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Report No. 03~67-23

ABSTRACT

Work continuad on development and {abrication of a high-speed silicon
avalanche photodetector optimized for operation at 0.9 pm. During this

L e e AYHIIIEY mwwmmuﬁmﬂmﬂmmﬁﬁ‘ﬁmﬁﬁ

quarter the work was concentrated on design and fabrication problems.

The inversion-stopper ring formed by P-diffusion and the alloyed ;
2luminum ring proved to be completely ineffective in preventing inversion
layers and correspondingly high reverse leakage currents. The problem
has been solved by a separate P*-diffusion.

The high electric field at the sharp radius of the N-diffusicn in the
NPT cture was found to be the cause of the edge breakdown,

Preliminary indications are that fabrication of the structwe with the

original dimensions requires better conirol of diffusions,

Good avalanche photodiodes have been fabricated using a graded

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

active area were observed.

#\- Z/ 4/ %4/ l/ .
W. N, Shaunfield, J@. Biard,
Project Engineer Fregram Manager

R

Y —

;
|
|
|

i

‘]"
;



~* I

Report No. 03-67-23

mmmr:mn-mmsmm»&mmm

TABLE OF CONTENTS

g
E
B
£
§ SECTION TITLE PAGE
g I, TECHNICAL REVIEW . . . . . . . . . . . . 1
i“é A, Purpose . . . . . . . 4 .. ... 1
% B.  General Factuz] Data e e e e . 2
= C.  Detail Factual Data 2
g 1. Inversion Layers . . . . 2
=3
£ 2. NP7PStructure . . . . . . . . . . 5
(S
% 3.  Grade? Guardring Structure . . . . . . . 9
§ 4, Project Performance and Schedule . ., , . . 14
% D. Copelusions . . . . . . . . . . . . . . 15
%
< II. PROGRAM FOR NEXT INTERVAL e e e e e e e i6
LIST OF ILLUSTRATIONS
FIGURE TITLE PAGE
1. Pelative Photoresponse Across Surface of NP7 P Structure
for Different Bias Voltages . . . . . . . . . 4
2, Simplified Representation of Electric Field at Junction
Edge . . . . . . - . . . . ... 8
3. Graded Guardring Avalanche Photodiode . . . . . . . 10
£
g . 4, Composite Photomask Layout for Graded Guardring
g Avalanche Pkotodiode . . . . . . . . . . . 11
é . 5. Photoresponse Across Surface of Graded Guardring
E Structure . . . . . . . . . . . .. . 12
:
£
:
§ iv
5




pm—— T IR S R TR

A S IR R A ARSI FER IR RAA AT O o Ikt

A, PURPFOSE

Report No, 03-67-23

SECTICN 1
TZCHNICAL REVIEW

Texas Instruments is conducting a program of developmsnt aimed at fabricating
photodiodas whick satisfy the following goals:

1)

2)

4)

o)

An NPTP photodetector will be developad which utilizes the
avalanche mechanism.

The detector will be optimized to operate at 0.9 ym wavelength.

Design goals 7or the detecter 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 wavelength.

The photodiodes wiil operate at and above room temperature and will
not be affected by 100°C storage temperature.

The photodicdes will be capable of providing amplification of 16¢
or greater.

The program consists of t-o phases: I, design end fabrication of the avalanche

photodiodes; I, testing aad characterizadcn. Phase II will begin with completion of

the first diffusica runs to determine whether any modiications in the origiral design

are necessary to achieve the desired characteristics, Specific steps of the program

. are;
1)
. 2)
3)

143

)
)

[2)]

Obtain photomasks

Determine optimum diffusions

Produce experimental epitaxial slices
Fabricate experimental planar epitaxial diodes

Characterization of experimeatal diodes, including quantum
efficiency, gain charecterizaticn, noise performance, snd frequency
rasponse,
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B. GENERAL FACTUAL DATA

Persoanel and Hours Worked

Professional Hours
. W. N. Shaunfield 214.0
John Blair 57.0
. Jim Lewis _15.0
Totai Professional 286.9
Technician
Jerry Reid 152.4
Norris Tidwell 274.0
Sam Provenzand 4.5
Sam Angelo 16.0
Billie Housewright _17.90
Total Technician 465.9

C. DETAIL FACTUAL DATA

1. inversion Layers

During the first quarter, inversion layers on the surface of the diode were
found to be the cause of high reverse lezkage currents. The original design of the photo-
‘ mask included a P-type inversion-stopper ring which was diffused 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. Suriace
conceniration of the P-diffusion is approximately 19 17 om '3, while that required for

the inversion stopper is 5 x 10 18 om ~°,
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Two possible solutions were discussed in the first quarterly report:

1)  Perform a separate P*_diffusion in the ring;
2) Alloy an aluminum contact to the existing diffusion.

