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1. ABSTRACT

Research during the past year has been concentrated on the development

of the InP optoelectronic switch and on the evaluation of this switch as an

electronic mixer. This type of mixer appears well suited for use in a time-

integrating correlator which employs a heterodyne detector array. In such an

array, a small high-quality mixer is crucial.

InP optoelectronic switches have been fabricated using interdigitated-

finger electrode structures with finger and space lengths varying from 6 Um

for the most widely spaced device to 1.25 um for the most closely spaced

device and active areas of 48 x 48 Um. Devices fabricated using alloyed

Au/Ge/Ni contacts have shown near-theoretical conductance when illuminated

with laser light from either a He-Ne laser (x - 0.63 um) or from a AlGaAs

laser (x - 0.84 um). For a device with 1.25-um lines and spaces and with a

3-nsec photoconductor response fall time, an on-state (illuminated)

resistance value of <18 ohms was measured using 6 mW of AlGaAs diode laser

light power. Also, these devices exhibit a linear variation of on-state con-

ductance with laser intensity from low light levels to levels greater than

2 mW. Such linear variation is essential for the operation of the device as

a bilinear mixer. Finally, it has been found that the response times of

these devices are somewhat dependent on the starting material, with the pho-

toresponse fall times (90% to 10% of peak response) varying from -6 nsec to

0.5 nsec. Also, it has been shown that proton bombardment can dramatically

reduce the response time with only a modest change in the amplitude of the

response. The 90%-to-10% fall time of a device with an initial fall time of

5 nsec was reduced to -100 psec following a 200-kV 1013/cm2 proton bombard-

ment and subsequent anneal at 2500C, with the amplitude of the response
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decreased by only a factor of two. These InP structures have substantially

higher carrier mobility (by over an order of magnitude) than similar

amorphous Si, SIlicon-on-Sapphire, or Ge structures of comparable speed.

The performance of these devices in both the conventional (switch) mode

and the bilinear mode of mixing has been evaluated. For a structure with

2-jm lines and spaces and a photoresponse fall time of -3 nsec, illumination

with -5 mW of AJGaAs laser power resulted in an on-state resistance of 21

ohms. For this device operating in the switch mode at 1 MHz, the third-order

two-tone intermodulation products were -55 dBm for -0 dBm of rf input power.

A simple extrapolation suggests that these products could be lowered to

-85 d8m at the same rf power level by reducing the on-state resistance by

one-half which reduction should be possible to do by reducing the finger and

space dimension, by reducing the intercept resistance, or by increasing the

laser power. In a preliminary investigation of the bilinear mode of opera-

tion at 1 MHz, the multiplied output varied linearly with the rf input to the

switch over a 20-dB range and with the input to the diode laser, also over at

least a 20-dB range.
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I. INTRODUCTION

InP optoelectronic switches are potentially useful as high-speed elec-

tronic mixers and samplers. For such applications, the advantages of these

devices include linearity, lack of a dc offset, and isolation of the local

oscillator drive signal from the output. These features should make this

device attractive for such applications as synchronous detection and bilinear

mixing, as well as for high-speed sampling. Also, these devices may be use-

ful in optical signal processing applications such as Time-Integrating

Correlators. Prior to the start of the present program, the development of

these InP devices had included the fabrication of structures with simple gaps

in the metalization and the evaluation of these devices in sampling and

pulse-generation applications.* Also, an interdigitated-finger electrode

structure was developed and the use of Au/Sn alloyed metal contacts was

investigated in order to increase the device on-state (illuminated)

conductance.* Also, a preliminary investigation of the use of this device

as a synchronous demodulator was investigated.**

During the past year (the first year of this program), further develop-

ment of the interdigitated structure and the use of alloyed Au/Ge/Ni contacts

has resulted in near-theoretical values of on-state conductance. Also, the

conductance has been shown to be linearly related to the light intensity over

at least four orders of magnitude, a feature important for some mixing appli-

cations. Also, the response times of these devices have been shown to depend

on the starting material with 90-to-10% photoresponse fall times ranging from

*F. J. Leonberger and P. F. Moulton, Appl. Phys. Lett. 35, 712 (1979).

