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MICROWAVE CHARACTERISTICS OF INTERDIGITATED

PHOTOCONDUCTORS ON A HEMT STRUCTURE

SUMMARY
Interdigitated photoconductive detectors of various geometries
have been fabricated on AlGaAs/GaAs heterostructure material.
This report describes the processes used in fabrication of these
devices and presents the results of a study of their optical and
electrical characteristics. The fabrication process used was
completely compatible with that wused to fabricate MODFET's,
making these detectors easily integrable for MMIC wuse. Detector
responsivity as high as 2.5 A/W, leading to an external quantum
efficiency of 3.81, was measured. It was found that response
speed was 1independent of electrode geometry and dimensions and
that all detectors had usable response at frequencies to 6 GHz,
with a 3 dB frequency of 185 MHz. Because of the form of the
frequency response and its independence of device geometry it is
proposed that minofity carrier trapping effects dominate high
frequency performance. The results of DC and AC impedance
measurements, as well as a small signal model of the detectors,

based on those measurements is presented.
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CHAPTER 1

BACKGROUND
1.1 INTRODUCTION
In recent years there has been a great deal of work and
promotion of optical fiber communication systems. The driving

force being that optical fibers offer numerous advantages over

other transmission media such as coaxial cable, twisted pair
wire, and waveguides. These advantages include small size, light
weight, flexibility, and large bandwidth, Communication systems
which wutilize optical fibers are often required to operate at

very high data rates whether the data be analog or digital.

A communication system in its most simple form has three

basic components: a transmitter, transmission medium, and a
receliver. Consider the case in which the transmission medium is
an optical fiber. This generates the need for high speed light

sources and also high speed photodetectors if the system is to
operate at high frequencies. This thesis will deal with high
speed photodetecturs which can be easily integrated with HEMT
(High Electron Mobility Transistor) devices.

By characterizing these photodetectors it will enable MMIC
(Monolithic Microwave Integrated Circuit) designers to easily in-

corporate the detectors in their designs. Integrated detectors



posses an advantage over discrete detectors in that there is no

additional cost over that of the IC and they do not require an

additional power supply. MMIC devices also occupy a much smaller
area as they need not be packaged separately. There are also
fewer possibilities of losses due to couplers and overall system

performance should increase.

1.2 ADVANTAGES OF FIBER OPTIC LINKS

Why wuse fiber optic links at all, why not use coax or even
free space transmiession? In free space you do not pay for the
medium and it only attenuates as 1/r2. In guided systems such as

coax, waveguides and optical fiber the signal attenuates exponen-

tially and is definitely not free.

For long signal paths it would seem that free space trans-
mission is the way to go. Free space transmission, however, is
impractical except for satellite communications. This is because

most communication systems are on earth where the signal suffers
from atmospheric attenuation and distortion. In addition if very
high frequencies are to be used then the transmission 1is basi-
cally limited to line of sight. This imposes an approximate
transmission length of 20 Km which is susceptible to disturbances
ranging from an electrical storm to a flock of birds.

It would appear that free space transmission is out for most
situations. Why use fiber optic links and not coaxial cable?
Optical fibers offer several advantages over coax such as low at-
tenuation, low cost, low weight, immunity from electrical inter-

ference and high bandwidth [11. Fiber optic links are often
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operated at wavelength of 1.3 microns. This is because the
silica fibers exhibit their lowest loss of about 0.47 dB/Km at
this wavelength [(2].

Operation at this wavelength, however, requires the use of
ternary or quaternary compound semiconductor sources which are
both more expensive and less developed than sources in the 800 nnm
range. Silica fibers exhibit attenuations of approximately 2
dB/Km at this wavelength [3]. In contrast, RG-400 coaxial cable
exhibits 1115 dB/Km attenuation [2]1 when operated at 5 GH=z.
Waveguides can exhibit attenuation rates as low as 0.6 dB/Km but
are very expensive due to the large amount of metal needed for

transmission over long distances [4].

One application in which almost all of the advantages of
fiber optic 1links could be used is in signal distribution in a
phased~array antenna. The number of elements in these antennae
is constantly increasing. Soon conventional methods, hollow me-
tal waveguides, will limit the number of elements, however, the
small size and flexibility ot fiber optic links may provide the
solution (5,61. By implementing systems utilizing MMIC transmit-

ter and receiving units to control amplitude and phase with opti-
cal feeds the number of elements and frequency range should in-
crease significantly. Crosstalk between the closely spaced ele-
ments should also be nearly eliminated. In addition, the much
lower weight of the optical fibers makes them ideal for use in
satellites where weight is a «critical factor due to limited

launch payloads.



1.3 WHY A HEMT STRUCTURE?
The HEMT or MUDFET (Modulation-Doped Field-Effect

Transistor) is quickly demonstrating its superiority over other

technologies (silicon, germanium arsenide, etc.) for high speed
applications. It switches on or off in as little as 12.2 ps for
digital applications. It can also serve as an analog amplifier

at frequencies up to 70 GHz and is soon expected to exceed 100
GHz [71.

The HEMT also posses several advantages other than speed,
over devices such as vertical FETs, bipolar junction transistors,
CM0S, etec. The vertical FET, for example, has demanding lithog-
raphy requirements and Josephson Junction devices are difficult
to fabricate. The HEMT has a definite advantage over MESFET's at
room temperature with higher mobility of 8000 cm?2/Vs vs. 4000
cm? /Vs. This mobility increases dramatically when cooled to 77°K
(135,000 ¢cm?2/Vs) [81]. Similarly, the HEMT possesses an advantage
in higher transconductance - 400 millisiemens per millimeter of
gate width at 77°K and 270 mS/mm at 300°K versus 230 mS/mm for
the MESFET and 80 mS/mm for the MOSFET [81]. The power dissipa-
tions are in the ratio of 1:2.6:25, once again demonstrating the
superiority of the HEMT.

Since the HEMT is clearly superior for amplifier applica-
tions it becomes desirable to fabricate and characterize
photodetectors which may be easily integrated with the MODFET's.
If such detectors can indeed be fabricated they may then be used

in integrated photoreceivers.



1.4 PREVIOUS WORK

In 1877 Baack et. al. {10] drew attention to the use of a
GaAs MESFET as a high speed optical detector. Since that time
there has been considerable effort in developing and characteriz-
ing high speed detectors which are easily integrated into MMIC
usage. It has been shown that the gain and 1,, of a GaAs MESFET
may be controlled by a modulated light source in the same manner
as when varying the V,., [25]. By far the greatest amount of work
has been done in the area of GaAs MESFET's but in recent years,
with the emergence of the MODFET, there has been increasing ef-
fort in developing detectors on heterostructure materials.

The GaAs MESFET has probably received the most attention as
a patential high-speed photodetector. There have been numerous

papers [11-161 on the characteristics and mechanisms of this

photodetection process. The GaAs MESFET, however, suffers from
poor coupling efficiency due to the small electrode spacing (0.5
- 1.0 pum) and surface reflection. These devices, however, may
exhibit gain and very high responsivity. Gains on the order of

5-10 have been reported [11] and responsivities as high as 1300
A/W [131. The gain of the detectors typically begins to roll off
in the MHz range but usable gain still exists out beyond 1 GHz.
Rise times of 46 ps with Full Width at Half Maximum (FWHM) pulse
widths of 73 ps have also been reported [16] but suffer from a
long optical tail. It has been proposed that by changing the
geometry of the FET's it may be possible to extend the frequency

response out to 10 GHz.



As an alternative to the FET structure straight gap and in-
terdigitated detectors have been fabricated on GaAs [17-191. Im-
proved alignment and coupling efficiencies allow these devices to

show improved gain over that of the MESFET's {191, however, they

still suffer from a relatively low bandwidth. The response still
typically rolls off well before the GHz range. The high gain
compensates for this, though, leading to higher gain-bandwidth

products.

Perhaps the fastest detectors yet reported are those which
utilize Schottky <contacts. The geometries of these detectors
vary from circular [20,21] to gap (22,231 to interdigitated [24].
These Schottky barrier photodiodes typically exhibit a flat
frequency response up to about 20 GHz although a 3 dB bandwidth
of 100 GHz has been reported [231]. These detectors typically
suffer from a low quantum efficiency with the average being about
25%.

For longer wavelength applications (1.0-1.6 pm) detectors on
an Al,In,..As/Ga,In;.,As heterostructure have been developed.

This structure nominally consists of an InP semi-insulating sub-

strate on which the following Jlayers are grown: an undoped
GayIn,-,As layer, a spacer of undoped Al,In,-.As, an n doped
layer of Al,In,_.As, and an optional layer of n doped Ga, In;.
y As. The electrode gecmetries range from interdigitated

electrodes [26-28]) to straight gap conductors [29,30]1 to that of
a FET [311]. The reported pulse respanse of these detectors show

a typical rise time of 80 ps and a FWHM width of 200 - 800 ps.
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These detectors also exhibit the long decaying tail which is on
the order of 1 - 3 ns long. Some complete integrated
photoreceivers have been built and exhibit a 2-Gbit/s receiver
sensitivity with a bit error rate less than 10-° (281].

0f greater interest in this thesis are the detectors fabri-
cated on the Al,Ga,-.As/GaAs heterostructure. These detectors
are designed for wuse with shorter wavelengths (0.6 - 0.84 um).
The most common structure is that of the FET {32-35] although in-
terdigitated structures have also been invesfigated [(361]. The
analysis of these detectors has been largely carried out in the
time domain with the frequency response being inferred from the
pulse response.

The pulse response of the MODFET's showed a fast rise time
(12 ps) and a FWHM pulse width of between 20 ps and 27 ps (32-
341. The external quantum efficiency of these detectors has been
measured to range from slightly over 60% to as high as 630% [(331].
The interdigitated photoconductor also exhibited a high gain and
fast rise time. While the prevalent optical tail is present in
the interdigitated detector there is no mention of its existence
made in connection with the MODFET's.

Some effort has been made to improve detector performance by
using unique geometries and mounting techniques. Chen et. al.
[36] have fabricated a gap detector with a back gate electrode.
This back gate is biased so as to "sink" the minority hole car-
riers which lead to the long optical tail. The fall time of the

detector's response time is reported to drop from 1 ns down to 80



ps with little adverse affect on the responsivity, leading to
nearly an order of magnitude increase in gain-bandwidth product.
Another detector has been reported which is apparently able to
operate free of any dc bias [37]. This detector, however, suf-
fers from a very low sensitivity (0.04 A/W). Other unique struc-
tures have also been proposed to increase the responsivity and
gain of detectors [38,392].

