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SUMMARY

InGaAsP avalanche photodiodes have been fabricated with
uniform high speed gains up to 42 and quantum efficiencies up
to 70% at 1.28 um. Rise and fall times have been measured
down to 1 nsec or less at 1.27 um. Leakage currents are
extremely small until about 70% of the breakdown voltage.
Above this point the leakage current begins to rise rapidly.
The large leakage current in the avalanche gain region leads
to excessive shot noise and gain saturation. Noise measure-
ments indicate that the increased leakage current arises from
a uniformly multiplied but increasing value of the primary
(i.e., premultiplication) leakage current. The value of the
primary leakage current thus obtained leads to a prediction
of gain saturation in approximate agreement with the observed
maximum gain. We have studied various procedures for fabri-
cating guard ring APDs in an effort to reduce this leakage
current. Preliminary guard ring structures have demonstrated
guard ring isolation by exhibiting avalanche gain in the
central region only.} However, these initial guard ring APDs
need further development before a meaningful comparison can
be made to APDs without guard rings.
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PREFACE

The work reported here was supported by the U. S. Army
Communications R&D Command, Fort Monmouth, New Jersey, under
Contract DAABQ7-78-C-2402. The project engineer is Ms. Claire
Loscoe. The program is aimed at the development of III-V high
performance avalanche photodiodes for detection in the 1.0 to
1.3 micron wavelength range.

The work was carried out in the Varian Corporate Research
Solid State Laboratory. Contributions to this work were made
by R. Yeats, S. H. Chiao, and G. A. Antypas.
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1, INTRODUCTION

In order to take advantage of the low attenuation and
low material dispersion1 of silica fibers for wavelengths in
the 1.0 to 1.3 um region, high performance detectors must be
developed for these wavelengths. Detectors operating over
the range 0.9 to 1.7 um can be fabricated from the InGaAsP
2-4  our efforts have centered on the
development of InGaAsP avalanche photodiodes (APDs) sensitive

to wavelengths in the 1.0 to 1.3 um region.

materials system.

This report describes the work done in the second six-
month period of research under the present contract. For a
detailed account of the first six-month period, the reader
is referred to the first interim report.4

InGaAsP avalanche photodiodes have been fabricated with
uniform high speed gains up to 42 and quantum efficiencies
up to 70% at 1.28 um. Rise and fall times have been measured
down to 1 nsec or less at 1.27 um. Yields are high, about
75%, on good wafers. Across the wafer variations in break-
down voltage have had standard deviations less than 0.3 V
(or 0.5%).

The only unsolved problem with these APDs is the unusually

high leakage current at relatively low values of gain (e.g.,
5-10). At biases up to 70% of the breakdown voltage, the
leakage current is extremely low. Values as low as 1.8 x
10"%a/cm? have been measured at half the breakdown voltage.
Above 70% of the breakdown voltage, however, the leakage
current begins to rise sharply. At high gains, the




s

increased leakage current leads to excessive shot noise

and decreased sensitivity. Using noiseé measure-

ments, we have been able to show that the leakage current

is uniformly multiplied by about the same factor as the
average photocurrent. Hence, the increased leakage current
in the avalanche gain region is due to an increase in the
premultiplication (or primary) leakage current, rather than
to microplasmas. The value of the premultiplication leakage
current obtained from these noise measurements leads to a
prediction of gain saturation at a value approximately equal
to the experimentally observed value, thus further substan-
tiating the analysis.

To improve APD performance the primary leakage current
at high biases needs to be decreased. We have seen that the
leakage current is sensitive to surface treatment.4 We have
studies various procedures for fabricating guard ring APDs
(GRAPDs), in an effort to reduce this leakage current. Pre-
liminary GRAPDs have been fabricated exhibiting gain in the
interior region only, as desired. However, there are still
some fabrication problems that need to be solved before a
significant comparison can be made between the GRAPDs and
the APDs without guard rings.

One requirement of this contract was the shipment of 12
thoroughly characterized APDs. The diodes shipped represent
a random sampling of devices from across a (single) wafer.
Some statistical information is given later in this report,
which describes the kind of variations that we are getting in
a batch of APDs. 1In general, we found very little variation
in these APDs, so that when one has seen a few APDs from a
given wafer, one will know the quality of the remaining APDs
from that wafer.
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2. DEVICE FABRICATION

2.1 Materials Parameters

The materials InGaAsP, InGaAs, and InP have been util-
ized in our APD work. Layers were dgrown by liguid phase
epitaxy (LPE) using procedures we have previously described.4

The InGaAsP APDs typically have room temperature band-
gaps between 0.98 eV and 1.02 eV, and are typically lattice-
matched to InP to within 0.003 & or better. The active
layers are n-type with a carrier concentration usually in

the range 1-2 x lolscm—3 and have room temperature mobilities

of about 3800 cm2/V-sec. Breakdown voltages usually range
between 50 and 90 V, but have been as high as 160 V. The i
conventional APD structures (i.e., those not having guard
rings) have been grown on (100)-oriented Zn-doped, p-type

InP substrates. The substrate carrier concentration is '
about 1 x lolscm-3. The Zn-doped substrates have a very low 4
dislocation density, typically in the range 0-500/cm2. On
the other hand, the GRAPDs (guard ring APDs) have been grown
on Sn-doped substrates (n = 1 x 1018cm'3) and nave substan-
tially higher dislocation density (=104/cm2). Recently,
some dislocation-free n-type sulfur-doped bulk InP has been
grown here at Varian, and in the future is likely to be used

instead of Sn~doped material for many applications.