**A. G. Foyt, F. J. Leonberger and R. C. Williamson, Proc. SPIE, Vol. 269:

Integrated Optics, 1981, p. 109.
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6 to 0.5 nsec. Proton bombardment has been used to further reduce the

response time, and values <100 psec have been measured. Also, during the

past year, the use of these devices as mixers has been further evaluated,

both in the conventional (switch) mode as well as in a bilinear mode. For

the switch mode, these measurements indicate that the InP devices should be

competitive with diode-bridge mixers.

In this report, the development of the InP optoelectronic devices will

be presented first, and the evaluation of these devices as mixers discussed

subsequently.

II. InP OPTOELECTRONIC MIXER DEVELOPMENT

1. On-state Resistance

Prior to the present program, both simple gap-structure and

interdigitated-finger-electrode-structure InP optoelectronic switches had

been investigated. It is straightforward to show that the interdigitated

structure offers lower on-state resistance as the size of the gap in the

simple gap structure becomes smaller than the size of the light spot that

illuminates the gap. If the light spot just fills the finger and space area

of an interdigitated structure, as shown in Fig. 1, then the on-state

(illuminated) resistance for a constant light level is, assuming uniform

current flow and no contact resistance,

1 hv 2 (1)
PTU e

where i is the finger and space length, P is the absorbed optical power, hv

is the photon energy, e the electronic charge, T the photoconductive lifetime

and p the carrier mobility. In this calculation, the absorbed optical power

is related to the incident power by
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Fig. 1. Sketch of an interdigitated-finger-structure optoelectronic mixer.
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Pabsorbed =I (I-R) Pincident (2)

where R is the reflectivity of the InP and the 1/2 factor accounts for the

light incident on the metal electrodes. Also, it has been assumed that each

absorbed photon creates one hole-electron pair in the InP. For applications

in which the on-state resistance must be minimized, a small finger length is

clearly desirable. Also, high mobility and long carrier lifetime yield low

on-state resistance. InP is well suited for optoelectronic switch applica-

tions because the material has an attractively high mobility.

Prior to the present program, interdigital-electrode structures with

finger lengths of 6, 4 and 2 pm had been fabricated with both Ti/Au and Au/Sn

metalizations. The Ti/Au system was investigated because it is a standard

contact metalization, with the Ti used as an adhering layer to the InP and

the Au as a bonding metal. The Au/Sn system, however, was used to investi-

gate the possibility that an alloyed n-type contact would provide a lower on-

state resistance, since the higher-mobility electrons were expected to pro-

vide most of the photoconductivity. The results for this system are shown in

Fig. 2. In this experiment, a He-Ne laser was used as the light source, and

the power incident on the finger structure was -1 mW. As shown, the

unalloyed (unannealed) devices did have a t2 dependence of the on-state

resistance. However, the resistance extrapolated to zero gap (intercept

resistance) was large (>1000 ohms). Similar results were seen for the Ti/Au

samples. By heating the samples in various cycles, lower intercept resistan-

ces were seen. The anneal at 3250C for 12 hours gave the best result, with

an intercept resistance of 200 ohms. Subsequent longer time and/or higher

temperature anneals gave higher intercept resistances. In a subsequent

4
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discussion of other contact materials, it will be shown that the intercept

resistance is dependent on the optical power level, and that the usual

interpretation of this quantity as a contact resistance must be used with

caution.

During the first year of this program, smaller geometry devices have

been developed in an effort to minimize the device on-state resistance.

Structures with finger and space lengths as small as 1.25 um can now he fab-

ricated. Also, improved contact metalization techniques have been investi-

gated to minimize this resistance. The best results have been achieved using

the following process. First, the etched InP slices are coated with Shipley

AZ1450J photoresist. Conformable-mask lithography is then used to pattern

the samples, and a brief chlorobenzene soak is used to provide a slight lip

on the photoresist. The metals are then evaporated onto the samples in an

electron-beam oil-diffusion-pump system. An evaporation sequence of Ni

(400 A) then Ge (300 A), and finally Au (3400 A) was used. The samples are

then removed from the evaporator, and the excess metal removed in the lift-

off process. The top surface of each sample is then covered with a 2000-A

layer of pyrolytic phosphosilicate glass (PSG) deposited at 250 0C, and the

sample is heated to 4500C for ten seconds to alloy the contacts. The PSG is

then removed, and the samples are ready for subsequent evaluation.