1.5 SYNOPSIS OF WORK

The fabrication of the detectors will be discussed in Chap-
ter 2. This will include a detailed description of each step in
the fabrication process. Also included in Chapter 2 are the

methods used for mounting and bonding the detectors for test pur-
poses.

The frequency response and responsivity of the detectors

will be presented in Chapter 3. The effect of different
electrode geometries will be discussed along with +the response
mechanism. Quantum efficiency values will be derived from the

responsivity measurements.

Bocth DC and AC impedance measurements will be examined 1in
Chapter 4. The effects of varying bias and incident light power
will be examined in both a qualitative and quantitative manner.
A corresponding small signal model for the detectors will be in-

ferred from the measurements.
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CHAPTER 2

FABRICATION AND MOUNTING OF PHOTODETECTORS

2.1 INTRODUCTION

This chapter discusses the fabrication and mounting of the
detectors reported in this thesis. A review of the inherent
properties of the heterostructure is also given. Each fabrication
step is presented in a detailed recipe format which should allow
easy duplication. The two different schemes used for mounting
the detectors are also presented along with the motivation for
each.
2.2 PHOTODETECTOR MATERIAL

The photoconductors reported in this thesis were fabricated

on the HEMT structure shown in Fig. 2.1, The heterostructure,
supplied by the Perkin-Elmer Corporation, was grown by Molecular
Beam Epitaxy (MBE) on a semi-insulating GaAs substrate. The

layers grown were; a 1 um layer of undoped GaAs, a 20 & spacer of
undoped Alo.3Gao.rAs, 300 & of n* Alos.3Gas.»As (n = 2x10'® cm~ 3,
and finally a 400 & capping layer of n* GaAs (n = 2 x

10'® cm-3). The capping layer is provided to help in the forma-
tion of Ohmic contacts and to prevent oxidation of the AlGaAs

prior to processing.

0



AU/Ge/Nl AU/Ge/Ni 1600 A

nGaAs2 x 10 8 nGaAs2 x 10' 8 {400 A
n AlGaAs 2 x 10 300 A
AlGaAs Spacer 40 A
2DEG
10,000 A

Undoped GaAs

S.l. GaAs

Fig. 2.1. HEMT structure.
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Fig. 2.2. Energy band diagram.
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Due to its high band-gap energy the AlGaAs window is essen-
tially transparent to the incident radiation (820 nm). This
means that almost all of the photon absorption and, therefore,
electron-hole pair generation is occurring within the undoped
GaAs layer.

The HEMT takes advantage of the fact that electrons have a
higher mobility in undoped GaAs than in doped GaAs. The HEMT is
a heterostructure, it consists of two different materials GaAs
and AlGaAs in the same continuous crystalline structure, as op-
posed to the MESFET, previously the fastest transistor, which
consists of a uniform material with different dopant levels,

The GaAs MESFET is doped in order to generate carriers. The
electrons created in this generation process, however, must share
space with the donors and the ensuing electron-scattering by the
donors reduces the electron mobilities. The electrons in the
HEMT material diffuse toward the lower band-gap material, GaAs,
and are confined by the energy barrier at the hetercjunction
while the holes are forced away from the heterojunction by the
band bending (see Fig. 2.2). This yields the so called two
dimensional electron gas (2DEG)> which results in very large

electron velocities for low values of bias voltage [7-9,40-411,.

11



2.3 DETECTOR GEOMETRIES
Interdigitated electrode geometries are used because they

increace the effective active area while keeping the transit dis-

tance small and are simple to fabricate. The fabrication process
is compatible with that of MODFET's and will be described in
detail in the following sections. Interdigitated electrodes also

posses advantages over conventional straight gap photoconductoers.
If the gap length of the straight gap detector is equal to the
interelectrode spacing of the interdigitated detector and the
finger length 1is equal to the gap width then the interdigitated
detector will exhibit a responsivity N times greater than the
straight gap, where N is the number of electrodes [42]. While
the interdigitated detector will have a slightly higher intrinsic
capacitance it is not enough to significantly reduce frequency
response. Because they are attractive as photoconductors there's
been a good deal of work with interdigitated geometries on a
variety of structures.

~The detectors reported in this thesis have three different

contact shapes and five combinations of electrode width and gap

spacing. The contact pads are either "bow-tie”, "dumb-bell", or
rectangular in shape (see Fig. 2.3)., The rectangular detectors
are totally isolated on the mesa, whereas the "bow-tie" and

"dumb-bell" detectors have only the finger region on the mesa.
The remainder of the contact pad flows over the edge of the mesa
onto the undoped GaAs.

The interdigitated fingers have five different combinations

12
2
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a) "Bow tie" geometry.

b) "Dumbbell"™ geometry.

¢) Rectangular geometry.

Fig. 2.3. Detector contact pads.



c)

2 X 2 um

e) 2 x 3 um

Fig. 2.

4,

b) 2 x 1 pum

(13 fingers) d) 2 x 2 um (12 fingers)

f) 2 x 4 um

Interelectrode geometries.
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of electrode width by gap spacing. The combinations are; 1 x 1

um, 2 x 1 uym, 2 x 2 pym, 2 x 3 ym, and 2 x 4 pum. In all cases the
total active area 1is 50 x 50 un. Photographs of the various
gecmetries may be seen in Fig. 2.4. The advantage gained between

the 2 x 1 uym and 1 x 1 um detectors is that for the 1 x 1 pm
detectors only 50% of the active area is covered by the metal
fingers whereas, ©67% of the 2 x 1 um detector's active area |1is
covered by the fingers.
2.4 THE PHOTOLITHOGRAPHIC PROCESS

The photodetectors reported in this thesis were fabricated
on the structure described in section 2.2. The detectors were
fabricated wusing well known photolithography techniques [431 at
the NASA Lewis Research Center. During the fabrication process
several steps were carefully characterized and will be described
in detail in the appropriate sections. The basic steps in the
photolithography process are 1) cleaning of the sample, 2) mesa
isolation, 3) placement of ohmic contact patterns, 4) ohmic con-
tact evaporation, 5) removal of capping layer, 6) alloying of oh-
mic contacts, 7) cleaving sample into separate detectors. All of
the preceding steps were first performed on semi-insulating GaAs
to insure that there were no problems and then on the HEMT
material of the actual detectors.
2.5 CLEANING OF WAFER

It is mnecessary to ensure that the wafer be cleaned of all
dirt or any substance which may effect the lithography process.

All chemicals used in the fabrication process are of electronics



grade. The sample is first cleaned using an acetone bath in the
ultrasonic cleaner for five minutes and then rinsed using ctlean
acetone. After the acetone rinse the sample is once again placed
in the ultrasonic cleaner, but this time in methanol. The sample
is then rinsed in deionized (D.[.) water for two minutes to
remove any residual methanol. A weak etch is then performed to
remove any oxides which may have been formed on the surface. The
etch used is a 1:1 HCI:H,O0 socliution for thirty seconds. A final
rinse in the D.!. bubbler is then followed by blow drying the
sample with clean N;.

2.6 MESA ISOLATION

Mesa isolation is necessary to ensure the electrical separa-
tion of the individual detectors. Mesa isolation consists of
masking off each area where a detector is to be placed and etch-
ing the rest of the sample down into the undoped GaAs. The first
step is to bake the sample at 110°C for 30 minutes to prepare it
for the application of photoresist. Once the sample has cooled
to room temperature photoresist AZ4110 is spun on at 4000 rpm.
This produces a layer of photoresist approximately 1.1 um thick
(see Fig. 2.5a). The sample is further baked at 90°C for 20
minutes to harden the photoresist. The sample is cooled for at
least 30 minutes to allow for humidity absorption.

The sample must now be exposed in order to provide the

proper mesa pattern. Care should be taken when transporting the
sample that it is not exposed to ultra-violet light (i.e. fil-
tered lights should be used in the processing lab). Place the

16



a. Wafer with 1.1 um photoresist layer.

.
ettt et e et et e e e S e ettt ottt

b. Alignment of mask and exposure of photoresist.

c. Development of photoresist.

Fig. 2.5, Steps in photolithography process.
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d. Mesa formation.

e. Uafér with 4000 & photoresist layer.
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f. Alignment of contact mask and exposure of phoforesist.

Fig. 2.5. (cont.
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sample in the mask aligner and align the mesa mask over the
sample (see Fig. 2.5b). Expose the sample for 30 seconds at 20
mW/cm? ., The sample is now developed in 4:1 developer. Develop
for 1 minute 30 seconds in 4:1 developer and rinse for 2 minutes
in D.I. water bubbler.

Now that the mesa pattern has been deposited on the sample
(see Fig. 2.5¢) it is necessary to etch down to the undoped GaAs.
The etchant wused is a 3:1:0.75 solution of phosphoric acid
(H3P0D4): hydrogen peroxide (H;0;): water (H,0). The etchant is
cooled in an ice bath to approximately 0-3°C in order to reduce
the etch rate and give more precise depth control. The etch rate
at 3°C is approximately 220 angstroms per minute and it is etched
for 5 minutes to produce a 0.11 m mesa (see Fig. 2.5d). The
sample 1is rinsed in D.I. water to halt the etch and then blown
dry with Na.
2.7 CONTACT PATTERN DEPOSITION

Now that the mesas have been formed it is possible to create

the ohmic contact patterns. This process begins the same as the
mesa creation by baking for 30 minutes at 110°C,. Photoresist
AZ4040 is then spun on at 4000 rpm. Photoresist AZ4040 is wused

instead of AZ4110 due to ©problems encountered in the initial
fabrication of the detectors. The 1 x 1 pm detectors exhibited
partial or total loss of detail in the finger region. It was
theorized that the small finger width and gap spacing was in es-
sence acting as a diffraction grating. This problem could be

solved in one of two ways, by using a shorter wavelength to ex-

[RY]
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pose the resist or by using a thinner resist. The later option

was chosen. AZ4040 yields a layer of photoresist approximately
4000 angstroms thick (see Fig. 2.5e).

