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1. INTRODUCTION

Integrated optical circuits (IOCs) combining optical

signal propagation with high speed photoelectric detection

have a high potential for very fast analog and digital

signal processing. Gallium arsenide shows considerable

promise as a semiconductor for use in IOC fabrication be-

cause of the variety of available optical and electronic

device technologies for this material. Along with these

technologies is the potential for optical signal genera-

tion, propagation, and detection on a single substrate.

This provides the key to the design of a monolithic IOC

for real-time, wide bandwidth spectrum analysis. One of

the basic elements for an integrated spectrum analyzer

is the waveguide detector array. The properties of this

component will determine the ultimate capabilities of the

IOC spectrum analyzer.

1.1 GaAs-BASED IOCs

Gallium arsenide has good potential for the fabrica-

tion of IOCs. A large variety of electronic and optical

devices have been demonstrated in GaAs with the desirable

attributes of high speed, low noise, and high efficiency.

Lindley et aZ (1] have fabricated avalanche photodetec-

tors with a large gain-bandwidth product(less than 50 GHz)

and a signal-to-noise ratio of 30 dB. Stillman et aZ [2]

The numbers in parentheses in the text indicate
references in the Bibliography.
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have fabricated GaAs waveguides which operate with

attenuation as low as 2 cm-1 at GaAs laser wavelengths.

In addition, GaAs-AlGaAs double heterostructure lasers
0

emitting at 9100 A have been integrated with high purity

GaAs waveguides (3]. Sun et al (41 have utilized GaAs

waveguide detectors to achieve time demultiplexing at

data rates of 1 Mbps. These electroabsorption avalanche

photodiode (EAP) detectors make use of the Franz-Keldysh

effect to detect optical radiation at wavelengths be-

yond the normal absorption edge of GaAs [4-7]. Their

use as an output stage provides the key to monolithic

integration of optical circuits in GaAs; that is, with

EAP devices, signal generation, propagation, processing,

and optoelectronic decoding are possible on a single

substrate.

1.2 GaAs IOC SPECTRUM ANALYZER

One application for such a monolithic IOC is real

time, wide bandwidth spectrum analysis. A hypothetical

configuration for an integrated GaAs spectrum analyzer

is shown in Figure 1. To provide the coherent optical

beam a distributed feedback, distributed Bragg reflector,

or integrated Fabry-Perot laser is used. This beam is

then RF modulated with either an acousto-optical or

electro-optical transducer. The encoded signal is then

Fourier transformed with a Fresnel or Luneberg lens.

O
I
I
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CCD multiplexed
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Figure 1 Schematic of a hypothetical GaAs IOC

for real-time spectrum analysis.
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The resulting signal spectrum is collected by an array

of integrated channel waveguides terminated in EAP de-

tectors. These detectors convert the optical informa-

tion into a compatible electrical signal. The resulting

signal can then be processed with charge coupled devi-

ces (CCDs) for the final output. Such an IOC spectrum

analyzer has been examined by Anderson et at [8] on a

silicon substrate. They concluded that such a system is

a realizable application of present integrated optics

technology in silicon. Further investigation and ex-

perimental development are necessary, however, to assure

optimum design and performance.

1.3 WAVEGUIDE DETECTOR ARRAY

One of the basic elements for a wide bandwidth

spectrum analyzer is the waveguide detector array.

Discrete GaAs avalanche photodiodes [1] have been found

to have a higher gain-bandwidth product and an enhanced

signal-to-noise ratio (30dB), as compared to silicon

devices, because of the higher ratio of the hole to

electron ionization coefficients in GaAs [9]. In the

electroabsorption avalanche photodiode (EAP) mode of

operation (4,7], these devices are capable of detecting

the below bandgap GaAs laser emission with a measured

response time of less than one nanosecond [7). Results

for GaAs EAP devices in waveguice configuration are

equivalent to those for discrete detectors [4]. Since

II



both the gain and absorption are controlled by the

bias, GaAs EAP devices have a useful dynamic range which

is orders of magnitude larger than silicon devices where

only the gain is controlled by the bias. For these

reasons, an array of GaAs EAP detectors in waveguide

configuration has been proposed, designed, and fabricated

with monolithic FET automatic response control.

1.4 CIRCUIT APPLICATION

The desired waveguide detector array should provide

high speed detection of GaAs laser emission over a large

incident power range. The circuit for obtaining this

result should be composed of GaAs components that can

be integrated on a single substrate. To meet these re-

quirements, the circuit shown in Figure 2 has been chosen.

With this circuit, high speed detection is possible

while also providing automatic response control. The

benefit of the automatic response control is two-fold.

First, the input optical power range is extended. Second,

the electrical signal output range is compressed. Im-

plementing this circuit on GaAs provides the potential

for an integrated waveguide detector array with a high

speed of response and a wide dynamic range. In the next

section, the operation of this circuit will be considered

in detail following the discussions of the individual

components.

I
I
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2. ANALYSIS

The following analyses will consider each compo-

nent of the array. For each component, relations will

be presented that show its applicability to the array.

These relations will then be used to analyze the opera-

tion of the automatic response control. The waveguides

will be considered first, followed by the detectors

and the field effect transistors.

2.1 WAVEGUIDES

The waveguides are etched channel structures as

shown in Figure 3. The guiding layer is n-type epitaxial

GaAs which is 5 im thick with a carrier concentration

of 101 5cm- 3 . The supporting layer is also n-type GaAs

with a carrier concentration of 1018cm -3 and a thickness

of 30 pm. Both layers are grown on a GaAs semi-insulating

substrate by vapor phase epitaxy as will be described in

the section on epitaxial growth.

2.1.1 Index of Refraction Difference

The index of refraction of a semiconductor will vary

slightly with the carrier concentration of the material

due to free carrier absorption. This property can be

utilized to obtain changes in the material index whereby

optical beam guiding is possible. For the etched channel

waveguides of this work, the change in index was provided

[
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SEAP Detector

Figure 3 Illustration of the channel waveguide

detector structure.
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by growing two layers in contact with different doping

levels. The amount of this change in index will now be

discussed.

From the Kramers-Kronig relations (10], the approxi-

mate index of refraction for a semiconductor is,

2

n2  ) 1 1 [( Ii )2 + 0 1/2

2 {R W O  7 O R ]

The relative permitivity is £ The real and imaginary

parts of the high frequency conductivity are ar and

respectively. w is the frequency of the optical signal.

The form of the conductivity components are as follows:

0 N < m> (2a)
1 + W2Tm

and

N= m Tm2 (2b)

WA T m

Here N is the doping level, q, the charge of the electron,

m, the free electron mass, and Tm is the momentum relaxa-

tion time.

The quantity, W2Tm 2 is approximately one at micro-

wave frequencies and is much greater than one at optical
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frequencies. Therefore, equations (2a) and (2b) reduce to,

r = N T -  (3a)

mw <7-m1

and

= 2(3b)

mw

It is then apparent that for optical frequencies, ai>>ar.

