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SUMMARY

During the period frnm 1 July, 1975 to 20 April , 1976 ,

the following progress has been made toward the realization of

an IOC receiver. ~~~e~ •- th s.~co~ tract: —~~~~

~~ (l) GaAs electroabsorption avalanche photodiode (EAP)

detectors with responsivities up to 60 A/W

have been successfully fabricated in single—mode

waveguide structures and evaluated experimentally .

(2) The effects of doping, applied voltage , and device

dimensions on the performance of EAP waveguide

detectors has been evaluated theoretically as an

aid to device and system optimization .

(3) Using this analysis a three-channel frequency

demultiplexing receiver using EAP waveguide detectors

has be€ n designed.

(4) A three-channel, 1 M bit/sec time demultiplexing

system has been designed , constructed , and

j demonstrated.
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~1. WAVEGUIDE DETECTORS

1.1 Design and Fabrication of (
~aA s EAP_Detectors

The design considerations in the original proposal indicated

that the discrete GaAs electroabsorption avalanche photodiode

(EAP), originally developed by Stillman and Wolfe~~~ could be

incorporated into a single-mode waveguide for use as an integra-

ted optical circuit (b C) receiver. If the waveguide were fabri-

cated from high-purity GaAs grown epitaxially on a GaAs substrate

18 —3doped at 1 x 10 cm , the heavy doping of the substrate would

suppress the index of refraction enough to support a single mode

in a waveguide thickness of about 6 urn. The heavily—doped substrate

would also serve as a closely—spaced back contact to obtain a

low impedance device. The high—purity epitaxial GaAs would trans-

mit GaAs laser wavelengths greater than 0.905 pm with losses
(2) (3)less than 1 cm~~ and also provide a guard-ring for the EAP

detector. Since response speed measurements on discrete devices

indicated rise times of less than 1 nsec~
1
~ the EAP waveguide

detectors should be useful for high-data-rate optical communica-

tion. This initial analysis also indicated that the internal

quantum efficiency (without gain) of the waveguide device should

depend on its length with values from 80 to 100 percent obtainable

for GaAs laser wavelengths using device lengths of 100 pm.

Avalanche gain, however, should depend on the thickness of the

depletion region and a 6 pm single-mode waveguide would limit

the gain to a maximum of about 200, somewhat lower than that

achievable in a discrete device. Preliminary analysis also



indicated that the GaAs EAP waveguide detector could be useful

~~~~~~~ the detection of 1.06 Inn .

With these initial design criteria GaAs EAP waveguide detec-

tors were fabricated using the process steps indicated in the

proposal. Experience obtained with this procedure , however ,

J ic tat e d  a number of improvements,and the revised process is

outlined in Fig. 1. To obtain the detector material , a 10—pm

thick layer doped with Sn at 5 x 1015 cm 3 is grown epitaxially

on an n+GaAs substrate. Over this epitaxial layer a pyrolytic

Si02, 3000A thick , is deposited and patterned photolithographically

to leave 5 mil diameter disks of Si02 [Fig. 1(a)]. These disks

serve as an etch mask , and the epitaxial material around the

device regions is then etched away to obtain the structure shown

in Fig. 1(b). This structure is then placed in the epitaxial

reactor , where the disks now act as a mask against growth. In

the reactor, a high-purity layer for the waveguide—guard ring

is grown around the device regions [Fig. 1(c)].

— After the samples are removed from the reactor , the Si02

— disks are removed , and , because of the growth morphology , the

epitaxially-grown waveguide is polished to a final thickness

of 5 - 7 jim. A pyrolytic Si02 is now deposited over the surface

and a layer of Au-Sn eutectic is electroplated over the back of

the n~ substrate to obtain the structure shown in Fig . 1(d).

This Au-Sn layer is alloyed into the material at a temperature

of 540°C in a reducing atmosphere to obtain an ohmic contact.

Following this step, 5-mu diameter holes with 2-mu diameter