The sample 1is again put in a soft bake at 90°C for 20
minutes and then allowed to cool for 30 minutes. The ohmic con-
tact mask is aligned over the mesas and the sample exposed for 15
seconds (see Fig. 2.5f). The shorter exposure time is to compen-
sate for the thinner resist. After being exposed the sample is
not immediately developed. Jt is first put in a clorobenzene
soak for 5 minutes. It is rinsed and blown dry after the soak.
The clorobenzene soak is used to create a "lip" to aid in lift-
off. The clorobenzene causes the top layer of the photoresist to
become harder, thereby slowing the development rate through that
layer. It develops the lower portion faster causing the creation
of a lip (see Fig. Z2.5g).

The sample is developed in 4:1 developer to reveal the ohmic

contact pattern. The development time is nominally 90 seconds
but may vary. Care must be taken to not overdevelop while at the
same time making sure that all of the photoresist is removed.

After each period in the developer the sample is rinsed in D.I.
water to stop the developing.
2.8 EVAPORATION AND ALLOYING OF OHMIC CONTACTS

An important factor in the performance of the photodetectors
is the existence of good Ohmic contacts. The contacts must reach
down to the 2DEG for optimum performance. The metallization used

for the contacts was 300A AuGe/ 100A Ni/ 1600A Au followed by a



80 second 700eC alloy cycle. This metallization and alloy cycle
were developed at Cornell University.

The metals wused for the contacts were evaporated onto the

detector samples sequentially at a rate of 1 A/sec. (see Fig.
2.51)., Following evaporation of the metals it is necessary to
"lift-off" the metal from the areas covered with photoresist. A
10 minute acetone soak is wusually sufficient to this. The
acetone dissolves the photoresist and the metal above the
photoresist then "lifts-off" the sample. If lift-off does not

occur a gentle agitation may be used to initiate the process.
Care must be taken when choosing a metallization that the total
thickness of.metal does not exceed the difference between the
photoresist thickness and mesa height. If the difference is
exceeded then it will be impossible to achieve 1lift-off ©because
the acetone will be unable to attack the photoresist.

Following lift-off it is necessary to alloy the metalliza-
tion. This is accomplished by placing the sample on an open-
faced quartz boat in a furnace at 700°C for 90 seconds with flow-
ing N2. This will allow the AuGe to diffuse down to the undoped

GaAs and create Ohmic contacts. Insertion into and removal from

the furnace are performed quickly, (2-3 seconds).
2.9 REMOVAL OF CAPPING LAYER

Also important to detector performance is the removal of the
n* GaAs capping layer. This layer has a very high doping con-
centration (2 x 10!'® em-*) and the dark current contribution due

to it totally swamps the photoconductive effect if not removed.

23



Once the capping layer is removed it is possible toe observe the
photoconductive effect in the detectors. Fig. 2.6 gqualitatively
demonstrates how removal of the capping layer effects the DC
response of the detectors to light from a microsccpe objective.
As can be seen in the figure, when an etch depth of only 350 & is
achieved the current is very large and shows no dependence on the
incident light level. When the etch depth reached 400 A the mag-
nitude of the current dropped by a factor of 4 but exhibited a
large dependence on the incident light level. An etch depth of
460 A shows this same dependence on light but at a decreased cur-
rent level.

The ideal etchant to use would be one which etches only GaAs
and not AlGaAs. To this end some research was done in this area.
A superoxy! etch of 30% H.,0, has been reported to have a celec-
tivity of ten [44]. The etch rate for the superoxyl etchant is
highly dependent on PH level. It was reported to be 1000 A/min.
at a PH of 7.04. These results, however, were unable to be
reproduced at the Lewis Research Center. There was not a linear
relationship between etch time and etch depth, nor was there a
well-defined non-linear relationship. In fact, it proved impos-
sible to repeat any time versus depth measurements. Therefore,
the same etch that was used for mesa isclation was also wused to
remove the capping layer. The etch rate in n* GaAs is 200 A/min.
as opposed to the 220 A/min. in the composite material. This is

due to the fact that the etch rate in AlGaAs is greater than in
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GaAs. Accordingly, the samples were etched for 120 seconds to

produce the desired 400 A etch (see Fig. 2.5j).
2.10 CLEAVING OF SAMPLE

After the detectors were fabricated it was necessary to

separate the individual detector types S0 that they may hbe
mounted. The process whereby the sample is cleaved s very
simple. Lines are scribed on the surface of the sample where
breaks are desired by using a diamond tipped scribe. Once all

the scribe marks have been made the sample is hermetically sealed
in a sterile plastic bag. This is to prevent’any dust from be-
coming embedded in the detectors when they are cleaved. The
sample 1is cleaved by placing the sealed sample on a slightly
curved piece of plexiglas and gently pressing down with a
cylinder on the scribe lines.
2.11 MOUNTING OF PHOTOCONDUCTORS

The 1interdigitated photoconductors were mounted in one of
two ways. Initially the photoconductors were mounted on aluminum
blocks which served has both a pedestal and ground plane. The
Aluminum blocks measured approximately 125 mm x 125 mm x 190 mm
and were polished on all sides but the bottom to allow for proper
bonding adhesion and contact with SMA connectors. In addition a

hole was drilled and tapped to allow for the easy attachment and

removal of SMA connectors. A ceramic piece with a 50 Ohm gold
microstrip +transmission I[ine was then mounted on the top face
with a non-conducting epoxy. The ceramic piece measured ap-
proximately 95 mm x 32 mm. The detector was then mounted on the



ceramic piece with the non-conducting epoxy.

Bonding between the detectors and the microstrip line and
ground plane was accomplished by wusing 1 mil gold wire and a
wedge bonder. One gold wire was attached to the right contact pad
and microstrip transmission line, the other to the left contact
pad and Aluminum ground plane (see Fig. 2.7). The bond to the
ground plane was made using silver-epoxy. This was done due to
adhesion problems between the gold wire and aluminum. Finally a
SMA end-launcher of the type wused for microstrip transmission
line to coaxial was aligned over the microstrip transmission line
and attached using a small screw.

Due to concern over possible contact problems between the

end-launcher and microstrip line as well as possible capacitive
effects a second mounting scheme was developed. A semi-rigid
piece of 50 Ohm coaxial cable approximately 400 mm long had an

SMA connector attached to one end. The other end was ground at a
45 degree angle to produce a plane for mounting the photodetec-
tors. The detectors were mounted on the teflon between the cen-
ter conductor and exterior shield using the non-conductive epoxy.
The same gold wire and bonder used in the prior method were also
utilized for this method. One gold wire was bonded to the left
side of the detector and center conductor. Another connects the
right side and ground shield (see Fig. 2.8). This scheme allows
for shorter lengths of wire ( < 2mm ) and eliminates the need for
any silver-epoxy in that bonding to the copper may be directly

accomplished with the wedge bonder.
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2.12 CONCLUSIONS

In this chapter some properties of the structure, on which

the detectors were fabricated, were presented along with the ac-
tual fabrication process. The different geometries of the detec-
tors to be characterized were also presented. Finally, the

methods of mounting and bonding the detectors for testing pur-
poses were explained. The next chapter will deal with some of
the actual measurements on the detectors, namely, frequency

response and responsivity.
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CHAPTER 3

FREQUENCY RESPONSE AND GAIN OF DETECTORS

3.1 INTRODUCTION

Perhaps the most important characteristic to a MMIC designer
who wishes to incorporate a photodetector 1is the detector's
frequency response. The frequency response of the detector
reveals two important factors; 1) what frequency the response is

flat up to and 2) what is the highest frequency at which wusable

gain exists. These two parameters can determine whether detector
is applicable to the designer's needs. Another parameter which
may be of concern is the detector's responsivity. By knowing the

responsivity of the detector the designer can determine whether
the detector 1is appropriate for wuse with the current light
source.

In this chapter both the frequency response to modulated

light and the responsivity of the various detectors will be
measured along with an analysis of each. A brief discussion of
the photoconductive operation of the detectors will alsoc be
presented. Quantum efficiencies, both internal! and external, of
the detectors will be calculated from the responsivity measure-
ments.
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3.2 THEORY OF OPERATION

The detectors reported in this work are planar photoconduc-
tors on a HEMT structure. An interdigitated geometry is used to
effectively increase the active area while keeping electrode
spacing small. The incident light (0.82 um)> is such that the Al-
GaAs window 1is essentially transparent to it. Light of this
wavelength has an absorption depth of approximately 1 um in GaAs
[45] and therefore most of the absorption occurs within the un-
doped layer of GaAs. The incident photons generate electron hole
pairs, of which the electrons diffuse toward the 2DEG and the
holes are forced away by the band bending. The applied DC bias
creates a lateral field leading to the creation of a photocur-
rent.

Photoconductivity 1is a relatively complex phenomenon which
rarely permits a closed form solution incorporating all the con-
tributing factors, such as trapping, non-uniform samples, surface
reflections, angle of incident 1light, temperature, etc. Only a
simple solution will be presented here, as the purpose is to
report observed results and others have already provided exten-
sive analysis of the photoconductive process [46-49].

If trapping effects are neglecting then the photocurrent

density, J, may be written as

J = qGt, e (n + . )E (3-1)
where q is the electron charge, G the electron-hole generation
rate, te¢s the effective carrier lifetime, E the electric field
and ., H, the mobility of electrons and holes [48]. This may be
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alternately written as a photoconductive current IF

I. = gn¥A (3-2)
where q is the electron charge, n the quantum efficiency, = the
photon flux, and A the effective illuminated area [501].

One of the inherent properties of phcotoconductors is their
ability to achieve internal gain. The dynamic gain, G(w), is
defined as the ratio of the number of electrons collected at load

to the number of incident photons in the active area. It can be

expressed as

Glw) = tesse/ty x [ (1-e=2¥)/(1 + Juteee) 1 (3-3)
where w is the frequency 1in rad/sec, te¢+ is the effective
lifetime, t. the transit time, a the absorption length and W the
active layer depth [511. The above equation is for the trap free

case and t.¢¢ can be calculated as follows:

1/t + 1/t + 1/%, (3-4)

1/tass

where t, is the bulk carrier lifetime, t. the lifetime determined

by recombination at the contacts, and t, determined by surface
recombination. The relative contributions of t. and t. depend on
the geometry of the device. This leads to a simple pole at w =

1/tes¢ with a roll off of 20 dB/decade.

