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ABSTRACT

Work continued on development and fabrication of a high-speed silicon

avalanche photodetector optimized for operation at 0.9 gm. During this

quarter the work was concentrated on design and fabrication problems.

The inversion-stopper ring formed by P-diffusion and the alloyed

aluminum ring proved to be completely ineffective in preventing inversion

layers and correspondingly high reverse leakage currents. The problem

has been solved by a separate Pt-diffusion.

The high electric field at the sharp radius of the N-diffusion in the

NP 7r " ;ture was found to be the cause of the edge breakdown.

Preliminary indications are that fabrication of the structure with the

original dimensions requires better control of diffusions.

Good avalanche photodiodes have been fabricated using a graded

guardring structure. Uniform gains of greater than 150 across the diode

j active area were observed.

W. N. Shaunfield,
Project Engineer Pr amn Manager



af

Report No. 03-67-23

M TABLE OF CONTEN4TS

SECTION TITLE PAGE

I. TECHNICAL REVIEW.............................

A. Purpose...................................

B. General Fachua Dat............................2

C. Detail Factual Data...........................2

1. Inversion Layers........................2

2. NPITP Structure.........................5

k3. Grade-1 Guardring Structure.................9

4. Project Performance and Schedule..........14

D. Conclusions................................5

Ii. PROGRAM FOR NEXT INTERVAL.....................16

LIST OF ]TLLUSTRATlIONS

FIGURE TITLE PAGE

1. Pelative Photoresponse Across Surface of NPrITP Structure
for Different Bias Voltages.......................4

2. Simplified Representati-on of Electric Field at Junction
Edge......................................8

3. Graded Guardring Avalanche Photodiode.................10

4. Composite Photomask Layout for Graded Guardring
Avalanche Photodiode......................11

5 . Pnotoresponse Across Surface of Graded Guardrip-
Structure...........................12

I iv



Report No. 03-67-23

SECTION I

TIECHNI!CAL REV-FEW

A. PURPOSE

Texas Instruments is conducting a program. of developmsnt aimed at fabricating

photodiodes which satisfy the following goals:

1) An NITP photodetector will. be developed which utilizes the
avalanche mechanism.

2) The detector will. be optimized to operate at 0.9 jim wavelength-

31 Design goals ?or the detector will be a response of 0. 15 ns with a
sensitivity equal to or better than that of a photomuitiplier tube
used at the same wav elength.

4) The photodiodes will operate at and above room temperature and will
not be affected by 1000C storage temperature.

5) The photodiodes will be capable of providing ampl.ification of !l-^0
or greater.

The program conSists Of t-7o phases: Idesign and fabrication of the avalanche

photodlodes; 11, testing and characterlzzxdon. Phase 11 will begin with completion of

the first diffusicn runs to determine whether any modiiicatlons in the original design

- - are necessary to achieve the desired characteristics. Specific steps ofl the program

k are:.

1) Obtain ptotomasks

12) Determine optimum diffusions

3) Produce experimental epitaxial slices] ~) Fabricate experimental planar epitaxial diodes

5) Characterization of experimental diodes, including quantum
efficiency, gain characterization, noise performance, and frequency
response.
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B. GENERAL FACTUAL DATA

Personnel and Hours Worked

Professional Hours

W. N. Shaunfield 214.0

John Blair 57.0

Jim Lewis 15.0

Total Professional 286.0

Technician

Jerry Reid 15.4

- Norris Tidwell 274.0

Sam Provenzano 4.5

I Sam Angelo 16.0

i Billie Housewright 17.0

_ Total Technician 465.9

C. DETAIL FACTUAL DATA

S 1. inversion Layers

During the first quarter, inversion layers on the surface of the diode were

found to be the cause of high reverse leakage currents. The original design of the photo-

mask included a P-type inversion-stopper ring which was difused with the P-diffusion

in the active region. However, the impurity concentration required in the active region

proved to be too low to be completely effective in the inversion-stopper ring. Surface

concentration of the P-diffusion is approximately 10 17 cm -3, while that required for

the inversion stopper is 5 x 10 18 cm

11 2
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Two possible solutions were discussed in the first quarterly reporet

1) Perform a separate P+-diffusion in the ring;

2) Alloy an aluminum contact to the existing diffusion.