The importance of dislocations is not yet known in the
InGaAsP material system. 1In silicon, some dislocations are

correlated with microplasmas while others have no effect
whatsoever on APD performance. The importance of dislocations

probably depends on what impurities are present, as only
certain impurities will "dress" the dislocations.
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In some of our guard ring work, InP layers are grown
using standard vapor phase epitaxy (VPE) techniques,5 rather
than LPE techniques. It is difficult to grow InP on low
bandgap InGaAsP layers by LPE, while it is quite easy to do
so by VPE. Furthermore, the close control of carrier concen-
tration that is required for guard ring fabrication, is more
readily attained in VPE.

We have also made a substantial effort to fabricate
InGaAs APDs. Our growth procedure has previously been des-
cribed.4 InGaAs has a room temperature bandgap of 0.73 eV
when grown lattice-matched on InP substrates. The carrier
density of the n-type layers is usually about 3-5 x 10]‘6cm-3

’

and the breakdown voltage is usually between 20 and 35 V.

For both the InGaAsP and InGaAs APDs, we have used
primarily the (100) orientation. (100)-oriented InGaAs
almost always has a room temperature lattice constant less than the
lattice constant of InP. The best lattice match commonly
seen has Aa = -.005 R. oOn rare occasions exactly lattice-
matched (100) InGaAs has been grown, but the surface morpho-
logy was then poor compared to InGaAs layers having lattice
constants smaller than InP. The mismatch problem is probably
due to the difference in thermal expansion between the
In'53Ga.47As layer and the InP substrate.6 5?053Ga.47As has

K 7), that is about

6x1). Hence, if

a thermal expansion parameter (5.66 x 10
20% larger6 than that for InP (4.56 x 10

a layer of In As is grown lattice matched at the

.53%2 47
growth temperature, .it will be mismatched on the small side
by about 0.004 & at room temperature. In order to get

lattice match at room temperature, it is necessary to grow

i ‘ i ; . ‘ PSSR




a layer that is mismatched at the growth temperature. However,
growth under mismatched conditions results in poor nucleation
and hence poor surface morphology.7 For (100) InGaAs, the
effect is strong enough that good surface morphology cannot

be obtained on layers that are exactly lattice matched at

room temperature. Furthermore, a mismatch of even 0.005 &

turns out to be a problem. We observed that moderately thick
(5-10 um) layers of (100) InGaAs usually develop cracks during
the drive-in diffusion step, due to the thermal strain.

It is notable that (11ll)B-oriented InGaAs layers have
much less of a nucleation problem dQuring growth than (100)
InGaAs. In fact, (111)B InGaAs layers with perfect lattice

match and good surface morphology may readily be obtained at
room temperature. This phenomenon suggests that in any

futire work on InGaAs, the (111)B orientation would be pre-

ferred.

2.2 Conventional Mesa Structure APD Fabrication

This section summarizes the fabrication procedure used
in making APDs that do not have guard rings. A more detailed
account has been given previously.4

The structure of these APDs is shown in Fig. 1. To
fabricate this structure, we begin with a low dislocation
density p+-InP substrate and by LPE grow an n-type InGaAsP

16.n=3 and a bandgap of about 1.00 eV.

layer having n =z 1-2 x 10
Next we grow an n-InP layer on top of this by LPE (in the same
growth cycle). The InP layer is transparent to the wavelengths
of interest. It has two functions: The first is to provide a

convenient means of minimizing the spreading resistance. The

e e - -t 5 B e ST
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second is to provide heterojunction confinement of carriers
away from the surface, thereby increasing the quantum effi-

ciency. Sometimes we omit this top InP layer when we are
: focusing on device parameters not requiring the highest
quantum efficiencies.

After the epilayers are grown, their bandgaps are
determined by photoluminescence, while their lattice constants
are determined by X-ray diffraction. Next, the layer side of
the wafer is covered with silicon nitride and is vacuum sealed
into a quartz ampoule, to which a few milligrams of P have i
been added. The sealed ampoule is then put into a diffusion
furnace to drive the p-n junction about 1 micron or more into
the active layer from the substrate interface.

The ampoule is then opened and a cleaved and stained

b o oo

cross-section of the wafer is examined to determine the depth
of the diffusion. Next, a broad-area Au-Zn metallization

is evaporated and alloyed onto the p+-InP substrate, thus

forming the p-type ohmic contact. Following this, 3-mil
diameter Au-Sn dots are evaporated and alloyed onto the

layer side. One to two mils of Au are then electroplated
onto the contacts. Next photoresist is put down on the layer

side in an asymmetric "figure-8" shape, in order to define
during the subsequent mesa etch the "figure-8" shaped cross-
section apparent in Fig. 1. The part of the "figure-8"
surrounding the Au-Sn contact has a diameter of 5-6 mils,

* while the other part of the "figure-8" has a diameter that
varies according to the size desired for the photosensitive
area. We have used diameters between 5 and 12 mils. The

wafer is then etched in a solution of 2 Bromine:100 Methanol.