Preliminary measurements were done using a system in which the light

from a HeNe laser (x - 0.633 Um) was focussed and raster scanned across the

device. A dc bias was applied to one side of the device, and the other side

connected to an oscilloscope on which the response was displayed in synchro-

nism with the raster scan, in order to investigate the uniformity of response

of these devices. The results for two structures are shown in Fig. 3, where

it is clear that a uniform response is obtained.

6
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The variation of the on-state resistance as a function of finger length

was measured by defocussing the HeNe laser light until it just covered the

finger area on a device, and measuring the resulting resistance for several

devices, all at a fixed light level of 1 mW. The results for two groups of

devices with the Au/Ge/Ni metalization are shown in Fig. 4, along with the

best result for the (earlier) Au/Sn metalized devices. All three groups of

devices have a xz dependence of the on-state resistance, as expected.

One unexpected result shown in Fig. 4 is the fact that, in each case,

the x2 extrapolation to zero length yields a finite value, which we define as

an intercept resistance. This effect is similar to that observed for metal-

lic contacts to doped semiconductors, except that in this case, the carriers

in the conducting region are photogenerated. It should be noted that this

intercept resistance must also be a function of light level, because a

1.25-pm device had an on-state resistance of -18 ohms in response to 6 mW of

power from an AlGaAs diode laser. The Au/Ge/Ni devices clearly have much

lower values of resistance, and are superior devices. Even for these de-

vices, there is still some intercept resistance, and the reduction of this

resistance would result in still better performance. It is clear that until

this intercept resistance is reduced, there is little advantage in a further

reduction in finger dimension. For comparison, a calculated R vs t2 line is

also shown in Fig. 4, which line was computed using Eq. (1) and the values

p = 2000 cm2/V-sec and T = 2 nsec. These are typical values for the bulk

electron mobility and photoconductive lifetime of these samples. Equation (1)

assumes that the current flows uniformly throughout the conducting region.

However, it is clear that in these devices with surface interdigital elec-

trodes, the current is nonuniform with a high-field region and a current-

crowding effect near the edge of each electrode. This effect may account for

the observed intercept resistance.

8
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Fig. 4. Resistance vs length for Fe-doped InP optoelectronic mixers with
NiGeAu contacts, after fabrication and after several subsequent alloying
cycles. The resistance shown is in response to a 1-mW He-Ne (X - 0.63 prm)
laser spot uniformly illuminating the finger structure. The results of
the best Au:Sn contact results are shown for comparison.
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2. Linear Conductance

For applications in which the InP optoelectronic mixer is operated in

the switch mode, the achievement of a low on-state resistance is important to

low-insertion-loss, switch operation with good rf linearity. However, for

other applications in which the desired output is linear in both mixer

inputs, it is important for the device to have linear properties. As will be

discussed more fully in a later section, one such property is the linearity

of device conductance with light intensity. Figure 5 shows the measured con-

ductance as a function of light intensity for one of the Au/Ge/Ni devices.

There is a linear relation between conductance and light intensity over

several orders of magnitude, extending from low light levels to power of a

few mW. At higher light levels, there appears to be a tendency toward

saturation. It is interesting to note that this linear relation is obtained

for resistance levels comparable to the intercept resistance values seen in

Fig. 4 for optical power levels of 1 mW. This result suggests that the quan-

tity, (intercept resistance)-1 , is linear in the optical power level.

3. Response Time

The maximum frequency w of variation in light intensity to which a

photoconductor will respond is limited by the photoconductive lifetime r,

where wm = (r)-1 . It is therefore possible to define a figure of merit given

by the conductivity-bandwidth product:

PVe
R-I ft=m (3):i hv 2

The only material parameter in this figure of merit is the mobility.