Aluminum, which is 2 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 bz 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 severai runs were made with this approach. Results
were not as good as expected. Leakage current was high, arnd there was drifting of the
current with time zt 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-mil-
dismeter spot of light traced acress the surface of the diode is measured. In addition
the light is modulaied at 400 Hz and the carrent is synchronously dsmodulated to aveid
errors due to dark leakage currents. Magnitude of the signal is plotied versus disiance

on an X-Y recorder.

Figure 1 shows several plots made at different bias voltages on a diode with
the aluminum inversicn-stopper ring. The large photoresponse between the N-dif-
fusion and the inversion-stopper aluminum indicates that inversion layers are present

on the surface. The diode formed by the N~type inversion layer and the 7-type bulk

A Astisnarmar it 55 ot o
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- Report No. 03-67-23

is light-sensitive like a conventional dicde. Note that at 2.0 volts bias the inversion-
stopper ring is effective in isolating the diode’'s active region from the inversica layer
outside inversion-stopper ring. However, as reverse bias is increased, photcresponse
is observed outside the ring, indicating formatior of an inversion layer under the ring
: conrpecting the inside ard outside inversion layers. Imversion-layer phetoresponse cut-
side is lower than that inside, apparently because of series resistance under the ring.
Note that phoioresponse falls off where the oxide was removed along the scribe line,
indicating that this removal reduces the inversion layer's adverse effect. At bias
voltages near breakdown (180 - 240 V) the leakage current was still too iarge, typically
200 pA,

Because of the problem with aluminum alloyed to the P-ring, the other
approach, requiring a separate P+—diﬁusion, was tried. Althsugh an additional pro-
cessing step is necessary the diffusion is not critical. A phstomask with only the in-
version-stopper ring was obtained, and several runs were fabricated by this method.
Results were very encouraging. An ontical-microprobe frace showed ao photoresponse
outside the ring, and leakage cuxrrents typically were less than 100 nA at 150 volts bias.

e s oA ORI, MR R L T e A R S S AP AR SR

In addition no drifting of the leakage current was observed.

2.  NPaP Struchuire

During the second quarter seven runs of the NP#s P structure were processed.
Each run had breakdown at the edge of the junction instead of in the zctive region. Break-
down location was determined by the light emission from the edge when diodes were
biased into sustained breakdown. Possible reasoas for the edge breakdown ard the

solutions are discussed in the following paragraphs.

During the last quarter, calculationx ..« re made {6 determine the P-liffusion

concentration, \’p . These calculations showed that :he acceptable range of Np *as very

(41}
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critical (3o 6 x 10 18 on '3). Wnen edge breakdown was first detected it was sus-
pected that the P-diffusion concentration was tco low; however, when the concentration
was inrcreased the diodes still had edge breakdown. Additional runs are being pro-
cessed, with P-diffusion concentration increased further.

Ir the calculations on requived impurity concentrations tne effect of junction
curvature on the electric field was neglected. Along the edge of the planar-diffused
junction z cylindrical junction is formsd with radius approximately equal to junction
depth. As a resuit the electric field is gresater than in 2 piane junction, and breakdown
vritage is reduced. For the case where the junction depth is small compared to deple-
Ho. width the breakdown voltage is significantly rednced 2/

For the case where depletion width extends to 2 P* substrate, as in the
NPsP structurs, edge efiects are not as significart, This can be illustrated graphically

if several simplifying assumptions are made:

1) assume that the depletion region zanbe reprecented by 2 capa-
citor with plates separated by the plane jumction depletion layer
widih;

R———— e R L LA U EULULL S LA O 2 el o T EEU LTS SR T

]
v

assume that there is no charge betwesn the plates.

Assumphon 1 is not valid, since the depletHion wigik of the cyiindrical junction is not as
wide as that of a plane junction for the same applied bias; neither is assumption 2. since

. there is charge in the depletion regicn.

1. S.M. Sze and G. Gibbons_ "Effect of Junction Curvature on Brezkdown Vohage in
Semiconductors,” Sclid State Eilecirenics, Voi. 9, pp. 831-845 (1966).
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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 fiela-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 inder-
standing of the effect.

Using tke 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 appreciably 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 (3).

In the NP7P structure the peaking of electric field in the active region is
further aided by the P-diffusion; " cwever, the edge effect puts closer limits on the
already critical dimensions. To preven:! edge breakdown in the NP# P structure it is
necesgsary that the epitaxial 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 for high quantum efficienuy
and the impurity concentrations possible with epitaxial techniques, It is f=1t that the
NP P structure will work with thke concentrations and dimensions discussed in the

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

Two additional techniques can be emplcyed to reduce edge effects in the
NP#P structure. The first is to make the .{-diffusion deeper. This results in a larger
radlus of curvature at the junction edge, reducing the peak electric field, There would
be some reduction ir .mantum efficiency. The other technique would be to etck 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
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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 NP#P structure.