After the resist is removed, surface passivation is applied
and the wafer is then ready for testing. While on the
wafer, the diodes are typically tested for gain, breakdown
voltage, leakage current, series resistance, frequency
response, quantum efficiency, and capacitance. When the
diodes are to be packaged, the wafer is diced up with a
diamond saw and individual diodes are epoxied into high
frequency packages.

There is a slight modification of these procedures when
the active layer is InGaAs rather than InGaAsP. Because it
is very difficult to grow InP on InGaAs by LPE, the top InP
layer is grown by VPE rather than LPE.

2.3 Guard Ring APD Fabrication

2.3.1 Structure. The guard ring structure that we
use is shown in Fig. 2. Here the n-type InGaAsP epilayer
is grown on an n-type (Sn-doped) InP substrate. Usually
the p-type regions are fabricated in a two-step diffusion
process. First, a long and deep Zn diffusion is made to
form the outside part (ring) of the guard ring structure.
This is the curved p-InGaAsP region in Fig. 2. During this
step the dopant is kept out of the interior (active) region
by appropriate masking or other means. During the second
step, a shallow p+ diffusion is made to form a p-n junction
in the interior region of the guard ring. Figure 2 shows a
(transparent) Zn-doped p+—InP layer as the topmost layer.
This is grown on the InGaAsP layer after the first deep
diffusion in order to be used as the dopant source for the
(second) shallow p+ diffusion.

Diffused guard rings work in the following way to
reduce surface fields: The interior p-n junction has a
breakdown voltage determined only by the level of doping in

"N““““ﬂ«ym~q,_§i
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the n-InGaAsP active layer. This is because the p+ side of
this junction was obtained by such a shallow diffusion that
the junction behaves essentially like a onesided abrupt
(ungraded) junction. On the other hand, the junction formed
by the ring of the guard ring is obtained from a long, deep
diffusion and is graded. 1If the grading is flat enough

the doping gradient will determine the breakdown voltage
rather than the background n-level. Hence, it would be
possible, for example, to have the breakdown voltage of the
ring junction be twice as large as the breakdown voltage of
the interior junction. This means that when .e interior
junction is biased into its avalanche gain region, the ring
junction is at only half of its breakdown voltage. Hence,
all junctions that touch the outside surface would be at
only half the local breakdown voltage. The grading of the
outer junction has an additional benefit. Unlike one-sided
junctions, graded junctions are rather insensitive to
junction curvature8 and also to the bevel angle of the mesa.

2.3.2 Analysis of Different Guard Ring Fabrication
Techniques.

A. Proton Bombardment

Guard rings formed by proton bombardment are
physically different than the previously described diffused
guard rings. In proton bombardment, the approach is not
necessarily to make the exterior junction have a higher
breakdown voltage, but rather to cause so much damage that
the material becomes insulating so that no current can flow
whether or not there is the potential barrier of a p-n
junction. Protons are chosen rather than other ions because

10
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they have a greater depth of penetration into the semicon-
ductor. However, for available accelerating potentials,

their range is still under 2 um.9 Since the width of the
depletion region in our APDs is about 2 um, it is not
possible to get deep enough penetration to fully isolate

the depletion region from the surfaces. To circumvent this
problem, we proton bombarded diodes that had already been
completely fabricated (including mesa etching). The mesa

1 formed allowed the protons direct access to the edges of

the depletion region, without having to go through an inter-
vening layer of semiconductor.

Before the proton bombardment, the diodes consistently
had breakdown voltages of about 70 V, with shunt resistances
>109 ohms. After a proton dose of 1014/cm2 at an energy of
150 keV, the diodes consistently had breakdown voltages of i
about 15 V with shunt resistances of about 100K ohms. We 1
estimate the resistivity of the damaged layer to be only 1

about 5000 ohm-cm. Apparently, the proton bombardment des-
troyed the built-in potential barrier to current flow of '
a p-n junction, without causing high enough resistivity to

substantially inhibit current flow. Therefore, it does

not seem likely that proton bombardment will be useful in _
making guard rings. :

B. Ion Implantation

Guard rings formed with the aid of ion
implantation differ from guard rings formed by proton bom-
bardment in that the ions implanted are dopant atoms such
as Zn. Furthermore, the damage caused during the implantation
is not desired, and in fact is annealed away in a subsequent

11
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step. In the fabrication of guard rings, an ion implanted
region essentially serves only as a well-controlled dopant
source. We are presently modifying our ion implanter for

Z2n and Be implantation, but have not yet fabricated any guard
ring structures. Fabrication of such GRAPDs would entail

two separate implantations and two separate drive-in diffusions.

c. Doped Spin-on Glasses as Diffusion Sources

These materials are available from such
companies as Emulsitone. They are initially liquid in form,
are spun onto the wafer like photoresist, and then oven
dried. The drying removes the solvent and leaves behind an
approximately 2000 & thick layer of sio2 doped with a selected
impurity. Those spin-on glasses failed for a variety of
reasons. First, it proved difficult to control the magnitude
of the dopant. 1In spite of diluting the doped SiO2 with
undoped Sio2 by factors as much as 100:1, the dopant level
remained the same ~ at about solid solubility (~10%em™3).
This is too high. These glasses also caused enhanced surface
degradation of InP at higher temperatures (2 hours at 700°C)
while not doping at all at lower temperatures (2 hours at
500°C). Overall, these doped spin-on glasses do not appear
suitable for fabrication of GRAPDs.