Aluminum, which is a P-type dopant in silicon, when alloyed to the ring should pre-

vent inversion layers from forming over the inversion-stopper ring. The second ap-

proach was selected, since this could be done during application of contacts and would

not require an additional processing step.

The additional photomask required for the aluminum ring was received

during the second quarter, and several runs were made with this approach. Results

were not as good as expected. Leakage current was high, and there was drifting of the

current with time at high reverse-bias voltages.

Traces made with an optical microprobe showed that under reverse bias an

inversion layer was formed under the aluminum inversion-stopper ring. In making an

optical-microprcbe trace the diode is contacted between the P-contact on the back of the

slice and the N-contact on the active region, and the photocurrent due to a 0.2-mrll-

diameter spot of light traced across the surface of the diode is measured. In addition

the light is modulaed at 400 Hz and the current is synchronously dsmodulated to avoid

errors due to dark leakage currents. Magnitude of the signal is plotted versus distance

on an X-Y recorder.
I

E Figure 1 shows several plots made at different bias voltages on a diode with

j the aluminum inversion-stopper ring. The large photoresponse between the NW-dif-

fusion and the inversion-stopper aluminum indicates that inversion layers are present

on the sarface. The diode formed by the N-type inversion layer and the IT-type bulk

1 3
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I
is light-sensitive like a conventional diode. Note that at 2.0 volts bias the inversion-

stopper ring is effective in isolating the diode's active region from the inversi=: layer

ousdjneso-tpe ig oeea rvreba is increased, photcresponze
2. _ is observed outside the ring, indicating formation of an inversiona layer under the ring

connecting the inside and outside inversion layers. Inversion-layer photoresponse out-

side is lower than that inside, apparently because of series resistance under the ring.

Note that phoioresonse falls off where the oxide was removed along the scribe linte,

indicating that this removal reduces the inversion layer's adverse effect. At bias

t voltages near brcakdown (180 - 240 NI the leakage current was still too large, typically

200 pA.

Because of the problem with aluminum alloyed to the P-ring, the other

approach, requiring a separate P-diffusion, was tried. Although an addit-ional pro-

cessing step is necessary the diffusion is not critical. A pb -omask .-ith only the in-

version-stopper ring was obtained, and several runs were fabricated by this method.

gResults were very encouraging. An ortical-microprobe trace showed no photoresponse

outside the ring, and leakage currents typically were less than 100 nA at 150 volts bias.

In addition no drifting of the leakage current -as obser:ed.

2. NTPhP Structure

During the second quarter seven runs of the NPrP structure were processed.

Each ran had breakdown at the edge of the junction instead of in the active region. Break-

down location was determined by the light emission from the edge wvhen diodes were
Nbiased into sustained breakdown. Possible reasons for ihe edge breakdown and tixe

3 solutions are discussed in the following paragraphs.

:5

_ ~During the last quarter, calculatim- ..-.re made to determine the P-Jiffusion

kconcentration, Np. These calculations showed that dhe acceptable range of N was very
p

H
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critical (3 to 6 x 10 cm -3). W-hen edge breakdown was first detected it was sus-

pected that the P-diffusion concentration was too low; however, when the concentrationI
was increased the diodes still had edge breakdowm. Additional runs are being pro-

cessed, with P-diffusion concentration increased further.

In the calculaiions on required impurity concentrations the effect of junction

curvature on the electric field was neglected. Along the edge of the planar-diffused
junction a cyliundrical junction is formed with radius approximately equal to junction

depth. As a result the electric field is greater than in a ylane iunction, and breakdown

voltage is reduced. For the case where the junction depth is small compared to deple-

tloa width the breakdowm voltage is significantly rediaced -.