The above discussion has ignored two factors which can
greatly affect detector bandwidth, namely the dielectric relaxa-
tion time, t., and the effects of trapping. In devices which
have extremely low dark currents the dielectric relaxation time
may limit the cutoff frequency of the detectors [46]. For the

case of t.es »>» t,. the result is the single pole at 1/t.¢: as
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above. When t, >» t,,,, however, the primary pole is at 1/t, and
the response will fall to a plateau and remain flat wuntil a
secondary pole at 1/te.«¢ will induce further roll-off.

Traps may be wunintentionally created 1in the fabrication

process, e.g., the outdiffusion of Cr from semi-insutlating GaAs
substrates [481. Trapping is common in photoconductive detectars
and is identified by a long tail after excitation by a short
pulse [48-511. Trapping leads to an effective electron lifetime
of:

tn = to 1 + (N, - pylcgy ' (3-5)

- (peCpy + €, + Jjw)

where the sum is ;;er i discrete trapping levels. tese is now
controlled by the capture rates, <¢.:i, the emission rates, e,,,
the hole concentration, Pssy and the trapping center density N,
(50,511. Because of the numerous hole trapping levels due to
lattice defects and contamination the response will show an al-
most continuous decrease from CW. This roll-off will not neces-

sarily follow the standard 20 dB/decade due to the complexity of
switching from one trapping level to the next [501]. The roll-off

instead tends to be between 10 and 15 dB/decade.
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3.3 MEASUREMENT SYSTEM
A physical and electrical schematic representation of the

system used to make frequency response measurements are given in

Figures 3.1 and 3.2 respectively. The mounted detector is con-
nected to a bias tee via a SMA connector, which is in turn con-
nected to a SMA tee providing the 50 ohm load. The rf signal is

carried on microwave coax from the SMA tee to a wide band
amplifief (Avantek 2.0-18.0 GHz and Avantek 0.01-2.1 GHz) to an
HP 8566A spectrum analyzer. The spectrum analyzer has two
frequency ranges (0O-2 GHz and 2-22 GHz) and was used to make all
frequency response measurements,

The light modulation is provided by an Ortel TSL-1000 Laser
Diode (X = 0.82 um) driven by an HP 8350B sweep oscillator. The
light 1is carried by a single mode optical fiber which is then
positioned over the detector by means of a X, Y, 2 translation
stage. The linearity of both the sweep generator and laser were
confirmed by the use of known high speed detectors (Ortel RSL-
25). The complete system exhibits a single pole at about 2.5 GH:z
and multiple poles beyond 10 GHz (see Fig. 3.3).

The entire system is controlled by means of a HP 89836C com-
puter. The sweep oscillator and spectrum analyzer are remotely
controlled by means aof the GPIB ports. The computer also allows
the combination of the two frequency ranges as the entire range

can not be swept at one time. .
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3.4 ALIGNMENT AND MEASUREMENT TECHNIQUE

The alignment procedure ics fairly simple if a little crude.
The detector to be tested is connected to the SMA tee with the
tee's bias input connected to a Tektronix 576 curve tracer. The
end of the optical fiber is then "eye-balled" over the detector
by means of the x,y,z translation stage. The rf output of the
sweep oscillator is set to 500 MHz and enabled. Position adjust-
ment of the fiber is made until the lowest DC resistance is ob-
tained (greatest slope on curve tracer). Note that the power
level on the curve tracer must be kept low ( <2 mW) in order to
prevent damaging the detector's fingers,

I1f desired, further alignment adjustment may be made by con-
necting the DC bias-tee to a DC power supply (0O - 1.0 V). The
coax to the wide band amplifier is reconnected and the spectrum
analyzer set to detect the desired frequency. The x,y,z stage is

further adjusted such that the highest signal strength |is

achieved. This additional! procedure normally results in very
minute adjustments, if any at all, to those done with the curve
tracer.

Frequency response measurements were made using the program

"response”" (see Appendix A). The program prompts the user for
desired start and stop frequencies as well as the output powver
level of the sweep oscillator. The program then sets up the
sweep oscillator and spectrum analyzer accordingly. The input

frequency range is single stepped through the specified range in

500 equal steps. The entire frequency range is scanned three
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times and then averaged to obtain the final response.

3.5 FREQUENCY RESPONSE MEASUREMENTS

The measured frequency response of three different detector
geometries is shown in Fig. 3.4. The response characteristics of
the three detectors are nearly identical with only absolute gain
differing by a constant offset. Measurements performed on all
five detector geometries with a lower bandwidth laser alsco
resulted in no difference in response with electrode geometry.

The detectors all exhibit a 3dB cutoff frequency of ap-
proximately 185 MHz. The gain then decays at 12 dB/decade in the

decade between 100 MHz and 1 GHz with a small plateau at 510 MHz

and a larger one at 1 GHz. The response falls off at the normal
20 dB/decade after the 1 GHz plateau. The deviation from the
normal 20 dB/decade slope and presence of gain plateaus would

seem to indicate the presence of trapping.
No equipment was available for making time domain measure-

ments and therefore the presence of the characteristic long tail

cannot be checked for. Dthers (351, however, have done a time
analysis on detectors on an identical material but larger
geometry (5 um spacing’. Their pulse response exhibited the long

optical tail and their calculated 3 dB frequency of 170 MHz
agrees well with the measured value of 185 MHz. In addition,
Papaioannou et. al. (51] have discussed the effects of minority
trapping and have shown a 12 dB/decade slope between 100 MHz and
1 GHz for a planar photoconductor. The plateau at 510 MHz |is

most likely due to a discrete trapping level, whereas the 1 GHz
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plateau is attributed to entering the trap-free regime [50,511].
This would indicate a trap-free cut-off frequency of ap-

proximately 2 GHz.

For the sake of comparison the response of some simple

straight gap photoconductors was also measured. Fig. 3.5 shows
the results of these measurements. These detectors are fairly
flat (+ 0.7 dB) until a 3 dB frequency of 385 MHz. The reason

for the absence of the trapping seen in the interdigitated detec-
tors is unknown but the response shows that the detectors are
definitely not transit time limited as the gap is much larger for
these detectors (10 pm, 20 um and 50 um).
3.6 RESPONSIVITY MEASUREMENTS

Responsivity measurements were made wusing an Ortel SL620
laser. This laser permits the cutput optical power to ;aried
while being monitored by an internal photodiode with a voltage
proportional to the optical power. The output voltage from the
photodiode was then calibrated against the actual optical power
by means of a digital power meter. Responsivity measurements
were made at 500 MHz and 1 volt bias unless otherwise stated.

As a reference for the measurements the responsivity of a

P.i.n. dicde, with an external quantum efficiency of 55%, was
measured (see Fig. 3.6). This plot indicated a responsivity of
0.33 A/W which is in excellent agreement with the specified (Q.3-
0.35 A/W) responsivity. The quantum efficiency is directly

proportional to responsivity [50]1 as seen by
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R, = gn(1-r)/hv ' (3-6)
where q is the electron charge, r is the reflection coefficient,
h is Planck's constant and v the frequency of the incident light.
Assuming the p.i.n. diode has an antireflection coating this for-
mula agrees extremely well with the measured value. For Group
[I1-V compounds without an antireflection coating the air-to-
semiconductor reflection coefficient is 0.3 [52], this leads to a
reduced formula of:

R = 0.46 x n. (3-7)

The responsivity values presented for the detectors should
not necessarily be considered nominal values but minimum values.
This is due to the fact that it is not possible to insure that
the detector surface and fiber optic end are precisely normal to
one another. In addition these detectors are not packaged in any
way and therefore, may suffer from surface contamination. Varia-
tion in responsivity for identical detectors can be seen in Fig.
3.7. Fig. 3.8 shows the responsivity plots for other detector
geometries.

These figures relate to peak responsivities from 0.13 A/W to
0.31 A/W. The responsivity was measured as the slope of the
graph in its most linear region (typically between 50 pW and 200
uWry. Responsivity is known to follow the same dependence on
frequency that the gain does (501:

R{w) = R /(1 + jwtees ).

Taking into account the frequency response of the responsivity
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this leads to an adjusted responsivity of 2.5 A/W for the 1 X i
um detector (see Fig. 3.9). A responsivity of 2.5 A/W translates
intoc a quantum efficiency, n, of 5.44. This n is the value which
would be possible to achieve if an anti-reflection coating was
used; as such coatings can reduce the reflection coefficient from
30% to below 1% [53]. For the 1 x 1 um detector it represents an
external quantum efficiency of 3.81 which is comparable with that
found in GaAs detectors.
3.7 CONCLUSIONS

In this chapter the frequency response of the detectors to

modulated light was presented. It was shown that the detectors'
response was independent of interelectrode geometry and therefore
not transit time limited. It was proposed that the poor response
of the detectors was due to minority carrier trapping rather than
an RC time constant or large dielectric relaxation time. Trap-
ping was suspected because of the non-standard 12 dB/decade roll-
off whereas an RC time constant or large dielectric relaxation
time would result in the standard 20 dB/decade roll-off, The in-
terdigitated detectors did exhibit a 3 dB bandwidth of 185 MHz
which is comparable to that of GaAs detectors.

Quantum efficiency calculations were also made from the
measured responsivity of the detectors. An external quantum ef-
ficiency of 3.81 was calculated for a 1 x 1 um detector. This
quantum efficiency with the measured bandwidth of 185 MHz yields
a gain-bandwidth product of 705 MH=z.

It is believed that the performance of these detectors could
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be enhanced in a number of ways. The responsivity of the detec-
tors could be increased by as much as- 30% by applying an an-
tireflection coating to the surface of the detectors. This would
relate to a corresponding 30% increase in the external quantum
efficiency and therefore gain-bandwidth product.

The bandwidth of the detectors could also possibly be ex-
panded in a number of ways. The first method would be the use of
"back-gating” to sink the minority hole carriers and reduce the
effects of trapping. The second method would require the growth
of a new structure which would have a thin layer of AlGaAs be-

tween the semi-insulating substrate and the undoped GaAs in order

to prevent the outdiffusion of contaminants which might lead to
trapping.
The next chapter will deal with the impedance properties of

the detectors which is also of importance to the designer of MMIC

devices.
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CHAPTER 4

IMPEDANCE PROPERTIES OF PHOTOCONDUCTORS

4.1 INTRODUCTION

Knowing the electrical impedance of the detectors is very
useful for photoreceiver design. If the impedance is known it
becomes possible to match the impedance of the detector with that
of the amplifier to achieve maximum power transfer. Many detec-
tors, both photodiodes and photoconductors, exhibit RC time con-
stant limited response. In many cases equalization can greatly
improve the response characteristics of the detectors. The input
impedance of the amplifier stage may be designed so as to
"equalize” the effects of the parasitic capacitances and induc-
tances. Chen et. al. {281 have demonstrated an improvement in
frequency response from 60 MHz to >1 GHz by means of a simple
parallel RC equalizer.

