical form. To determine

I this experimentally a laser diode DC-biased above threshold can

be sine-wave modulated electrically , the modulated optical sig-

nal from the laser detected by the EAP device , and the modulated

I electrical signal from the detector analyzed for harmonic con-

tent. Since the optical output from the laser is a nonlinear

II function of the electrical input and the electrical output from

the detector is a nonlinear function of the optical input, it

is first necessary to examine the DC input—output characteristics

of both the laser and the detector to determine a suitable op-

erating point.
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For this purpose a CW A1GaAs-GaAs mounted to a heat sink

was connected to a regulated DC current source in series with

a 4.lohm resistor. The cw laser emission wavelength was 0.88iim ,

which is strongly attenuated by the GaAs waveguide.9 For this

reason it was necessary to operate the detector as a discrete

device as opposed to a waveguide device. The output of the

H laser was collected by a lens and focused about 24cm from the

• lens. A light-mike was placed slightly ahead of the focal

point to prevent damage to the detector. The light-mike was

then aligned so that light absorption was maximized. The laser

output power was then measured as the input current was varied.

The resulting data are plotted in Fig. 16. As can be seen,

this characteristic has a sizeable linear region in which the

AC measurements can be performed.

• The detector used was an aluminum Schottky barrier EAP

device in a waveguide 12pm thick, with a carrier concentration

of 3.6x1015cm~~ which was mounted on a header. The laser circuit

• was the same as that used for the laser power output measurements.

The detector was connected to a DC voltage supply, and the photo-

- 
• 

• current measured with an electrometer. The photocurrent of the

detector versus the laser output power for a detector bias of

70 volts ~ S given in Fig. 17. Figure 18 shows the circuit used

for the AC measurements. The laser was DC biased at 250 milli-

amps to put the laser in the linear region of the input current

versus output power characteristic shown in Fig. 16. To modu—

late the laser a 50 MHz power oscillator was used. The power

• ~~~~~~~~~~~~~~~
•
~~~~~~~~~~

_ _ _
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oscillator was isolated from the DC circuit with a variable

capacitor. To help match the impedence of the laser to the

50MHz oscillator a 0.66pH inductor was added to the variable

capacitor. This enabled the circuit to be tuned to maximize

the power modulation. This tuning was performed with a light-

mike to observe the laser output. At maximum power modulation

the AC peak-to-peak power output was only 30% of the total DC

power output. Thus, the AC output power swing of the laser

remains in the linear region of the characteristic shown in

• Fig. 16, and most of the measured distortion should be due to

the EAP detector.

• The photocurrent of the detector was determined by mea-

suring the voltage across a 100-ohm resistor . The DC was

blocked with a 0.OOlpf capacitor in series with the spectrum

• ! analyzer. The detector was reverse—biased at 70 volts, and

• the AC photocurrent varied by changing the power modulation

from 0 to 30%. The fundamental frequency was measured to be

57.5 MHz. The harmonics were then measured to give relative

amplitude differences. It was found that the second harmonic

was 12 to 16 db below the fundamental in power input. The

• third harmonic was 22 to 27db below the fundamental. The

fourth harmonic was 22 to 29db below the fundamental , and the

fifth harmonic could not be measured because of the scale limi-

tations of the spectrum analyser. These values result in

harmonic distortion of between 2.6 and 6.3% for the EAP de-

tector as the peak-to-peak photocurrent output is varied from

20 to 8opamps.

- • •
~~~
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5.2 Time Demultiplexing

Another application for the GaAs EAP waveguide detector

is in a high—data—rate time—demultiplexing receiver. Because

of its high-speed and low distortion the detector can easily

reproduce digital information, and the main problem is the

receiver ’s electronic circuitry . Synchronization between the

• transmitted signals and the receiver’s counting circuit is the

most important and most di f f icu l t  part , especially for high-

data-rate communication. The presently existing logic circuits

have an upper limit of about 40Mbps pulse rate. To demonstrate

a time demultiplexing scheme , a coded pul se train containing

three channels with 12 bits in each channel was sent out from

a laser or LED transmitter diode. A coding circuit was designed

to drive a current amplifier which , in turn , was used to pulse

the transmitter. A time demultiplexing circuit was then designed

for the output of the photodetector. The signal detected by

the photodiode had to be amplified to a voltage value above l.5V,

since it is the minimum value required to drive a logic circuit.