So the last term in equation (1) is neglected and the

approximation for oi, equation (3b) is substitued such

that,

= 2 -N-2 (4)n 2 2

Me0 w

Thus for two semiconductor layers differing only in

doping level,

n -2 n22 (N2 - N1) q (5)

me 0 w

is the difference in index of refraction. N1 and N2

are the doping levels corresponding to the layers of

indices n1 and n2 . Replacing the frequency by the

relation,

w 2wc/X0

one obtains,

n -2 n2 2 = N q 2 (6)
4r2 mc 20

Io



Applying this equation to the present situation yields

a difference in the square of the indices of order 10- .

2.1.2 Mode Selection

The waveguide structure can be approximated as an

asymmetric slab waveguide as shown in Figure 4. This

is possible because the operating wavelength inside

the guide is much less than the guide width. The solu-

tions presented here are derived by Marcuse (11] and the

notation is chosen to be consistent with his results.

Both the TE and TM modes will be considered and the

eigenvalue equation will be given which determines the

number of guided modes. To begin, the following relations

are needed.

v - (7)

k2 2 2 r 2 (8)

0

and the abbreviations,

2= n22 2 1/2
K n) -n ksine1  (9a)

--c2  2 n2 21/2 - n2  2 h k2  2 K21/2 Cb
( nk[(n n ) k K (9b)

=2 1 2

(82 _n 2k )1/2 (n 2  _n 2 )k 2  K2 ]11/ 2  (9c)

The assumption is made that

/ay = 0

with no loss of generality.
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d nj

n2

Figure 4 Structure used to derive the mode selection

rule for the channel waveguide.

I
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For the guided TE modes the eigenvalue equation

obtained is,

tan Kd = K(y + 6)/(K 2 
- Y6), (10)

or alternatively,

cos Kd = ± (K2 - y)[(K2 + Y2) (K2 + 62) -1/2 (11)

sin Kd = ± K(y + 6)(K 2 + 2 2 + 6 -1/2 (12)

where the sign of the square root must be the same for

both.

Cutoff then occurs when,

8 = n2k (13a)

or,

y = 0. (13b)

At this point, it is useful to define a parameter,

V, that combines the difference in the squares of the

refractive indices nj, and n2 , with information about

the operating wavelength and thickness of the slab wave-

guide.

V= (n-2 n 1/2 kd. (14)
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The value of V at cutoff can be obtained from equation

(10) and for each mode one obtains,

V = (Kd) C (15)

Then from (9a), (9b), (13a), and (10)

2 1/2 ) l/2 (16)

Vc = arctan (n 2
2  n 321 (n 2 - n2 )1 + y',

where v is an integer > 0

Similarly, for the TM or transverse magnetic modes,

one obtains the eigenvalue equation,
(17)

tan Kd = nl2 K (n 2 y + n2
2 6) (n2

2n3
2K2-n1

4yO)- ,

or,

cos Kd = ± (n2 2n3 2K2 n 14Y

4 n2 (18)

[(n2 4K2+n 1 472) (nn 1462)] -12

and,

sin Kd n 21 K(n 3 2y + n2 26) (19)

[(n2 4K2 + n1
4y 2) (n 3

4 K2 + n1462)] - 1/ 2,

Again the condition at cutoff is,

Vc = (Kd)c, (20)

but now,
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V c = arctan (n2 3 2) (n2 + 2/(21)

(n 2 n 2 2 ) 1 / 2

For a given value of V as defined in equation (14) the

mode is cut off if V > Vc for that mode. Since v = 0

indicates the first mode, v = N indicates the (n + l)th

mode. Thus, for the TE modes,

V < Nn + arctan (n22 _ n32) 2 (n2 - n2 (22)

where N is the number of modes below cutoff.

Therefore, the number of modes N is,

[ 2)1/2 2 21/21 (23)
V-arctan n(n 2 - n3  (n 1 _n 2  int

where []int indicates the greatest integer less than

the value of the brackets plus one and n is

1 for TE modes
(24)

n1 2/n32 for TM modes.

The total number of modes is the sum of modes, N, given

in equation (23' for both the TE and TM case.

2.2 ELECTROABSORPTION AVALANCHE PHOTODIODES

The photodetector array utilizes electroabsorption

avalanche photodiodes (EAPs) to detect the below bandgap

emission of GaAs lasers. This is made possible by the
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shift in the absorption edge due to high electric fields

in the device. This shift is known as the Franz-Keldysh

effect. The structure for the EAPs is shown in Figure 5.

The avalanche diode is fabricated in waveguide configura-

tion with an aluminum Schottky barrier on a 5 um thick

epitaxial layer of GaAs. The layer thickness is T, and

the depletion width for a voltage (-V) is W. The length

of the device is L. The parameters NJ, N2, Ns, and nI ,

n2, ns are the doping levels and indices of refraction

respectively for the waveguide layer, contact layer, and

substrate.

2.2.1 Electric Field Distribution

The operation of the EAP detector will be determined

by the absorption of the incident radiation and the re-

sulting current. To consider the absorption, the field

in the device must be determined. Two cases are possible

for the field solutions. In the first, the field is con-

fined to the waveguide layer and W < T. In the second,

the depletion depth is approximately equal to the layer

thickness.

First consider the case where W < T. Without illumi-

nation, the depletion width is W and the depletion approxi-

mation holds, so that the electron and hole concentrations

are negligible. It is also assumed that the carrier

concentration N1 is approximately equal to the doping
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y z

Schottky
Barrier - v

N+ Epitoxial Layer

N5

Figure 5 Structure used to derive the EAP

operating characteristics.
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level Nd. Under these conditions, Poisson's equation

can be solved for the field distribution.

-- _ N1 (25)

yielding,

E= Nlx + C, (26)

The depletion layer is defined as the region of non-zero

field. Therefore, at W the field must vanish and,

E 1q N1 (x-W).• (27)

Equating the field to the negative derivative of the

potential allows a solution for W in terms of V.

dbE = 1 Nl(X-W) (28)

Integrating

(x) 1 N (XW  x (29)

I 1 x + C2

By noting that -V is the potential at x = 0 one obtains,

(x) I q Nl(tX - X2 ) - V. (30)

Substituting the value 7P (W) 0, yields,

V = W (31)

or,

2F) 1/2 1/2 (32)W = (q-T V
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The final form for the field is then,

E(x) a N - 2V. (33)

The case that remains is when the depletion width

is equal to or exceeds the layer thickness. For this

structure, N2 is highly doped to be conducting and

N1 << N2 to provide guiding in the layer. Under these

conditions the field will not extend very far into the

conduction layer and W = T, but E (W) # 0. Again

Poisson's equation is integrated to obtain,

E (x) = qN1 x, + E(0), (34)

and from equation (28),

(P (W) T E0]- 1 T2 = V. (35)

The pinch-off voltage, Vp, is defined as the applied

voltage such that the depletion width is T, and E(T) = 0.