In this chapter both the DC and AC impedance characteristics
of the various detectors will be examined. The AC characteris-
tics will be determined from S,, parameter measurements as the
detectors are symmetrical two terminal devices. A corresponding
small signal model wil! also be developed to explain the

detectors' behavior.
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4,2 DC CHARACTERISTICS

Typical DC 1-V curves for three detectors are shown in Fig.
4.1, The curves show that the detectors are symmetric devices
whose operation is independent of bias polarity. The resistance
of the detectors is linear for small bias and smoothly increases
as bias is increased until it becomes gquite large. The shape of
these |-V curves is very similar toc those reported by others
[30,35,551 and 1is very similar to that of ungated GaAs FET's
(541, The flattening of the curve is due to carrier velocity
saturation at the higher fields.

The effect of increasing optical power on the DC impedance
is also shown in Fig. 4.1, The detectors were illuminated with
white light from a variable intensity microscope lamp. As the
intensity was increased the resistance correspondingly decreased.

The 1 x 1 um detectors exhibit a much lower resistance than the 2

x 2 pym and 2 x 3 um detectors. This is due to their smaller in-
‘terelectrode spacing. The 2 x 2 pym and 2 x 3 um show nearly the
same response to variations in light. This intuitively makes

sense because the 2 x 2 um detectors' interelectrode spacing is
1.5 times less than the 2 x 3 um detectors' but the 2 x 3 um
detectors posses 1.5 times the absorption area.

Dark field measurements made on the detectors yield a dark
current below 1 pA. The measurements were limited by the sen-
sitivity of the curve tracer, which has a lower limit of 1 pA for

current measurements.
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4,3 S-PARAMETER MEASUREMENTS

In order to properly model the AC characteristics of the
detectorslit was necessary to make impedance measurements at high
frequency with varying bias and light intensity. To this end
reflection coefficient, S5,,, measurements were made under various
conditions. Sia measurements were made on similar detectors
mounted using both methods (see Fig. 4,.2), but because of
problems with properly modeling the microstrip transmission line
only those mounted on the semi-rigid coax will be discussed.

The measurements were made with an HP-4910 Network Analyzer
using the arrangement shown in Fig. 4.3. The frequency was swept
from 0.5 GHz to 5.5 GH=z. The lower frequency bound being deter-
mined by the limitations of the network analyzer and the upper
bound by the frequency range permissible for modeling purposes.
Calibration procedures are such that it proved impossible to
orient the reference plane at the detector, but rather at the end
of the Bias Tee. The S,: parameters of Fig. 4.2 therefore in-
clude the effects of the coax cable. These plots provide little
useful information in their raw form, but by using an CAE package
[66]1 and proper modeling of the coaxial cable [57] it was pos-
sible to find the true response of the detectors and develop a
corresponding model.

Fig. 4.4 shows the variation of Sy, measurements with inci-
dent light intensity, with the effects of the coax cable removed.
These plots demonstrate how the resistance of the detectors

decreases with increasing light intensity. The value of the AC
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resistance is in fact in very good agreement with the DC value
obtained from the 1-V curves. Fig. 4.5 shows the effect of in-
creasing DC bias on input impedance. The resistive component

drastically 1increases as the bias is increased to above the knee

in the 1-V curves, so that the impedance eventually becomes
capacitive. Fig. 4.6 demonstrates the variation in impedance
with interelectrode geometries. This also follows a pattern very

similar to that seen in the DC characteristics.
4.4 SMALL SIGNAL MODEL

In order to arrive at a small signal model for the detectors
the above mentioned CAE package was used, and the modeled S,,
values were compared to the actual S,, measured values over the
given frequency range. Circuit parameters were varied to mini-
mize the least square error between the calculated and measured
values. The least square error in the fit is between 0.002 and
0.003 over the measured frequency range. The model that was
developed is shown in Fig. 4.7 and consists of a parallel RC com-
bination with an inductance in series with each node of the RC
network. The inductance is due in part to the bonding wire and
in part to a parasitic inductance associated with the electrodes.
This model is similar to that developed by Wojtczuk [55] and
leads to a complex impedance given as follows:
Z = {(R/[1 + (jwRC)>21} + j{w(L,+L,) - wCR2/[1 + (wRC)>?2]} (5-1)

Varying the light intensity affects each of the components
of the model differently. The effect on R, which drops from well

over 100 Ohms at ambient light to only a few tens of Ohms at the
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a. Small signal model.

b. Low bias equivalent circuit.
R —— ¢
—0
¢. High bias equivalent circuit.
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high intensity setting, is the most notable. This large change
in resistance has been observed by others {58] but only at low
bias while at high bias they observed little or no change. In
this work it was observed at all bias conditions tested, The

effect is expected and is due to the addition of the photocaonduc-

tive current, in effect lowering the resistance of the detector.
At higher bias conditions the resistance should still decrease
with increased light but the magnitude will be larger while the
percentage of <change will be lower. The low resistance effec-

tively short-circuits the capacitor reducing the impedance to

Z = R + jw(L,+L2) (4-2)
at moderate light levels and low bias.

The effect of light intensity on the inductance, however, is

unexpected since the inductance was thought to be mainly due to

the bonding wire. The value of L1 and LZ are very nearly equal
in all cases, showing identical variation with light intensity,
and typically range between 1 nH and 2 nH. The unexpected effect

is the observed increase in inductance with increasing illumina-
tion.

There was no consistent pattern to the variation of the
capacitance with illumination but rather a fairly random varia-
tion. C ranges frém 0.001 pF to 0©.2 pF with the smaller inter-
electrode geometries possessing the higher capacitances.

As would be expected the smaller geometry detectors posses a
lower resistance than the larger geometry detectors. In the case

of the 2 x 2 uym and 2 x 3 um detectors the 2 x 2 um detector pos-
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sesses a lower resistance at low light levels but as the light
power is increased the two resistances become very nearly equal
as is seen in Fig. 4.6. This follows from the same argument
given for the similarity between their DC responses to light.

The effect of increasing bias 1is shown in Fig. 4.5 and
demonstrates how the AC resistance greatly increases with bias.
As the resistance increases, the effect of the capacitance be-
comes more and more pronounced until the net impedance becomes
capacitive in nature. The complex impedance eventually
simplifies to

Z = R/(wCR)2 + 1/(jwC). (4-3)
This change from inductive to capacitive behavior would seem to
suggest the possibility of a zero reactance point as observed by
others [28,55]. Such a zero reactance point was not actually ob-
served in these measurements but would appear to occur somewhere
slightly under 3 volts.

The advantage of having a zero reactance bias would be an
increased bandwidth by the elimination of any R/L or RC time con-
stants if the detector was time constant limited. The impedance
of the zero reactance point is determined by setting the imagi-
nary part of Eq(l) equal to zero. I[f (wCR)2 << 1 then Eq(1)
reduces to

Z = (L,+L:2>/C . (4-4)
It should be noted that this condition is different from that of
a simple resonant circuit, which is valid for only one frequency

whereas Eq. (4-4) is valid as long as (wCR)?2 << 1 or equivalently
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w2 ¢« 1/7CL, + LpC. Using the wvalues of inductance and
capacitance at the 3 volt bias condition for the 2 x 3 m detec-
tor this would yield a resistance of approximately 240 Ohms.
This is only somewhat lower than the measured average of 300 Ohms
at 3 volts. It can be seen in Fig. 4.5 that the zero reactance
point must occur a little before the 3 volt bias condition and
therefore Eq. (4-4) seems to agree reasonably well with the
measured data.

4.5 CURRENT DEPENDENCE ON BIAS VOLTAGE

Measurements of ocutput AC current versus applied bias volt-

age reveal a nearly linear relationship between the two.
Measurements were made at 500 MHz with an optical power of 800

W. Fig. 4.8 shows a typical plot of current versus bias volt-
age. The current increases linearly with voltage for low bias
values and then slowly starts to flatten. Bias valués were

restricted to less than 3 volts in order to aveid electrode burn
out. These plots show neither the large increase in current [55]
nor the breakdown voltage [59] reported by others but agrees well
with the results obtained by a GalnAs detector [30].

The predicted response from simple photoconductor theory
(601 is

I = AqGtu, V/L (4-5)
where A is the cross sectional area, q is the electron charge, G
is the photocarrier generation rate in electron-hole pairs/em® s,
t is the average hole lifetime, 1. is the electron mobility, V is

the applied bias, and L the length between electrodes. Since all
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parameters except the applied bias were kept constant in these
measurements Egq. (4-5) would predict a linear relationship be-
tween current and bias voltage. The detectors are therefore in
good agreement with the theory for low bias conditions.

This simple model of Egq. (4-5) assumes that the carrier
velocity is linearly proportional to the electric field

Ve = MaE = peV/L. (4-6)
This is only true while the electric field E is less than the
saturation electric field E. [611. Above this critical field the
carrier velocity saturates leading to the deviation in current
from the predicted linear behavior. When velocity saturation is
taken into account the measured data agrees very well with that
predicted by theory.
4.6 CONCLUSIONS

Both the AC and DC impedance characteristics of the detec-
tors have been examined. The most notable characteristics were
the decrease in resistance with increasing illumination and the
increase in resistance with increasing bias. A  small signal
model was developed and consisted of a variable resistor in
pérallel with a capacitor and an inductor in series with each
node of +the parallel RC combination. It was determined that
there may indeed be a DC bias for which the detector's impedance
becomes purely resistive in nature. This zero reactance point
was calculated to have a value of approximately 240 Ohms and to
be wvalid for all frequencies which satisfy the condition (wCR)?

<< 1,
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The output current as a function of DC bias was also
amined. The current was shown to be linearly proportional to
bias voltage for low bias values and to gradually flatten

with increasing bias.