D. Zn and 2n Alloys as Diffusion Sources

It is possible to use 2n or Zn alloys as a
diffusion source. The Zn (or Zn alloy) is put into a quartz
ampoule along with the wafer and a small piece of red phos-
phorus (to provide P overpressure). The ampoule is then
vacuum sealed and put into a constant temperature furnace

12




for the diffusion step. To control the 2n concentration in
the wafer requires the 2Zn vapor pressure in the ampoule to
be controlled. It is extremely difficult to get a low
enough vapor pressure of Zn. Diluting the Zn in In or Ga to

10 used to lower the

form 2n alloys is one common technique
vapor pressure of the 2n. However, we found that this only
worked for large sources -- 100 mg or more. For 500 ug
sources, diluting the Zn in In or Ga seemed to have no
effect. Apparently equilibrium conditions only exist when
the Zn alloy has a larger surface area. The problem with
large sources is that they bring into the ampoule a large
amount of undesired impurities. The oxides are especially
troublesome because they cause enhanced surface decomposition
of InP. Use of Zn or 2Zn alloy sources does not appear to be
an attractive means for forming GRAPDs.

E. Two-Step Diffusions

We have discussed in the previous sections
how it is difficult to get low Zn concentrations in InP and
InGaAsP by various diffusion methods. One way to circumvent
the problem is to replace a single diffusion step with two
steps -- a predeposition step followed by a drive-in step.
For example, one might have a predeposition step resulting
in a junction 0.05 um deep with a surface concentration at
the solid solubility (~ 10%%cm™3). 1If this step was followed
by a 5 um deep drive-in diffusion, the surface concentration
would then be about 1017cm-3; i.e., reduced by about the
ratio of the two junction depths. We tried this approach.

It is not practical to measure junction depths of only

0.05 um. Such a thin p-layer diffused on an n-type layer
acts like it is not there, and certainly cannot be detected

13
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optically. What one can do is to do a very long diffusion

in order to obtain a measurable junction depth. Then one

can shorten the diffusion time to get any desired junction
depth by knowing that the junction depth scales approximately
as \[Z (t = time). We tried this approach. We used a 500 ug
source of 10% Zn in In in a sealed evacuated guartz ampoule.
The diffusion sample was a piece of (100)-oriented n-type

InP with a Sn concentration of 1 x 10 8cm™3

. Figure 3 shows

a cleaved and stained cross-section of a sample that had been
diffused into for 23.5 hours at 395°C. The junction depth

is 0.8 um. Next we diffused into a new piece of InP with

the same kind of Zn source, but only for 11 minutes at

395°C. If the junction depth scales as \fE, then the junction
depth would now be only 0.07 um. Not surprisingly, electrical
and optical examination of this piece showed no evidence of

a p-layer. Next we did a 75-minute drive-in diffusion on

this piece (no Zn source present) at 850°C. A new cleaved

and stained cross-section of the piece was then examined. It is
shown in Fig. 4. Uote there is now a junction about 3 um
deep, but that the junction depth is nonuniform. The experiment
was repeated a number of times with a variety of InP wafers
and always the wavy junction line resulted. For APDs, flat
junctions are desired because curvature affects the local
breakdown voltage. Perhaps the cause of the curvature is

due to a local variation near the surface in what the level

of solid solubility of 2n is. Since the predeposition depth
required is only about 500 R, the surface will have a strong
influence. Surface strains or surface roughness on the

scale of a few hundred angstroms could cause variations in

the 2n concentration. Such variations would lead to a
nonuniform junction depth following the drive-in diffusion.

14




Fig.

- 0.8,;.-m

p-n junction location after a 23.5-hour Zn
diffusion at 395°C.
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4 p-n junction location after an ll-minute Zn

Fig.
diffusion at 395°C followed by a 75-minute

drive-in diffusion at 850°C.
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From these results we conclude that it is not practical
to substantially reduce concentrations from the 1.01‘9cm_3

level by using two-step diffusions.

F. InP Epilayer as a Diffusion Source

We now describe a method that, while compli-
cated, can nevertheless be successfully used to fabricate
GRAPDs. We begin with an n-type InGaAsP layer having had a
layer of Zn-doped p-InP grown over it by VPE. The InP need
not cover the entire surface, but may be present in any
desired pattern. This can be accomplished by either oxide
masking (VPE InP will not grow on SiOz) or by selective
etching through openings in photoresist using HCl (which
etches InP but not InGaAsP). The p-InP can then be used as
a solid source for a Zn drive-in diffusion in any desired
pattern. Furthermore, the Zn concentration can be closely
controlled by controlling the 2Zn concentration in the VPE
InP epilayer--which is readily accomplished. After the
drive-in diffusion is performed, the InP layer can be
selectively removed with HCl, and a new layer can be grown,
if desired, and an additional drive-in diffusion performed.