In the off-state, the impedance is dominated by the capacitance which is

C = A (4)

10



-1 1010 -

Ni-Ge-Au CONTACTS / -
2.m PATTERN -

SiO 2 COVER -

-2 5000C ANNEAL 2
10 X .a83 102

o 14

E E
__ 0

W W

I- - z
z 10- 4' 104 zz

0 wU

o4 4

I 109077-N

1 I I I l l ll I i I l iil I I I 11111 105

0.01 0.1 1 10

OPTICAL INTENSITY (mW)

Fig. 5. On-state conductance vs incident optical power (A - 0.85 Ipm) for
an InP optoelectronic switch with NiGeAu contacts. This device had a 2-pm
finger pattern, and was alloyed at 500C with a SiO 2 cover.

11 i



where A is the area covered by the interdigitated pattern and is the capaci-

tance of a finger pair per unit length. The RC time constant 2 calculated from

this product is

RC = CAhvi (5)
4PTje

The frequency wc at which the magnitude of the impedances in the on and off

states is the same is given by wc = (RC)-1 . This frequency is maximized by

making the optical intensity large, the mobility large, and the finger length

small.

Noting that Wm = T-1, we may rewrite Eq. (5):

4Ple

c - (6)CAhvt

When the switch is used as a mixer, wc sets the maximum RF input frequency

while wm sets the maximum local-oscillator frequency with the LO injected

optically in this device. The product of these two frequencies as given by

Eq. (6) is a figure of merit which depends on only two material properties U

and C.

As may be seen from Eqs. (1) and (5), both the on-state resistance and

the device RC time constant 2 are minimized by large values of the photocon-

ductive lifetime T and carrier mobility p. In fact, InP was chosen as the

most suitable material for this program because of its large effective

electron mobility in these photoconductive applications (p - 2000 cm 2/V-sec)

at photoconductive lifetime values in the 1-nsec-and-shorter range. However,

it is also clear that the lifetime must be small enough to allow the device

to foilow the frequency variations for a particular application. The availa-

bility of a range of photoconductive lifetimes is clearly desirable. We have

found that the lifetimes do vary in our experiments with the lifetime

12



dependent on the starting InP crystal. The photoconductive lifetime of the

starting material is attractively short for many applications. Furthermore,

an additional processing sequence which involves the use of proton bombard-

ment and thermal anneal can be used to further shorten the lifetime.

The photoconductive response times were measured using the circuit

shown in Fig. 6. A commercial low-threshold AlGaAs diode laser (x -0.85 pm)

driven by a commercial impulse-train generator was used as a pulsed light

source. The light pulses had a repetition rate of 100 MHz and a full width

at half maximum (FWHM) of 100 psec, as measured by an InP/GaInAsP/InP

n+-n-p + photodiode fabricated at Lincoln Laboratory. The peak optical power

focussed on the device was estimated to be 3 mW. A dc voltage of 300 mV was

applied to one side of the switch and the output observed on a 50-SI sampling

oscilloscope. For samples processed in standard fashion, the 90%-to-10% fall

times of the photoconductive response ranged from 6 to 0.5 nsec, correspond-

ing to lifetimes of 2.7 to 0.23 nsec. It will be assumed here that the pho-

toconductive lifetime is equal to the carrier lifetime, a reasonable assump-

tion in view of the very small RC time constant in this 50-ohm system with

C < 10-13 F. Figure 7 illustrates the response for a sample with a lifetime

of -0.55 nsec. In all cases, the measured values of lifetime and bulk

electron mobility were consistent with the on-state resistance measured using

the HeNe laser system.

If devices with still faster performance are needed, proton bombardment

may be used to reduce the photoconductive fall times to less than 100 psec.

The electron mobility in these bombarded devices can neverthf&vs be >600

cm2/Vsec (compared to -2000 cm2/Vsec for the unbombarded devices as noted

above), over an order-of-magnitude larger than that of devices of comparable

speed made on other high-resistivity materials. This relatively large

13
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L8 n5-3872

.1

10 mV

0. 4 nsec

Fig. 7. Photoresponse of InP optoelectronic switch to short
pulses (<00 psec) of AlGaAs diode-laser light (x - 0.85 pm) of
3-mW peak power, as obtained with the circuit shown in Fig. 6. In
this test, a dc voltage of 300 mV was connected between ground and
one terminal of the device, with the response shown observed
between the other terminal and ground on a high-speed sampling
oscilloscope (response time -25 psec, input impedance = 50 Q).
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I

mobility implies that with similar structures and bias levels, the InP de-

vices should have over an order-of-magnitude larger response for a given

light level.

