
AlllDl 7ETSDD
NBS
Pubil *

cations

NBSIR 80-2000

i
V Development of Test Structures for

I

.
Characterization of the Fabrication and

T Performance of Radiation-Hardened
I Charge-Coupled Device (CCD) Imagers:

Annual Report, December 1 , 1 978 to

November 30, 1 979

G. P. Carver and S. Rubin

Electron Devices Division

Center for Electronics and Electrical Engineering

National Engineering Laboratory

National Bureau of Standards

U.S. Department of Commerce
Washington, D.C. 20234

Issued March 1 980

Prepared for

The Charles Stark Draper Laboratory, Inc.

imbridge, MA 02139





NBSIR 80-2000
I* »

ATIOXAl »UftBAO
or tTAMDiUna

tniKA»r

NOV ? 4 I960

(lO-h : .

DEVELOPMENT OF TEST STRUCTURES FOR ^

CHARACTERIZATION OF THE FABRICATION AND
PERFORMANCE OF RADIATION-HARDENED
CHARGE-COUPLED DEVICE (CCD) IMAGERS: /

ANNUAL REPORT, DECEMBER 1, 1978 TO
NOVEMBER 30, 1.979

G. P. Carver and S. Rubin

Electron Devices Division

Center for Electronics and Electrical Engineering

National Engineering Laboratory

National Bureau of Standards

U S. Department of Commerce
Washington, D.C. 20234

Issued March 1 980

Prepared for

The Charles Stark Draper Laboratory, Inc.

Cambridge, MA 02139

U.S. DEPARTMENT OF COMMERCE, Philip M. Klutznick, Secretary

Luther H. Hodges, Jr., Deputy Secretary

Jordan J. Baruch, Assistant Secretary for Productivity, Technology, and Innovation

NATIONAL BUREAU OF STANDARDS, Ernest Ambler. Director



Cl?

X.'

r tiuis’

J

r ^ s v/i>

''tv'W'S'

t



Table of Contents

Page

Abstract 1

1. Introduction 1

2. Objective 1

3. Summary of Work Con5>leted in FY-1978 1

4. Results of Work During This Period 2

4. 1 Gated Diode Measurements 2

4.2 Buried Layer Profiling 11

4.3 Further Development of the Integrated Gated-Diode
Electrometer 11

4.4 Talks and Publications 18

5. References 18

List of Figures

1. Leakage current as a function of gate bias voltage for devices 1

and 2 on chip 4029-1/01 3

2. Leakage current as a function of gate bias voltage for devices 1

and 2 on chip 4029-1/06 4

3. Leakage current as a function of gate bias voltage for devices 1

and 2 on chip 4029-1/07 5

4. Leakage current as a function of gate bias voltage for device
2 on chip 4029-2/08 measured at three values of reverse-bias
voltage Vp^ 6

5. Leakage current as a function of gate bias voltage for device
1 on chip 4029-2/10 measured at three values of reverse-bias
voltage Vp 7

6. Leakage current as a function of gate bias voltage for device
2 on chip 4029-2/10 measured at three values of reverse-bias
voltage Vp 8

7. Leakage current as a function of gate bias voltage for device
2 on chip 4029-2/15 measured at three values of reverse-bias
voltage Vp 9

8. Etopant density versus depth profile obtained from measurements
on the MOSFET dc profiler 12

9. Computer plot of test pattern NBS-24 which is 200 mil (5.1 mm)

by 200 mil (5.1 mm) in size 17



;* ..

^ ^

:i'

<,
’ -i^VrV * f

» > * i**>n T
. .Jrf!i£

« \,.* »
' T.'VW^^a^^f :W'*

,

'
'* '.'

' - • • ••' ‘
-fe’cx;"*

’'*.'

.'