Solving for V yields,

qN 1T

Therefore,
-i

E(0) = -1 (V - Vp) (38)

T 1

E (x) = q Nlx - i (V + Vp). (39)
T p
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Equations (3-3) and (39) are the necessary results for

calculating the breakdown voltage and the responsivity.

2.2.2 Avalanche Breakdown

The condition for avalanche breakdown can be deter-

mined from the continuity equations for holes and elec-

trons. The analysis given here follows that of Sun

et aZ [4], and is directly applicable to these structures.

The analysis begins with the continuity equations,

dJn(x) = a J (x) + p J (X), (40)

dx n n p p

dJp (x) dJn (x) (41)

dx dx

Here the J and J are the electron and hole currentsn p

respectively, and an and ap are the ionization coef-

ficients for electrons and holes. For GaAs, these

ionization coefficients are field dependent and are

unequal [9]. As a result, the breakdown is highly de-

pendent on these coefficients. Two equivalent expres-

sions are used to solve for the breakdown condiiion.

These expressions are obtained by considering the field

where the current density tends to infinity from the

continuity equations. They are as follows:

[p exp / (an - ap) dx' dx = 1, (42)

f
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and

fT 
x

0p exp - (cn - Op) dx' dx = 1. (43)

These relations have been used to calculate the break-

down voltages for GaAs EAP detectors with various doping

levels and layer thicknesses. The results are shown in

Figure 6. Values of the electric field were obtained

from equations (33) and (39). The ionization coefficients

used have the value and field dependence determined by

Stillman et aZ [9].

2.2.3 Responsivity

The previously mentioned Franz-Keldysh effect can

be observed as a variation in the absorption with the

change in electric field, and hence, the reverse bias.

Furthermore, the gain of the avalanche photodiode is

also a function of the reverse bias. The net result is

a change in the device responsivity with a change in the

bias.

Responsivity is a figure of merit for the photo-

detector. It is defined as the current, Iph , due to

a flux of optical photons, q, each with an energy

equal to fw.

I
R = ph (44)b ffo qdA

_______
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Figure 6 Breakdown voltage for the EAP detectors

plotted as a function of the layer thick-

ness and the doping level as a parameter.
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To find the responsivity, the differential equations

for the current density of the illuminated device must

be obtained.

aJ n(xz) )J (xz) + aX) J (x,z) + qG(x,z),(45)

SPn (x,z) a n(X'z) (46)
ax ax

J n(XZ) + Jp (x,z) = J(z). (47)

The ionization coefficients are now both spatially de-

pendent since the field is spatially dependent. The

generation of optically excited elctron-hole pairs is

described by the function G(x,z). Evidently,

G(x,z) =- a4(x,z) (48)

ax

The absorption in the device causes an exponential decay

in the flux density such that,

(x,z) = i(x)e - z , (49

where the coefficient, r, is the absorption due to

electroabsorption. Combining equations (47) and (48),

G(xz) = a(x)4 i(x)e
-rz (50)

where a(x) is the Franz-Keldysh electroabsorption co-

efficient.

__________________________________________ ____I
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Returning to equations (45, 46, 47) and using the integrat-

ing factor

P(A) = exp f a n(A) a P (A! d (51)

0

one can obtain:

1

Jn(X,z) = P J(z) ap(X) + qG(x',z) P(x')dx'

+ Jn(0, z]. (52)

J(z) is independent of x, and can be taken out of the first

integral. Then from equation (47),

J n(W,z) = J(z) - J p(W,z). (53)

Therefore, Lw
q G(x,z)P(x)dx + J (W,z)P(W) + J n(0,z)

J (z) = p (5n

P(W) -f a p(x)P(x)dx

0

The responsivity can then be given as,

fJ(z) dz
R = (55)q fiiw *(x) dx
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Sun et aZ (4] have calculated equivalent electroabsorption

coefficients for EAP waveguide detectors. Plots of res-

ponsivity using these results are shown in Figure 7.

2.3 FIELD EFFECT TRANSISTORS

The active device used for the response control is a

Schottky barrier field effect transistor, (FET). The

device structure is shown in figure 8. The gate is a self-

aligned aluminum layer which is defined by a lift-off tech-

nique. The ohmic contacts to the source and drain are the

typical gold-germanium (88% Au/ 12% Ge), nickel, gold

metalizations which are alloyed at 4560 C.

The channel resistance can be approximated for the un-

biased FET as the resistance of the bulk semiconductor in

the channel region,

Rch = L/(aWas), (56)

where the conductivity of the region, as, is given as

as = qNu. (57)

Here U is the mobility of the majority carriers (electrons)

3
in the region with a doping level of N carriers/cm

Therefore,

R = L/(aWqNu). (58)

Rch

The channel resistance affects the circuit operation in

two ways. First, the FET acts as a variable resistor in

series with the detector. For this reason, the resistance

_ i
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IFigure 7 Calculated responsivity versus the

detector reverse bias voltage.
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a Epitaxial layer

High Resistivity
Substrate

Figure 8 Illustration of Schottky barrier gate, GaAs

field effect transistor.
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must be small so that most of the detector bias will be

across the detector and not the FET. Secondly, the power

consumed by the circuit, and thus the heat produced will

increase with the channel resistance. Both of these fac-

tors indicate that the channel resistance should be kept

small.

A second consideration is the high frequency operation

of the array. Later tests may require high speed sampling

and multiplexing. Thus, a high speed FET is needed. The

maximum frequency of oscillation, fmax' has been determined

empirically for GaAs FETs with gate lengths, L, of 10 um,

or less (12] as follows:

f - 33 GHz. (59)fmax L "

Using the dimensions for this FET, L= 10 Um, W= 20 jim,

15 - 3and a doping density of 2 x 10 cm with a mobility of

4000 cm2/ v-sec, one obtains,

Rch =78 , (60)

and,

fmax =3.3 GHz (61)

These values are suitable results for the intended use

of the system.
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2.4 AUTOMATIC RESPONSE CONTROL

The automatic response control circuit consists of a

feedback loop whereby the gate-to-source voltage of the FET

is used as negative feedback to adjust the bias and hence,

the responsivity, of an EAP detector. Figure 9 shows the

circuit configuration. Coherent illumination of power, P,

through a channel waveguide is incident on an EAP detector

biased at voltage VA. The FET is connected in the common

gate configuration. The output of the circuit can be taken

as VA, VG, or IL. Resistor RL is external to the chip as

is the bias supply voltage, V5 .