To obtain the structure shown in Fig. 2, two drive-in
diffusions are used. The first one is a deep diffusion to
form the guard ring. A p-type VPE InP layer with circular
openings is used as the 2n source. After the drive-in
diffusion, this layer is removed and then a new p+-InP layer
is grown over the entire surface. A shallow drive-in diffu-
sion is then performed to obtain the final structure. The
second drive-in diffusion has been included for generality,
but it may not actually be necessary.

17




above method that have had avalanche gain in
region only, as desired. However, there are
details of the fabrication process that need
developed before it is known how good GRAPDs
to APDs without guard rings.

18
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3. RESULTS AND DISCUSSION

3.1 InGaAsP Diodes without Guard Rings

InGaAsP diodes without guard rings have been fabricated
that havell uniform high-speed gains up to 42. Figure 5
shows an InGaAsP APD operating at a gain of 40. The
illumination was provided by a pulsed Varian LED emitting at
1.05 um. The area of this diode was about 2.2 x 10-4cm2,
(equivalent to a 6.6 mil diameter, although its shape was a
"figure 8" as in Fig. 1). This diode did not have an n-InP

capping layer.

The gain unformity of this diode operating at an average
gain of 30 is shown in Fig. 6. The gain uniformity was
determined by using the same pulsed 1.05-uym LED in combination
with a corning graded index fiber that had been tapered so
that a 1.5-mil spot size could be obtained for scanning the
area of the APD. Scans of the entire area of this APD
indicated that the local gain was within *8% of the average
gain, when the average gain was 30. At smaller gains, the
uniformity is always better. At gains near 1, there is no
perceptible variation in response with position. Diodes
without good gain uniformity are quite rare; i.e., any
diodes that pass inspection on a curve tracer are found to
have uniform gain. Furthermore, most diodes on a given
wafer are of comparable quality. A random sampling of
diodes was made for some APDs of rather large area (7.3 x
1074
that the across~the-wafer variations in the APDs were very

cmz). (This is described further in Section 4.) We found

small. For example, the maximum gain attainable had a
standard deviation of only 20% (Mmax = 15,7 + 3.2), while




o

Fig.

) InGaAsP avalanche photodiode response to a
pulsed InGaAsP LID.
a) Operating at 60 V with a gain of about
b) Operating at 30 V where the gain is 1.
Pulse rise and fall times are those of the

20
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the breakdown voltage had a standard deviation of less than
0.3V (= #0.5%). On-the-wafer yields of diodes with gains
greater than 2 have been as high as 75% on good wafers.
This is another strong indication of the high level of bulk
uniformity attainable.

The speed of our APDs has been measured using in-house
pulsed InGaAsP lasers. We use a variety of different lasers
in order to get emission wavelengths throughout the range
1.1 to 1.3 um. The laser rise and fall times are known to
be less than 0.5 nsec. The speed (and quantum efficiency)
of our APDs depends mainly on how close the depletion region
is to the top of the (absorbing) InGaAsP layer. (See Fig.
1l). This is because carriers generated by the light outside
the depletion region take additional time to diffuse to the
depletion region, before they contribute to the photocurrent.
We have avoided placements of the p-n junction that would
result in the depletion region punching through the top of
the InGaAsP layer, as this is likely to increase the occurrence
of premature breakdown. For 1.00 eV bandgap APDs having the
edge of the depletion region 1.0 um below the top InP layer,
we measured rise and fall times ranging from 3 nsec at 1.10
um to ¢ 1 nsec at 1.27 um. Placing the junction a little
closer to the top of the InGaAsP layer would have resulted
in subnanosecond speed throughout the 1.0 to 1.3 um range.
The speed of these APDs did not vary with avalanche gain.
Hence the above rise and fall times apply for operation
anywhere in the avalanche gain region.

Quantum efficiencies of our APDs have been measured
using in-house InGaAsP LEDs of various wavelengths. The
light output is coupled to the APD through an optical fiber,
tapered at one end, so that a 1.5-2.0 mil spot size can be
obtained. Comparison of the APD response with the response

22




of a calibrated Ge detector allows the quantum efficiency to
be determined. The small spot size allows the quantum effi-
ciency to be directly measured on small area diodes. 1In
particular, one does not have to fabricate large area diodes
on the same wafer as the small area diodes in order to do
quantum efficiency measurements. The LEDs used in our
measurements have linewidths of about 70 meV (full width at
half maximum). Measured gquantum efficiencies of APDs have
ranged from 63% at 1.05 uym to 71% at 1.28 um for APDs with
no anti-reflection coating. This compares to a theoretical
maximum value of about 70%. The largest guantum efficiencies
have been obtained in APDs having an InP capping layer on
top of the quaternary layer, as in Fig. 1. Presumably this
is because of the resulting heterojunction confinement. To
obtain maximum quantum efficiency, especially at the shorter
wavelengths where the absorption coefficients are greatest,
requires that the depletion region be close to the top of
the InGaAsP absorbing layer. For 1.24 um bandgap APDs
having the edge of the depletion region 1.0 um below the top
InP layer (Fig. 1), we found typical quantum efficiencies of
26% at 1.06 um, 55% at 1.21 um, and 63% at 1.28 um. The
quantum efficiency at 1.28 um is higher than one might
expect for a 1.24 um bandgap quaternary. This is partly due
to the absorption edge being somewhat extended in p-type
materialz, and partly due to the finite linewidth of the
LEDs.