The deviation from the linear response

attributed the electron velocity saturation at fields above

critical

saturation field E..
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CHAPTER 5

CONCLUSIONS AND REMARKS

In this thesis the fabrication and properties of inter-
digitated photoconductors an a HEMT structure have been
presented. The fabrication process used was completely com-
patible with that used to fabricate MODFET's making these detec-
tors easily integrable for MMIC usage. It should be remembered
that the focus of the thesis was to determine whether such detec-
tors on an AlGaAs/GaAs heterostructure could exhibit performance
at least comparable to that achieved by GaAs technology.

The detectors of various electrode geometries exhibited no
difference in response to modulated light. The detectors all had
a 3 dB bandwidth of 185 MHz followed by a roll-off in response of
12 dB/decade until a second plateau at § GHz to 2 GHz after which
the response fell at the standard 20 dB/decade.

The absence of any change in bandwidth indicates that the
detectors are not transit time limjited. It was proposed in Chap-
ter 3 that trapping of minority hole carriers was the determinant
factor in the response of the detectors. The interelectrode
geometry effect is only seen in the magnitude of the response as
the gain is inversely proportional to the transit time. This ef-

fect is not always readily apparent, however, due to differing
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coupling efficiencies from one detector to another.

The quantum efficiency of the various detectors was calcu-
lated from responsivity measurements and presented in Chapter 3.
The quantum efficiencies presented should be taken as being lower
than what would be possible to obtain from packaged detectors.
This is because of difficulties in establishing a perfectly nor-
ma | incident beam with the test fixtures used and variation in
distance from the surface of the detectors. These factors make
it impossible to determine how much of the incident light is
being reflected or being absorbed outside of the active area.

The responsivity of the detectors was measured to be as high
as 2.5 A/W, leading to &a corresponding external quantum ef-
ficiency of 3.81. It was proposed that this quantum efficiency
could be increased by as much as 30% by applying an antireflec-
tion coating to the surface of the detectors.

In Chapter 4 both the AC and DC characteristics of the

detectors were examined. The detectors were shown to be sym-
metrical devices whose operation was independent of Dbias
polarity. The variation in impedance with changing light inten-

sity and DC bias were alsc examined and a corresponding small
signal model developed. The small signal model consisted of a
parallel RC combination with a series inductance attached to each
node of the RC caombination. The most prominent effect of chang-
ing 1illumination was shown to be on R which dramatically
decreased with increasing illumination.

By increasing the DC bias across the detectors the impedance
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was shown to change from being inductive in nature to being
capacitive. The reason for this change was that at low bias the
amall resistance effectively short-circuited the capacitor. As
the bias was increased the resistance also increased making the
effect of the capacitor more and more pronounce until the net im-
pedance was capacitive in nature. This change from inductive to
capacitive reactance suggested the possibility of a zero reac-
tance bias condition. This zero reactance point was shown to ex-
ist for all frequencies such that (wCR)? << 1.

In conclusion it should be noted that while these detectors

did not exhibit an extremely high bandwidth they did posses

usable gain well into the GHz range. For some applications the
frequency at which a certain signal-to-noise ratio is still ob-
tainable 1is of more interest than the 3 dB bandwidth. For such
applications these detectors would be well suited.
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APPENDIX A

COMPUTER PROGRAMS

This appendix contains the listings of programs which were
either wused 1in the collection or analysis of data pertaining to
detector characteristics. Each listing describes what
function(s) the program performs and any other pertinent informa-
tion. Anyone with a elementary understanding of BASIC and PASCAL
should be able to follow the programs.



110
120
130
140
150
160
170
180
130
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
330
400
410
411

412
113
414
415
420
430
440
450
460
470
471
472
473
474
475
480
499
500
510

AeTaTIal PACE L

aUALFIY

cE POOR

!‘l*i‘*****-‘***********'ﬁi*‘il*-‘**l*********‘I*'l****l*-I********‘***************

PROGRAM NAME : DECLOG

PURPOSE : THIS PRUGRAM COMBINES TWOD FREQUENCY RESPONSE
FILES (A LOW AND A HIGH FREQUENCY) TO PRODUCE
A SINGLE BODE PLOT OF THE ENTIRE RANGE. THE
EFFECTS DUE TO THE LASER AND MEASURING SYSTEM
CAN BE REMOVED IF SO DESIRED BY ANSKERING “Y*

T0 THE APPROPRIATE PROMPT.
WRITTEN BY: SCOTT M. HILL
REVISION DATE: APRIL 25, 1988
NOTES:

!
!
!
!
!
!
!
t
!
!
!
!
!
!
!
!
t
'
'

B TE DI W T I I I I I I I I IEFE I I I I YT S I I FE I B I FE I I FE NI W IR A JE I I I I I I I I FE N
!

! 36T I W I I W I N T IE W FE T I I W I T 3 F I Fe T I I I IEIE FEIE e I I I T I W T I I I I I IS I A I Fe I I I W I I I NN
! DIMENSIONING OF ARRAYS AND VARIABLE INITIALIZATION
!********************l-*-l»*i**-I»*****************ﬂ*&*******'*********%****l*
1

DIM Title$i100
DIM Laseri(1
DIM Laser2(1
DIM Corr€100
DIM Ampi1<(100
DIM Amp2(100
CSIZE 4

Dbdiv=10

]
1
[

'
!********************************i**********************’*******************
! CLEAR GRAPHICS AND TEXTS SCREENS:; SET PRINTING DEVICE TO LINE PRINTER
!*******************************************I************ 5 34 IE M I I I I I I W I I IE I N
!

GCLEAR

OUTPUT 1;CHR$C(12)

PRINTER IS 701

!

t IF SO DESIRED, READ IN LASER RESPONSE FILES IN ORDER REMOVE LASER EFFECTS
!****************************“********* I8 3 I W I F- 3 W36 M I DEFEIE I I I I I W T I W
4

INPUT DO YOU WISH TO REMOVE THE LASER EFFECTS?",Reply$

IF Reply$="N" THEN GOTO 480

ASSIGN @Ref TO "LTSL1000™

ENTER @Ref;Startl!l,Stopl,.Stepl.Laseri(=)

ASSIGN @Ref TO "TSL10D0O"

ENTER @Ref;Start?2,Stop2,Step2.lLaser2(x)

'
i**************************************************************%************
' READ IN FREQUENCY RESPONSE FILES AND CALCULATE RESOLUTION OF DATA POINTS
!*****************’***ﬁ*%***************************************************
'

INPUT "ENTER THE NAME OF THE LOW FREGQUENCY FILE:" ,Namel$

INPUT “ENTER THE NAME OF THE HIGH FREQUENCY FILE:",Name2%

ASSIGN @Data TO Namels

ENTER @Data;Startt.Stopl.Stepl,Ampl (%)
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520
530
540
350
551
552
553
354
555
560
570
580
590
600
601
602
603
604
605
610
620
630
640
650
660
670
680
650
700
710
720
730
740
750
760
770
780
790
800
810
820
83¢0
840
850
860
870
880
8390
891
892
893
8394
895
900
S10
320
930
940
950
960
970

ORIGLAL &iéro T
OF POOR QUALPIY

ASSIGN @Data TO Name2$

ENTER @Data;Start2,Stop2,Step2,Amp2(=)
Resol1=(Stop!1-Start1)/1000
?esolZ=(Stop2-Start2)/1000

' 36 3 IE I FE I IEIE I I M IEIE W I I FE I IE I I I I 6 I I I MM T I I I W I I I T I I I W I T I I M-I IE I IE I I I I eI I I
! IF CHOSEN, REMOVE THE LASER AND SYSTEM EFFECTS

' EX T 2T EE S T RESUPTRCECE SRS L SRS S F AL ERES LSS S X2 22 22 2 2222 22 2 22222 X 3
L]

Diff=(Amp1(987)-Laser1(987)-10)-(Amp2(9)-Laser2(3))

FOR X=1 TO 1001

Amp 1 (X)=Amp1 (X)-Lasert(X)-10

Anp2 (X)) =Amp2(X)-Laser2(X)+Diff

wEXT X

' EZ T2 I EEEREEEEE S S RS SRS LSRR S S R X R 2 X X 2 2 RS2 X S S SR ]
! DRAW THE APPROPIATE GRID FOR PLOTTING THE DATA ON
' EX T TT 2T EIELTTEIEREEEESSEES SIS SRS S RSS2 22222 222 222222 22 2Rt 222X L2 2
!

ALPHA OFF

GRAPHICS ON

GCLEAR

INPUT "ENTER LEFT AND RIGHT FREQUENCY TO BE PLOTTED"”,Left,Right
teft=LGT(Left)

Right=LGT(Right)

Mleft=Left-(Right-Left)=.10
Mright=Right+(Right-Left)=.10

WINDOW Mleft,Mright,-100,0

CLIP Left,Right,-90,0

CLIP ON

PEN 4

GRID MIN((Right-Left),1),Dbdiv,Left

CLIP OFF

FOR X=-90 TO 0 STEP Dbdiv

MOVE Mleft, X

LABEL USING "K" ;X

NEXT X

MOVE (Mright-Mleft)».25+Mleft,-100

LABEL “FREQUENCY IN GHZ (LOG SCALE)"

FOR X=tLeft TO Right

MOVE X,-95

LABEL USING "K";DROUNDC10°X,3)

NEXT X

MOVE Right,-95

LABEL USING "K*;DROUND(10"Right,3)

CLIP DN

PEN 5

?UVE Left,Ampl (1)

!**"*“****”***********‘****’*******‘*****‘*********************************
t PLOT THE RESPONSE VERSUS THE LOG OF FREQUENCY
!*.’***********.”*******"*'************’**'***ﬂ’********ﬁ****************"*
'

FOR F=Start! TO 2.04 STEP Step!

X=(F-Start1)/Resol1+1

DRAKW LGT(F),Amp1(X)

NEXT F

FOR F=2.04 TO Stop2 STEP Step?2

X=(F-Start2)/Resol2+1

DRAW LGT(F) ,Amp2(X)

NEXT F



971 !

G721 3635636 3 I F I I I I P I I I ST I I I I I 2N I I I I I I I I I I I H I I I FIIE I I NI NI

g;g : IF DESIRED, PRINT A HARD COPY OF THE DISPLAY WITH TITLE
975 !