The transmitter coding circuit and the time demultiplexing cir-

cuit are shown in Figs. 19 and 20, respectively. A noise clip—

per circuit is also included at the output of the time demulti-

plexing circuit. Figure 21(a) shows the three—channel multi—

plexed optical signal input to the detector. Figures 21(b),

Cc), and (d) show the three demultiplexed channels at the re-

ceiver end. The pulse rate for this experiment was 1Mbps. A

• pulse of wider width in front of the first channel was used as 

-- • • -“ •~~ --~~~ - - - - -
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a synchronizing pulse . If the propagation delay in the circuit

is significant, then a delay line has to be inserted in the syn-

chronizing circuit. Because a suitable laser of wavelength

O.905pm or longer with a duty factor larger than 1% was not

available to demonstrate operation above 1Mbps, a LED was used

as the transmitter in this experiment

In the time demultiplexing circuit shown in Fig. 20 the

longer synchronizing pulses are picked up by the pulse width

discriminator , which is essentially a RC filter plus a diode

switch. The diode is so biased that its output swings between

0 and 5V. The synchronizing pulses are then fed into a mono—

stable multivibrator to be reshaped. The reshaped pulses are

then sent to the phase-locked loop, whose free running pulse

rate is set to be equal to three times the rate of the input

• pulse. The signal pulses are locked to the phase-locked loop

through a 3-to-l frequency divider. The output of the phase-

locked loop then has a pulse rate equal to the information

rate , and is synchronized to the input information . The fol-

lowing circuits are timimg gates for each channel. Each chan-

nel then passes through a noise clipper to remove circui t noise .

• 

- As previously indicated , the outputs are shown in Figs. 21(b),

(c ) ,  and Cd ).

• 

•
~~~~~
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5.3 Frequency Demultiplexing

The final application we consider is one that is unique

• to the GaAs EAP waveguide detector . That is , by varying the

bias on an EAP detector it can be used as a frequency—selective

element. This is indicated in Fig. 3. Frequency demultiplexing

can be achieved by passing a multi-frequency optical beam through

a row of two or more EAP detectors. The bias voltages of the

detectors are arranged in an increasing order so that the short—

est wavelength signals are detected by the first diode (with the

lowest bias voltage) and that the longest wavelength signals are

detected by the last diode (with the highest bias voltage). In

addition , device lengths can be altered to vary the absorption.

Although this frequency demultiplexing technique has the

advantage of simplicity, the signals mus t be detected in order

of increasing wavelength. In addition, the first detector will

pick up some fraction of the longer wavelength signal intended

for the second detector , etc. This constitutes the dominant

mechanism for cross-talk among frequency channels.

The cross—talk among frequency channels can be estimated

by using Eq. (2-14) for the equivalent absorption coefficient.

Considering a three-channel GaAs laser multiplexing system with

a wavelength separation of 0.O3pm (which can be achieved with

silicon—doped active regions9), EAP detector biases and lengths

were varied to obtain a calculated minimum signal-to-noise ratio

• 
- 

in the receiver channel of 10db. From this analysis the optimum

detector configuration was: first detector biased at 0.15 of 

• 
-~~~ --- -.- -- - -•-—- -_ - LA
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the breakdown voltage with a length of 100pm; second detector

biased at 0.35 of breakdown with a length of 300pm; and third

detector biased at 0.9 of breakdown with a length of 300pm .

This configuration gives calculated signal—to-noise ratios of

16 , 10, and 11db for the first, second, and third detectors,

respectively. Considering a two—channel system with the same

wavelength separation, the signal—to—noise ratio can be made

arbitrarily large. However, it is not possible to obtain a

four-channel demultiplexing system with a minimum signal-to-

noise ratio of 10db for each channel using EAP detectors.

Experimentally , because of the limited commercial avail-

• ability of laser diodes of different wavelength, a two-channel

system with a wavelength separation of 0.Olpm was investigated .

The results are shown in Figs. 11 and 12 and Fig. 13 and 14 for

detectors with the same geometry. As can be seen, even with

this small wavelength separation , for a two-channel system the

cross—talk between channels can be made arbitrarily small by

varying the detector bias.

6. CONCLUSIONS
GaAs EAP waveguide detectors show substantial promise fot

applications involving the processing of analogue or digital

optical information from GaAs or Nd:YAG lasers. At GaAs laser

wavelengths they can be fabricated on the same substrate as the

GaAs laser with other components, and can be used to detect the

below-energy-gap radiation of GaAs lasers transmitted through

GaAs waveguides.

• • •
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Experimentally,  equivalent absorption coefficients as high

as 13Ocm~~ with responsivities of 4oamps/watt have been obtained

at O.905pm. This corresponds to a gain of about 70 for the EM’

detector in waveguide configuration. At l.O6pm an absorption

coefficient as high as l.6cm~~ has been attained with a respon—

sivity of 200 amps/watt. Analysis of the electroabsorption and

avalanche processes indicate that this performance can be improved

with improvements in the detector fabrication processes.

An analysis of the factors which limit the response speed

of the GaAs EAP waveguide detectors indicates a limitation of

about lOOpsec (depending upon geometry) for high-speed appli-

• 
cations. Measurements of the harmonic content of the photo-

current output for these detectors with a 50MHz sinusoidal op-

tical input indicate a distortion of between 2.6 and 6.3%.

These values are sufficiently low for most analogue applications.

• For digital signals the EM’ detectors can be used in time- and

frequency—demultiplexing receivers. In a two-channel frequency-

demultiplexing system the cross-talk between EAP detectors can

be made arbitrarily small by varying bias. In a three-channel

• system a signal-to-noise ratio of 10db per channel can be ob-

tam ed by varying bias and geometry .
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