2.4.1 Operation Below Saturation

In this analysis, we use the Shockley model for field

effect transistors [13], and neglect the built-in potential

of the gate-source junction. The equation for operation

below transistor saturation is,

I VD (VD 3/2 2V2) 3/2I= 3 -Vp 2 + 2 _p (62)

Here,

Wq2 1 Nd a3

= 6,L (63)

and

Vp = qNa 2  (64)
2e
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Figure 9 Automatic response control circuit.
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The circuit itself adds the following constraints:

ID = RP, (65)

VG = IDRL, (66)

and

VG = RPRL. (67)

Substituting these constraints into equation (62) gives,

V +/V,.,) 3/2 /RPR. )3/2
PP +2 DREI - 3 I+ 2 - 2 V 0. (68)

Equation (68) is analytically useful only if one can

find some closed form for R. The responsivity data of

Sun et aZ [4] demonstrates that near the excitation fre-

quency of interest, R can be approximated by the function:

R = A exp (BVA) . (69)

The constants A and B are determined graphically as in

Figure 10. Now noting that

VD = VS - VA -  RL (70)

one obtains an equation relating the incident optical

power to the bias across the EAP detector:

(PA exp (BVA)) 3 (VS - VA - PRLA exp (BVA))

(V VA)3/2  (PRLA exp (BVA))3!2
+2/ S " - 2 Vp VA)/ 0 . (71)

k -P i
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Some solutions of this equation for various values of Vs

and RL are plotted in Figure 11. Values for Ip and VP

were 6 milliamps and 1.2 volts respectively.

Equation (71) can also be used to find IL as a function

of the input power. Once VA is found for a value of P,

equations (65) and (69) determine the load current since

IL = ID (72)

(if there is no leakage through the gate-source junction).
Solutions of I L(P) are shown in Figure 12 for the parameters

used in Figure 10.

2.4.2 Operation Beyond Saturation

The analysis of Section (2.4.1) does not take into

account the saturation of the FET and subsequent saturation

of the automatic response control. Using the Schockley

model for a transistor in saturation (13], one obtains

3/21 - 3 + 2 . (73)

With the constraint of equation (66), this becomes

ID()( ) 3/2 D /2
D = 1 - 3 ( ) ID + 2 ( (74)

This equation gives a unique solution for the saturation

current, IDS' in the automatic response circuit for a

particular value of RL/VP. Expanding and collecting powers
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versus incident power for the

automatic response circuit.
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of ID gives the following result:

S(Rj3 3  1+ + (R)2
4 +~ -+2- ipv ~

2 Ip 1D (75)
I (V 'DS

If RL is on the order of kilohms, VP is a few volts, and Ip

is a few milliamps, then the higher order terms in R./Vp

will dominate and a simple cubic equation is left:

4 (R IDS) 3 9 2 + Rv) -D 1 = 0. (76)

The meaningful solution to this equation is

Vp

I = (77)
DS 4RL

There is also a root at IDS = VP/RL, but this solution is

inconsistent with equation (74). A graph of equation (77)

is shown in Figure 13.

Equations (77) and (71) can be used to design optimum

parameters for the automatic response control. Together,

they indicate optimal operation for IL taken as output when

the load resistance is small and the pinch-off voltage is

high enough to minimize the limitations of IDS* If VA

is taken as the output of the circuit, the dynamic range

is enhanced for large values of RL. In this case, the

effect of saturation is inconsequential.
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3. FABRICATION

The monolithic integration of the waveguide detector

array requires a semi-insulating substrate with two epi-

taxial layers of different doping levels. This is accom-

plished by the method described in the following section.

Processing of the subsequent material then required the

development of photolithographic masks, followed by device

fabrication, and evaluation. The methods for epitaxial

growth and fabrication will now be considered.

3.1 EPITAXIAL GROWTH

The epitaxial layers were grown on chromium doped,

semi-insulating substrates purchased from Laser Diode

Laboratories. The orientation was chosen to be 20 off

the fi00) plane to reduce the formation of hillocks. The

measured resistivity for these substrates was typically

107 ohm-cm.

3.1.1 Substrate Preparation

Before preparing the substrates, the wafers are cleaved

into pieces approximately 2 cm on a side. These are then

degreased by boiling successively in three solvents each

for two minutes or more. The first solvent is trichloro-

ethylene, followed by acetone and then methyl alcohol. The

samples are then rinsed in deionized water with a resis-

tivity of greater than 14 ohm-cm, and dried with bibulous

paper in a laminar flow hood. Once the surface is degreased,
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a chemical etch is prepared to remove some of the sur-

face and thereby any contamination. The etch used is a

mixture containing 5 parts sulfuric acid (H2So4 ), to 1

part hydrogen peroxide (H202 ), to 1 part water (H20).

The etchant is mixed and allowed to cool for 5 minutes.

The sample is then etched for five minutes and rinsed in

deionized water while being careful not to expose it to

the air. After rinsing, the sample is again dried with

bibulous paper under a laminar flow hood. The sample is

then immediately placed in a pyrolytic SiO 2 reactor with

the polished surface exposed. The reactor is sealed and

two flows of N2 at 4 liters/minute are introduced to

flush the reactor for 4 minutes. The sample stage is

heated to a temperature of 400 0C. Flows of 100 ml/minute

of 5% silane (SiH4 ) in nitrogen and 40 ml/minute of oxygen

are introduced and growth begins shortly. These conditions

are maintained until the SiO2 layer thickness is approxi-

mately 2500 A which requires about 15 minutes. At this

time, the oxygen and silane flows are shut off and the sam-

ple is allowed to cool to room temperature.

The SiO 2 is then defined so as to provide a mask for

the growth of the first epitaxial layer. First, the sample

is mounted on a glass microscope slide with black wax to

provide support and ease in handling. The solvent de-

greasing is repeated to remove any trace of the black wax.



-40-

A furnace is heated to 130 0C and the sample is baked

for 20 minutes to remove any solvents, or moisture from the

surface. After cooling, positive photoresist (type AZI350B)

is spun onto the sample at 3000 RPM for 30 seconds. The

resist is then dried for 20 minutes at 700 C. The

photoresist is exposed in an optical mask aligner for

seven seconds. The mask used has lines and spaces that

will open channels in the resist approximately 350 um wide

on 750 4m spacing. Developing is then done with a 50%

solution of Azoplate developer and water in a spray bottle.

The sample is rinsed for two minutes in deionized water and

dried with forced nitrogen. Post-baking is done at 100 0 C

for one hour to harden the resist. Now that the mask has

been prepared, the SiO 2 is etched for 60 seconds in buf-

fered hydrofluoric acid, and rinsed in deionized water.

The photoresist and black wax are both removed by repeating

the degreasing technique mentioned earlier. The sample is

rinsed in deionized water and dried with bibulous paper.

The 5 H2So4 : 1 H20 2 : 1 H20 etch is prepared and allowed

to cool for 4 minutes. Etching is then done for 6 minutes

which provides a 30 Um deep channel. The sample is then

rinsed in deionized water, dried in bibulous paper and

loaded into the epitaxial reactor.

3.1.2 First Epitaxial Growth

The epitaxial layers are grown in a vapor phase

reactor which utilizes the AsCI3 :Ga:H 2 system. A schematic
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drawing of the reactor and furnace is shown in Figure 14.