Two sets of experiments were done to investigate the effects of proton

bombardment on the response of these InP optoelectronic devices, with a

different schedule of bombardment used in each experiment. In the first set

of experiments, the InP sample was prepared in standard fashion as described

previously with the Au/Ge/Ni metalization technique and the 6-, 4- and 2-Um

geometry device patterns. The sample was then cleaved into five separate

pieces, with each piece having several devices of the 2-um geometry. One

piece was set aside as a standard, and the remaining four were bombarded with

a 1013/cm2 dose of 200-keV protons. Next, three of these samples were

annealed in hydrogen, one at 250 0C, one at 300 0C, and one at 3500C, each for

10 sec. Each sample was then cemented to a grooved aluminum block and wire

bonded to OSM connectors for evaluation.

Preliminary low-speed measurements were done by means of the raster-

scanned He-Ne laser-light-spot technique to insure that these devices had the

uniformity of photoresponse, linearity of current-voltage characteristics and

the near-theoretical sensitivity of earlier devices.

The results of these tests of the effects of proton bombardment are

shown in Figs. 8 and 9. For the unbombarded device, the decay of the pho-

toresponse is approximately exponential with 90%-to-10% fall time of -5 nsec

(time constant of -2.3 nsec). Also from the previous study of device

resistance as a function of finger geometry, the electron mobility is esti-

mated to be -2000 cm2/Vsec. Following bombardment, both the response time

and mobility are substantially reduced, with the rise and fall times each

<100 psec and electron mobility of -200 cm2/Vsec. Following bombardment and

16
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LF (a)

5 mVT

(b)
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FC(C)

0. 2 nsec

Fig 9.Photoresponse of three InP optoelectronic switches, as
described in Fig. 7, following proton bombardment and subsequent
10-sec anneal at: a. 250'C; b. 300'C; c. 350'C.
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the 250 0C anneal, the rise and fall times remained at <100 psec but the

mobility recovered to at least 1000 cm2 /Vsec. The mobility recovery was esti-

mated by the amplitude of the photoresponse compared to that of the unbom-

barded device. It should be noted that this measurement may underestimate

the mobility value in this case due to carrier recombination during the light

pulse. Finally, with increasing anneal temperature, the rise and fall times

remain at <100 psec, and the mobility remains at >1000 cm2/Vsec. However,

the bombarded devices show a small "back porch" on the trailing edge of the

response. This back-porch component increases in magnitude as the device is

annealed toward its unbombarded state. The shape of these pulses was insen-

sitive to focusing and total light incident on the device.

The samples for the second set of experiments were processed iden-

tically as those for the first set, except for the bombardment. In this

case, a schedule of 1013/cm2 protons at each of three energies, 100 keV, 200

keV, and 300 keV was used to provide a more nearly uniform depth distribution

of bombardment effects. The results were similar to those of the first

experiments, except for a substantially reduced "back porch". Figure 10

shows the response of the sample prepared in this way and annealed at 2500C

for 10 sec. It is clear that the trailing edge is much sharper than that

seen in Fig. 3(a) with a FWHM of 70 psec. However, package resonance effects

limit our ability to interpret the trailing edge, and improved packages are"

in progress. As for the first experiment, the estimated mobility of

-600 cm2/Vsec must be regarded as a lower limit due to carrier recombination

during the light pulse.

Another effect of the bombardment that may be a limitation in some cases

is a decrease in the off-state (dark) resistance. For the device of the

second experiment that was bombarded and annealed at 250°C, the off-state

19
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Fig. 10. Photoresponse of an InP optoelectronic switch as in
Fig. 2(b), except tha 3 theodc voltage was 500 mV and the device
was bombarded with 10 /cm 2 protons at 100 keV, 200 keV, and
300 keV, respectively, and subsequently annealed at 2500C for 10
sec.
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resistance decreased from >10 Mohms to -100 Kohms. This value can be com-

pared with the peak on-state value of -1000 ohms in the present pulsed

experiment, and an anticipated value of <100 ohms when the laser is replaced

with one having greater output power. However, the off-state resistance

decrease may not be a necessary result of proton bombardment, and more work

with different bombardment and anneal schedules, and perhaps with other ions,

is needed to investigate this effect. Also since higher proton doses have

been shown to increase absorption below the band edge, it may be possible to

extend the wavelength sensitivity of these devices to >1 pm.