3. Graded Guardring Structure

Because of the problems discussed in the preceding paragraphs, another
structure is being fabricated in additior to the NP#P structure. The diode uses a
simpler N *P structure witt graded guardring to prevent edge breakdown 2/

A cross~-gection of the diode is shown in Figure 3. The edge has 2 higher
breakdown 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 reglon. A composite

photomask layout is shown in Figure 4.

First run of the graded guardring structure was completed during the
second quarter, Subsirate resistivity was 6.5 2 cm. A guardring diffusion 5 pm deep,
and an active region diffusion 1.0 pm deep, formed the diode, Also, a P * inversion-
stopper-ring diffusion around the diode was used. The 6.5-Q cm material resulls in
a 10-um depletion layer width at average breakdown voltage of 170 volis.

Results of the first run are very encouraging. No edge breakdown was
observed, and the yield of good dicdes was greater than 50 percent. Gain of the good
diodes was very high and uniform. Optical-microprobe fraces across the surface of a
tyrical diode for several values of gain are shown in Figure 5. Traces were made before
contacis were applied; therefore photoresponse is recorded across the entire diffused
areafor the trace where M= 1. Also, photoresponse due to a surface inversion layer

was observed out to the inversion-siopper ring.

2, A. Goetberger, B. McDorald, R. H. Haitz, and R. M. Scarlett, "Avalanche Effecis
in Silicon P-N Junctions: II, Structurally Perfect Junctions,"” J. Appl. Phys. Vol,

34, pp. 1591-1600 {(June 1963).
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Figure 4. Composite Photomask Layout for Graded Guardring Avalanche Photodiode
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Another indication of the inversion-stopper ring's effectiveness was low
reverse leakage currents (itypically 70 nA at 130 volis). 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 for M=1, illustrates the
advantage in using avalanche gain.

Although the graded guardring structure is simple and resulted in 2 high
yield of wniform avalanche photodiodes, it has one digsadvantage as a high-freguency
detector. Series resistance is much larger than that cof ’he NPrP stxucture because
of the high-resistivity substrate materizl. Calculated series resistance is approxi-
matiely 100 ochms for the 6. 5-2 cm material 6 mils thick. Although this could be
reduced by mecharieally thinning the slices or by epitaxial techniques, it is unlikely
that the 1-ohm series resistance of the NP7P structure could be obtaim-ad, 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 ard have a 200-MHz
bandwidth.

13
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4, Project Performance and Schedule

Texas Instruments Incorporated

Contract Ne. NObsr 95337

Period Covered: 16 November 1866 to 15 February 1967

(Report) Date: March 1967
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1966

thl

1967
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1. Device Design and Fabrication

Obtain Photomask

Determine Optimum Ditfusions

Produce Experimental Epitaxial
t Slices .

Fabricate Planar Epitaxial
Diodes

Fabricate N*P Diodes

2. Characterization of Experimeu. 1l
Diodes

Gain Characteristics
Quantum Efficiency
Noise Performance

Frequency Response

ok}

hosnd

o Asonel hmadaned J—J

3. Characterize and Deliver
. State—of-the-art Samples

T
N

SCO7948

Work Performed
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Schedule of Pro“ected Operation
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Item: ZEstimated completion in percent of totel effort expected to be expended

B T e T

(not chronological).
1.  Obtain Photomasks 100%
. 2. Determine Optimum Diffusions 70%
X 3. Produce Experimeatal Epitsxial Slices 80%
= 4. Fabricate Plapar Epitaxial Diodes 50%
5. Determine Gain Charactc~istics 40%
6. Determine Quantum Efficisncy 20%
Determine Noise Characteristics £0%
Determine Frequency Response 20%
9.  Characterize and Deliver Samples 20%

Notes and Remarks:

BRI 111 1t A i 1 IR e
go -3

Becauzse of difficulties in fabricating acceptahile avzlanche photodiodes the
characterization and delivery of the samples will be delsyed thirty days.

D. CONCLUSIONS

i‘ o {7 "M;‘;

The inversion-layer problem was solved with a separate P -giffusion in the

’Mp‘ﬂ

¥
At

inversion-stopper ring.

WA

o

|

- Continued edge-breakdown problems prompied ar investigation of the edge ef-
focts on the electric field. The invesHgetion showed that the accepiabie diffusion

T

“‘i‘ Hl;‘:

tolerances weare (loser than expected.