The furnace is a single zone design which has been split

to provide two zones. Each zone has an independent, solid

state temperature controller. The reactor tube, bubbler,

seed holder and melt boat are fabricated from Spectrosil

quartz to insure a minimum of contaminants in the system.

The system is air-tight and operates with positive pressure.

Access to the system is obtained through a taper joint

which is located on the downstream end of the furnace.

Removal of the taper joint also removes the seed holder,

and thus allows the seed to be loaded. A constant temper-

ature water bath is provided to cool the AsCl 3 located in

the bubbler.

The first epitaxial layer is required to be highly

doped and approximately 30 um thick. The layer serves

two functions. First, as a low resistance contact to

the diode detectors, and second, as a guiding layer for

the waveguide in the second epitaxial layer. To achieve

the desired doping level of 1018 cm 3 , 91 milligrams of

tin (99.9999% purity) was added to the 10 gram gallium

melt (99.9999% purity). This melt was placed in the fur-

nace between the 14 and 17 inch points from the right hand

side. This region provided a constant temperature across

the melt to within 1 0C. Before growth can occur, the melt

must be saturated to form a GaAs skin on the surface of the

melt. This is achieved by heating the melt to 840 0 C and

J~~
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Figure 14 Schematic of epitaxial reactor and

two-zone furnace.
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the seed to 7000 C for a period of 2 hours with a flow

of hydrogen throughout the reactor at 150 ml/minute.

During this time, the AsCI 3 is kept at a temperature of

60C. Following this preheat, the seed zone is raised to

8000 C, and the hydrogen flow is diverted through the AsCl 3

bubbler. After 3 hours the seed temperature is reduced

to 740 0C and the saturation continues for 3 more hours.

At this time, the hydrogen flow is reduced to 30 ml/minute

and the furnace is allowed to cool for 12 hours.

The seed, as prepared earlier, can now be loaded into

the reactor and situated at the 5 inch mark from the right

hand side. This point has a gradient of 200 C/inch. After

loading, the furnace is flushed with purified hydrogen for

15 minutes with a flow rate of 210 ml/minute. The flow is

then reduced to 150 ml/minute, the melt temperature set to

0 0840 C, and the seed temperature set to 680 C. The AsCl3 is
03

maintained at 6 C throughout the growth cycle. After a

three hour preheat, the seed temperature is raised to the

growth temperature and allowed to stabilize for 15 minutes.

The temperature is then raised to 770 C and the furnace

shunted to provide a flat zone at the seed. This condition

is allowed to stabilize for 15 minutes, then the hydrogen

is diverted through the AsCl 3. During this time the sub-

j strate surface is etched and approximately 5 Um are removed

during the 15 minute etch cycle. The furnace is then!

I
U1
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returned to the unshunted condition and the temperature

reset to maintain the seed at 740 0 C. As the furnace cools

the etch rate decreases and growth begins. Growth is

allowed to continue for 6 hours at a rate of 7 Lim/hour. To

terminate growth, the hydrogen is diverted around the AsClV

and the flow reduced to 30 ml/minute. The furnace is turned

off and allowed to cool for 12 hours. The seed is removed

and measured for layer thickness and doping level. A

cross-section of the growth is shown in the photograph of

Figure 15.

3.1.3 Second Epitaxial Growth Preparation

Considerable overgrowth occurs from the first

epitaxy which must be removed before the second growth.

The procedure involves lapping to give a flat surface

that is oriented parallel to the original surface. The

lapping begins by selecting a flat polishing plate. Next

the sample is mounted in a jig that is designed to main-

tain the surface parallel to the plate. The back of the

sample is lapped first to provide a flat mounting surface.

This procedure does not in general result in the epitaxial

surface being mounted parallel to the plate. However, by

using a worn plate, this problem can be avoided. The used

or worn plate is concave with the center lower than the

outer rim. Once the sample mounting has been determined to

be incorrect, it can be aligned on the worn plate so that
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(a)

I (b)

Figure 15 Photographs of sample cross-section

showing growth of n + layer.

(a) unstained section

(b) section after staining

' 
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the plate surface is nearly parallel to the desired surface

on the sample. Thus, by trial and error, the surface can

be made parallel to the desired surface. This requires

good judgement, but is not hard to learn. After the sample

is oriented, a flat plate can be used to finish the lapping

and obtain a flat surface. The sample is then removed

from the jig and degreased in the organic solvents. An

etch was then done in hydroflouric acid to remove any

remaining SiO 2, followed by a rinse in deionized water. The

sample was then prepared for growth by etching in 5 112 S04:

1 H202.1 H20 for 25 seconds after cooling for 10 minutes.

This etch removed about 5 pm of the GaAs and provided a

much smoother and cleaner surface for growth.

3.1.4 Second Epitaxial Growth

The sample was then loaded into the same reactor as

before. The melt this time contained 10 grams of high

purity gallium with two 0.010 inch diameter tin spheres.

Saturation of the melt was performed as in section (3.1.2).

This melt produced a doping level of between 1 and

3 x 101 5 cm - . The growth is performed as in section

(3.1.2) with the exception that the growth temperature was

raised to 745 0 C and the growth time reduced to 30 minutes.

This resulted in a layer approximately 5 pm thick. Figure

16 (a,b,c) is a schematic representation of these steps.



-47-

PHOTORESIST

SILICON DIOXIDE

Cot DOPED, GAAs SUBSTRATE

(a) Substrate prepared for first epitaxial growth.
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(b) Sample after first epitaxial growth.

_______________________________ EPITAXIAL LAYER, N- 10" cm-3

~, N~~. SUBSTRATE

(c) Sample after second epitaxial growth

Figure 16 Process schematic for epitaxial growth
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3.2 DEVICE PROCESSING

Once the epitaxial growth is completed, device

processing can begin. The waveguide detector array

is implemented in a 30 channel device as is shown in

Figure 17. Some of the channels have been deleted to

save space. The cross section shows the two epitaxial

layers and the location of the active components relative

to them. Each process step will be explained in some

detail followed by a schematic diagram of the result. Fig-

ure 18 shows the substrate prior to the second epitaxial

growth. The dark areas are the conducting epitaxy which

are arranged in strips so that the structure is periodic.

The arrays are lined up in rows each with one conducting

strip to provide contact to the diode detectors.

3.2.1 Isolation Etch

The first fabrication step provides a channel in the

second epitaxial layer so that the FET active region is

isolated from the low resistance contact to the detector.

An SiO 2 layer is grown as in section (3.1.1) with a thick-
0

ness of 11C A. The sample is then mounted on a glass mic-

roscope slide with black wax. The solvent degreasing is

performed to remove residual black wax and other organic

contaminants. A furnace is heated to 1050C and the sample

baked for 5 minutes. After cooling for 5 minutes, positive

photoresist is applied (type AZ 1350B) and spun for
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Figure 17 Illustration of 30 channel array

implemented on GaAs.
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t- -

Figure 18 Photograph of the sample surface

after lapping the overgrowth from

the first epitaxial growth. The+
dark regions are n GaAs and the

light areas are SiO2 on the GaAs

substrate.