,
r ^ •w

"*VV

hi

{
Jt m * r * '« ',' -<

,

8 f

» »

Hf

Krim
'

• ' •'

V,',f • 'Sfie. .is

t ’ Wr, I

few

* *

5-f
I I i» ^

% *?^'J



Development of Test Structures for Characterization of the

Fabrication and Performance of Radiation-Hardened
Charge-Coupled Device (CCD) Imagers:

Annual Report, December 1, 1978 to November 30, 1979

by

G. P. Carver and S. Rubin
Electron Devices Division

National Bureau of Standards
Washington, DC 20234

Abstract

This project is to evaluate new test structures and test methods use-

ful for the characterization of radiation-hardened CCD imagers. Dur-

ing the period covered by this report, consultation was provided to

The Charles Stark Draper Laboratory, Inc. (CSDL) and to CSDL contrac-

tors on the implementation of test structures developed during the

previous year of this project. In addition, the results of measure-
ments on buried channel gated diodes and buried layer metal-oxide-
semiconductor field-effect transistor (MOSFET) direct-current (dc)

profilers are reported. Further advances in the development of the

integrated gated-diode electrometer are also reported.

1

.

Introduction

This report describes work performed for The Charles Stark Draper Laboratory,
Inc. (CSDL) under CSDL Prime Contract N00030-79-C-0096 issued by the Department
of the Navy, Strategic Systems Project Office, for the period beginning Decem-

ber 1, 1978 and ending November 30, 1979. This work constitutes a program en-

titled "Development of Test Structures for Characterization of the Fabrication
and Performance of Radiation-Hardened CCD Imagers." The present program is a

continuation of activities initiated in FY-1978.

2.

Objective

This project is intended to evaluate new test structures and test methods use-

ful for the characterization of radiation-hardened CCD imagers. The goals are

to develop the tools which enable CCD manufacturers to measure critical device

and process parameters and which provide the end users with information based
upon measurements which accurately characterize critical CCD performance. In

addition, the test structures and test methods developed are directed at mini-
mizing the hardware and software required to fully implement a suitable test
program at CCD manufacturing facilities.

3.

Summary of Work Completed in FY-1978

Two new production-compatible advanced test structures were developed during

j

the first year of the program. The new test structures are the integrated

I

gated-diode electrometer and the MOSFET dc profiler. The first annual report
; for this project outlines the conceptual and experimental background of the new

advanced test structures, describes the associated theory and analysis, and de-

I

1

i

I

I
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tails the test methods. It also includes a collection of test structure de-

signs and specifications for production-compatible test structures [1].

4. Results of Work During This Period

The following activities were carried during the period covered by this re-
port.

Consultation to CSDL was provided on the design and inclusion of advanced test
structures in new CCD mask sets, the measurement and analysis of radiation test
effects in these devices and correlation with CCD performance, and general as-

pects of the^use of test devices for process verification and analysis.

In addition, interactions occurred with CSDL contractors concerning implementa-
tion of the test structures developed during the first year of this program

[1]

, layout of test structures on CCD chips and in test patterns, and metrology
associated with test structures.

A variety of technical efforts were carried out to meet needs arising from con-
tractors' activities or from CSDL requests. For example, contractor-designed
gated diodes were measured on six CCD chips which were received from CSDL ( see

sec. 4.1) while buried layer ion implantation used for radiation-hardened CCD
imagers was profiled using the MOSFET dc profiler (see sec. 4.2).

Continued development of the integrated gated-diode electrometer was carried
out as detailed in section 4.3.

Several technical talks were presented and papers were prepared for publication
on the integrated gated-diode electrometer and on the analysis and applications
of test structures in general as detailed in section 4.4.

4.1 Gated Diode Measurements

Two buried-channel gated-diode structures were measured on each of six CCD
chips. The reverse-bias leakage current measured as a function of gate voltage
for these devices is shown in figures 1 through 7. The curves show that for

reverse-bias voltages greater than about 2 V, the buried layer under the gate
can be depleted through to the substrate without inverting the surface. The

shapes of the curves and the leakage current amplitudes for the devices on dif-

ferent chips, and in some cases on the same chip, are different. Since the
shape of the curve depends on device parameters such as the buried layer dopant
density and lifetime profile and the surface state density, the variations be-
tween curves indicate variations in material properties, or process parameters,
or both.

From the leakage current measurements, values of the bulk generation lifetime
and the surface recombination velocity were obtained. (See Appendix B in ref.

[2] for an explanation of the analysis of buried channel gated diodes.) The
lifetime and surface recombination velocity results are given in table 1. The
results show that the value of the lifetime and of the surface recombination
velocity changes significantly from device to device. This may imply that sig-
nificant variations in processing occurred for different chips and that sub-
stantial nonunifonaity exists between different portions of the same chip.