Because of problems with the NP %P structure, work on e graded guardring
structure was begun. The frsi of these diodes fabricated had high, uniform gain.
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SECTION II
PROGRAM FOR NEXT INTERVAL

€ Fer the next quarter we plan the following work;

1) Continue fabrication of NPoP structure with exphesis on eiimination of
edge breakdozn.

2) Fabricate additicnal runs of graded guardring struciure,
3)  Produce additional lots of epitaxial material for diffusion rums.
4) Comaplete characterization of state-of-the-art samples.
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of the contractor, subcontractor, grantee, Department of Da-
fense actlvity or other organization (corporate suthor) lssu. .ig
the report.

2a. REPORT SECURITY CLASSIFICATION: Enter the over
all secwrity classificaticn of the report. Indicate whether
“Restrictad Data is included Marking is to be in accord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is spzcified in DoD Di-
tective 5200, 1C and Armed Forces Industrial Manuel. Enter
th> group number. Also, when applicable, show that optional
markings have been usad for Group 3 and Group 4 as author-
1zed.

3. REPORT TITLE: Enter the complete repost title in all
capital letters. Titles in all cases should be unclagsified,
1 s meaningfu! title cannot be selected without classifice-
tio~, show title classification in ali capitals in parenthesis
immediately following the title.

4. DESCRIPTIVE NOTES: If appropriate, enter the type of
report, e.g., interim, progress, summary, annuel, or firal.
Give the inclusive dates when a specific repesting period is
covered.

S. AUTHOR(S): Enter the name(s) of author(s) as shown on
os 1n the report.  Entes 185t name, first name, micdie initisl,
If =ilitary, show rank and branch of service. The name of
the principal athor 18 an absoluts minimum requirement.

6. REPORT DATZ: Enter the date of the report as day,
month, year .r moath, year If more than one date sppears
or the re urt, use date of publication.

7a. TUTAL NUMBER OF PAGES: The total page count
should follow normai pagination procedures, ne., enter the
number of pages containing information.

7b NUMISER OF REFERENCES: Enter the total number of
relerences cited in the report.

8a CONTRACT CR GRANT NUMRER: If appropriate, enter
the spplicable number of the contrac* or g ant urder which
the report was written.

8b, 8. & 8d. PROJECT NUMBER: Enter the appropriute
militzry department identification, such as project number,
sutproject number, system numbers, task number, ¢.c.

9a. ORIGINATOR'S REPORT NUMBEK(S): Enter the offi-
cia! report number by which the document will be identified
anc controlled by the originating activity. This number must
b+ anique to thic repert.

9bh. OTHER REPORT NUMBER(S): If the report has been
assigned an¥ other report number. (erther by the oniginator
or hy the sponsor), alsc enter this number(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any '+
itatioas on further diszemination of the seport, other than ~vse

imposed by security clasaification, using standard statements
such as:

(1) ""Qualified requesters may obtain copies of this
report from DDC.’’

(2) “Foreign announcement and disseminaticn of this
report by DDC !s not suthorized ™’

{3) ‘U, S. Government agencies may obtain coples of
this report directly from DDC, Other qualified DDC
ucers shall requast through

3
.

(4) **U. S. military agencies may obtain copieg of this
report directly from DDC. Other qualified uzers
shall request through

(5) ‘‘All distribution of this report is contrelied Qual-
ified DD ugera shall request through

”»
L]

If the report has been furnished to the Office of Tochnical
Services, Department of Commerce, for saie to the public, indi-
cate this fact and enter the price, if known.

11, SUPPLEMENTARY NOTES: Use for additional explane-
tory notes.

12, SPONSORING MILITARY ACTIVITY. Enter the name of
the departmental projwct office cr 1zboratory sponsoring (pay-
ing for) the resesrch and development. Inciude zddress.

13. ABSTRACT: Enter an abstract giving a brief snd factual
summary of the document indicative of the report, even though
it may also appear elsewhere in the body of the techaical ve-
port. If additional space is required, a continuation sheet shail

be attached.

it is highly desirable that the abstract of clessified reports
bc unclessified. Each paragraph of the abstract shall end with
an indication of the military security classification of the -
formation in the paragraph, represented as (73). (S). (C), o2 ¢

There i no limitation on tha length of the sbatrsct. How-
ever, the suggested length is from 150 t2 225 words,

14 KEY WORDS: Key words are technically meamingful terms
or short phrases thet characterize & report and may be used ag
index entries for cstrioging the report. Key words must be
selected so that no s curity cisssification ie required. Identi-
fiere, such as equiprent model designation, trade name, military
project code name, z2ographic location, may be uaed es key
words bat will be “>llowed by an indication of technical con-
text Th: esaignment of links, rules, and weights is optional.
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