A



-51-

30 seconds at 3000 RPM. The photoresist is then dried

at 1000C for 30 minutes and cooled for 5 minutes. An

optical mask aligner is used to expose the photoresist

after which it is spray developed for 45 seconds in a

50% solution of Azoplate developer in deionized water.

Developing is followed by a 2 minute rinse in deionized

water and drying in forced nitrogen. The sample is then

baked at 105 0C for one hour to harden the resist.

Three beakers are set up for the SiO 2 etch with

two containing rinse water and one containing buffered

hydrofluoric acid. The sample is dipped in the first

rinse beaker briefly, and then in the HF for 5 seconds.

A second rinse is done for 10 seconds and the sample is

then inspected under the microscope to see if the SiO 2 has

been removed. This is continued using shorter etch times

until the SiO 2 is completely removed. Typical etch times

are 7 seconds. The sample is then rinsed well in deionized

water and then in acetone to remove the photoresist. The

5:1:1 etch is prepared as in section (3.1.1) and allowed

to cool for 10 minutes. Once the etch is at room temper-

ature, the etch rate is nearly constant at 12 pm/minute.

The GaAs is then etched for 35 seconds to remove 7 Pm, and

rinsed in deionized water for 1 minute. The sample is then

dried with forced nitrogen and is then ready for the next

step. Figure 19a shows the sample with the isolation etch

completed.
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__________________________________ EPITAXIAL LAYER, N- 10" Cia 3

__________________________ CR DOPED, GAAs SUBSTRATE

(a) Sample with isolation etch completed.

r- AuGa/Ni/Au OHMIC CONTACT
'EPITAXY

N* , ISUBSTRATE

(b) Ohmic contacts after lift-off.

ALUMINUM METALIZATION
OHMIC CONTACT

F~7ZT TI~h ZZT7 EPITAXY
N* SUBSTRATE

(c) Aluminum metalization on top of ohmic contacts.

Figure 19 Schematic representation of the isolation

etch, ohmic contact lift-off, and aluminum

metalization.
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3.2.2 Ohmic Contacts

Standard ohmic contacts are used for the FET which

are defined with a lift-off technique. The sample is pre-

baked at 85 0C for 15 minutes and then cooled for 5 minutes.

Photoresist type AZ1350 J is spun onto the sample at 6600

RPM for 60 seconds and baked at 700C for 30 minutes. The

spin and bake is repeated two more times to provide a very

thick coating (approximately 3 vim) necessary for covering

the isolation channel. After cooling for 5 minutes the

sample is exposed for 15 seconds and spray developed with

the 50% Azoplate solution for 45 seconds. Deionized water

is then used to rinse the sample for 2 minutes after which

the sample is dried with forced nitrogen. Next, the sample

is loaded into a vacuum evaporation system and a three

layer metalization is deposited. The first layer is 1400 A

of the eutectic alloy gold-germanium (88% Au/ 12% Ge). The

second layer is 500 A of nickel. This is followed by the

third layer of gold, 1500 A thick. Next, the sample is

removed from the vacuum and immersed in acetone to dissolve

the photoresist. A squirt bottle of acetone is used to

remove the metalization, thereby finishing the lift-off.

The samples are then boiled in acetone to remove any re-

maining photoresist, and dried with forced nitrogen. Alloy-

ing of the contacts is done in a constant temperature

furnace. The sample is loaded at the cool end of the furnace
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and a flow of 200 ml/minute hydrogen is used to flush the

furnace tube. After a 3 minute flush the samples are moved

to the hot zone which is held at 456 0 C for 45 seconds and

then returned to cool in the original position. The samples

are removed from the furnace and mounted with black wax

for the next process step. The result is shown in Fig-

ure 19b. Photographs of the contacts are shown in Figure 20

before and after alloying.

3.2.3 Mesa Formation

A second evaporation is required in which aluminum is

deposited to a thickness of 4000 A. This is followed by

the application of the three coats of photoresist AZ 1350 J

as in Section (3.2.2). Exposure time was 25 seconds this

time, and the development was increased to 2 minutes to re-

move the resist completely from the isolation channel. The

sample is rinsed as before in deionized water and dried with

forced nitrogen. Postbaking is done at 1100 C for 90 minutes.

Etching of the aluminum requires a cyanide solution which is

obtained from Metex and is known as Aurostrip. The etch

solution is maintained at 380 C during the etch and is

agitated by a stream of nitrogen introduced through a fritted

disk. This method is commonly referred to as a bubble etch.

The sample is mounted over the solution, so that when the

nitrogen flow is started, the bubbles burst on the sample.

In this way, the etchant is transferred to the sample with

significant agitation allowing the etching of very fine
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(a)

(b)

Figure 20 Photograph of ohmic

contacts

(a) before alloying

(b) after alloying
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lines. Features in the photoresist as small as 2 urm have

been etched in this way. Once the sample has been etched

for 2 minutes, it is removed, rinsed in deionized water,

and checked with a microscope to observe the etch progress.

Etching is then continued until the desired aluminum is

removed. The sample is then degreased to remove the resist

and prepare it for the channel etch. This etch forms

the mesa for the waveguides and the FETs. The aluminum

is used as the mask and is not attacked during the etch.

The etchant is mixed using 1 part H2So4 to 8 parts H20 2, to

1 part deionized water. After cooling for 10 minutes, the

sample is immersed for 21 seconds during which time 7 um

are removed. The photograph in Figure 21 shows the alum-

inum mask after the channel etch. In the region where the

aluminum crosses the isolation channel, (formed in Section

(3.2.1)), the aluminum widens showing that the resist mask

was not fully exposed in the channel. As this did not

affect the device operation, no changes were made to cor-

rect this. (See Figure 19c for Schematic.) Photographs

have been included in Figure 21 to show the aluminum mask

and the mesa structure.

3.2.4 Gate Lift-off

The FET gate is formed by a self aligned lift-off

technique. Three coats of resist AZ 1350 J are applied

as previously, exposed for 2 minutes, and developed for

3 minutes. This is again rinsed with deionized water and
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(a)

(b)

Figure 21 Photographs of etched mesa near

isolation channel.

(a) optical micrograph showing

aluminum mask

(b) SEM photograph showing wave-

guide mesa and isolation channel
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dried with forced nitrogen. Postbaking is not done to make

the lift-off easier. A bubble etch is again used with

Aurostrip to remove the aluminum from the FET channel re-

gion. The aluminum is undercut so that the resist overhangs

the aluminum. Aluminum is then deposited by evaporation in

vacuum. The sample is then soaked in acetone to remove the

resist and the undesired aluminum. A squirt bottle of

acetone was also used to help in the removal of the alum-

inum. This procedure was not altogether successful. The

aluminum tended to adhere to the channel region, but did

not remain between the FET and the gate contact pad. Thus,

the gates were well defined but there was no means to con-

tact them. This result is shown schematically in Figure

22ab. Several photographs were taken of the different re-

sults obtained from the gate lift-off. Figure 23a shows the

aluminum gate on a sample with no ohmic contacts or mesa.