~~~~~~~~~~~~ .—~~ --~~
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holes for the bonding pads are opened photolithographically in

t h e  S iC~1 on t he uj ver  s u rf  : t cc  . In the last step , Au for  the

Schot tky  ban i e~ and houd in - i  p ;iJ~ , is electroplated in the holes

to o bt a i n  t he  s r u t u r e  shown in F i g .  1(e ) . This appears to be

close to  ~ n o p t i i u n i  r ’roccss fo r  fabricating the EAP waveguide

cl to eta r .~

1 . 2  M~i~ or i al s  and Process Eva iua tion

D u r i n g  each ep i t ax ia]  growth process in the devices, a layer

iu simultaneously grown on a high--resistivity control sample

+ - ) determine carrier concentration and mobility . In this manner,

samples which will not provide the appropriate device structure

¶ can be eliminated without additional processing. Material for

the device regions is typicall y doped at 5 x 1015 cm 3 with

room temperature mobilities of 6000 crn2/sec, while the undoped

high-purity material for the waveguides usually has a carrier

14 — 3  . . 2concent ra t ion  of 1 x 10 cm w i t h  a mobili ty of 8000 cm /Vsec .

These values are expected to qive close to optimum device

performance.

The whole process is evaluated by examining the properties

of the  f i n i s h e d  devices.  Py isolating regions of the back Au—Sn

contact and examining the I-V characteristics between these

r:gions , the back contact was found to be ohmic with a resistance

of about 10 ohms. The Au Schottky barriers have a normal 0.5

volt breakdown in the forward direction with the best having

an incremented forward resistance of 1 to 2 ohms. In the

r~.verse direction the Schottky barriers have breakdown voltages

~~ 1~~~~~~~ ~~~~~~~~~~~~
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(3 0  to 50 vo l t s)  which  depend on the doping level and device

thickness. The dark current at breakdown is typically less

s- han 1 pamp . The devices appear to be well guarded ~nd can

withstand reverse currents in excess of 10 ma without catas—

tropic failure . The resistance beyond breakdown for the best

devices has been in the range f rom 100 to 400 ohms. Many of the

devices , however , have reverse resistances in the range from

1000 to 3000 ohms and this is probably limiting the gain in these

~evices.  This  h igh  reverse res is tance is apparently due to an undoped

hi gh resistance region at the substrate-eptaxial layer which is pro-

duced by certain types of GaAs substrates . Although (as discussed

below) when this type of region is completely depleted of carriers ,

i t  can improve device perfromance by giving higher gain at lower

f i e lds , when it is undepleted it can lower the maximum gain.

The problem can , however , be overcome by either completely deplet-

ing the region or using different substrates.

1.3 Theroetical Waveguide Detector Response

To obtain a quantitative understanding of the EAP waveguide

detector response , the detector structure , shown in Fig . 1, can

be approximated by the s t ruc tu re  shown in Fig. 2. The analysis

begins by first determining the guided wave modes for a GaAs

~~_~~+ waveguide , from which we obtain the photon flex density

incident on the detector, cf
~~
(x,O), for various waveguide thick-

nesses, W, and doping concentrations . When a reverse bias

voltage is applied to the Schottky barrier , the electric field

in the depletion region Ct < W) increases and , assuming a uniform

-
- WV . - — ---——-- - — —
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• i a o c n q  p r o fi l e , the electric field will vary linearly as a function

nF x i u t i l  ~~~~ ‘ ci  r I c  f ie l d ~~t . x = 0 is equal to the breakdown

f~~~ 1c1. T h i s  ao i  e h cr  e lec t ri c  f i e l d  d is t r ibut ions  are determined

t~rnn ’ Poisson ’ s e q u a t i o n .  Knowing the electric f i e l d  d is t r ibution

t .~o f i e l d  dt ~nden~ o of the ioniza t ion  coef t ic ien ts~~
4
~ , the

.~h s o r u t i o r t  c o e f f i c i &  n t , ci. , and t h e  ion iza t ion  coefficients

(a ,, f o r  e l e c t ron  and ~~~~~ are calculated as functions of x in the

depletion layer and the applied voltage .

‘Che net effect of the absorption coefficient is to cause

the photon density to be attenuated as a function of z, i.e.,

—r izf ( x ,z) = 4~~
(x ,0) e

t’sing a perturbation approach , F~ is calcualted from the ratio

of the total power absorbed from each mode within a distance

dz to the  total energy stored in that mode [i.e., 
~ wf~~~~

(x,z)dx].

Fl ou r e .3 shows the  calculated values of as a function of

;i1:~ 1itd bias voltage for W = 10 pm , D = 100 pm , N 5 x 1015cm 3

— and A 0 .9 0 5  ;~rn .