986 INPUT "DO YOU WANT A HARD COPY OF THE GRAPH?",Reply$
990 IF Reply$<>"Y" THEN GOTO 1060 '
1000 INPUT "ENTER THE TITLE FOR THE GRAPH:",Title$

1010 PRINT =

1020 PRINT Title$

1030 PRINT " *

1040 DUMP GRAPHICS

1050 PRINT = ¢

1051 ¢

TS 1 5363636 363696 33636 36 36 3436 26 36 36 3036 2 3 I3 3 33 I I I I TN I T3 W I B S IIEIEIE I T PN F I I MWK

1823 : IF DESIRED, VIEW A DIFFERENT PORTION OF THE RESPONSE OR Z0OOM
‘ I 2636 I 3636 I I IE I I W I IE I I IE I IE HE I I W MBI I M I MBI I T W I I e I AT I I T I I I I I I I I I I I e MWK
1055 !

1060 INPUT "DO YOU WISH TO CHANGE LEFT AND RIGHT LIMITS”,Reply$

1070 IF Reply$="Y" THEN GOTO 630

1080 INPUT "DO YOU WISH TO DO ANOTHER PLOT?",Reply®

1090 IF Reply$<>"Y" THEN GOTO 1120

1100 GCLEAR

1110 GOTO 480

1120 GCLEAR

1130 PRINTER IS CRT

1140 END
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250
260
270
280
230
360
310
320
330
340
350
370
380
330
400
410
420
430
440
450
460
479
480
481
490
500
510
520
530
540
550
560
570
580

600
601

!**l**********’*ﬁ****’l*****i***&*‘**********&********i*********************

PROGRAM NAME : RESP

PURPOSE : THIS PROGRAM WILL OBTAIN THE FREGUENCY RESPONSE OF A
SYSTEM DRIVEN BY THE HP 8350B SWEEP GENERATOR AND
TERMINATED AT THE HP 8566A SPECTRUM ANALYZER. THE
USER IS ASKED TO INPUT START AND STOP FREQUENCIES
AS WELL AS POWER LEVEL FOR THE SWEEP GENERATOR.

THE FREQUENCIES ARE SHWEPT IN 20 MHZ INCREMENTS.
WRITTEN BY: SCOTT M. HILL
REV. DATE: MARCH 17,1988
NOTES:

!
!
!
!
4
'
!
'
!
!
!
'
!
!
!
!
!
'
!
!
!
!
!
!
!
!
!

I I IE M I I I I I IE I I W W IE I I I I I I I I IE I I I I P I I I I I I T I I I I I W I I W T IE W IE I W6 I I I I M I
!
!****’*”******‘*“{ﬁ’******f#**'“*i*****ﬂ*'****'*****i“*******“****l********
! DIMENSIONING AND VARIABLE INITIALIZATION
!*****'****’***“******‘“****'”'*’*Q**’.**********************'***.*********
'

Numscans=3

Dbdiv=10

DIM Title$[1001]

DIM Amp(1001)

DIM Temp<1001)

DIM Raw(1001,5)

'

i************************'l************************’**********i************
! READ IN START AND STOP FREQUENCY AND POWER LEVEL
!***********************"****‘*‘*********************.********************
!

INPUT "ENTER THE START AND STOP FREQUENCIES IN GHZ",Sttfrq,Stpfrq

INPUT "ENTER THE POKWER LEVEL IN dBm' ,Dbm

Resol=(Stpfrq-Sttfrq)/1000

Frqstep=(Stpfrq-Sttfrq) /500

! ,

!********************l**ﬁ*************I*****’******‘************************

! CLEAR GRAPHICS AND TEXT SCREENS

!******i***i*ll********I1****{*{’****&**************************************
1

QUTPUT CRT;CHRS$<12)

GCLEAR

!

!l****’***‘*ilQ**Q**ﬁ**&f‘**ﬂl***i*******************’********************

! SET UP SPECTRUM ANALYZER AND SWEEP GENERATOR

!’********}******l’**’*i*****ﬂ**!**&****‘************************”*******

!
IF Sttfrq>=2.0 THEN Setup=1

ORIGLNAL T20
OF. POOR QUALITY
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602
610
620
630
640
650
660

670 !

680
690
700
710
720
730
740
750
760
770
780
730
8060
810
820
830
840
850
860
870
8380
830
9060
910
920
330
940
950
960

IF Sttfrq<2.0 THEN Setup=2
QUTPUT 718;"RC " ;Setup
DUTPUT 718;"FA";Sttfrq;"GZ"
QUTPUT 718;"FB";Stpfrq;"GZ"
QUTPUT 71S;"PL ";Dbm;" DM”
DUTPUT 719;"RF1™
WAIT 10
'

!*l*****‘**l******”*ﬂ*****&**************‘***************I*****************

! STEP THROUGH FREQUENCIES AND REARD IN MAGNITUDE OF RESPONSE

'********‘****************'******‘**************“**************************
1

FOR Scan=1 70 Numscans

gUTPUT 718;"A1"

OQUTPUT 718;"A2"

DUTPUT 719;"CHW";Sttfrq;"GI"

QUTPUT 719:;"SS";Frqstep;"GZ"

FOR F=Sttfrq TO Stpfrq STEP frqgstep
WAIT .35

QUTPUT 719;"upP”

NEXT F

QUTPUT 718;"TA"

FOR Point=1 TO 1001

ENTER 718;Raw(Point,Scan)
NEXT Point

?EXT Scan

i***************l**********i**i{{***ﬂ**********’*i************I*************
! AVERAGE THE RESPONSE OVER THE NUMBER OF SCANS TAKEN
!*************l*****’******&****l*!l**!****************'********************
!

FOR Point=1 TO 1001

FOR Scan=1 TO Numscans
IF Raw(Point,Scan)>0 THEN Raw(Point,Scan)=Raw(Point-1,Scan)

Temp(Point)=Temp(Point)+Raw(Point,Scan)
NEXT Scan
Amp(Point)=DROUND(Temp(Point)/Numscans,3)

970 NEXT Point

980 !

GG 1 236536 36 36 36 36 36 3626 3 36 P I I 62 3 I I 36 FEF I 36 I8 I I I 2 B I I 3 I I I I J 22 H I IE I H I I I I I I IE D I I I W
1000! GOTO THE SUBROUTINE FOR PLOTTING THE GRAPH

T 0T (F 5736 30 3636 36363636 36 9696 2 36 26 336 3 30 I 3636 36 3636 56 26 S 26 3 36 223 F I 36 T2 H I I I H I T I I I T I I IE I I A
1020!

1030 GASUB 1570

1040!
1050!*************"*********’********"’*********’“*****‘*l********************
1060! GENERATE A HARD COPY OF THE GRAPH ON THE PRINTER

T 07 00 365630 2836 36 50 363 36 36 3626 3638 36 74 2636 3036 26 36 20 36 36 3438 36 2036 3% 236 3 I 20 3006 36 36 3363636 T2 2636 I I FE I J6 T T2 2636236 T I I NN
1080!

1090 INPUT DO YOU WANT A HARD COPY?*,Reply$
1100 IF Reply$<>"Y" THEN GOTO 1230

10 INPUT "ENTER TITLE FOR THE GRAPH:",Title$

0 PRINTER IS 701

0 PRINT * =

0 PRINT Title$

0 PRINT ™ ™

0 DUMP GRAPHICS

0 PRINT ™ "

0!
0!********************’*********l*******ﬂ**&*******************’*************
0! SAVE THE DATA ON A FLOPPY DISKETTE

ORIGINAL PAGE 1§
OF POOR QUALITY
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1210?
1220!
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810

T I IITIISTTTTTYTTZSRSST TSR R NRE YRR SR 22222222 s R 2 E Rt bl n Ll sl s bt

INPUT DO YOU WISH TO SAVE ON DISK?",Reply$
IF Reply$<>"Y" THEN GOTO 1430

INPUT “ENTER FILENAME FOR DATA:",Name$
ON ERROR GOTO 1230

CREATE ASCII Name$,32

GOTOD 1360

IF ERRL(1270> THEN GOTO 1330

PRINT ERRM$

GCLEAR

PAUSE

PURGE Name$

HWAIT 5 :

CREATE ASCII Name$,32

ASSIGN @Data TD Name$;FORMAT ON

9UTPUT @Data;Sttfrq,Stpfrq,Frgstep,Amp(x»)

i 6 I 6 JE I I I I I I I 3 I I I I I I I IE I I I I I I M I I W IEIE IE I I I IE I IEIE I I I I I I T I I I I I FE I I I I I I I WM
! CLEAR GRAPHICS AND TEXT SCREENS AND END THE PROGRAM

! 36 36 JE I IE I FE W I I I 366 I I I I I IE W I 6 I I W IE W I I I I I IE I I I IE I I I W I I I I I I I IE I IE I I I I I I I I I I FE I I I I W I
!

GCLEAR

LOCAL 718

LOCAL 719

PRINTER IS CRT

9UTO 1990

!. 6 38 36 I 336 IE IE 36 I IE I I I I IE I IE I IE I 3 I I I IE I IE I I I I I I M-I W I I I I I I 3 I I 36 MW I I IS I I I IE I I W I N
! SUBROUTINE FOR PLOTTING THE GRAPH

! 36 I I IE I I I I I 6 I6 I I IE I I I I I I W I I IEIE I I I I IE I I I IE I I I IE I W I A6 I I IE I IE I I I IE I IE I I I I I I I IE M
!

! 6 I I 36 I I W I I I I I IE I I I I IE I I I I W I I I I I I I I I I I I IE I I IE I DI W I I FE I IE I I I IE I I IE I I I IE I IEIE M I IE I I W
! DRAN THE GRID FOR PLOTTING THE DATA DN

! P I I 36 W I I IE I 6 I I I I IE W6 I I I I I I I I IE I I I I I I I W I IE I W I I IE W IE I IE I FE I I I IE I6 I I I I I I I IE I IE S I IE WM I
!