2
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Table 1 - Bulk Generation Lifetime ^^bulk Surface Recombination
Velocity Sq Results for Six CCD Chips.

Chip Designation Device No. I (pA)^
g

I (pA)^
s

T, (us)
bulk

s ( cm/s

)

o

4029-1/01 1 39 9 23 4.7

2 21 8 43 4.2

4029-1/06 1 67 6 13 3.1

2 64 8 14 4.2

4029-1/07 1 48 10 19 5.2

2 61 15 15 7.9

4029-2/08 1 Gate-to-junction short
2 225 20 4.0 10

4029-2/10 1 15 6 60 3. 1

2 17 15 53 7.9

4029-2/15 1 No response to gate bias

2 15 17 60 8.9

1. Ig the leakage current measured when the gate bias is adjusted
to accumulate the surface.

2. Is is the leakage current oomponent due to the effect of the sur-

face states. It Ccin be determined from the increase in total leakage

current when the surface condition changes from accximulation to de-

pletion.

10



4.2 Buried Layer Profiling

The MOSFET dc profiler [3,4] was used to profile a buried layer implant used
for radiation-hardened CCD imagers. The profiler is a rectangular MOSFET with
a channel length of 28 ym. This work is aimed at characterizing a variety of
buried layer implants under simulated CCD processing steps.* This informa-
tion may lead to an improved implant schedule which will yield greater CCD ra-
diation tolerance without sacrificing full well capacity.

The profilers were fabricated on an n-type <11 1> silicon wafer with a nominal
room temperature resistivity of 10 *cm. The fabrication process was inter-
rupted after the channel stop and source/drain diffusion steps were completed.

Then an approximately 0.01-ym thick oxide was grown in the gate oxide regions
to cause randomization of the ion beam during implantation. The remainder of
the wafer was masked with approximately 0.8 ym of aluminum. The wafer was then
sent to a CCD vendor for implantation of the buried layer. After the wafer was
returned, the aluminum was removed and an implant activation anneal was per-
formed. The anneal was at 1100*C for 5 min in an oxygen atmosphere and 55 min

in a nitrogen atmosphere. The gate oxide was stripped and the normal process
sequence was continued. The final gate oxide was approximately 0.1 ym thick.

The data obtained from four profilers on one wafer are shown in figure 8. Four
profilers were measured to check for uniformity across the wafer. The data in-
dicate that the peak doping density of the implant is approximately 5 x 10^^

cm”^ at a depth of approximately 0.14 ym. The junction depth which would
have resulted had the implant been made into a p-type wafer can be estimated to
be the depth at which the implanted dopant density equals the value of the
background dopant density. From the data, this depth would have been about 1.3

ym.

Additional wafers have been sent to a CCD vendor for implanting. The implants
will be variations of the presently used implant. The results of the profiling
will be used to optimize the implant specifications. These wafers also have
regions which can be used to perform spreading resistance measurements. The
profiles obtained using the MOSFET dc profiler will be compared to the spread-
ing resistance profiles.

4.3 Further Development of the Integrated Gated-Diode Electrometer

A complete and exact analytically derived solution to the simultaneous differ-
ential equations which describe the behavior of the integrated gated-diode
electrometer has been obtained. The solution can be used to calculate the
leakage current and, from values for the leakage current, the generation life-
time and surface recombination velocity. A manuscript which outlines the anal-
ysis and operation of the integrated gated-diode electrometer has been sub-
mitted for publication (see sec. 4.4).

The derivation is based upon a linear model for the electrometer MOSFET and the
use of voltage independent equivalent circuit elements for the gated diode. An

*In order to profile the buried channel of actual CCDs, a dual gate MOSFET is
required [1]. This is because the CCD buried channel is of opposite conduc-
tivity type than the substrate. i

11
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extension of the solution is not easily achieved when the electrometer MOSFET
is represented by a more complex model to more precisely reflect saturated MOS-
FET behavior. However, such an extension is not necessary because the operat-
ing range of the MOSFET is very small during the measurement and the linear ap-
proximation is adequate. The use of voltage independent equivalent-current-
source and equivalent-junction-capacitor for the gated diode is also not a

serious limitation. The resulting restriction is that the measurements are
performed over a sufficiently short time span so that the reverse-bias voltage
change is small during the measurement.