III. MIXER RESULTS

An initial investigation of the performance of these InP optoelectronic

devices as mixers has been done with device operation in both a switch mode

and also in a bilinear mode. In the switch mode, the device operates as an

on-off multiplier, similar to the conventional diode-bridge mixers, whereas

in the bilinear mode, the device output has a component that is linear in

both inputs.

1. Switch Mode

The circuit of Fig. 11 was used to investigate operation in the switch

mode. The InP optoelectronic mixer was illuminated with light from an AlGaAs

diode laser (Hitachi) that was driven by a HP214A Pulse Generator at a 50%

duty cycle, approximating a square wave drive. The rf input to the InP

device was taken from a HP462A amplifier, which was in turn driven by two HP

signal generators operating at slightly different frequencies near 1 MHz.

The mixer output was fed directly into a HP Spectrum Analyzer. With this

arrangement, the conventional mixer measurements of conversion loss and

third-order, two-tone intermodulation product were done for a range of light

intensities illuminating the mixer. A typical result is shown in Fig. 12.
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Fig. 12. I.F. output and third-order, two-tone intermodulation product of an
InP optoelectronic mixer as a function of the r.f. input power in each of the
two equal-input-level signals. The InP device had a 2-u.m-finger pattern and
an on-state resistance of 21 ohms. The two r.f. input frequencies and the
local oscillator frequency were 1.24, 1.1, and 1 MHz, respectively.
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In this case, a device with a 2-um pattern was used, and the diode laser

drive was adjusted to give a InP device on-state resistance of 21 ohms. Both

the IF component and the third-order, two-tone component have the expected

slopes of one and three, respectively. The insertion loss is -15 dB, of

which -10 dB is due to the present mode of operation, Lower losses could be

achieved by using multiple switches and balanced configurations, as is done

with conventional mixers.

The third-order, two-tone intermodulation product value of -55 dBm at an

rf input of -0 dBm that was observed for the device on Fig. 12 is comparable

to values seen for conventional diode-bridge mixers. However, by varying the

on-state resistance of the InP mixer and measuring the IM product, it is

possible to predict much better performance. The results of one such

measurement are shown in Fig. 13, where the IM product is plotted as a func-

tion of device on-state conductance for several rf input power levels. The

on-state conductance was varied by changing the light power incident on the

InP mixer. As shown, the IM product (measured in dB) decreases with

increasing device on-state conductance. Increasing the conductance is there-

fore beneficial in two ways: lower insertion loss and lower intermodulation

product. Such an increase in on-state conductance could be obtained with

increased laser power, smaller geometry devices, or lower intercept

resistance. These approaches will be evaluated during the coming year.

2. Bilinear Mode

In addition to the switch mode of operation, it is possible to operate

these InP mixers in a bilinear mode in which the output is a linear product

of the two electrical inputs to the mixer. This mode of operation is made

possible by the linearity of device conductance with light level, and by the

linearity of diode laser output with input current. In the simplest circuit
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implementation of this mode, there is an additional term in the mixer output

that is linear in the rf input to the mixer. However, the use of multiple

devices and/or transformers to achieve a balanced configuration would elimi-

nate this term.

The circuit that was used to investigate the bilinear mode of operation

is shown in Fig. 14. This circuit is identical to the one of Fig. 11 except

for the electrical input to the diode laser. In this case, the laser is dc

biased so that 1 to 2 mW of laser power was focussed on the the InP mixer,

4and the ac input to the laser applied as a small signal to that dc level.

Although the results shown in Fig. 15 are only preliminary, it is clear that

linear operation in both inputs can be achieved.

In a separate experiment, in which the rf power was held fixed at

-4.8 dBm, the IF output was linear with L.O. input over a 20-dB range.
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operation. The device had a 2-rm-finger pattern, and the d.c. light
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