CSIZE 4

ALPHA OFF

GRAPHICS ON

lLeft=Sttfrq

Right=Stpfrqg
Mleft=Left-(Right-Left)=.10
Mright=Right+{Right-Left)*.10
WINDOW Mleft,Mright,-100,0

CLIP Left,Right,-90,0

CLIP DN

PEN 4

GRID (Right-Left)/10.Dbdiv,Left
CLIP OFF

FOR X=-90 70 0 STEP Dbdiv

MOVE Mleft,X

LABEL USING "K™;X

NEXT X

MOVE (Mright-Mleft)*.35+Mleft,-100
LABEL "FREQUENCY IN GHZ*

FOR X=Left TO Right STEP (Right-Left)/10
MOVE X,-95

LABEL USING K" ;X

NEXT X

MOVE Right,-95
LABEL USING "K";Stpfrq
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1820
1830
1840
1850
1860
1870
1880
1830
1900
1910
1320
1930
1340
1950
1960
1970
1980
1990
2000
2010

!
!*****ﬂ****************** 36 W FE I I I I I W eI I I I I 6N I I I I IE I I I I M I I I HEIE I I N I W IE I I IE I

! PLOT THE DATA ON THE GRID

! E2 ST L2 2 2 22 22 X2 2222222 2 2 2 8 2 2] I******‘."*******************‘******‘*****
'

PEN S

MOVE Left,Amp(1)

FOR F=Sttfrq TO Stpfrq STEP fFrqstep

X=(F-Sttfrq)/Resol+t

DRAKW F,Amp (X)

NEXT F

RETURN

'

! 2636 I W I I I VI 6 IE I I I I I I I I W I I I I W I I I IE I 36 I TN I I I I IE I I I IE W I IE I I IE I IEIE I I M I I MW

' RETURN TO THE MAIN PROGRAM

! 36 3 3 I I I I IE I IE I Je I I IE I W I I I IE I I I IE I IE I I I I I I HIE I MW I I IE I I IIE I I I I I I NI e I
!
!

! 3 3 M I I IE IE IE I FEIE I IE I I T I WM I FEIE I IE W I I I I I I M I I I I I I I I I T I I IE IS I I I IE I T IE IS W I W
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IEXEXZEEEEEZEZEZEESR S E SRS E R RS ERRE RS SRR AR R R RS EERER SRR 2]

Program name:
Responsivity

Purpose:?

This program is used to plot the responsivity of detectors
whose increase with optical power has been measured in dB. The
variation photodiode monitor voltage must be followed exactly as
this is a very application specific program and not a general
plotting routine.

Written by:
Scott M. Hill

I I R X ZEEREREEREEEE SRS R EEE SR RS SR SRR R AR AR XN

PROGRAM RESPONSIVITY;
USES

CRT, GRAPH;
LABEL

LIMITS;

[EZEXEZEEEEE RS S AR RS R RS R RS R RER R R R R R R R R ERE R REEESESE

declare variables and their types
369 P I N N JE I I I I I 2 I IE I IE I K I M I 3 I N N I N I N I I I I I N I I KKK N KK K%K KD

TYPE
MINE= ARRAY(O..150010F REAL;
NAME_STRING=STRING[201;
SHORT_STRING=STRINGI[51;

VAR
GM, GD, ERRORCODE, X, Y, Z,COUNT, XDIV, YDIV: INTEGER;
LEFT,RIGHT, TOP,BOTTOM, BOTMAR, LEFTMAR,Place: INTEGER;
XSCALE, YSCALE, MW, MA, DROP, MAXAMP, MAXPOWER: REAL;
RESP,WATTS: MINE;
DATA,WATT: TEXT ;
MILAMP,REPLY: SHORT_STRING;
NAME: NAME_STRING;

IEEEEXEIEEEZEEEREEEEES RS SR REREEEAREEE R ERE R RS SRR R R SR

function used to raise a number to its specified
exponent (used for calculating 107x
W N K DN DK N K NI NI M N KNI NN N KK NN KN

FUNCTION RAISE(VALUE, POWER: REAL) :REAL;
BEGIN
RAISE:=EXP (POWER*LN(VALUE) ) ;
END;

06 % 96 26 3% 26 36 3 96 3 96 26 36 2 36 2 36 3 I 3 I I I I 3 I I I K I N I I I I I M K K I I I MR KKK
enter file which contains the measured data points.
Also enter the drop in dB between the initial

plateau and the value at 500 MHz
[ EXE EEEE R R R R SRR EE RS RS R EE SRS RS RS SR EERSEEEEEE R R RS E X R N
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BEGIN
RESTORECRTMODE ;
ClrScr;
WRITEC(' INPUT NAME OF DATA FILE ');
READLN(NAME) ;
WRITELN;
WRITE(' INPUT GAIN DROP BETWEEN O AND 500 MHZ ');
READ (DROP) ;
READLN;

£ 0 3 % 3 K 36963 3 M6 0 M0 J X M X 3 0 3 I 3 K M KM K KM M MM NN K K
enter the plotting limits for the photocurrent and

the optical power
IEXEEEEEEEEEEE SRR R EE RS R R R R EEEEEEREEE R EEREEREE R EERERSES,]

LIMITS: CLRSCR;
WRITE(' INPUT MAXIMUM CURRENT TO BE FLOTTED IN
MILLIAMPS ")
READ (MAXAMP) ;

WRITELN;
WRITE(' INPUT MAXIMUM LIGHT POWER TO BE PLOTTED IN

MILLIWATTS ')
READ (MAXPOWER) §
READLN;

£33 06 0 % 2 M 3 I 0 3 K H 0 MK MK M M K MK M K MM M NN IR N K NN KN KKK
open the files containing the data and the

calibration file of optical power vs monitor voltage
Y 3 R IR R R R R RS SRS RS S R N

WRITELN;
ASSIGN(DATA, NAME) ;
ASSIGN(WATT, "A:WATT.DAT"');
Z2:=0;

RESET (DATA) ;

RESET(WATT) ;

IEEEEESEEEREE RS EXEREEEEEEEEEE S EEEEEEE RS R EEREEESEE R ES S B

draw graph and label axis accordingly
IESEEEREEEEEEE RS E RS EEEREE SRS EEESE R R R R E R SRR SRR SRR REREX:

GD:=Detect;

InitGraph(GD,GM, '');

ERRORCODE: =GRAPHRESULT;

IF (ERRORCODE <> grOK> THEN
HALT (1)

LEFT:=ROUND(GETMAXX*0.25);

TOP:=0;

RIGHT: =ROUND (GETMAXX-40) ;

BOTTOM: =ROUND(GETMAXY*0.85) ;

BOTMAR:=BOTTOM+8;

LEFTMAR: =LEFT-50;

XSCALE:=(RIGHT-LEFT)/MAXPOWER;
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YSCALE:=(TOP-BOTTOM) /MAXAMP;

YDIV:=ROUND( (BOTTOM-TOP)/10);
XDIV:=ROUND( (RIGHT-LEFT)/10);
SETVIEWPORT (0, 0, GETMAXX, GETMAXY, CLIPON) ;
SETLINESTYLE(0,0,3);

CLEARDEVICE;

LINE(LEFT, TOP, LEFT,BOTTOM) ;
LINE(LEFT,BOTTOM, GETMAXX, BOTTOM) ;
COUNT:=0;

PLACE:=TOP;

WHILE COUNT <11 DO
BEGIN
STR((BOTTOM-PLACE)/-YSCALE:2:3,MILAMP);
OUTTEXTXY(LEFTMAR, PLACE,MILAMP) ;
LINE(LEFT-3,PLACE, LEFT+3,PLACE);
PLACE:=PLACE+YDIV;
COUNT :=COUNT+1;
END;
COUNT:=03;
PLACE:=LEFT;
WHILE COUNT <11 DO
BEGIN
STR((PLACE-LEFT)/XSCALE:2:2,MILAMP);
QUTTEXTXY (PLACE, BOTMAR, MILAMP) ;
LINE(PLACE,BOTTOM-3,PLACE,BOTTOM+3);
PLACE: =PLACE+XD1V;
COUNT:=COUNT+1;
END;
OUTTEXTXY (350, GETMAXY-8, 'OPTICAL POWER IN mW');
SETTEXTSTYLE(O,1,1);
OUTTEXTXY(LEFTMAR-20, 35, 'CURRENT IN mA');
OQUTTEXTXY(LEFTMAR-80,0,CONCAT ('RESPONSIVITY ',NAME));
SETTEXTSTYLE(O,0, 1)
MOVETO(LEFT,BOTTOM) ;
COUNT:=0;

IEZEXTEEEZEEEEEEERI SRS REE SRS R RS R SRS R REAR RS RS ES R R X

plot the photocurrent vs optical power
60 3 I MU I I M N I I N M I K I A I MMM NN KN

WHILE COUNT <= 100 DO
BEGIN
READ (DATA, RESPICOUNT 1) ;
READ (WATT, WATTS[COUNT 1) ;
X:=ROUND( (WATTS[COUNTI1-0.33)*XSCALE+LEFT) ;
MW:=RAISE(10, (RESP{COUNT1~35+DROP)/10);
MA:=2%1000.0%SQRT (MW*56.0/1000)/56.0;
Y:=ROUND(BOTTOM+MA*YSCALE) ;
LINETO(X,Y);
CIRCLE(X,Y,2);
COUNT:=COUNT+10;
END;

COUNT:=125;
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WHILE COUNT <= 200 DO
BEGIN
READ (DATA, RESP{COUNT1) ;
READ (WATT, WATTSICOUNT 1) ;
X:=ROUND ((WATTSICOUNT1-0.33)*XSCALE+LEFT) ;
MW:=RAISE(10, (RESPICOUNTI-35+DROP)/10);
MA:=2%1000.0%SQRT (MW*56.0/1000)/56.0;
Y:=ROUND (BOTTOM+MA*YSCALE) ;
LINETO(X, Y);
CIRCLE(X,Y,2);
COUNT : =COUNT+25;
END;

COUNT:=250;

WHILE COUNT <= 1500 DO
BEGIN
READ (DATA, RESPICOUNT1) ;
READ (WATT, WATTSICOUNT 1) ;
X:=ROUND ( (WATTSICOUNT)-0.33)*XSCALE+LEFT) ;
MW:=RAISE(10, (RESPICOUNT1-35+DROP)/10);
MA:=2%1000.0%SQRT (MW%56.0/1000)/56.0;
Y:=ROUND (BOTTOM+MA*YSCALE) ;
LINETO(X,Y);
CIRCLE(X,Y,2);
COUNT : =COUNT+50;
END;

Z:=7+1;

READLN;

CLOSEGRAPH;

RESTORECRTMODE ;

CLRSCR;

WRITE('DO YOU WISH TO CHANGE LIMITS OF PLOTTING ');

READLN (REPLY) ;

IF (REPLY='Y') THEN GOTO LIMITS;

END.
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