For the case where depletion width extends to a P¢ substrate, as in the

K NPs-P strucbire, edge effects are not as significart This can be illustrated graphica!-ly

if several simplifying assumptions are made:

1) assume that the. depletion region can be represented by a carpa-

citor with plates separated by the plane junction depletion layer

-width,

2% assmn that there is no charge bevtween the plates.

Assumtion ! is not valid, =-.nce the depletion width of the cylindrical junction is not as

4 wide as that of a plane Junctiou for the same applied bias; neither is assumption 2. 1-nce

Athere is charge in the depption region.

1. S.M. Sze and G. Gibbons. "Effect of Junction Curvature on Brea-down Vohage in

Semiconductors," Solid State Electronics, Vol. 9, pp. 831-845 (1966).

6
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Although these assumptions are not valid for a depletion region, they do

allow the effects of a P substrate on the peak electric field to be illustrated by the

graphical field-mapping technique. It should be pointed out that, although the field

in a PN junction could be graphically mapped, the complication would not add to under-

standing of the effect.

Using the assumptions above, the electric field for a diffused junction is

shown in Figure 2a. Note that the highest electric field, represented by close spacing

of the flux line, occurs at the junction edge. In Figure 2b the field is shown for the

same potential applied to a junction with a P+ substrate under the N'-diffusion. Note

that the electric field at junction edge is not app-reciably changed, while that at the

plane portion of the junction is significantly increased. Ratio of edge breakdown volt-

age to center breakdown voltage would be much less in (b) than in (a).

In the NPirP structure the peaking of electric field in the active region is

further aided by the P-diffusion; "c-'ever, the edge effect puts closer limits on the

already critical dimensions. To prevent edge breakdown in the NPirP structure it is

necessary that the epitaxi layer width be small compared to breakdown depletion
layer width in a concentration equal to that of the epitaxial layer. This requirement is

contradictory to the wide expitaxial layer widths required fir high quantum efficient~y

and the impurity concentrations possible with epitaxial techniques. It is felt that the

NPifP struCture will work with the concentrations and dimensions discussed in the

first quarterly report; however, this will require more accurate. control of diffusions.

Two additional techniques can be employed to reduce edge effects in the

NPVrP structure. The first is to make the .i-diffusion deeper. This results in a larger

radius of curvature at the junction edge, reducing the peak electric field. There would

be some reduction ir quantum efficiency. The other technique would be to etch a moat

into the region which normally is depleted. If there were no material to be depleted

the electric field could not rise to the high value normally at the edge. Also, the

____ ____ ___ ____ ____ __7
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Figure 2. Simplified Representation of Electric Field at Junction Edge
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moat could be etched through the edge of the junction, forming a mesa junction. The

etched surface could result in higher leakage currents. Each of these techniques will

be investigated in the effort to fabricate an acceptable NPVP structure.

3. Graded Guardring StructureI

Because of the problems discussed in the preceding paragraphs, another

structure is being fabricated in addition to the NPP structure. The diode uses a

simpler N +P structure with graded guardring to prevent edge breakdown 2

A cross-section of the diode is shown in Figure 3. The edge has a higher

Ibreakdown than the active region because the guardring junction is graded and it has a

large radius of curvature. Diode has a 10-mil-diameter active region. A composite

photomask layout is shown In Figure 4.

First run of the graded guardring structure was completed during the

second quarter. Substrate resistivity was 6.5 S2 cm. A guardring diffusion 5 ILm deep,

and an active region diffusion 1.0 jim deep, formed the diode. Also, a P + inversion-

stopper-ring diffusion around the diode was used. The 6. 5-$ cm material results in

a 10.-jim depletion layer width at average breakdown voltage of 170 volts.