As can be seen the result is quite good. The gate is 5 Um

wide and with the undercut shown, would allow a source-drain

spacing of 10 jim. This was the desired result. In the

second photograph, (Figure 23b) the gate is shown aligned

on the ohmic contacts, but without the mesas. Again, the

result is as desired. Notice that the gates are all con-

nected to a single common gate bonding pad. Figure 24 shows

another result with the mesa, but without the ohmic con-

tacts. In Figure 24a, the gate did not adhere, however, the

etch was good and the aluminum is well defined in the channel
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Figure 22 Schematic representation of gate lift-off
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(a)

(b)

Figure 24 Photographs of aluminum mask

after the mesa etch.

(a) gate did not adhere to
FET channel during

lift-off

(b) gate adhered to the

channel, but not elsewhere
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region. Figure 24b shows a similar result in which the

gate did adhere to the channel but was not connected

between the FETs or to the gate bonding pad. Here, the

undercut was not sufficient to give the 5 pm gate. The

final pair of photographs (Figure 25) shows the aluminum

mask on the mesa with the ohmic contacts. The photograph

in Figure 25a shows the sample before the gate etch and

lift-off. In the Figure 25b photograph, the channel re-

gion has been etched and the gate evaporated and lifted.

The result looks quite good except that the gates are not

connected to each other or to the common pad.

3.2.5 Photodetector Delineation

The final step requires a repeat of the 3 coats of

resist AZ 1350 J exposed for 30 minutes and developed

for 2 minutes. The resist is then dried for 90 minutes at

110 0 C. This mask covers the EAP detector and allows the

removal of the remaining aluminum from the waveguide. The

bubble etch is repeated with the Aurostrip for approximately

10 minutes. The sample is checked with the microscope to

see that all of the required aluminum is removed. The

photoresist is then removed in acetone. This provides the

final device structure. Figure 22c shows the resulting

profile.
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I I

'I (a)

N

(b)

Figure 25 Photographs of the channel region

with the ohmic contacts and the

mesa structure.

(a) before the channel is etched

for the gate lift-off

(b) after the gate lift-off
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4. EVALUATION

The device processing was terminated at section

(3.2.4), after the gate lift-off. To obtain data on the

detectors, a device array was used that had been fabri-

cated without the FETs. The data presented here are from

this array, and are typical of other arrays processed

similarly.

For the evaluation, the samples were cleaved and

mounted on headers. Although different methods were tried,

uniform cleaves were difficult to obtain. This becomes a

problem when trying to couple the laser to the waveguide.

It is difficult if not impossible to compensate for the

quality of the cleave. Two lasers were used to obtain the

entire dynamic range of the evaluation. For larger power

levels, a 5 watt pulsed laser was used operating at

0.905 urm. Below 1 iwatt, a CW laser was used operating at

0.89 um, and 5 milliwatt output. Although every attempt

was made to obtain these data accurately, noise limited the

dynamic range for both lasers. For pulsed operation,

noise originated in the circuits used to drive the laser

and was not due to the photodiode array. CW measurements

were limited to variations in the dark current due to

microplasma breakdowns. Although such breakdowns are fairly

common, their effect can be minimized by careful material

preparation and selection.

___________________________
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4.1 EQUIPMENT

A specially designed probing apparatus allowed easy

mounting of the device headers. The device was viewed

with a microscope allowing careful alignment of two tung-

sten probes. Movement of the probing apparatus was pro-

vided by an X-Y-Z-6 translator to place the device in the

laser beam focal plane. The laser and associated optics

were each mounted on X-Z translators fixed to a common

X-Y translator. This common translator provided con-

venient scanning of the detector array. The optics chosen

for focusing the laser beam were two infrared lenses and

one microscope objective.

The electrical connections are shown in Figures 26

and 27. For pulsed operation, an oscilloscope was necessary

to measure the response across the 50 ohm load. Two config-

urations are shown utilizing the scope single input and

differential inputs. A slight reduction in noise was

noticed for the differential mode, but some versatility

and accuracy was also lost. All connections were made with

standard 50 ohm coaxial cable and fittings to minimize

noise pickup. For the CW measurements, the scope was nct

used, and the photocurrent was measured directly with a

digital current meter. Coaxial cable was also used for

these measurements to reduce noise.
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Pulsed Waveguide High Speed
Loser Photodiode Oscilloscope

Loser50
Driving
Circuit ,

DMM T 7

DC Voltage
- Source

(a) Differential input to the scope

Pulsed Waveguide DC Voltage High Speed

Laser Photodiode Source Oscilloscope

Laser DA
DrivingT

Circuit I 1

(b) Single input to the scope

Figure 26 Electrical connections for pulsed
measurements.
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CW Loser Waveguide
Photodlode

0C 0MM Voltage

Currwnt \ .O DMM Source

Source \ +

Figure 27 Electrical connections for CW measurements
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4.2 PROCEDURE

The pulsed laser was connected and set to operate at

a 200 nsec pulse width and 2kHz PRF. This mode of operation

results in a small duty cycle to maximize laser stability.

A power meter was mounted in place of the detector during

alignment. The optics were then arranged for maximum

response. An aperture was placed at the beam focal point.

The aperture size was 5 by 20 =m: the same as the wave-

guide input face. By measuring the power transmitted

through this aperture, the amount of light incident on the

waveguide could be calibrated. After calibration, the power

meter and aperture were replaced by the waveguide photo-

detector array. The alignment was repeated for maximum

response. Bias supplied to the detector was also varied for

a maximum signal. Response at reduced power levels was

then obtained by reducing the laser current and by intro-

ducing neutral density filters into the beam.

4.3 RESULTS

Data have been collected using several detectors and a

variety of techniques to insure the consistency of the

results. Both pulsed and CW lasers were necessary to

achieve the high and low power levels, respectively. The

accuracy of these data is limited to the values shown in

Figure 28. This is a best case analysis and does not in-

clude errors due to locating a maximum in response or varia-

tions arising from the quality of the cleave.

S-i i . . . ....... ... i
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4.3.1 Pulsed Laser Data

A row of 50 detectors was chosen for study. The first

30 of these were good quality, but the remaining 20 de-

creased in quality as the sample edge was approached. Each

of the 30 was illuminated with the 0.905 jim laser at maximum

power and at reduced power levels until the response was

undetectable. All detectors were biased at the same dark

current. The laser was swept along the array and maximized

for each detector so as to reproduce the same illumination

for each detector. These results are listed in Table 1.

Next, a suitable detector was chosen for dynamic range data.

For this detector the power was varied in smaller incre-

ments to provide a larger number of data points.