-_ We then assume that each absorbed photon produces an electron-

hole pair and that these pairs produce secondary pairs by impact

ionization. The solutions for the differential equations govern-

• ing  tb .. resulting electron and hole current densities are obtained

numerically on a computer. From the calculated photocurrent

density , the responsivity , R (the ratio of the photocurrent

collected to the amount of power contained in the guided wave mode)

has been obtained for various doping concentrations , waveguide
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th i cknesses,. wavelenciths , and detector dimensions. Figure 4 shows

t h c ’ r e sp on c ;  i v ’  ty fo r  a t ’p i eal  sample as a func t ion  of bias  voltage

w i t h  D = 100 rn , w = 10 u r n  , ti = 5 x i0~ fo r  d i f f e r e n t  wavelengths,

These calcu la ted  resu l t s  are useful. for several reasons :

( 1 )  the :  give us design guidelines for the fabrication of experi-

m utal dev i c e s .  For example , these results indicate that to have

a d-te ct or with good responsitivity at A = 1.06 pm , we need D

2 cr 3 mm . (2) They enable us to interpret the measured data .

For example, a comparison between the values of r and R (and their
comparison to the measured values) enable us to differentiate

between the optical absorption and the electron and hole multipli-

( cation processes of the detectors . (3) They give us the necessary

initial data upon which a design of a frequency demultiplexing

scheme can be made , as will be discussed in Section 3. (4) In

contra~ t to conventional discrete photodetectors , these results

show that waveguide detectors should have a flat frequency response

for optical energies above the fundamental absorption edge. This

• is an advantage for those applications in which one wants to have

a detector with uniform responsivity at shorter wavelengths .

1.4 Exjerimental Waveguide Detector Response

W. have used two experimental procedures to evaluate the

detector response. In the first procedure, either a laser source

or a broadband source in conjunction with a Perkin Elmer Model El

grating monochromator is used to illuminate the diode detector

in . - + direction normal to the waveguide surface. In the second

procedure , a GaAs diode laser is used to directly excite a
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a .3uldcd wav~ in the  e p i t a x i a l  waveguide . The energy in the

q c 1j d F ~d wave  mode is then detected by the EAP detector . Although

Hie first approach is an indirect evaluation of the waveguide

detector , it offers a convenient way in which the electroabsorption

e f f e c t  at d i f f e r e n t  wavelengths can be evaluated directly without

a t unable laser source . This first approach has two disadvantages:

(1 . )  it requi res  a t ransparen t  electrode , and (2) the coupling

~~ficiency of any incoherent source to the waveguide is too low

~ permit the evaluation of the detector as a guided wave detector.

~e second approach directly evaluates the behavior of the device

is a waveguide detector . However , the response of the detector at

different wavelengths can only be evaluated whenever a laser source

is avai1abl~~. So far , most of our data has been obtained using

the second approach. The f i r u t  approach is expected to be used

mar in the experimental evaluation of the frequency dernultiplexing

schemes.

The dashed curve in Fig. 3 shows the measured power attenuation

doefficient , F , of the quided wave mode at 0.905 pm as a function

of the applied voltage for a typical detector.* Notice that the

measured and calculated values of F exhibit about the same varia-

tion with applied voltage. The measured values of F , however , are

larger than the calculated values , indicating that the absorption

of the guided wave is stronger than that predicted by theory.

We believe that this measured behavior of r is caused by the

*T~~+ measured I” value is the average F of all of the propagating
modes of the waveguide.
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doping profi le discussed in Section 1.2 , and we intend to investi-

q i~~e the e f f ects of the doping profile in more detail.

The dashed curve in Fig. 4 shows the measured responsivity

(in A/W) of the detector . Notice that the measured responsivity

of this detector is quite good. When compared to the theoretically

u~ :dictcd responsivity , we notice that the measured responsivity

is much better than the theoretically—predicted responsivity .

This difference could again be caused by the doping profile created

during the growth of the epitaxial layer, producing a higher

uv rage electric field in the depletion region, thereby increasing

* 

both the absorption and the ionization coefficients at relatively

low voltage levels. For an avalanche detector , this effect

gives an added advantage in that gain fluctuations caused by the

voltage fluctuations can be reduced. Various experimental measure-

rnen t•s have been planned for the remainder of this contract period

to examine and to control this behavior.

It
• 
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— — — - - • - -- -----



2.  ~‘~f l , c T ’EN C Y ~~ 1ULTIPLEXIN G

Pror- l ’i . & r. ce see t h a t  the amount of the power absorbed by

a g.i’ en d tect )r at. a given w a v e l e n g t h  depend on the bias voltage.