Results of the first run are very encouraging. No edge breakdown was

I observed, and the yield of good diodes was greater than 50 percent. Gain of the good

diodes was very high and uniform. Optical-microprobe traces across the surface of a

typical diode for several values o gain are shown in Figure 5. Traces were made before

contacts were applied; therefore photoresponse is recorded across the entire diffused

area-frr the trace where M = 1. Also, photoresponse due to a surface inversion layer

was observed out to the inversion-stopper ring.

2. A. Goetherger, B. McDorxald, R. H. Haitz, and R. M. SE.arett, "Avalanche Effects

in Silicon P-N Junctions, II, Structurally Perfect Junctions," J. Appi. Phys. Vol.
34, pp. 1591-1600 (June 1963).

9
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Another indication of the inversion-stopper ring's effectiveness was low

reverse leakage currents (typically 70 nA at 130 volts). The top trace of Figure 5

illustrates the uniformity of avalanche gain across the diode surface. Improved

signal-to-noise ratio of the traces, with gain over the trace forM =1, illustrateb the

advantage in using avalanche gain.

Although the graded guardring structure is simple and resulted in a high

yield of uniform avalanche photodiodes, it has one disadvantage as a high-frequency

detector. Series resistance is much larger than that of ',he NPP structure because

of the high-resistivity substrate material. Calculated series resistance is approxi-

mately 100 ohms for the 6.5-0- cm material 6 mils thick. Although this could be

reduced by mechanically thinning the slices or by epitaxial techniques, it is unlikely

that the 1-ohm series resistance of the NPTP structure could be obtained. Capaci-

tance of the junction at breakdown is approximately 1. 0 pF. Therefore the diode

could be operated into a resistive load of several hundred ohms and have a 200-MHz

bandwidth.

I

i

I
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4. Protect Performance and Schedule

Texas Instruments Incorporated

Contract No. NObsr 95337 (Report) Date: March 1967

Period Covered: 16 November 1966 to 15 February 1967

1966 1967

. S ONID J F M A M J JJA S 0

1. Device Design and Fabrication I r n
Obtain Photomask

Determine Optimum Diffusions

Produce Experimental Epitaxia2

Fabricate Planar Epitaxial

Diodes MEN.1 _ _
Fabricate N Diodes

2. Characterization of Experimeu. -11
Diodes

Gain Characteristics

Quantum Efficiency 17 N
Noise Performance ,

Frequency Response - I j
3. Characterize and DeliverI

State-of-the-art SamDles

SC07948

I 'Legend:

9 Work Performed

- Schedule of Pro:ected Operation
1

*
S
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Item: Estimated completion in percent of total effort expected to be expended

-(not chronological):

1. Obtain Phctomasks 100%

2. Determine Optimum Diffusions 70%

3. Produce Experimental EpItxial Slices 80%

4. Fabricate Planar Epitaxial Diodes 50%IA
5. Determine Gain Charactc'istics 40%

6. Determine Quantum Efficie..cy 20 .

7. Determine Noise Cha.-acteristics 2%

8. Detemine Freqtency Response 20%

9. Characterize and Deliver Samples 2u%

Notes and Remarks:

i Because of difficulties in fabricating aceptale avalanche photodiodes the

characterization and delivery of the samples will be delayed thirty days.

D. CONCLUSIOMS

The inversfon-layer problem was solved with a separate P+-diffusion in the

inversion-stopper ring.

=- - Continued edge-b reakdo n problems prompted an investigation of the edge ef-

4fects on the electric field. The investigation showed that the acceptabie diffusion

4 ' tolerances were iloser than exoected.

Because of problems with the INPTP stare, work on a graded guardrlwg

structure was begun. The first of these diodes fabricated had high, uniform gain.

15
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SECTION 11

PROGRAM FOR NEXT INTERVAL

For the next quarter we plan the following work:

1) Continue fabrication of NPiP structure with emphasis on elimination of
edge breakdow.

2) Fabricate additional runs of graded guardring struc-e.I
g 3) Produce additional lots of epitaxial matere2l for diffusion runs.

4) Complete characterization of state-of-the-art samples.

116

i
1I
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