We have also measured the temperature dependence of the
breakdown voltage of our APDs. For APDs with a breakdown

voltage of about 60V, we found

AIVBDI/AT = =15 mv/°C , (1)
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is defined at constant current

if the breakdown voltage, V

BD'
(50 pdA). On the other hand, when we defined VBD at constant
gain (M = 2), we found
- -]
AIVBDI/AT = +20 mv/°C ., (2)

The temperature range used was between room temperature and
about 80°C. ©Note that Egs. (1) and (2) have the opposite
sign. Egquation (2) is similar to the results for silicon
APDs. The result in Eg. (1) occurs because the leakage
current varies with temperature faster than the gain.

The leakage current in our APDs is the main cause of
limited device performance. We now begin an extended dis-
cussion of leakage current and its effects.

The leakage current for a good 7-mil diameter InGaasP
APD is below 1lnA at low biases, rises to 5 nA at 70% of the
breakdown, and shortly thereafter increases very rapidly.
At half the breakdown voltage, the leakage current is still
extremely small. We have measured current densities there
as small as 1.8 x 10~ °aA/cm® (e.g., 1.3 nA/7.3 x 1074
Unfortunately, as the breakdown voltage is approached, the

cmz).

leakage current increases rapidly. This is illustrated in
Fig. 7 which shows the gain, M, as a function of leakage

current for the diode of Fig. 5. The large leakage current
in the avalanche gain region causes excess noise, and as we
shall see, also causes gain saturation. The value of the

equivalent APD noise current In as a function of leakage N
current, I, is shown in Fig. 8 for the diode of Fig. 5. ;|
Measurements were made by amplifying the cutput of the APD i
with a broadband 80-MHz amplifier system and feeding the !
resultant signal into a power meter. Xnowing the amplifier g

characteristics (which were checked with a calibrated signal
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generator), the measured noise power can be referred to the :
output of the APD and described as a noise current. Figures 3
7 and 8 show that to get a gain of 40 requires about 500 uA
of leakage current and results in a broadband (80 MHz) noise
current of 5 pyA. Good high sensitivity 80-MHz transimpedance
preamps have an equivalent input noise current of about 0.04
LWA. The APD noise current equals this value at a gain of
just over 2. Hence, although a gain of 40 is available, a
gain of 2 would be optimum. Wider bandwidths and noisier
amplifiers would result in a somewhat higher value of the
optimum gain.

A clue to the nature of the leakage current can be

obtained by analysis of the noise results. The APD noise
12

current is expected to be given by

2 _ 2. _
In = 2eBI°M F = 2eBIDMF . (3)

Here, B is the noise bandwidth, M is the current gain, and F
is the excess noise factor, which itself is a function of
gain. Io is the dc component of the current to be multiplied
(its premultiplication value). We wish to apply Eg. (3) to
the leakage current, assuming it is multiplied, so on the
right hand side of Eq. (3) we have expressed the noise
current in terms of the directly measured value of the dc
leakage current, ID (= MIO).

Using Eq. (3) we can associate a value of gain with the
leakage current if we know what F is. If electron and hole

ionization coefficients were equal, then F = M. If they
were unequal, then F = Ms, where s is greater than or less
than unity, depending on which carriers initiated the
avalanche.12 For avalanche multiplication of the leakage

27




current, the avalanching will be initiated by a mixture of
! electrons and holes. This nonpure initiation will tend to
| move the value of s towards s = 1, the same value of s as
for equal ionization coefficients. Hence, a reasonable
first approximation for F is to assume F = M. Let us call
M* the resulting gain associated with the leakage current
and derived from Eq. (3) under the assumption F = M. Then,

* -1/2
M = In(ZeBID) . (4)

*
Figure 9 shows M as a function of ID for the diode of
Fig. 5. The actual photocurrent gain, M, is also plotted.
* *
Note that M ~ M with M = 2M at lower values of M and with

*
M < M at higher values. Similar data was obtained for
13

another diode (with a modified amplifier system) and is
shown in Fig. 10. For this diode, we found M* < M at all
values of M. Values of M* >> M would indicate severe gain
nonuniformity, while values of M* << M would indicate shunt
leakage around the p-n junction. The approximations, pre-
viously described in leading to the definition of M*, allow
us to expect only roughly that M* should be equal to M, even

*
for an ideal diode. The observed result that M .~ M makes

E it unlikely that there is sither large gain nonuniformity or

§ large shunt leakage. If M =z M, then the rapid rise in
leakage current in the avalanche gain region is not due to

| hidden gain nonuniformity, but instead is due to a rise in

f the premultiplication leakage current.