Wh~~n there are thr . •~ yuided waves at different wavelengths

(represe:: t ing signals from three separate channels )  propagat ing

thorcich a srri ls of three detectors biased at different voltages

jr m increasinq order , most of the energy of the guided at the

shortest wavelength (i.e., the f irs t channel)  wi l l  be detected

ay the fiest detector. A small amount of that energy will he

l akeri to  the second detector , constituting the cross—talk

of the signals in the first channel to the second detector.

Conv ersely , some of the energy at the longer wavelengths will

be dc tect~~d by the f i r s t  detector , constituting the cross-talk

of he lonqs r wa~ elenat:h channels to the first detector. Similar

sit u ttions occur at the second and the third detector . We have

calculated the cross-talk of the different channels at different

wi re -ln nqths based upon the numerically calculated values of F

as a furu t~~uri of bias voltage and wavelength. We have also varied

(1) the wavelenuths of the guided waves in the three channels ,

( 2 )  t h ’ ‘ ength of the  detector D, and (3) the applied voltage

t n  the three detectors to obtain a design which would minimize

cress-talk ratios betwe en channels. Table I shows such a

desigr L . Notice that , the cross—talk ratio of 10 dB is typ ica l ly

wha t can he obtained based solely upan the wavelength dependence

of the elect roabsorp t ion . Much higher isolation between channels

can he obtained jc only two-wavelength channels are employed .

w’ r-v - - - . ‘ .-.. ------- -- —~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ - —
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Due f-n  di fte ~ erces het’.jren theory and experiment , Ibe design

~iven in Tabl° 1 
may nat ’ be optiJ riurl . However , we expect. if:

to rcn r sent ~‘)uq ~ee~t can be achieved by such a sys~~ern .

We have thus ordered ~uer diodes at  these waveleng ths to

.->~oerioent~il ly evaluat . this scheme.

I
(
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~wu t i~ dernul t ~~ xi nq sc ‘ ‘ ~ s c w er e  proposed for the contract.

So far we havn compi Led th e design end ~ !ie construction of time

d :culf i~~l xi nj circuit c c v h~~r . t he d e m u l ti  piexing is carried out

H dot ~ te . The k si g n  and th e  cons t ruc t i on  of electronic

circuit for t ini s dcrnultiplexinq by the sequential switching of

the bias ~~~~~~~~ of th e detectors is still in the process of

beu~~ car r ied  out .

Fi ;ur~~s 5 cne 6 show the schematic diagram of the comp leted

el etronic du -- i 1 tipiexinq scheme. In this scheme , we have

desiqn ed ‘rn electronic circuit that will generate diode laser

(or LEU) p ul se  train consisting of a synchronizing pulse 20 nsec

wid~~, fo~~ia wec1 by a sequence of three sets of signal pulses.

T b r c u i  12 pulses 5 nsec wide in each signal pulse set, consti-

tu s- in ; 12 bits of information in a given channel. After the

optical signal is a.’ tected by the detector , the pulse wid th

discrii n u tor  picks out the synchronizing pulse and activates

a c ’ uuence  of -witches tha t will send the first set of signal

pulses  t a  chann el ~~~~, the second set to channel B , and the

thi nd set to channe l C. This sequence will repeat after receiving

a subser1w nt synchronizing pulse. This receiver system is fully

f ~r u t .iona 1 at a 1 Megabit/sec data rate with LED and a T1XL57

ival jnehs de tector. It has also functioned for a laser diode

~iith H EAP waveguide detector at a reduced data rate because

o~ the d uty  cycJe limitations of our present laser diode. We

• ar ex~~.ct ir 1 g the deliver of new high-duty—cycle laser diodes .

— 
._—.,--- S - ~‘ - •
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Thu s the 3-channel , 12-hit , 1-Megabit/sec time demultiplexing

system should he fully functional within two weeks . However ,

the bandwidth l imi ta t i~~n of the receiver system and the pulse

oc nera~~or s f a r  t i e  laser diode are capable of handling 50 Megabits

nor second d a ta ;  O O IJ  the power amplifier of the laser diode

dri\rer unit is limiting us to the data rate of 1 Megabits/sec.

Thus  i new pow’r amp 1 ifler is c o r ’ n ly  being designed to increase

the data rate .
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