Detailed measurements of the integrated gated-diode electrometer test structure
have provided an explanation of the previously observed deviations [1] between
the leakage currents derived from the electrometer amplifier output voltage
rate-of-decay and the leakage measured directly from the diode under test. The
dominant deviations can be accounted for by considering all parasitic capaci-
tance sources. Sources of parasitic capacitance include the capacitance be-
tween the input MOSFET gate and the inversion layer and the overlap capacitance
between the input MOSFET gate and its source and drain, etc. These capaci-
tances are especially important in the gated-diode electrometer test structure
because its metrology involves determining the leakage current from the decay
of the voltage across the diode junctiqn capacitor. Because the diode capaci-
tance is a depletion capacitance and the parasitic capacitors are gate oxide
capacitors, the parasitic capacitors may have relatively large values even
though they may be relatively smaller in area.

A variety of new designs for the integrated gated-diode electrometer were
tested during this period. The structures are on test pattern NBS-24, shown in

figure 9, which was fabricated for the first time during this period. The
structures on NBS-24 include those which were recommended for inclusion on the
CCD chips [ 1 ]

.

The initial lots of wafers fabricated with NBS-24 had unusually high bulk gene-
ration rates and excessive surface generation rates under the polysilicon
gates. The electrometer MOSFETs on some wafers suffered from high subthreshold
current and did not completely turn off at zero input voltages. Also, the gain

( 6) of the source-follower was nonlinear and averaged about one-half its design

value. Despite these processing deficiencies, significant results were ob-

tained. The metrology of the integrated gated-diode electrometer involves a

determination of the value of B at the operating point. It is this value which

is used in the computation of the leakage currents. Other characteristics of

the source-follower MOSFET are not important for evaluation of the leakage cur-

rent because these factors do not alter the relationship between the output

voltage rate-of-decay and the leakage current. These results verified the

suitability of the new designs for the integrated test structure and demon-

strated that the metrology can handle deficiencies in the material or process

parameters.

The new designs, which include gated diodes that can be probed directly, have

been used to compare the leakage current deduced from the electrometer output

voltage with the leakage current measured with an external current meter.

There is generally no larger than about a 20-percent disagreement; this value

is within the expected combined uncertainties in both measurements. It is ex-

pected that these results will be published in the near future.

16
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Figurti 9. Computer plot of test pattern NBS-24 which is 200 mil (5.1 mm) by

200 mil (5.1 mm) in size. The integrated gated-diode electrometers are in the

top rows, the center rows, and the bottom rows.
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The junction capacitance was farther studied and characterized on these new
wafers. The junction capacitance is a component of the total parallel capaci-
tance which must be known to evaluate the leakage current. The capacitance of

the junction can be calculated using a model such as the abrupt junction ap-
proximation [1]. It was determined that for the devices on NBS-24, the abrupt
junction approximation predicts too low a value for the junction capacitance,
implying a significant peripheral capacitance component. The probeable designs
for the integrated gated-diode electrometer allow actual measurement of the

junction capacitance as a function of reverse-bias voltage. The measured val-
ues are uniform across each wafer so that a single capacitance measurement can
provide a value of the capacitance for all devices of a given geometry on a wa-

fer.

4.4 Talks and Publications

A paper entitled "Design Considerations for the Integrated Gated-Diode Elec-
trometer" by G. P. Carver and M. G. Buehler was presented at the Spring Meeting
of the Electrochemical Society in Boston, Masssachusetts on May 10, 1979. The
paper. Abstract No. 193, is reproduced in El&atvoaherrd’CaZ Society t Extended
Abstvaats (October 1978).

A paper entitled "The Use of Microelectronic Test Structures to Characterize IC

Materials, Processes, and Processing Equipment" by G. P. Carver, L. W. Linholm,

and T. J. Russell was presented at SEMICON/East '79 (Boston, Masschusetts) on
September 19, 1979. This paper was also presented at the Measurement Sciences
Conference (San Luis Obispo, California) on November 30, 1979. The manuscript
has been accepted for publication in Solid State Technology

.

A paper entitled "An Analytical Expression for the Evaluation of Leakage Cur-

rents in the Integrated Gated-Diode Electrometer" by G. P. Carver and M. G.

Buehler has been submitted for pxiblication in IEEE Tvansactions on Election
Devices,
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