We now show how the increase in leakage current is the

E

cause of gain saturation. Our noise measurements have shown
that the leakage current and photocurrent have about the

same multiplication. With this assumption, we can extend
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the analysis of McIntyre to primary photocurrents of any

size to show that the maximum gain is

1/2]-1

_ 1/2
Mmax = (VB/nIpR) [1 + (Io/Ip)
Here, Io is the premultiplication leakage current and Ip is
the sum of Io and the primary photocurrent. VB is the
breakdown voltage, R is the total14 series resistance in the
avalanche region and n is a constant obtained from the

observed dependence of M on voltage14 at small values of M.

McIntyre's well-known result

= 1/2
Mnax = (Vp/nILR) (6)

is generally valid only at large photocurrents and overesti-
mates the maximum gain by a factor of two if extrapolated to
small photocurrents.

For the diode of Fig. 5, we have found VB = 57.6V, n =
4.8 £+ 0.3, and R = 150R. (R was obtained at a reverse
current of 20 mA where the I-V was quite linear, as regquired.)
Figure 7 shows that the maximum gain occurs near Ip = 800 uA
where M » 42. Our noise measurements indicate that the
leakage current is multiplied by about the bulk gain.
Hence, we estimate Io ~ 800 pA/42 = 19 uA. Equation (5)
then shows that the maximum gain occurs at small photocurrents,
and has a value of Mmax = 32, which is in rather good agreement,
considering the various assumptions, with the observed
maximum broad-area gain of about 42. Hence, both the gain
saturation and noise performance are well explained simply
by an increase in the value of the premultiplication leakage
current.
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Every method of measuring gain uniformity has indicated
that the gain is indeed uniform. It now seems pretty clear
that the problem with the leakage current arises from an
increase in the premultiplication leakage current. As the
breakdown voltage is approached, excess carriers are being
generated and then multiplied by the bulk gain.

It may be that the surfaces are the cause of the excess
carrier generation, and hence we have been studying fabri-
cation of guard ring structures. The leakage current has
shown considerable sensitivity to surface treatment4 and
in some cases even to the nature of the ambient gas4; e.g.,
some APDs have decreased leakage current when SF6 is used
instead of air. It is also possible that the surfaces have
an inversion layer. Such a surface p=-n junction could have
a slightly lower breakdown voltage then the bulk, but due to

. the large series resistance of a thin layer, might not
exhibit enhanced photocurrent gain. The effect would be
that the leakage current would begin to increase at lower

voltages than the gain does--which is exactly the problem
our APDs have.

3.2 Guard Ring InGaAsP Diodes

We have discussed various GRAPD fabrication techniques
in Section 2.3. The technique that has proved most successful
to date has been the use of 2Zn-doped VPE InP layers as
sources for selective Zn diffusion. Our results so far are

very preliminary--only one wafer has been taken through the
complete fabrication process, and there were still a number
of problems present. Hence we do not yet have an appreciation
for how good guard ring APDs can be. However, we do have a
demonstration of the feasibility of guard ring fabrication.
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Uniformity scans of the GRAPDs showed that they exhibited
avalanche gain only in the central region of the devices--as
desired. On the same wafer with the GRAPD diodes, we fabri-

¢ cated ordinary APDs that had only the ring junction present
(i.e., the junction formed by the deep diffusion). We
found that these ring junction diodes also exhibited avalanche
gain and had a breakdown voltage (85V) that was 35V higher

) than the GRAPD diodes. Hence we have demonstrated guard
ring isolation in InGaAsP,.

There were some substantial problems in the fabrication
of the above GRAPDs, and so we do not yet know whether a
good GRAPD outperforms a good APD that does not have a guard
ring. The fabrication problems now present are not funda-
mental ones. We expect that we will soon have good GRAPDs,

; thus allowing a meaningful comparison to APDs without guard
rings.

3.3 InGaAs Diodes

We have made a substantial effort to maka InGaAs APDs,
lattice matched to InP. Our efforts have largely been on
the (100) orientation. The basic structure consists4 of

an n-type InGaAs layer grown on a p+-InP substrate. A
drive-in diffusion is performed resulting in an InGaAs
homojunction. We have had wafers with consistent apparent
breakdown voltages of ~ 35V, low leakage (~5nA) until about
2/3 of the apparent breakdown voltage, but have never seen
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any true avalanche gain. Once, on one diode, we thought

we had seen gain, but it turned out to be a surface charging
effect. We feel that we have made (100)-oriented InGaAs APD
structures of very high quality, and yet have not seen gain.
Hence we feel that fundamental changes will be required
before true avalanche multiplication will be seen in (100)
InGaAs. Curve-tracer gain for InGaAs diodes (lattice matched
to InP) has been reportedls; however, there is a conspicuous
absence of any demonstration of rf gain. We have previously
reported4 that it is possible to get low-frequency gains up
to 200 in InGaAsP APDs by special surface treatments. Such
gains are reduced to less than one, however, for pulses

narrower than about 100 usec.