4.3.2 CW Laser Data

CW measurements were done only for the purpose of ex-

tending the dynamic range data. Power levels were set by

using neutral density filters. The power was reduced until

the response was no longer detectable. These data were

obtained with a different detector than that obtained with

the pulsed laser.

4.4 ANALYSIS

The role of the waveguide photodiode array is crucial

in providing accurate Fourier transform data in a spectrum

analyzer. Any analysis of the array must take into account

the dynamic range requirements as well as the uniformity of
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Table 1

Response of Scanned 30 Element Array

element no. Power level (dB) bias voltage

0 -4.3 -8.9 -13.2

1 2.28 1.2 0.60 0.40 76
2 2.40 1.3 0.80 0.50 77
3 2.40 1.4 0.60 0.40 79
4 2.40 1.3 0.60 0.40 82
5 2.40 1.2 0.60 0.50 82
6 2.60 1.2 0.60 0.40 88
7 2.60 1.3 0.60 0.30 85
8 3.00 1.2 0.60 0.40 86
9 3.00 1.6 1.1 0.70 80

10 3.00 1.4 0.60 0.40 93
11 2.70 1. 0.50 0.40 89
12 3.00 1.4 0.30 0.50 93
13 2.60 1.3 0.60 0.20 87
14 3.20 1.8 0.60 0.20 90
15 2.90 1.5 0.70 0.40 93
16 3.20 1.6 0.60 0.30 94
17 2.80 1.4 0.50 0.30 93
18 2.80 1.0 0.30 ---- 86
19 2.00 0.6 0.10 ---- 90
20 3.80 1.8 1.00 0.30 94
21 3.20 1.6 0.50 0.40 95
22 4.50 2.2 1.2 0.60 96
23 4.60 2.2 0.90 0.50 102
24 3.60 2.4 1.4 0.60 104
25 3.20 1.4 0.80 0.60 102
26 4.00 1.6 1.2 0.80 103
27 4.20 2.8 1.2 0.40 97
28 2.40 1.6 0.20 0.40 100
29 2.30 1.2 0.60 0.30 95
30 2.00 1.2 0.40 0.20 110
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the response. Crosstalk must be minimized to allow the

full use of the dynamic range.

4.4.1 Dynamic Range

Photoresponse has been measured for a total power range

of 57 dB. The data taken with the pulsed laser account for

29 dB and the remaining 28 dB were taken with the CW laser.

A curve was fitted to these data by linear regression. De-

viations from the curve were then computed both in percent

and in dB. Table 2 lists these data along with the computed

deviations from the curve. The data are plotted along with

the curve in Figure 29. Figures 30 and 31 are plots of the

deviations. The equation for the best fit curve is as

follows:

0.5182
Iph = k (P) where Iph is the photoresponse

P is the incident power

k = 0.1012; 1ph (amps), P (watts)

or 78.67 ; Iph (Iiamps), P (liwatts)

Deviations must be considered with respect to the error

estimate given in Figure 28.

4.4.2 Channel-to-channel Tracking

The analysis of 30 adjacent photodiodes provided infor-

mation on response uniformity. Each detector was illumi-

nated in the same way and at the same power levels.

Therefore, any variation is due to the variation in the

photodiode. The response data (as given in Table 1) are
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Table 2

Dynamic range data

I -I"
Pi(uwatt) I (uamp) Ip"(uamp) -TL' (% 10 log CI /1")

SpIp pp

540 2600 2051 26.8 1.03 dB

188 1150 1187 - 3.1 -0.14

75 640 737 -13.2 -0.61

70 620 711 -12.8 -0.59

64 600 679 -11.6 -0.54

53 580 616 - 5.3 -0.26

44 520 559 - 7.0 -0.31

35 500 497 0.6 0.03

26 460 426 8.0 0.33

22 400 390 2.6 0.11

14 320 309 3.6 0.15

9.0 260 246 5.7 0.24

6.0 200 199 0.5 0.02

3.5 160 151 6.0 0.25

2.2 120 118 1.7 0.07

0.7 40 65.4 -39 -2.1

0.23 39 36.7 6.3 0.26

0.068 21 19.5 7.7 0.32

0.025 12 11.6 3.4 0.15

0.0075 6 6.23 -3.7 -0.16

0.0037 4 4.32 -8.0 -0.33

0.0011 1 2.31 -53 -3.6
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summarized in Table 3. Variations here may be largely

due to the varying quality of the cleave and the diffi-

culty of using the neutral density filters.

4.4.3 Crosstalk

This parameter was very difficult to measure as it

required optical isolation of one waveguide from an adja-

cent one. Once this condition was achieved, the measure-

ment was still limited to about 30 dB due to the instrument

sensitivity. Measurements at maximum power illumination

did not reveal any response in the adjacent detectors due

to crosstalk so it can be assumed to be better than 30 dB.
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5. CONCLUSIONS

The results of this evaluation are very promising.

The waveguide photodiodes have shown a dynamic range of

nearly 60 dB and possibly greater. This range is compa-

tible with present CW laser emission levels for optimum.

coupling. The response characteristic is not logarithmic,

but represents a good deal of compression compared to a

linear response. Device uniformity is better than 15%

(0.60 dB) for 20 devices. This is one area that can cer-

tainly be improved, since these were not exceptional de-

vices. The measured crosstalk is quite reasonable, but

should be examined more closely to be complete. The re-

sults of these measurements and analysis are summarized in

Table 4. Fabrication of the array still remains the largest

variable. The array with FETs has been shown to be a

challenge to fabricate. However, the results are encour-

aging. The device layout and geometry seem to be good

choices. The device processing, however, needs to be

studied in more detail until the process is perfected. One

possible change for the future would be to develop a planar

structure in which isolation is provided by ion implan.a-

tion, or by proton bombardment. Such a structure would

not necessitate the thick photoresist layers necessary to

cover the mesa. Subsequently linewidth control would

improve, and resist edge profile could also be controlled.

____________!
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Table I

Summary of Evaluation

Power Range: 1.1 nwatt to 0.540 mwatt

Response Range: 1 iamp to 2.6 mamp

Dynamic Range: 57 dB

Response Linearity: ± 7%, (± 0.3 dB) from mean

maximum, + 26% (1.0 dB)

- 13% (0.6 dB)

Crosstalk: better than 30 dB between adjacent channels

Channel-to-channel Tracking:

30 adjacent detectors, 23% (0.91 dB)

20 adjacent detectors, 15% (0.60 dB)



The gate lift-off would have a much higher yield on a

planar structure as well.

These results presented here support the continuation

of work to fabricate the array with the mesa structure.

Despite the drawbacks of the thick photoresist, fine line-

widths can be obtained and lift-offs have been obtained be-

fore in similar structures. The waveguide and detector

have been integrated with the good results shown previously.

All that remains is the development of the correct procedure

for the gate lift-off. With this development, the pro-

cessing will be complete, and well defined structures can be

fabricated.
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