The problem with InGaAs diodes might be simply that the
lower bandgap results in much larger leakage currents. As
we have seen, leakage current limits the maximum gain attain-
able. 1InGaAs has a bandgap approximately 0.27 eV lower than
a 1.00 eV guaternary. Hence, leakage currents could be
increased by a factor as large as exp(AEg/kT) =5 x 104.
Equation 5 shows that even an increase by a factor of 100
would reduce the maximum gain attainable by a factor of 10.
Hence a maximum gain of 10 in a 1.00 eV bandgap diode would
become a maximum gain of 1.0 in a lower bandgap diode with
100 times more leakage current, but which was otherwise
identical. If the leakage current turns out to be a surface
problem, then guard rings might be all that is needed to
make good InGaAs APDs. However, we are not now attempting

to make new InGaAs APDs of any type.
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4, SUMMARY OF DATA AND STATISTICAL INFORMATION ON

A GROUP OF APDs

! As part of this contract work, Varian delivered 12
well-characterized APDs to the U.S. Army Electronics Command
at Fort Monmouth for testing. This provided us with an
opportunity to ascertain what variations occur between
APDs from different parts of the same wafer. The APDs had
the structure of Fig. 1, and had a total area of 7.3 x 1074
We found that there was little variation between APDs, so
that the APDs delivered were not preselected. The only

{ preselection done was to eliminate diodes with obvious
premature breakdowns; i.e., those that broke down at low
voltages or which had kinks in their I-V characteristics.
(This is the kind of preselection that would be done before
even attempting to package the chips.) Hence the 12 APDs
delivered represent an approximately random sampling of APDs

from the wafer.

We found that the breakdown voltages were extremely
constant. When the breakdown voltage is defined as the
voltage where the leakage current is 10 uA, we found

62.3 = .3V
62.3V * 0.5%

v (I

8D = 10 upA)

D

while the gain at this leakage current was

2.61 =+ ,08
2.61 3% .

M(ID = 10 ud)

]

-+

If the measurements are done at 50 uA of leakage current,
one finds

35

2

e~ olptniE




i .

i e

o g T Fpase e

AR B o (o g,

VBD(ID = 50 paA) = 65.9 = .3V
= 65.9V £ 0.5%
and
M(ID = 50 uaA) = 4.82 + .15

4.82 + 3% .,

The * values given here and below are calculated
standard deviations. Gains were measured by observing a 1 MHz
sine wave signal on an oscilloscope. The known measurement
accuracy possible was about t .1V for VBD and * 3% for M.
Hence the gain at a given leakage current has no significant
variation across the wafer and the breakdown voltage varies

by less than 1/2 of one percent. The uniformity is striking.

We also measured the maximum broad area gain obtainable

from each of these diodes and found

Mmax = 15.7 £ 3.2 .

The values of Mmax ranged between 11.0 and 20.6. Gains of

20 occurred at about 500 pA of leakage current. These are
fairly large area diodes, so the maximum gain is substan-
tially less than the maximum gain of 42 measured on a smaller
area diode (Section 3.1). The larger area will be required
for efficient coupling to optical fibers if the diodes are

to be mounted in a hermetic package.

We measured the gain uniformity at 1 MHz on each of the
12 delivered diodes using a 2-mil spot size of 1.065 um
light, obtained from an LED sinusoidally modulated at 1.0
MHz. For each diode the quantity

Max ~ Ymin

+ Mmin)

2 |2

max

I (N
2
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was calculated, for average gains M of about 10. Here Moax

and Mmin refers to the local gain extremes. For the 12

APDs, we found

= ,099 + .048 .

=12

The rise and fall times had more substantial variations.
In the avalanche gain region, we found, for 1.10 um radiation,

|
H+

rise~time 3.4 1.0 nsec

fall-time 2.2 nsec.

H

Rise and fall times at zero bias varied between 5 and 10
nsec, but complete data was not gathered. The speed was
substantially faster for longer wavelengths.

For the quantum efficiencies, n, at different wave-
lengths, we found

n(l.065 um)
n(l.210 um)
n(l.278 um)

+

(26.4 2.0)%
(54.6 3.2)%
(62.8 + 6.3)% .

-+

The quantum efficiency at the shortest wavelength could have
been improved by locating the depletion region closer to the
top of the InGaAsP layer, as discussed in Section 3.1l. For
these diodes, the edge of the depletion region was about 1.0 um
below the top of the InGaAsP layer.

Finally, we determined the temperature coefficient of
breakdown voltage to be ~-14.9 t 2.4 mV/°C. Here the break-

down voltage, V p! was defined at constant current (50 ud).

B
When we defined VBD at constant gain (M = 2), we found for

the one diode measured, the coefficient +25 meV/°C. This

subject has been further discussed in Section 3.1.
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5. FUTURE PLANS

In the future we plan on concluding our guard ring
work. We wish to make guard rings that have no known problems,
so that we may compare good guard ring APDs to APDs without
guard rings. If they turn out to have similar leakage
current in the avalanche gain region, then we would know
that the leakage current is a bulk problem rather than a
surface problem. Hopefully this will not be the case, but
if it is a bulk problem, then more fundamental materials
studies will be required before any major improvements are .
likely to be made in these APDs.

We are also beginning the design and fabrication of an
APD/preamp module. Soon this will become the largest part
of our research effort under this contract.
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